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We are delighted to present the second edition of our 
textbook Evidence-Based Practice of Critical Care. It is a bit 
surprising to realize that it has been 5 years since the first 
edition was released. It seems as if we finished our editing 
only a few months ago, and we were grateful to be done. 
The reception has also been surprising, and again, we are 
grateful to the many critical care practitioners who have 
purchased the book and complimented us on its value. 
What is most surprising of all is the degree to which a new 
edition is justified. The practice of critical care medicine 
has changed immeasurably in the past 5 years, and the evi-
dence base that supports care delivery has grown with it. 
These changes (Chapter 2) make it imperative that the con-
tents of this book also change.

Several basic principles that had only begun to emerge  
5 years ago now appear to be more firmly established. 
Many generate a sense of hope and a belief that care is 
improving and will continue to do so.
 •  We may be doing better—but maybe not.  Determining 

if outcomes from critical illness have improved is prob-
lematic (Chapter 3), and determining just what has 
worked and what has not (Chapter 44) may be even 
more difficult.

 •  The consistent application of proven interventions is 
beneficial (Chapter 43), but just what interventions 
should be applied (and when they should be applied) 
may be more difficult to determine (Chapters 10, 11, 
18–22, 31, 32, 34, 36, 39, 46, 57, 61, 67, 71, 81, and 82).

 •  Patients survive critical illness but often at a cost 
(Chapter 3). Survivors may be plagued by debilitating 
 dysfunction in their musculoskeletal and peripheral 
nervous systems, irreversible respiratory defects, cogni-
tive deficits that hamper performance of the activities 
of daily living, and psychological abnormalities such 
as posttraumatic stress disorder and even delirium. At-
tention has now turned to understanding the problems 
facing survivors and to generating patient networks to 
support them.

 •  Critical illness most often develops outside of the inten-
sive care unit (ICU), and that is where treatment needs 
to begin. However, success depends on identifying and 
intervening as early as possible, and not all attempts 
to make this happen have been successful (Chapter 5). 
For it to be successful, intervention for vascular dis-
orders such as stroke, myocardial infarction, and car-
diac arrest requires early identification of patients, and 
these patients should be rapidly transported to centers 
where the appropriate care can be provided by expert 
 practitioners who have access to the most advanced 
technology (Chapters 22 and 64). New approaches to the 
definitions of sepsis and acute respiratory distress syn-
drome (ARDS) have been accompanied by  identification 
of simple clinical criteria that improve our ability to rec-
ognize at-risk patients in the hope that we can initiate 

management at an earlier point in the natural history 
of these disorders (Chapters 28 and 37). With earlier 
initiation of fluids and antibiotic therapy, some at-risk 
 patients may never require care in an ICU.

 •  Some of the criteria that served as key identifiers of 
critically ill patients are no longer germane. For ex-
ample, it is now recognized that the identification of 
patients who have sepsis with inflammatory mark-
ers (e.g., temperature, heart rate, respiratory rate, and 
white blood cell count, the SIRS [systemic inflamma-
tory response syndrome] criteria) is too nonspecific and 
identifies a  multitude of individuals with infection or 
other inflammatory disorders who do not have sepsis 
and whose risk of having sepsis is low. One result is 
the derivation of new definitions for sepsis and sep-
sis-related diagnoses and the associated validation of 
better clinical criteria to better identify patients with 
infection who are at high risk for mortality and mor-
bidity (Chapter 37).

 •  Our understanding of the pathophysiology of several 
key disorders, notably sepsis and ARDS, has improved. 
Sepsis is no longer viewed in terms of excessive inflam-
mation; it is now recognized that there are aspects of the 
syndrome that reflect profound immunosuppression 
(Chapter 38) and others that do not involve immunolo-
gy at all. Indeed, sepsis may reflect an adaptive response 
to a profound metabolic defect that cannot, as yet, be 
identified (Chapter 49). Likewise, our understanding 
of the effects of critical illness on specific organ systems 
(Chapters 10, 13, 29, 54, 55, 61, 68, 70, 72, and 81) and 
the way in which specific organ systems determine the 
development and course of critical illness (Chapters 15, 
27, 50, 51, and 68) has been profoundly altered. Finally, 
what is “normal” in the absence of critical illness may 
not be “normal” when critical illness is present and vice 
versa (Chapters 8, 19, 21, 31, 40, 41, and 52).

 •  We have come to recognize that host and nonhost fac-
tors beyond the acute illness itself determine whether a 
patient becomes critically ill (Chapters 12, 23, and 78).

 •  More is not necessarily better, and in some aspects of 
treatment “more” may be detrimental. Although ad-
ministration of fluids has been a mainstay of critical care 
practice since its inception, we now recognize that there 
are limits that, if exceeded, may make matters worse 
(Chapters 20, 75, 77, and 81). Overuse of mechanical ven-
tilation is clearly detrimental (Chapters 9 and 10), and it 
may be best to avoid intubation altogether ( Chapter 7). 
Intervention to maintain blood pressure or other hemo-
dynamic measures is not always indicated (Chapter 41), 
and, even when appropriate, it is not at all clear when 
intervention needs to be instituted (Chapter 40).

 •  Not all of the things we monitor need to be monitored, 
but we also misuse monitoring tools (Chapters 8, 13, 14, 
16, 58, 59, and 61).

Preface
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 •  In aggregate, the results of many studies are equivo-
cal, especially when the study results are negative. 
Examples of trials in which intervention did not sig-
nificantly alter outcome but where opposite results in 
different subpopulations negate each other abound. 
For example, the results of the ALVEOLI/EXPRESS 
and LOVs trials indicate that use of high positive end-
expiratory pressure (PEEP) did not provide a statistical-
ly significant benefit over low PEEP in the management 
of ARDS (Chapter 30). However, in a population of 
morbidly obese patients, high PEEP is likely  essential 
(Chapter 23). Likewise, the FACTT trial suggested that 
liberal fluid management offered no measurable ben-
efit over conservative fluid management, a finding that 
is likely correct, unless the patient has ongoing fluid  
losses (e.g., bleeding, ascites) that would not be  
adequately replaced with a conservative approach. 

Thus, targeting more specific populations for inter-
vention may be necessary.

 •  Making the patient an active participant in, rather than a 
passive recipient of, care in critical illness may be advan-
tageous.
Finally, we would like to thank all of the authors of the 

chapters in this book. Reading and editing the chapters has 
been hugely enjoyable and thought provoking, and we fin-
ish with the realization that we are only at the beginning of 
our understanding of critical illness and in the development 
of critical care. More than anything else, that is what lies 
behind the excitement we feel as we present this new edition.

Clifford S. Deutschman

Patrick J. Neligan

May 2015
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Critical Care Versus Critical  
Illness

Patrick J. Neligan, Clifford S. Deutschman

Intensive care units (ICUs) were developed in the 1950s 
to treat patients with two distinct problems. In some 
cases, ICU care was required to provide an intervention 
to support organ dysfunction—mechanic ventilation for 
acute respiratory failure.1,2 Conversely, ICUs also permit-
ted intensive monitoring of a patient whose physiologic 
condition might change abruptly, that is, observation of 
patients undergoing a “stress response” following sur-
gery or trauma or patients with cardiac or neurologic 
conditions that might suddenly change.3,4 Over time, 
technologic evolution has enhanced our ability to care 
for both types of patients. In addition to ventilators, it is 
now possible to support patients with life-threatening, 
acute organ dysfunction with renal replacement ther-
apy, vasoactive drugs or even ventricular assist devices, 
exogenous metabolic support, and more. At the same 
time, we can directly monitor the function of areas such 
as the heart, the lungs, the brain, the gastrointestinal 
(GI) tract, and the kidneys. Over the years, the distinc-
tion between the two forms of technology has blurred: 
we monitor patients who require life-sustaining therapy, 
and we support organs in patients who are at high risk 
to prevent deterioration. The difference between the two 
types of patients remains. There are patients who will 
most often have a predictable response to a major pertur-
bation of homeostasis following high-risk (e.g., cardiac, 
neurologic, vascular, transplant, and upper GI) surgery, 
trauma, a myocardial infarction (MI) or arrhythmia, 
stroke, or subarachnoid hemorrhage. These patients may 
require intervention to allow the damage to heal, but, by 
and large, they require careful monitoring and observa-
tion as they traverse a course whose length, magnitude, 
and complications are predictable.5,6 Conversely, patients 
who have sustained shock, sepsis, or direct/progressive 
damage to an organ system require support, and moni-
toring is used to determine if that support is working. In 
short, there are ICU patients who are at risk of becom-
ing critically ill, and there are patients who are critically 
ill (Fig. 1-1). In this introductory chapter, we explore the 
differences and emphasize that the most important tasks 
facing modern medicine are to determine where the tran-
sition occurs and to prevent those at risk for critical ill-
ness from becoming critically ill.

THE PERIOPERATIVE/POSTINJURY 
STRESS RESPONSE

In contrast to critical illness, the biology underlying the 
stress response to surgery or trauma is well-characterized, 
predictable, and, absent comorbidities that may be effected, 
adaptive.5,6 Cuthbertson first described the stress response 
over 80 years ago.5 Since then, a number of brilliant inves-
tigators and clinicians have added to our understanding 
of its biology.7-9 We now recognize that “stress” provokes 
inflammation and that the purpose of inflammation is 
restoration of a biologic “steady state,” where cellular, tis-
sue, organ system, and, ultimately, organism-wide activity 
fluctuates around some mean level of behavior and main-
tenance of interaction and cooperation on these same lev-
els.6 In most cases, the overwhelming imperative driving 
inflammation is a need to repair, replace, or compensate for 
damage to cells and tissues.6 This damage may result from 
physical injury (trauma), from interruption of blood sup-
ply (e.g., stroke, MI), or from invasion of microorganisms 
that “hijack” normal cellular metabolism.

CRITICAL ILLNESS

Critical illness is characterized by acute, potentially life-
threatening organ dysfunction that requires therapy. It is 
often precipitated by the same disturbances that provoke 
inflammation. The initiator may be “shock,” whose origin 
can often, but not universally, be traced to circulatory fail-
ure or to infection that overwhelms endogenous responses. 
The common denominator is a profound insult to homeo-
stasis on the cellular level that exceeds endogenous correc-
tive responses. However, the manner in which these states 
result in abnormal organ function is unknown.

Critically ill patients may present to primary care, to 
the emergency department (ED), or on the hospital wards. 
They represent a small subset of patients; the vast major-
ity of individuals with deviations from “health,” for 
example, those with inflammation or even shock, respond 
to initial therapy. A few, however, become acutely criti-
cally ill. Acute critical illness is often unanticipated and 
may not follow a predictable stress response trajectory. 
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With early recognition and appropriate therapy, many 
critically ill patients will recover. Once again, however, 
a subset will deteriorate further, to a state of persistent 
critical illness with multiorgan dysfunction (see Chapter 
37). This state may persist for weeks and thus can appear 
stable, but it is also highly abnormal, with defects in 
most organ systems.10,11 Once again, many patients will 
recover. However, it is increasingly clear that this recov-
ery is incomplete. Many patients who have undergone a 
prolonged ICU course are left with persistent respiratory, 
cardiac, neuromuscular, and cognitive dysfunction.12-15 
Some may remain ventilator dependent; others will have 
a variant of posttraumatic stress disorder.13 Recent studies 
suggest that, in the United States, there may be upward of 
700,000 ICU survivors each year, many of whom require 
ongoing support, but many others whose ongoing prob-
lems escape detection.16

INFLAMMATION VERSUS CRITICAL 
ILLNESS: BIOLOGIC PERSPECTIVES

Both inflammation and critical illness are, at the core, 
responses to significant, and often extreme, perturbation of 
homeostasis, the biologic steady state. As a result, there is 
a tendency to assume that therapy appropriate for one will 
also be effective for the other. There is, indeed, some truth to 
this assumption. As an example, in both inflammation and 
critical illness, an initial imperative is the restoration of sub-
strate delivery to and waste removal from cells. However, 
the profound change that differentiates inflammation from 
critical illness has been characterized by some as a loss of a 
cell’s ability to use substrate, or the creation of a by-product 
that cannot be removed by ordinary means. Consider the 
cellular need for oxygen. Inadequate delivery may reflect 
abnormalities in the lungs, with impaired gas exchange, 
or in the circulation, where the cardiovascular system is 

unable to transfer oxygen itself, or oxygen- containing 
molecules or cells, to tissues for use. Cells can often meet 
energy demands by means of glycolysis alone, bypass-
ing the electron transport chain, and generating lac-
tate and hydrogen ions. Recycling of lactate requires an  
intact circulation for delivery to the liver. Acidosis is cor-
rected by buffering with the production of carbon dioxide 
(CO2), which must be excreted by ventilation. Thus, a clini-
cian’s initial response would be to enhance oxygen uptake 
by increasing the inspired concentration, restoring the cir-
culation with fluid, and, perhaps, increasing the oxygen-
carrying capacity with red blood cells. This same fluid 
will restore hepatic flow and allow for the conversion of 
lactate to pyruvate. Improving gas removal with mechani-
cal ventilation will facilitate CO2 removal. This approach 
may be effective when directed toward inflammation sec-
ondary to tissue damage, where oxygen use is diverted to 
support white blood cells, the primary effectors of tissue 
repair, and where delivery is inadequate because damaged 
tissue is essentially avascular. This response is self- limiting 
because capillary angiogenesis takes about 4 days,17 after 
which exogenous support can be weaned. However, a 
more profound insult, or one that is not addressed in a 
timely manner, may do more than limit oxygen availabil-
ity or divert its use. Damage to mitochondria, which is a 
hallmark of sepsis, will impair the ability of a cell to use 
oxygen irrespective of availability.18,19 Thus, restoration of 
gas exchange or cardiovascular function will not, in and 
of itself, be sufficient to restore homeostasis. As a result, 
organ dysfunction may not improve or resolve with these 
standard measures—a hallmark of critical illness that is 
often unrecognized or unappreciated. Unfortunately, the 
distinction between stress and critical illness is not always 
clinically self-evident, and this lack of distinction leads to 
diagnostic and therapeutic dilemmas whose resolution, for 
the moment, is intensely problematic.

INFLAMMATION VERSUS CRITICAL 
ILLNESS: THERAPEUTIC PERSPECTIVES

An unfortunate extension of our difficulties in distinguish-
ing a stress response from critical illness is a persistent ten-
dency to assume that what works for one group will also 
work for the other. Examples abound. The following is a 
summary of several of the most important examples, both 
historically and therapeutically:

	•	 	Fluid resuscitation in sepsis: In a landmark 2001 study by 
Rivers and colleagues,20 researchers studied patients 
with suspected infection who were thought to have 
sepsis and compared fluid resuscitation using standard 
endpoints such as blood pressure (BP) to alternatives 
that focused on tissue oxygen delivery, for example, ve-
nous oxygen saturation (SvO2) or central venous pres-
sure (CVP). This single center study demonstrated a 
remarkable improvement in outcome using the latter 
approach. However, three recent multicenter studies ap-
plying essentially the same paradigm failed to duplicate 
the original findings.21-23 A number of possible expla-
nations have been advanced, but it is essential to note 
that in “inflammation,” adequate resuscitation may be 
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Figure 1-1 The critical care–critical illness paradigm. ED, emergency 
department; ICU, intensive care unit; OR, operating room.
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reflected in measures such as CVP and SvO2. However, 
sepsis involves a pathologic defect in either the micro-
circulation or the mitochondria so that oxygen delivery 
or extraction cannot be corrected with fluid alone.18,24 
Unfortunately, the entry criteria in both the initial Rivers 
trial and the subsequent multicenter trials cannot truly 
distinguish inflammation and hypovolemia secondary 
to suspected infection for sepsis, a state of critical illness 
that reflects early organ dysfunction that is difficult to 
detect. Fluid resuscitation that is appropriate for one 
may be ineffective, and even excessive, for the other.

	•	 	Ventilator management in acute lung injury/acute respira-
tory distress syndrome (ARDS): A series of studies by a 
network of United States–based investigators and oth-
ers have examined therapeutic approaches to lung in-
jury. The most important of these “ARDSnet” studies 
is the initial “ARMA” trial, demonstrating that limiting 
tidal volumes to 6 cc/kg body weight is associated with 
better outcomes than use of larger (10 to 12 cc/kg) vol-
umes.25 The diagnosis of ARDS was based on the stan-
dard criteria: hypoxemia, reflected in a decreased ratio 
of arterial oxygen tension (Pao2) to fraction of oxygen in 
the inspired gas (Fio2), the presence of bilateral “patchy”  
infiltrates on chest radiographs, and no evidence that the 
abnormalities were of cardiogenic origin. Conversely, for 
decades, anesthesiologists have administered tidal vol-
umes in the 10 to 12 cc/kg range in the operating room. 
Many, if not most, postoperative patients have abnormal 
Pao2/Fio2 ratios and abnormal chest radiographs. This 
is especially true for patients undergoing cardiac sur-
gery. Postoperatively, though, the great majority of these 
patients do not require more than supplemental oxygen. 
Even in those who are maintained with mechanic venti-
lation into the postoperative period, exogenous support 
is rarely needed for more than a short period. All sur-
gical patients have capillary leak as part of the inflam-
mation induced by tissue injury. This “stress response” 
results in mild hypoxemia and “wet” lungs. In contrast, 
patients with ARDS have lung dysfunction. Postopera-
tive patients have inflammation; patients with ARDS 
have critical illness.

	•	 	Determination of outcome: The management of patients 
with sepsis has been an important focus of critical care 
practice for more than a decade.26-28 Attempts to con-
solidate limited positive multicenter clinical trials in 
critical care have resulted in international and national 
clinical practice management guidelines. Perhaps the 
most widely disseminated involve the Surviving Sepsis 
Campaign (SSC) guidelines for the management of sep-
sis. The SSC (www.survivingsepsis.org) has been effec-
tive in increasing awareness of early sepsis and perhaps 
in advancing the implementation of therapy that may 
improve outcome.29 Importantly, recent studies from 
the United States and Australasia have demonstrated 
that mortality from sepsis has decreased to surprisingly 
low levels—under 10% in one multi- institutional U.S. 
health system30 and under 20% when more broadly 
applied over a 12-year period in Australia and New 
Zealand.31 However, personal communications from 
intensivists in the three industrialized European coun-
tries suggest that, despite use of some or all elements 
of the SSC guidelines, mortality may be as high as 50% 

(personal communications, Mervyn Singer, M.D.). The 
expressed opinion of those practicing in the United 
Kingdom, Germany, and Italy is that many patients 
diagnosed with sepsis and admitted to ICUs in the 
United States and Australasia would be managed in 
the EDs of other countries. If these patients responded 
to ED management, they would not be admitted to the 
ICU and would not be identified as “septic.” To further 
complicate matters, Gaieski et al.32 applied four differ-
ent methods of defining “sepsis” to a single U.S. patient 
dataset and found a 3.5-fold variation in the incidence 
and a 2-fold variation in mortality. Clearly, some of the 
patients diagnosed with sepsis in the United States and 
Australasian databases were undergoing inflammation 
in response to infection. Again, differentiating inflam-
mation from critical illness is profoundly important.

	•	 	Intensive insulin therapy: In 2001, Van den Berghe and 
 colleagues33 published a much sited clinical trial that 
randomized patients to intensive insulin therapy (ITT) 
(glucose levels maintained between 80 and 110 mg/dL), 
as opposed to “normal care” (glucose levels treated when 
above 180 mg/dL). The study was based on the knowl-
edge that hyperglycemia is associated with a number of 
untoward outcomes in critically ill patients and dem-
onstrated a statistically significant 3.4% absolute reduc-
tion in the risk of death at 28 days in the surgical ICU 
of a major hospital in Leuven, Belgium. The paucity of 
interventions that improve outcomes in critical care and 
the fact that insulin is inexpensive and easy to admin-
ister led to wide adoption of ITT. Although Van den 
Berghe et al.33 clearly documented the need for careful 
monitoring of blood glucose levels and the risk of hypo-
glycemia, these potential complications were largely ig-
nored. “Tight glycemic control” was even considered a 
key performance indicator in many ICUs34 and became 
a component of the first SSC guidelines.26 However, 
some elements of the study methodology suggested 
that the near-universal adoption of IIT might be prob-
lematic. Specifically germane to this discussion is the 
fact that more than 60% of the patients who entered into 
the study had recently undergone cardiac surgery, and 
virtually all were seen either postoperatively or post-
traumatically. A follow-up study by the Van den Ber-
ghe group35 applied the same protocol to patients in the 
medical ICU of the same institution and failed to dem-
onstrate outcome benefits. In addition, somewhat prob-
lematic trials were stopped early because of concerns 
that high levels of hypoglycemia might cause harm.36,37 
Finally, the 2008 NICE SUGAR (Normoglycaemia in 
Intensive Care Evaluation Survival Using Glucose Al-
gorithm Regulation) trial applied the Leuven protocol 
to more than 6000 patients and demonstrated that, if 
anything, tight glycemic control may worsen outcomes 
in critical care,38 likely as a result of hypoglycemia.39 
Although the IIT episode contains many lessons, it  
remains a textbook demonstration of the difference be-
tween inflammation (e.g., the response to surgery, espe-
cially when cardiopulmonary bypass is involved) and 
critical illness, which was more likely to be represented 
in the population from the Leuven Medical ICU and the 
multicenter trials. Importantly, the mortality of untreat-
ed patients in the Leuven Surgical ICU was about 8%,34 

http://www.survivingsepsis.org
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whereas that of the same group in the Leuven Medical 
ICU was 40%,35 which clearly demonstrated that they 
were different.

	•	 	Monitoring the heart: The widely held belief that there is 
a need to monitor substrate delivery to tissues has led 
to the development of a wide variety of hemodynamic 
monitoring devices. Conventional monitoring of the cir-
culation involves using heart rate (HR), mean arterial 
pressure (MAP), urinary output, and CVP. The optimal 
MAP is unknown.40,41 CVP does not measure volume 
responsiveness,42 and high CVPs have been associated 
with adverse outcomes.43 More important, the meaning 
of a change in CVP is entirely dependent on the model 
of cardiovascular function used. A rise in CVP in the 
Frank-Starling formulation of cardiac function (which 
focuses on the determinants of ventricular output), 
where it serves as a surrogate for preload, should result 
in an increased stroke volume (SV).44 However, in the 
Guyton model, where the focus in on ventricular filling, 
a similar increase in CVP will reduce the gradient for 
flow into the ventricle and thus will decrease SV.45 The 
“normal” urinary output of more than 0.5 mL/kg/hr is 
actually a “minimum” hourly output and is based on 
theoretic calculations involving the maximal capacity 
to concentrate the urine and the “average” daily nitro-
gen load to be eliminated. There are many reasons why 
these numbers may not be germane either in individual 
patients or in the setting of either stress or critical ill-
ness. Importantly, there are no studies demonstrating 
that achieving this target affects the development of re-
nal injuries.

One way in which to more accurately monitor cardiac 
function is to directly measure the effects of a change in 
volume on cardiac output (or to eliminate the effects of 
HR on SV).46 For two decades, pulmonary artery catheters 
(PACs) were extensively used to monitor both periopera-
tive and critically ill patients. Use has declined because 
a large randomized trial of PACs in ICUs failed to dem-
onstrate a mortality benefit.47 However, this study was 
performed on approximately 2000 patients undergoing 
high-risk surgery; the overall mortality was under 8%, 
likely too low to be an appropriate endpoint. Given the 
nature of the patient population and the low mortality, it is 
likely that many of the patients entered into this trial were 
not critically ill.

Parenthetically, the incidence of renal insufficiency in 
the PAC group was 7.4%, whereas it was 9.8% in the stan-
dard care group, generating a P value of .07, just above the 
threshold for significance. Indeed, if one more patient in 
the standard care group had developed renal insufficiency, 
or one less patient in the PAC group had not, the use of 
PACs might have increased.

In summary, it is imperative that critical care practi-
tioners do not confuse inflammation and critical illness. 
Examples of the dangers inherent in failure to account 
for these differences, beyond those detailed here, abound. 
Both may require enhanced surveillance and intensive 
monitoring, but the need for intervention and, if necessary, 
the time course during which intervention is required are 
likely to be different. Inappropriately applied therapy is 
both expensive and potentially dangerous.
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What Lessons Have Intensivists 
Learned During the Evidence-
Based Medicine Era?

Andrew T. Levinson, Mitchell M. Levy

Evidence-based medicine, in existence for just over two 
decades, has resulted in monumental changes in critical 
care medicine. In the last 20 years, practice has shifted from 
a reliance on expert opinion to a critical appraisal of the 
available literature to answer focused clinic questions.1 
Systematic examination of what works and what does not, 
while valuing clinic experience and patient preferences, 
has been a surprising and thought-provoking journey that 
has resulted in dramatic improvements in the care of the 
critically ill patient. Many of the lessons learned during the 
evidence-based medicine era would have never been pre-
dicted two decades ago.

In this chapter, we describe five important lessons 
learned in intensive care during the evidence-based 
 medicine era:

 1.  We need to look beyond single randomized clinic trials 
(RCTs).

 2.  It is the small things that make a difference.
 3.  Accountability is critically important.
 4.  We often need to do less to patients rather than more.
 5.  It is the multidisciplinary intensive care unit (ICU) team, 

not the individual provider, that is the most responsible 
for good clinic outcomes and high-quality critical care.

LOOKING BEYOND SINGLE RANDOMIZED 
CONTROLLED TRIALS

By critically appraising the entire body of literature on spe-
cific interventions and clinic outcomes, we have learned 
many lessons about what is most important in the deliv-
ery of critical care. However, we have learned that we must 
wait before we immediately embrace the results of a single 
randomized clinic trial (RCT) with very impressive results 
and instead base our clinic practices on more comprehen-
sive, cautious, and critical appraisals of all of the available 
literature.

The last two decades of critical care research are filled 
with stories of impressive findings from single-center RCTs 
that could not be replicated in larger multicenter RCTs. 
Unfortunately, in many cases, the initial positive single-
center results have been embraced by early adopters, only 

to have the results refuted by subsequent follow-up tri-
als. The story of tight glycemic control in critical illness 
is illustrative. A single-center study of the management 
of hyperglycemia in a population consisting primarily of 
postcardiac surgical patients found that intensive glucose 
management with insulin infusion with a target blood 
glucose of 80 to 110 mg/dL dramatically reduced mortal-
ity when compared with a more lenient target blood glu-
cose of 160 to 200 mg/dL.2 The results of this single-center 
study were embraced by many intensivists and rapidly 
generalized to a wide variety of critically ill patents. The 
factors behind this rapid adoption by the field are multiple, 
including ease of implementation and cost. Unfortunately, 
a subsequent similar study of medical patients showed no 
significant benefit of an intensive insulin therapy protocol 
in the critically ill medical patient.3 Ultimately, the most 
comprehensive multicenter trial of medical and surgical 
critically ill patients found significantly increased mortality 
in the group randomized to a tight glycemic control proto-
col, compared with targeting a blood glucose level of less 
than 180 mg/dL. This excess mortality was likely due to 
the much higher rates of severe hypoglycemia.4

In 2001, the era of early goal-directed therapy (EGDT) 
was introduced through the publication of a single-center, 
randomized controlled trial. EGDT was widely adopted, 
and multiple subsequent published trials, all prospective 
cohort series, confirmed its benefit.5 More recently, two 
large RCTs6,7 failed to demonstrate a survival benefit when 
protocolized resuscitation was compared with “usual 
care.” It is possible that these results, at least in part, reflect 
the effect of the original EGDT trial; the widespread adop-
tion of aggressive, early resuscitation; and the broad-based 
implementation of the Surviving Sepsis Campaign Guide-
lines and bundles.8 If this continues to define usual care, 
then perhaps it is no longer necessary to mandate specific 
protocols for resuscitation because it appears that standard 
sepsis management has evolved to be consistent with pub-
lished protocols.

The evidence for the use of hydrocortisone in the treat-
ment of septic shock is an example of a sepsis treatment 
in which the initial promising study was embraced quite 
early,9 only to be questioned by subsequent conflicting evi-
dence.10 We are still awaiting the final answer about the 
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utility of the administration of corticosteroids as an adjunc-
tive therapy in septic shock.

Activated protein C is an example of how little we still 
currently know about the pathobiology of sepsis and the 
difficulty in developing targeted therapies. Activated 
protein C as an adjunct therapy for patients with sepsis 
initially was thought to be quite promising,11 but it was 
abandoned after subsequent randomized controlled trials 
failed to duplicate the original results.12

SMALL THINGS MAKE A BIG DIFFERENCE

The evidence-based era has taught us that small, often 
neglected or overlooked details of everyday bedside care 
can play a large role in determining whether our patients 
survive their ICU stay. Pneumonia that develops after the 
initiation of mechanic ventilation (ventilator-associated 
pneumonia [VAP]) is associated with high morbidity and 
mortality and significantly increased costs for critically ill 
patients. Several simple targeted interventions to address 
this problem have significantly reduced VAP rates. Simply 
keeping our intubated patients’ heads elevated at least 30 
degrees rather than leaving them supine (as was customary 
two decades ago) has resulted in major reductions in VAP.13,14 
In addition, a focus on better oral hygiene of mechanically 
ventilated patients via the administration of oral chlorhexi-
dine has even further reduced the VAP rates.15-18

Another simple small intervention in the evidence-based 
era, the early mobilization of our critically ill patients, has 
also been found to significantly improve patient outcomes. 
We previously kept critically ill patients immobilized for 
weeks on end in the belief that this was necessary for their 
recovery. The result was very high rates of ICU-acquired 
weakness that required prolonged periods of rehabilita-
tion in ICU survivors.19 More recent studies have shown 
dramatic improvements in functional status and signifi-
cantly decreased ICU length of stay (LOS) when critically ill 
patients are mobilized as soon and as much as possible.20,21

ACCOUNTABILITY IS IMPORTANT

Another important lesson learned during the evidence-based 
era is the importance of tracking clinic behavior through per-
formance measures. Published reports have demonstrated 
a significant gap between intensivists’ perceptions of their 
ability to adhere to current evidence-based medicine and 
actual practice.22 This dichotomy has been noted in adher-
ence to low tidal volume strategies in acute respiratory dis-
tress syndrome and other common “best ICU practices.” 
These findings have led to the development of checklists 
and performance metrics to foster clinician accountability 
that have provided tangible improvements in clinic care. 
Multifaceted interventions using checklists have dramati-
cally reduced catheter-related blood stream infections23 as 
well as complications from surgical procedures.24

In acute situations, checklists have also been shown to 
improve delivery of care.25 Continuous measurement of 
individual performance in the evidence-based medicine 
era has allowed ongoing, real-time feedback to individual 
clinicians and groups of providers. Application of this 

approach to sepsis care has resulted in significant improve-
ment in adherence to evidence-based guidelines and in 
patient outcomes.26

DO LESS, NOT MORE

The evidence-based era has also taught us that we often 
should do less, not more, to and for our critically ill 
patients. We have learned that interrupting sedation and 
awakening mechanically ventilated patients each day, and 
thus reducing the amount of medication administered, 
can significantly reduce ICU LOS.27,28 When coupled with 
a daily weaning trial, daily awaking of ICU patients sig-
nificantly reduced mortality.29 We have also learned that 
decreasing the need for mechanic ventilation by first using 
noninvasive strategies in specific groups of patients with 
acute respiratory distress can improve outcome.30 In addi-
tion, use of smaller tidal volumes in mechanically venti-
lated patients has been shown to be lifesaving.31 We have 
also learned that reducing the amount of blood given to 
patients can significantly improve outcomes.32,33

IT IS NOT JUST THE INTENSIVIST

Finally, we have learned that it is not the physician, but 
rather the entire health-care team, that is responsible for the 
delivery of high-quality care in the ICU. In a large obser-
vational cohort study based on the Acute Physiology and 
Chronic Health Evaluation IV (APACHE IV) model for pre-
dicting ICU LOS, investigators found that the key factors for 
predicting ICU LOS were structural and administrative. Spe-
cific APACHE IV variables of importance include reduced 
nurse-to-patient ratios, specific discharge policies, and the 
utilization of protocols. Structural and administrative factors 
were significantly different in high-performing ICUs with 
decreased LOS when adjusting for patient variables.34,35

In addition, the use of weaning protocols managed by 
respiratory therapists has resulted in significant reductions in 
the duration of mechanic ventilation relative to the subjective 
individualized assessment of an ICU clinician.36,37 In addition, 
it was recently shown that staffing academic ICUs with inten-
sivists overnight did not change clinic outcomes.38 Finally, a 
recently published study found that empowering critical care 
nurses to intervene when they witnessed breaches in steril-
ity was a key component in reducing catheter-related blood 
stream infections.23 Taken together, these and other data 
strongly suggest that it is not solely the intensivist, but the 
entire critical care team, that is the key to high-quality care.

In summary, it seems that lessons offered by evidence-
based medicine suggest that patience, keeping it simple, 
paying attention to detail, and working as a team are the 
key elements of good clinic care.

Key Points

 1.  Look beyond single randomized controlled trials.
 2.  Small things make a big difference.
 3.  Accountability is important.
 4.  Do less, not more.
 5.  It is not just the intensivist.
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AUTHORS’ RECOMMENDATION

 •  Single randomized controlled trials may be misleading, and the 
totality of evidence should be evaluated.

 •  Simple interventions such as head of bed elevation and early 
mobilization make a significant difference to outcomes.

 •  Measuring performance levels with checklists and audit  
improves outcomes. Accountability is important.

 •  Taking a conservative approach to interventions and therapies 
appears to confer patient benefit: “do less, not more.”

 •  High-quality organized multidisciplinary intensive care  
improves outcomes: it is not just the intensivist.
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Have Critical Care Outcomes 
Improved?

Emily Vail, Hayley B. Gershengorn, Hannah Wunsch

Over the past 50 years, critical care medicine has rapidly 
developed into a complex, resource-intensive, and mul-
tidisciplinary field. The care of patients has evolved with 
implementation of new monitoring devices and therapies 
based on the best available evidence. In addition, care has 
been affected by the introduction of new team members 
dedicated to the care of critically ill patients and specific 
protocols for care. In the setting of ever-changing practice, 
it is important to ask whether outcomes for our patients 
have improved.

OUTCOMES MEASURED IN CRITICALLY 
ILL POPULATIONS

The most consistently described outcome in both obser-
vational and interventional studies is mortality, which is 
variably reported as intensive care unit (ICU) mortality, 
in-hospital mortality, or mortality within a fixed time limit 
(most often between 28 and 90 days, but sometimes lon-
ger1,2). This chapter focuses primarily on short-term mor-
tality, still the most commonly used measure of success.

Mortality as an outcome has the advantages of objec-
tivity and ease of measurement, but it may not be appro-
priate for every study, such as in studies of palliative care 
when unchanged or higher mortality may be acceptable. 
A focus on reporting mortality can misrepresent the effect 
of a given intervention if the period of measurement is too 
short (failing to identify all related mortalities) or too long 
(introducing confounding from other sources of mortality). 
Moreover, mortality may not be the focus of an interven-
tion or improvement initiative.

Many other endpoints have been used to assess outcome 
in critically ill patients (Table 3-1).3-6 Data on these endpoints 
may be more difficult to obtain but may hold greater signifi-
cance for patients and their caregivers. The strength of these 
different approaches to outcome lies in the delineation of clear 
administrative, policy, and economic implications and the 
ability to determine if these variables overlap with patient-
centered outcomes (such as length of stay in the hospital).

SOURCES OF DATA

A wealth of data from various sources can be used to study 
critical care outcomes, including administrative data, 

prospectively collected clinical data, and control arms of 
randomized trials. Each data source has inherent strengths 
and weaknesses that may bias the conclusions regarding 
trends in mortality over time.

Administrative data are readily available from various 
government, public, and private sources but have impor-
tant limitations. The quality of the data relies on documen-
tation and coding by clinicians. Data acquired in this way 
may have low sensitivity for specific diagnoses and may 
be variable across individual physicians and hospitals.7  
A related concern is the potential for “upcoding,” the prac-
tice of billing for more expensive diagnoses and services 
than provided. This (illegal) practice can create biases 
toward higher severity of illness.8 Changes in coding stan-
dards or payment incentives also may alter the use of a 
given diagnostic code without a change in true incidence 
of the condition.9,10 Finally, “extraction,” the identification 
of certain combinations of signs, symptoms, and diagnostic 
terms, may be used to identify complex clinical conditions 
from within administrative datasets. The algorithms used 
in this process vary in sensitivity and specificity,11,12 with 
consequences for measured incidence and outcomes.8,12-15 
Outcomes derived from administrative databases are most 
meaningful when their data extraction methods have been 
validated with multiple clinical datasets16 and with consis-
tent coding practices over time.

Clinical observational data can be used to study various 
risk factors and outcomes, but data collection is expensive 
and time consuming. Often, such data reflect the experi-
ence of either a single center or a few centers, and result 
may be poorly generalizable to other patients or institu-
tions. Outcomes among patients randomized to receive 
placebo or “usual care” in controlled trials may be extrapo-
lated to describe the natural history of a given condition. 
Data collected in this setting are prospective, clinically rel-
evant, and frequently validated. However, because these 
patients must meet specific study inclusion criteria, they 
may differ significantly from the larger pool of critically ill 
patients with respect to severity of illness, age, comorbid 
disease,17 and sites of care delivery. Moreover, such stud-
ies frequently exclude patients with poor prognoses.18 
A consistent outcome trend in all types of available data 
increases confidence in the conclusions drawn. When such 
consistency does not occur (i.e., a trend is apparent in one 
data type but not discernable in another), these concerns 
must be weighed for each study to adjudicate its quality.

3



12    Section I CRITICAL CARE AND CRITICAL ILLNESS

TRENDS IN MORTALITY

Critical care outcomes are generally studied with one of 
three approaches: examining outcomes among patients 
receiving ICU care for any reason, limiting evaluation to a 
specific subgroup of patients admitted to ICUs (e.g., septic 
shock requiring mechanical ventilation), or focusing on a 
specific critical illness that might necessitate admission to 
an ICU for a proportion of the patients (e.g., severe sepsis).

Trends for Patients Admitted to Intensive Care 
Units

Data showing trends over time for all ICU patients are 
sparse. Recent studies in which outcomes were exam-
ined over the past two decades have identified consistent 
changes in patient demographics and severity of illness. 
These differences must be accounted for when an attempt 
is made to determine whether outcomes have improved. 
A study by Zimmerman et al.19 examined trends in in-
hospital mortality among 482,601 patients admitted to U.S. 
ICUs between 1988 and 2012. Despite increases in sever-
ity of illness and patient age over the study period, the 
investigators found significant decreases in all-cause acute 
hospital mortality as well as in ICU and hospital lengths 
of stay. However, these observed improvements were par-
tially attributable to higher rates of discharge to skilled 
nursing facilities. Mortality in such facilities is known to be 
high; therefore, although these data are clear in showing a 
decrease in acute hospital mortality for ICU patients over 
this period, we cannot conclusively determine whether 
overall short-term mortality decreased.

Likewise, in a retrospective analysis of a large ICU 
patient database in Australia and New Zealand between 
2000 and 2012, Kaukonen and colleagues20 observed 
decreased crude and adjusted in-hospital mortality and, 
with the exception of patients with severe sepsis or septic 
shock (who were more likely, over time, to be discharged 
home), increasing rates of discharge to rehabilitation facili-
ties. In the United Kingdom, work by Hutchings et al.21 
demonstrated lower risk–adjusted ICU and hospital 
mortality for critically ill patients between 2000 and 2006 
despite a constant severity of illness. This decrease in mor-
tality was specifically attributed to changes in the system 

of care, including an increase in the number of ICU beds in 
the country and other systems interventions, such as criti-
cal care networks and rapid response teams.

Perhaps the most compelling evidence of improving 
short-term mortality for critically ill patients is the “drift” 
or “fade” of severity of illness scores over time.22 Many of 
these scores (e.g., the Simplified Acute Physiology Score 
[SAPS]23 and the Acute Physiology and Chronic Health 
Evaluation [APACHE]24) have been recalibrated multiple 
times over the past 20 to 30 years to maintain predictive 
accuracy. The model drift (in general) has been toward 
overprediction of mortality, leading to a progressive over-
estimation of predicted mortality that affects the accu-
racy of severity of illness adjustments between historical 
cohorts.25 Although subtle shifts in case mix may account 
for some of these changes, this trend adds weight to the 
suggestion in the studies previously described that overall 
short-term mortality has decreased over time.

Trends for Specific Critical Illnesses

Changes in outcomes have been assessed for many ICU-
specific illnesses. This chapter focuses on two common 
diagnoses: septic shock and acute respiratory distress syn-
drome (ARDS). A systematic review by Friedman and Vin-
cent26 published in 1998 examined trends in septic shock 
mortality with 131 studies published between 1958 and 
1997. The authors found an overall mortality of 49.7%, 
decreasing mortality over time, and changes in infection 
site and causative organisms; however, they noted signifi-
cant heterogeneity in definitions of disease and severity of 
illness between studies. Because the American College of 
Chest Physicians’ and Society of Critical Care Medicine’s 
1991 European Consensus Conference definitions of sep-
sis, severe sepsis, and septic shock27 have been widely 
adopted, comparison of outcomes over time has become 
a little easier, although patient populations in individual 
studies remain heterogeneous because of variable inter-
pretation of aspects of the definition, such as “hypoten-
sion” and “unresponsive to adequate resuscitation.”28-30 
An additional marker of possible decreasing mortality for 
patients with septic shock is that the mortality for the usual 
care arms of studies designed to capture this population 
has steadily decreased over time.13

Table 3-1 Selected Common Outcome Measures for Critically Ill Patients

Mortality Processes of Care and Resource Use
Measures Related to Short- and Long-Term 
Quality of Life

ICU
Hospital
28 or 30 days
60 or more days

ICU length of stay
Hospital length of stay
Time on a ventilator
Ventilator-(or other) free days
Iatrogenic complications
Location after acute hospital discharge
Long-term health care utilization
Hospital costs
Hospital readmission

ICU length of stay
Hospital length of stay
Time on a ventilator
Ventilator-(or other) free days
Iatrogenic complications
Location after acute hospital discharge
Physical or functional disability
Hospital costs
Hospital readmission
Quality of dying and death
Family satisfaction with ICU care
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As with septic shock, the assessment of ARDS mortal-
ity is confounded by changes in clinical definitions with 
time,31,32 and trends for mortality associated with ARDS 
are even less consistent. A study by Milberg et al.33 ana-
lyzed the etiology of ARDS and outcomes in the Harbor-
view Medical Center ARDS registry and found decreases 
in crude and adjusted mortality between 1983 and 1993 
despite increasing severity of illness. Since the publication 
of that study, our understanding of the pathophysiologic 
features of ARDS34 and the role of ventilator-induced lung 
injury in patients susceptible to ARDS35 has significantly 
grown. The resultant implications for ventilator manage-
ment and adjunct interventions for ARDS may affect out-
comes and outcomes assessment. Despite advances in 
understanding and options for care, recent evidence in 
temporal ARDS outcomes does not consistently demon-
strate large improvements in mortality.

When randomized controlled trials are considered in 
isolation, short-term mortality among patients with ARDS 
does appear to be improving. Examining 2451 patients 
enrolled in ARDS Network randomized controlled trials, 
Erickson and colleagues36 found decreased raw (from 35% 
to 26%) and adjusted 60-day mortality despite increased 
severity of illness; this trend was evident even with inclu-
sion of patients who received high tidal volume ventilation 
(12 mL/kg), a finding that led the authors to conclude that 
observed decreases in mortality were due to generalized 
improvements in critical care delivery at participating hos-
pitals rather than specific interventions for ARDS.

Two systematic reviews (incorporating both trial and 
observational evidence) on ARDS mortality provide con-
flicting results. One reported a 1.1% annual decrease in 
mortality37 between 1994 (the year of publication of the 
European-American Consensus definitions32) and 2006, 
whereas the other found no significant change in mortality 
among 18,900 patients.18 Moreover, an observational study 
of 514 patients with ARDS in Olmsted County, Minnesota, 
between 2001 and 2008 also failed to identify a significant 
change in hospital mortality over time.38

ARDS remains a heterogeneous syndrome involving sub-
jective assessment and many causes. These inconsistencies 
may explain the conflicting conclusions in different stud-
ies. The development of electronic “sniffers”— programs 
that automatically process real-time clinical data from elec-
tronic medical records to alert clinicians to the potential 
presence of ARDS39—may provide more consistent identi-
fication of patients and thus a more accurate assessment of 
trends in mortality.

Trends for Diagnoses with Variable Admission 
to Intensive Care Units

The decision to admit a given patient to an ICU is multifac-
torial.15,40,41 For example, many patients with severe sep-
sis are admitted to ICUs, but many patients with the same 
diagnosis are cared for in emergency departments,42 hos-
pital wards,3,15,43,44 or step-down units.45 Mortality in these 
alternative treatment sites may be substantial.43,44

Several large observational studies have described the 
epidemiologic features of severe sepsis in the United States 
over the past 30 years.3,42 Serial analyses of the Agency for 
Healthcare Research and Quality’s Nationwide Inpatient 

Sample (NIS) database,46 which includes data from 1993 
to 2010, demonstrate increases in measured incidence of 
severe sepsis and severity of illness, as well as decreased 
hospital mortality.13,14,47-50 The largest of these studies, 
by Stevenson and colleagues,13 included both NIS data 
collected between 1993 and 2009 and a meta-analysis of 
more than 14,000 patients enrolled in usual care or pla-
cebo arms of 36 multicenter randomized controlled trials 
worldwide. The authors observed differences in effect size 
between observational and trial data but consistent, sig-
nificant decreases in overall mortality, regardless of data 
or the administrative coding method used. Likewise, in a 
study with clinical and administrative data sampled from 
a cohort of more than 1 million patients admitted to two 
U.S. medical centers between 2003 and 2012, Rhee et al.12 
found decreased hospital mortality among patients with 
severe sepsis.

A study of 92,000 adults with severe sepsis admitted to 
240 ICUs in England, Wales, and Northern Ireland between 
1996 and 2004 identified an increasing proportion of ICU 
admissions with sepsis. Mean patient age increased over 
time, but there was no change in severity of illness (as 
described by the APACHE II score) or the extent of organ 
dysfunction on admission. Importantly, unadjusted ICU 
and hospital mortality also were unchanged.45 Data from 
Australia and New Zealand in which 100,000 ICU patients 
with severe sepsis were examined between 2000 and 2012 
similarly showed an increasing rate of ICU admissions 
with severe sepsis. However, this study found decreasing 
rates of crude and adjusted mortality that paralleled over-
all ICU mortality trends and increased rates of discharge 
to home.20

The “Will Rogers phenomenon,” in which earlier diag-
nosis of a given condition leads to an observed increase in 
measured incidence and decreased mortality,51 may play 
a role in observed increases in severe sepsis incidence.52 
Growing clinician and hospital awareness of severe sepsis 
with an emphasis on early diagnosis and intervention53 
may decrease observed overall severe sepsis mortality 
because of the addition of a group of patients with less 
severe disease and lower expected mortality to a pool of 
previously identified, sicker patients. Appropriate risk 
adjustment may help to minimize this issue, but such a 
phenomenon remains a concern.

HAS MORTALITY IMPROVED?

Although difficult to tease apart, the trends across many, 
but not all, different groups of ICU patients suggest that 
overall short-term mortality for ICU patients has decreased 
over the past few decades. Observed improvements in 
general critical care outcomes likely reflect multiple con-
tributing factors and may parallel improvements in overall 
medical care. For example, hospital mortality for all hos-
pitalized patients in the United States decreased between 
2000 and 2010.54

In the past 20 years, significant scientific progress has 
advanced our understanding and management of critical 
illness and its complications. Advances in technology and 
drug development and an emphasis on patient safety and 
quality improvement have resulted in the prevention of 
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complications and improved the management of comorbid 
diseases. Improved care of the critically ill patient likely 
reflects better monitoring, treatment, and overall care. 
However, it is also clear that improvements may not extend 
to all subsets of critically ill patients. Furthermore, it will be 
important to enhance future evaluation with the applica-
tion of consistent definitions of specific disorders and with 
uniform practices to identify critically ill patients, irrespec-
tive of their specific diagnosis or treatment locale.
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What Problems Are Prevalent 
Among Survivors of Critical 
Illness and Which of Those Are 
Consequences of Critical Illness?

Theodore J. Iwashyna

This topic covers an area of rapidly evolving research. As 
such, an exhaustive approach is guaranteed to be outdated 
by publication. Therefore this chapter seeks to provide an 
approach to the problems faced by survivors of critical ill-
ness with a focus on patients surviving acute respiratory 
distress syndrome (ARDS) and severe sepsis.

WHAT PROBLEMS ARE PREVALENT 
AMONG SURVIVORS OF CRITICAL 
ILLNESS?

Survivors of critical illness must deal with many problems. 
Indeed, compared with an age-matched population, survi-
vors of critical illness face nearly every medical complication 
imaginable. As is discussed in the next section, some of these 
problems reflect preexisting illnesses. In some cases, an exac-
erbation or complication of the preexisting condition led to 
the development of critical illness. However, regardless of 
when they developed, these long-term problems prevalent 
among critical illness survivors are real problems that survi-
vors, their families, and their physicians need to face.

Some survivors of critical illness face a substantially ele-
vated mortality after discharge from the hospital, a problem 
best documented for severe sepsis. For example, Quartin 
et al.1 compared patients with severe sepsis in the 1980s to 
matched nonseptic patients hospitalized during the same 
time period. Among patients who had lived at least 180 days 
after their illness, patients with severe sepsis were 3.4 times 
more likely than controls (95% confidence interval: 2.3, 4.2) 
to die in the subsequent 6 months (i.e., days 181 to 365 after 
hospitalization). Indeed, among those who lived at least 2 
full years, survivors of severe sepsis were still 2.2 times as 
likely as controls to die by year 5. Yende et al.2 and Prescott 
et al.3 have shown similar rates of excess postdischarge mor-
tality among survivors of severe sepsis. In contrast, Wunsch 
et al.4 looked at intensive care unit (ICU) patients with and 
without mechanical ventilation and compared them with 
the general population and with hospitalized controls; these 
authors suggested that there is substantial excess mortality 

among patients who had undergone mechanical ventila-
tion relative to the other groups, but that excess mortality 
occurred largely in the first 6 months postdischarge.

The term post–intensive care syndrome (PICS) was coined 
to provide an intellectual framework for organizing the 
problems prevalent among those who survive this excess 
mortality.5,6 A working description of PICS was developed 
over several years and involved extensive contributions 
from stakeholders—including patients, families, caregivers, 
administrators, and others—within critical care and through-
out the broader medical and rehabilitation communities. 
Within PICS, it is valuable to consider three broad domains: 
physical health, cognitive impairment, and mental health.

Most work after critical illness has focused on the pres-
ence and persistence of neuromuscular weakness. In my 
opinion, enduring weakness, which can be profound and 
disabling, is the central patient-centered physical problem 
facing the population of survivors as a whole. Abnormali-
ties of motor function, united under the useful umbrella of 
“ICU-acquired weakness,” include myopathies and poly-
neuropathies.7 The biology of this syndrome remains an 
active area of research, but there is little evidence that the 
origin (nerve or muscle) of the underlying defect affects 
either prognosis or specific treatment. Physical and occu-
pational therapies are the mainstay of recovery.8

Other physical problems are common but less studied. 
Transient and enduring renal failure have been noted.9 
High rates of cardiovascular disease are reported.10 Dys-
pnea and low exercise tolerance, even in the face of seem-
ingly normal or near normal pulmonary function tests, are 
ubiquitous after severe ARDS.11,12 Other survivors report 
subglottic stenosis and profound cosmetic changes.10 High 
rates of cachexia, injurious falls, incontinence, and impaired 
hearing and vision have all been reported.13

A spectrum of cognitive impairment is also common 
after critical illness. Abnormalities range from dysfunction 
in specific tasks (defects in executive function are particu-
larly common) to frank cognitive impairment. The preva-
lence seems to be high, although there is disagreement 
regarding how severe an abnormality must be to be “bad 

4
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enough to be counted.”14-19 Patients who experience severe 
delirium in the ICU may be at greater risk to lose cogni-
tive function at a later time,20 but the duration of the cog-
nitive dysfunction is probably months to years; therefore 
it is unlikely to be a simple extension of ICU- or hospital-
acquired delirium.

There is also evidence that ICU survivors experience 
high degrees of depression, anxiety, and posttraumatic 
stress disorder (PTSD). Assessments of depression with 
the Hospital Anxiety and Depression Scale (HADS) have 
tended to emphasize the PTSD finding.21-23 In contrast, 
more recent work by Jackson and colleagues24 suggested 
that the HADS may be insufficiently sensitive to somatic 
symptoms of depression and that symptoms attributed to 
PTSD were not in fact tied to the critical illness experience. 
Although these issues are being addressed, it is clear that 
many patients have significant emotional disorders.25,26

In summary, survivors of critical illness face a wide array 
of problems. Only some of these have been adequately 
studied, and there are specific interventions for even fewer. 
These problems lead to high rates of ongoing health-care 
resource use and frequent rehospitalization.3,27,28 There is 
growing recognition that the consequences of critical ill-
ness also place substantial strain on families of ICU sur-
vivors, who often bear the brunt of high levels of ongoing 
informal care.29-37

In the face of such high prevalence, it is understandable 
that critical care practitioners may develop a certain nihil-
ism or sense of hopelessness. Obviously, this is an issue 
that must be addressed by each involved individual. How-
ever, it seems important to stress that the inability to save 
everyone does not mean that many are not fully saved. The 
newly appreciated prevalence of PICS represents a prob-
lem to be tackled and eventually solved, not an inevitable 
fate to which all ICU patients are doomed. Indeed, as Cuth-
bertson and colleagues noted in their longitudinal cohort of 
Scottish sepsis survivors, “At five years all patients stated 
they would be willing to be treated in an ICU again if they 
become critically ill… [and] 80% were either very happy or 
mostly happy with their current QOL [quality of life].”38

WHICH OF THE PROBLEMS FACED BY 
SURVIVORS ARE CONSEQUENCES OF 
CRITICAL ILLNESS?

It is sometimes rhetorically useful to frame studies of long-
term consequences as extremes on a spectrum: preexisting 
problem or conditions caused entirely by critical illness. 
One unfortunate consequence of such a dichotomy is the 
development of a false sense of hierarchy—asking, “which 
is more important?” It is rather much more valuable to 
examine the extent to which acute changes and preexisting 
conditions contribute in any given patient.

Perhaps the best research on this particular problem lies 
in the domain of cognitive impairment after critical illness. 
A large group of investigators followed 5888 older Ameri-
cans in the Cardiovascular Health Study, a population- 
based observational cohort.19 Patients were examined every 
year with the Teng Modified Mini-Mental Status examina-
tion. Shah et al.19 noted that patients who went on to have 
pneumonia were more likely to have lower premorbid 

cognitive scores and scores that had been declining more 
rapidly before the development of pneumonia. However, 
whatever their baseline trajectory, patients who contracted 
pneumonia had an increasingly rapid transition to demen-
tia. Iwashyna et al.18 found similar results with severe sep-
sis, and Ehlenbach et al.39 noted this finding in a group of 
severely critical ill patients.

In other cases, findings have been less consistent. 
Wunsch et al.25 used elegantly detailed Danish records 
to show that depression and other mental health disor-
ders were diagnosed much more commonly in patients 
after critical illness with mechanical ventilation than in 
the years before the critical illness. However, Davydow 
et al.26 showed that U.S. survivors of severe sepsis did not 
exhibit a change in the (already very high) level of depres-
sive symptoms present before or after severe sepsis. It is 
possible to reconcile such findings by attributing them 
to the known low sensitivity of general medical practice 
for the detection of depression and an increased level of 
surveillance in the years after critical illness. The Davy-
dow findings might also be explained by an insufficiently 
responsive scale for symptoms; however, the data are not 
yet conclusive.

In some cases—often with too few studies for there to 
be much conflict—it appears that the prevalent problems 
after critical illness are primarily the result of preexist-
ing morbidity. Further complicating such work is the fact 
that older Americans are at increasing risk for both criti-
cal illness and potential complications. Thus, work in the 
Health and Retirement Study showed dramatic increases 
in rates of injurious falls and incontinence in survivors of 
severe sepsis relative to both the general population of 
older adults and even compared with the same patients 
when measured presepsis.13 However, any apparent effect 
of sepsis disappeared when the “morbidity growth curve” 
of older Americans was controlled (i.e., their presepsis 
trajectory of increasing development of morbidity).

In summary, patients who have critical illness typically 
had both worse level of functioning than the general popu-
lation before the development of their critical illness and 
were on trajectories of more rapid decline before their criti-
cal illness. However, it is common to have even worse func-
tion after critical illness. This finding is not universal; for 
example, no such exacerbations after critical illness were 
detectable for geriatric conditions such as injurious falls. 
It may also not be true for impaired quality of life, partic-
ularly because people may be able to adapt to their new 
postcritical illness deficits.

WHY DOES IT MATTER WHETHER THE 
PROBLEM PRECEDES CRITICAL ILLNESS 
OR IS A CONSEQUENCE OF CRITICAL 
ILLNESS?

Having established that there are substantial problems 
that are highly prevalent among survivors of critical ill-
ness, it is increasingly time to ask what can be done to 
make things better. The next section discusses specific 
strategies. However, there are generally three strategies 
that can be informed by this approach: (1) in-ICU preven-
tion, (2) treatment and remediation, and (3) triage. In-ICU 
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prevention strategies are only effective for problems that 
develop over the course of critical illness; although one 
can prevent it from becoming worse, one cannot prevent 
a problem that already exists. Therefore it is important 
to know which conditions present in each individual 
patient, as opposed to the population of survivors as a 
whole, did or did not preexist the development of critical 
illness.

“When newly acquired diagnoses are evaluated, it is 
essential to distinguish the degree of morbidity conse-
quent of critical illness from complications arising from 
interventions to treat the disorder and support the patient. 
For example, ICU-acquired weakness is common in ICU 
survivors. However, it is difficult to determine to what 
extent this disability results from the critical illness itself as 
opposed to the treatment modalities, including prolonged 
bed rest; use of neuromuscular blocking agents, antibiot-
ics, or other drugs; decreased respiratory muscle activity 
resulting from mechanical ventilation; and inadequate met-
abolic/nutritional support. Indeed, PICS is an acronym for 
“post– intensive care syndrome,” not “postcritical illness 
syndrome,” but health-care providers should not let this 
bold (but untested), implicit assertion provide false assur-
ances as to where the problems may lie. Misattribution to 
management of problems that are really a consequence of 
critical illness itself could lead to faulty triage decisions, in 
which patients with a critical illness are kept out of the ICU 
to spare them the perceived risk of exposure to ICU-induced 
consequences. However, such triage would also preclude 
such patients from receiving ICU-possible improvements 
in care. However, to the extent that ICU care is of lower 
marginal value and prone to excess interventions, invasive 
monitoring, and bed rest, then such a decision would be 
fully appropriate. Conversely, an incorrect belief that a 
complication is a component of the underlying disorder 
may lead to overuse of therapy; for example, it appears 
that less sedation reduces the psychological sequelae of 
critical care rather than providing the preventive amnesia 
that some once hoped it would. There is an urgent need 
for objective data to inform this debate; in particular, data 
should not merely catalog the problems in one place but 
also catalog comparative effectiveness research of care in 
alternative settings.

GIVEN THE ABSENCE OF PROVEN 
SPECIFIC THERAPIES, WHAT IS A 
PRAGMATIC APPROACH TO IMPROVING 
LONG-TERM CONSEQUENCES FACED BY 
PATIENTS SURVIVING CRITICAL ILLNESS?

Patients surviving critical illness labor under a complex 
burden of problems—some newly developed as a con-
sequence of the acute episode, some present before criti-
cal illness but exacerbated by the episode to the point of 
decompensation, and some preexisting in occult form 
that are unmasked critical illness. There are no proven 
therapies specifically remediating long-term problems 
after the ICU. There are several potentially promising 
approaches or interventions that could be initiated in the 
ICU. A pragmatic approach, which is based on the work 
of Margie Lachman in a different setting,40 that the author 

has found to be clinically valuable involves six steps 
detailed here:

 1.  Prevention: There is frustratingly little to prove that excel-
lent in-ICU care prevents post-ICU problems. However, 
the physiologic rationale that minimizing the extent of 
critical illness is an essential step to improving the lives 
of patients who survive the ICU is highly compelling. 
It is the my practice to emphasize aggressive sepsis de-
tection and resuscitation, low tidal volume ventilation, 
sedation minimization, and early mobilization of me-
chanically ventilated patients.

 2.  Protection: That ICU patients frequently experience dis-
continuities of care after transfer out of the ICU is well 
documented.41 Essential home medications are never re-
started. Antipsychotics intended only for short-term deliri-
um management are continued for prolonged periods.42,43 
The receiving team is not made aware of the appearance 
of new radiographic findings, and follow-up does not oc-
cur.44 There are multiple process-of-care efforts to prevent 
such discontinuities that would seem to be essential. Fur-
thermore, there may be roles for early mobility, sedation 
minimization, patient diaries, and other yet unproven 
therapies that will prevent ICU patients from having new 
neuromuscular and emotional deficits in the first place.

 3.  Treatment: Previously unrecognized or undiagnosed 
problems often are uncovered in the ICU. In some 
cases (e.g., the patient whose diabetes first presents as 
diabetic ketoacidosis), there are well-established proce-
dures not only to correct the acute problem but also to 
ensure appropriate follow-up, including education and 
communication with primary care providers. However, 
other conditions, in particular depression and mental 
health issues, are often neglected. A balanced approach 
to improving life after the ICU must ensure appropriate 
follow-up for all new problems diagnosed or likely to be 
exacerbated in the ICU. Good approaches to specifically 
ensure appropriate follow-up after the ICU are lacking, 
but work on transitions of care for geriatric patients may 
provide promising models.

 4.  Remediation: The evidence increasingly suggests that 
disability after critical illness is rooted in muscle weak-
ness, cognitive impairment, and lack of social support. 
Many practitioners strongly recommend early and on-
going physiotherapy for all patients in the ICU, with 
follow-up as an outpatient when appropriate. Howev-
er, the appropriate approach to physiotherapy should 
be one of preventing any loss of functioning while in 
the ICU as opposed to only treating those with de-
monstrable weakness. Moreover, work by Hopkins 
and others45 has shown that physical therapy in the 
ICU may also have important cognitive and psychiat-
ric benefits. Also, it is essential that a patient’s family 
or other support group be intimately involved in the 
process of providing ICU care. Netzer36 has defined a 
“family ICU syndrome.” His work and others’ show 
the incredible toll that ICUs take on families. However, 
if patients are critically vulnerable in the period imme-
diately after discharge, family participation may be an 
essential and underused determinant of whether the 
patients have a trajectory of recovery or a trajectory of 
disability.
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 5.  Compensation: Even with the best medical care and physi-
cal therapy, some patients will have new problems after 
the ICU. There is an ongoing struggle to find a systematic 
approach to evaluating their needs. The model of a Com-
prehensive Geriatrics Assessment may hold great prom-
ise, but it needs to be customized to the ICU.46 In this ap-
proach, there is a structured questionnaire tied to initial 
interventions to assess a range of potential needs. The 
sort of pragmatic assistance that geriatricians routinely 
provide to allow weak older patients to stay in their home 
may be of great value to ICU patients in their recovery.

 6.  Enhancement: The next frontier of recovery of critical ill-
ness will be finding ways to empower survivors to help 
each other by developing innovative peer support mod-
els. This approach allows patients to become partners in 
discovering new approaches to facilitate recovery. Such 
groups have fundamentally transformed recovery from 
cancer, stroke, Alzheimer disease, and other disabling 
conditions. This powerful tool holds enormous promise 
for improving outcomes after the ICU.

CONCLUSION

Many, but not all, patients have a range of physical, cogni-
tive, and emotional challenges after critical illness. There are 
a limited number of validated tools to identify patients at risk 
for PICS.14 Likewise, critical care professionals have yet to 
develop specific, validated therapies to prevent or treat these 
multifactorial problems. However, there is reason to believe 
that emerging techniques in patient management and reha-
bilitation offer the hope of improving the lives of survivors.
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Do Early Warning Scores  
and Rapid Response Teams  
Improve Outcomes?

Gabriella Jäderling, Rinaldo Bellomo

The rapid expansion of medical knowledge and the 
advances in surgical techniques, drug treatments, and 
interventions make it possible to treat conditions that 
would have been untreatable only 50 years ago. Progress 
has also led to a change in demographics, with an unparal-
leled increase in the age of patients treated and, as a result, 
an increasing level of illness severity.1

These medical and social changes have coincided with 
alterations in hospital care. Such trends include health-
care budget containments, cuts in the number of beds 
available, shortages of trained nurses, and working time 
directives. These new imperatives, which are associated 
with fewer and less experienced staff at hand to manage 
a larger workload of more complex patients, do not match 
the rising demand for admissions. Intensive care units 
(ICUs) have a proportionately limited number of beds to 
deal with such complex patients. Furthermore, the gen-
eral wards, which lack sufficient monitoring, vigilance, 
and staffing resources, are being asked to provide care at 
levels usually reserved for ICUs. As a result of these sys-
tem characteristics, patients whose condition deteriorates 
while on the general ward may not be identified and may 
not receive an appropriately high level of care in a timely 
manner.

Rapid Response Systems (RRSs) have been adopted in 
different forms worldwide to address the needs of such 
deteriorating patients in general wards. The RRS is an orga-
nized approach to improve patient safety by bridging care 
across hierarchies and specialties. RRSs facilitate the deliv-
ery of intensive care knowledge outside of the walls of the 
ICU, benefiting ward patients regardless of their location. 
The purpose is to detect and treat deviating physiology in 
time to prevent progression to irreversible conditions such 
as cardiac arrest or death.

Although intuitively appealing, some have questioned 
the evidence on which the implementation of an RRS rests. 
In this chapter, we present the concept of identifying and 
treating patients at risk using early warning scores (EWS) 
and RRSs as well as the emerging body of evidence in 
which these systems are evaluated.

DO EARLY WARNING SCORES HELP 
IDENTIFY PATIENTS AT RISK?

Adverse Events

Hospitals are dangerous places. In the early 1990s, sev-
eral reports highlighted the occurrence of unexpected and 
potentially avoidable serious adverse events in hospitals.2-4 
These reports were not confined to a specific health-care 
system but were emerging from different parts of the 
world, thus forming the picture of a global problem.5-11 
Adverse events, defined as unintended injuries or com-
plications caused by medical management rather than by 
the underlying disease and leading to death, disability, or 
prolonged hospital stays, were identified in between 2.9% 
and 16.6% of hospitalizations.2,3,5,8-11 Up to 13.6% of such 
events were reported to lead to death and, importantly, 
37% to 70% of these complications were deemed prevent-
able. An in-hospital cardiac arrest is an example of a seri-
ous adverse event that is likely to have dire consequences. 
Despite dedicated efforts to improve resuscitation routines 
during cardiac arrest, mortality has remained unaltered at 
85% to 90% over the past 30 years.12-16 This lack of improve-
ment could be explained by the fact that in-hospital cardiac 
arrests occurring in general wards are mostly related to 
noncardiac processes, with the arrest representing the com-
mon final pathway of various underlying disturbances.17 
As such, it is logical to hypothesize that outcome will 
improve with appropriate recognition and management 
of the precipitating disorder. Indeed, retrospective chart 
reviews suggest that this approach may well make it pos-
sible to avoid cardiac arrest altogether. In many, if not most, 
patients, signs of deterioration such as changes in pulse, 
blood pressure, respiratory rate, and mental status were 
present many hours before an actual arrest occurred.17 Sev-
eral studies have confirmed that this slow deterioration 
in vital signs may be present up to 48 hours before seri-
ous adverse events such as cardiac arrest, unanticipated 
ICU admission, or death.18-23 These reports imply that the 
development of critical illness is not so much “sudden” but 
rather “suddenly recognized.”24

5
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Early Warning Scores

The classic vital signs are temperature, pulse rate, blood 
pressure, and respiratory rate. Oxygen saturation, as mea-
sured by pulse oximetry, and level of consciousness may 
also constitute useful vital signs.25-27 Development of a 
score/numerical value quantifying derangements of these 
easily measured physiologic markers, the so-called EWSs, 
thus has potential. The UK National Early Warning Score 
(NEWS) is shown for illustration (Fig. 5-1).

Assessment of a patient’s vital signs is a routine compo-
nent of in-hospital care. However, only rarely are detected 
abnormalities linked to specific responses. In the formula-
tion of such a closed-loop system, it is essential to define 
assessment parameters that trigger a response.28 Trigger 
systems can be categorized as single-parameter, multiple-
parameter, aggregate weighted scoring, or combination 
systems.24 The two most common are the single-parameter 
and the aggregate weighted scoring systems.

The first RRS was a single-parameter system.29 The trig-
gers were acute change in respiratory rate, pulse oximetry 
saturation, heart rate, systolic blood pressure, or conscious 
state or that the staff was simply worried about the patient 
because of specific conditions, physiologic abnormalities, 
and the subjective criterion “any time urgent help is needed 
or medical and nursing staff are worried.” A deviation of 
any single parameter from its predefined cutoff level was 
enough to alert the team. These original RRS activating cri-
teria are, with slight modifications, still in use in Australia, 
the United States, and parts of Europe. Advantages of the 
single-parameter system are ease of implementation and 
use and the provision of a binary response (call for help 
or not). The criteria consist of the observation of an acute 
change in respiratory rate, pulse oximetry saturation, heart 
rate, systolic blood pressure, conscious state, or that the 
staff are simply worried about the patient.

The subjective “worried” criterion is designed to 
empower the staff to activate a response whenever they 
are concerned about a patient. This approach relies on the 

intuition and experience of nurses and other providers and 
should not be underestimated because subtle symptoms 
or small changes observed by vigilant practitioners often 
turn out to be precursors to more objective physiologic 
changes.30,31 Studies on several systems demonstrated that 
the worried criterion activated nearly half of RRS calls.32-36

In the aggregate weighted scoring systems, deviations of 
vital signs are assigned points. The sum of these points con-
stitutes total scores that have been referred to as the EWS 
or Modified EWS.37 Once a threshold score is reached, a 
response is triggered. Alternatively, a trend in the score can 
be followed and an increase over time can then be used to 
direct a graded escalation of care. However, this approach 
is relatively complex and time-consuming and depends on 
accurate calculation.37,38 Variations of scoring systems with 
different triggers or additional parameters (e.g., urinary 
output) have been used. The Royal College of Physicians of 
the United Kingdom has recently proposed the application 
of a national standard, the NEWS,39 to increase consistency 
and reproducibility.

EWS have been shown to predict the development of 
critical illness. Prospective prevalence studies of entire hos-
pital populations have demonstrated that fulfilling criteria 
for abnormal vital signs is clearly associated with a worse 
outcome.40-42 Most studies have focused on mortality, but 
derangements in vital signs also presage cardiac arrest and 
the need for ICU transfer.43 However, the accuracy of scores 
can vary as a function of the chosen outcome parameter. In 
a comparison by Churpek et al.,44 the areas under the curve 
for different EWSs ranged from 0.63 to 0.88, with prediction 
of mortality being the most accurate. A recent systematic 
review by Alam et al.45 concluded that introduction of EWSs 
was associated with better clinical outcomes (improved 
survival and decreases of serious adverse events), although 
meta-analysis could not be performed because of the het-
erogeneity of the patient populations and lack of standard-
ization of the scores used in the included studies.

There is no clear evidence to indicate which form 
of warning system is best or even what frequency of 
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Figure 5-1. The composition of Rapid Response Systems. CCO, critical care outreach; MET, medical emergency team; RRT, rapid response team.
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monitoring is ideal.28 One study found a median dura-
tion of 6.5 hours for vital sign deteriorations before car-
diac arrest,46 whereas other studies found an even longer 
period.18,21 Patients clearly respond better to earlier than 
delayed interventions.47-50 In general, all systems provide 
reasonable specificity and negative predictive values but 
low sensitivity and positive predictive values.51-53 Sensi-
tivity can be improved by reducing the trigger threshold 
but not without compromising specificity, thus increas-
ing workload. Including other parameters such as age,54 
comorbidities, or laboratory data55,56 may improve predic-
tive value.

Although many systems are in use, they differ primarily 
in details. Virtually all are based on the same concept: vital 
signs can provide clinicians with useful clues in evaluating 
a patient’s condition or trajectory of illness. Implementing 
the use of any form of EWS conveys an important message: 
patients need to be checked. Placing the focus on monitor-
ing and educating staff on when to react heightens aware-
ness across the whole hospital; thus, it is likely to improve 
patient safety. In all probability, the value of an RRS lies not 
in the exact cutoffs or form of scores but rather in providing 
clear and objective tools to aid in assessing patients and in 
encouraging and empowering front-line providers to seek 
help when needed.

DO RAPID RESPONSE SYSTEMS IMPROVE 
OUTCOME?

General Principles of Rapid Response Systems

The usefulness and predictive value of EWSs must always 
be seen within the context of the response they can trig-
ger. This response typically emanates from ICUs: dedicated 
teams that can be summoned to respond early to deterio-
rating patients, removing the usual boundaries of special-
ties and locations and centering care instead around the 
patients’ needs.

Systems were simultaneously starting to take form in 
several parts of the world. An RRS is activated in Pitts-
burgh under the denotation “Condition C” (crisis) as 
opposed to “Condition A” (arrest), whereas in Australia 
the RRS is referred to as the “Medical Emergency Team” 
(MET). The first description in the literature appeared 

from an Australian center in 1995.29 This report described 
the use of the team, its triggers, and the interventions 
provided. In the United Kingdom, a similar model was 
named the “Patient-at-Risk Team.”57 In 2005, the first 
international conference on METs was held in Pittsburgh, 
and faculty consensus findings were published. The 
report from this meeting defined a common nomencla-
ture and composition and set the framework for future 
research.58

The term Rapid Response System refers to an entire net-
work for responding to patients with a critical medi-
cal problem. The system comprises an afferent limb that 
detects the problem and triggers a response (Table 5-1). The 
responding team constitutes the efferent limb. This aspect 
may be of different designs, reflecting local culture and 
resources.

Teams that include physicians and nurses are tradition-
ally called METs, whereas teams that are led by nurses 
are called RRSs. Critical Care Outreach teams are another 
model; they typically use ICU nurses as first responders 
and perform follow-up visits to patients discharged from 
the ICU. Outcome data on the superiority of one form to 
the other and the optimal composition of the team are lack-
ing because there have been no studies directly comparing 
these different models.

Two additional components are needed to implement 
and maintain a successful RRS: an administrative frame-
work and a feedback loop for quality evaluations (Fig. 5-1). 
These two are important because, in our opinion, only mul-
tilevel collaboration within the entire hospital organization 
can achieve a sustainable improvement of safety and qual-
ity in health care.

Outcome Measures

Measuring safety and monitoring success can be challeng-
ing in these complicated systems because the interventions 
are complex and are critically dependent on educational 
efforts and the context in which they are implemented.59,60 
Therefore process measures such as staff satisfaction, 
impact of education, or effects on end-of-life care are as 
important to investigate as traditional outcomes such as 
cardiac arrest rate, in-hospital mortality, and unanticipated 
ICU admission.

Table 5-1 NEWS for United Kingdom National Health Scheme Hospitals

Physiologic Parameters 3 2 1 0 1 2 3

Respiration rate ≤8 9–11 12–20 21–24 ≥25

Oxygen saturation ≤91 92–93 94–95 ≥96

Any supplemental oxygen Yes No

Temperature ≤35.0 35.1–38.0 38.1–39.0 ≥39.1

Systolic blood pressure ≤90 91–100 101–110 111–219 ≥220

Heart rate ≤40 41–50 51–90 91–110 111–130 ≥131

Level of consciousness A V, P, or U

From https://www.rcplondon.ac.uk/.../national-early-warning-score-standardising-assessment-acute-illness-severity-nhs.pdf
NEWS, National Early Warning Score; a, alert; P, pain; U, unresponsive; V, voice.

https://www.rcplondon.ac.uk/.../national-early-warning-score-standardising-%20assessment-acute-illness-severity-nhs.pdf
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RRSs have been widely adopted and endorsed by 
patient safety organizations, but there has been con-
flicting evidence regarding their value. Several “before-
and-after” studies have shown a significant decrease in 
cardiac arrest rate, with reductions ranging from 20% to 
65%.32,61-64 Other reports have not been able to confirm an 
effect.65 Evidence supporting reductions in cardiac arrests 
is more robust than in overall mortality32,61,65-69 (see Table 
5-2 for a summary). Most studies have been performed in 
single centers, but there are two reports in which hospi-
tals are concurrently compared with and without an RRS. 
Bristow et al.66 compared one hospital with an RRS to 
two hospitals with only conventional cardiac arrest teams 
and found that the RRS hospital had fewer unanticipated 
admissions to the ICU and high dependency unit but not 
a significant difference in cardiac arrest rates or mortality. 
Chen et al.70 recently compared a hospital with a mature 
RRS to three hospitals without RRSs and found that the 
cardiac arrest rate was 50% lower and overall hospital 
mortality was 6% lower in the institution with mature 
RRS. In addition, introducing an RRS was associated with 
a 22% reduction in cardiac arrest rate and an 11% reduc-
tion in overall mortality.

Performing clinical trials of RRSs is problematic 
because randomization on an individual patient level 
(to either receive increased vigilance of deterioration 
with a targeted response or not) is ethically and practi-
cally unsound. However, two randomized studies have 
been published. Priestley et al.69 performed a ward-based 
randomization of an outreach service and showed a sig-
nificant reduction in hospital mortality. These studies also 
suggest that hospital length of stay was increased. The 
largest randomized trial is MERIT, a cluster randomiza-
tion of 23 hospitals in Australia.71 No outcome benefit was 
detected, although both trial arms improved relative to 
baseline. It has been argued that this study was under-
powered,72 that the teams were inadequately imple-
mented,73 and that there was contamination between 
the sites because control hospitals actually adopted RRS 
principles and used their cardiac arrest teams in RRS-like 
activities. However, an in-depth look into MERIT and 
its findings found that timely intervention by any team 
resulted in a significant reduction in cardiac arrests and 
unexpected hospital deaths.48

There have been variable reports of effects on unantici-
pated ICU admission. The MERIT trial did not demonstrate 
a difference. However, other data are equivocal. Several 
nonrandomized trials found a decrease,66,74,75 two oth-
ers found no effect,76,77 and one found an increase.61 ICU 
admission represents a potentially problematic endpoint 
because it is affected by local policies, bed numbers and 
occupancy, and resource availability. Such findings should 
be placed in context because an increase in low-acuity ICU 
admissions may decrease mortality rates, but it may rep-
resent a poor use of resources. Estimates of length of stay 
are equally difficult to interpret. Survivors may have a long 
length of stay, whereas the extremely ill who die shortly 
after admission will not. Furthermore, this measure may 
again be influenced by local policies in addition to medical 
decisions.

Two recent high-quality systematic reviews addressed 
RRSs.78,79 In 2010, Chan et al.78 identified 18 published 

studies, examining nearly 1.3 million admissions. Of the 
studies that reported team composition, 13 of 16 were led 
by physicians. The utilization of the team, or dose, was 
(in median) 15.1 of 1000 admissions (range, 2.5-40.3) in 
adult studies and 7.5 (range, 2.8-12.8) in pediatric stud-
ies. The analysis demonstrated a pooled risk reduction 
of 33.8% for adult cardiac arrest rates (relative risk [RR] 
0.66, 95% confidence interval [CI] 0.54-0.80) but no sig-
nificant effect on hospital mortality (RR 0.79, 95% CI 
0.84-1.09). The pooled risk reduction in the five pediatric 
studies was 37.7% for cardiac arrest rates (RR 0.62, 95% CI 
0.46–0.84) and 21.4% for hospital mortality (RR 0.79, 95% 
CI 0.63-0.98). The study concluded that RRSs were associ-
ated with reduced rates of in-hospital cardiac arrests but 
consistent evidence of improved overall hospital survival 
was lacking.

Winters et al.79 conducted a systematic review in 2013 
to include more recent evidence and found 26 additional 
studies on the effectiveness of RRSs (3 of which were con-
ducted on children) and 17 additional studies addressing 
RRS implementation. The implementation processes var-
ied widely and were driven by local needs and resources. 
Most studies described education as an integral part of 
implementation, although not all involved formal training. 
It has been posited that the use of an RRS may give rise 
to unintended consequences, some of which may be harm-
ful. These concerns include deterioration in the resuscita-
tive skills of ward staff, but this particular issue has been 
refuted in several qualitative studies. Rather, data indicate 
that nurse satisfaction is generally increased and that the 
system is highly appreciated in part because it provides a 
sense of security and improves patient care as well as the 
work environment.80-83 Thus, this updated review sup-
ported the conclusions of Chan et al., but it also found that 
more recent studies reported favorable results, perhaps 
reflecting maturation of the systems and improvements 
in implementations. One study also adjusted for possible 
trends over time and found that reductions in cardiac arrest 
rates and mortality were unaffected.36 In summary, it was 
concluded that the evidence supporting the use of RRSs to 
improve outcomes of hospitalized patients was moderately 
strong.

Ethical Issues

Over time, the use of RRSs has led to ethical concerns. 
Specifically, the deployment of an RRS often required the 
team to discuss and arrive at a quick conclusion regard-
ing escalation of care. Although not an initial goal, several 
studies have reported the involvement of an RRS team 
in end-of-life care decisions.84-88 An international multi-
center study showed that one third of RRS calls were for 
patients in whom there were specific limitations in medi-
cal therapy. Furthermore, activation of the RRS frequently 
occurred after hours, and in 10% of cases the RRS was 
directly involved in designating patients “not for resus-
citation.”86 It was also noted that the existence of a limi-
tation in care did not exclude patients from RRS calls.88 
These findings suggest that wards need support not only 
in advanced care planning but also in providing comfort 
or appropriate treatment for patients with limitations of 
treatment orders. Such a patient may in fact improve as 
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Table 5-2 Summary of Studies Investigating the Effect of RRSs on Clinical Outcomes

Author, Year, 
Country Study Design

Team Composition  
and Trigger System Outcomes Studied Results

Bristow,66 2000, 
Australia

Concurrent  
multicenter cohort 
comparison

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality, un-
planned ICU admission

No effect on cardiac arrests or mor-
tality, decreased ICU admissions

Buist,61 2002,  
Australia

Observational 
 before-after

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

50% reduction of cardiac arrests, no 
effect on hospital mortality

Bellomo,32 2003, 
Australia

Observational 
 before-after

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

65% reduction of cardiac arrests, 26% 
reduction of hospital mortality

Bellomo68 2004, 
Australia

Observational 
 before-after

Physician-led,  
single-parameter score

Hospital mortality in  
postoperative patients 
after major surgery

36% reduction of hospital mortality

Kenward,65 2004, 
England

Observational 
 before-after

Not reported, aggregate 
weighted score

Cardiac arrest rate,  
hospital mortality

No effect

Priestley,69 2004, 
England

Randomized on  
ward basis

Nurse-led outreach  
service, aggregate  
weighted score

Hospital mortality,  
hospital length of stay

48% reduction of hospital mortality

DeVita,63 2004, 
United States

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate 17% reduction of cardiac arrests

Hillman,71 2005, 
Australia

Cluster-randomized  
controlled trial

Physician-led,  
single-parameter score

Composite of cardiac  
arrests, unplanned ICU 
admission, unexpected 
death

No effect, both groups reduced 
cardiac arrests and unexpected 
deaths as compared with  
baseline

Jones,64 2005,  
Australia

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate 53% reduction of cardiac arrests

Jones,89 2007,  
Australia

Observational  
before-after

Physician-led,  
single-parameter score

Long-term mortality in  
postoperative patients

23% reduction in mortality at 
1500 days after major surgery

Dacey,74 2007, 
United States

Observational  
before-after

Physician assistant-led,  
single-parameter score

Cardiac arrest rate, hospital 
mortality, unplanned ICU 
admission, ICU length of 
stay

61% reduction of cardiac arrests, 
no effect on hospital mortality, 
16% decrease of unplanned ICU 
admissions

Jolley,90 2007, 
United States

Observational  
before-after

Nurse-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

No effect

Offner,91 2007, 
United States

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate 50% reduction of cardiac arrests

Baxter,92 2008, 
Canada

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate, ICU 
admissions and  
readmissions, hospital 
mortality

38% reduction of cardiac arrests, 
decrease in ICU admissions  
and readmissions, no effect on  
hospital mortality

Chan,67 2008, 
United States

Observational  
before-after

Nurse-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

41% reduction of non-ICU cardiac 
arrests, no effect on hospital 
mortality

Campello,93 2009, 
Portugal

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

27% reduction of cardiac arrests, no 
effect on hospital mortality

Konrad,62 2010, 
Sweden

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

26% reduction of cardiac arrests, 
10% reduction of overall hospital 
mortality

Lighthall,94 2010, 
United States

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality

57% reduction of cardiac arrests, 
trend toward lower mortality

Santamaria,95 2010, 
Australia

Observational  
before-after

Physician-led,  
single-parameter score

Cardiac arrest rate,  
hospital mortality,  
unexpected ICU  
admission

Significant reductions of cardiac 
arrests and hospital mortality, no 
effect on ICU admissions

Continued
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a result of RRS actions (e.g., by receiving antibiotics or 
fluids). However, the limitations for more advanced care, 
such as cardiopulmonary resuscitation or invasive ventila-
tion, will not alter outcome in a favorable way and must 
be honored.

Therefore the manner by which RRSs decrease car-
diac arrests may result from earlier detection and treat-
ment of deteriorations; thus, they may truly prevent 
cardiac arrest. However, value may also arise as a result 
of increased discussions of the indications for treatment 
and of the limitations imposed at end of life, thus reduc-
ing the use of cardiopulmonary resuscitation and other 
resuscitative measures in terminally ill patients who have 
other needs.

The number of patients seen by an RRS is not propor-
tional to an actual decrease in mortality. It may be that 
the RRS affects more than just the number of calls deliv-
ered. The intense educational efforts that are a part of RRS 
implementation increase general knowledge and aware-
ness among the staff of failing vital signs. This change in 
itself may result in ancillary positive effects, providing 
ward staff with the tools to correctly recognize and manage 
early signs of deterioration,80 thus obviating the need to 
call the RRS team. This potential benefit is a crucial part of 
the system that is difficult to quantify but nonetheless has 
a pivotal influence on how hospitalized patients are cared 
for and hence on their outcome.
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What Are the Indications  
for Intubation in the Critically  
Ill Patient?

Meredith Collard, Meghan Lane-Fall

The specific indications for endotracheal intubation are dif-
ficult to define, in part because large-scale studies examining 
the question are lacking and in part because clinical practice is 
evolving. Although a seasoned practitioner is usually able to 
identify a patient who requires intubation, it is challenging to 
explain the precise parameters used to arrive at this decision. 
In addition, advancements in oxygen delivery systems and 
noninvasive forms of ventilation have changed the decision-
making process in recent years. In this chapter, we describe 
strategies for diagnosing respiratory failure and deciding 
whether endotracheal intubation is needed for support. We 
also briefly discuss reasons to avoid endotracheal intubation.

We divide indications for intubation into two broad cat-
egories: patients with physiologic compromise currently in 
need of support (“actual need”) and those at high risk of 
decompensation (“impending need”). Actual need for intu-
bation occurs when the patient is physiologically unstable 
as a result of impaired gas exchange (e.g., hypoxic respi-
ratory failure or hypercarbic ventilatory failure). Impend-
ing need is present when respiratory compromise can be 
reasonably anticipated (e.g., impaired consciousness, air-
way edema). These two general indications are based on 
accepted practice, with few or no data available to support 
specific guidelines. This poor evidence base is reflected in 
Marino’s statement that “…the indication for intubation 
and mechanical ventilation is thinking of it.”1

As with any invasive procedure, informed consent 
for endotracheal intubation should be obtained from the 
patient or proxy if possible. Advanced directives should be 
consulted to ensure that intubation is consistent with the 
patient’s goals of care, and patients and families should be 
counseled about the expected duration of mechanical ven-
tilation. Previous intubation records should be reviewed 
when possible to determine whether difficulty in securing 
the patient’s airway is likely to occur.

ACTUAL NEED FOR INTUBATION

Signs and Symptoms

Acute hypoxic respiratory failure results from inad-
equate exchange of oxygen across the pulmonary 

alveolar-capillary membrane. This impairment leads 
to a decrease in arterial oxygen tension (hypoxemia) 
and insufficient delivery of oxygen to tissues and cells 
(hypoxia). In addition, because oxygen delivery is the 
product of arterial oxygen content and cardiac output, 
hypoxia can also occur secondary to decreased cardiac 
output, anemia, or abnormal oxygen-hemoglobin bind-
ing affinity. In the medical literature, hypoxic respiratory 
failure is often described as type I failure when hypox-
emia is present without hypercarbia. When associated 
with hypercarbia, this is described as type II respiratory 
failure.

In contrast, acute ventilatory failure (and subsequent 
hypercarbia and respiratory acidosis) results from inad-
equate removal of gas from distal alveoli. Mild ventila-
tory failure can exist alone or, when impairment is more 
severe, may be associated with hypoxemia. Ventilatory 
failure can result from a primary lung process such as 
chronic obstructive pulmonary disease, or it can occur 
secondary to disorders in the cardiac, neurologic, meta-
bolic, or other systems.

Both the symptoms and signs of hypoxia and hypercar-
bia are nonspecific and are noted in Table 6-1. In addition, 
the signs and symptoms of hypercarbia also depend on the 
patient’s baseline Paco2 (partial pressure of carbon dioxide 
in arterial blood) the absolute value of Paco2, and the rate 
of change. Unlike hypoxemia, chronic hypercarbia may 
be well tolerated. Eliciting a history of chronic CO2 reten-
tion and performing careful serial evaluations of arterial 
pH are essential because hypercarbia with a near-normal 
pH is a sign of chronic compensation and often does not 
reflect an acute disorder. Symptoms of acute hypercar-
bia may include respiratory fatigue and suggest that the 
patient soon may be unable to achieve the minute ventila-
tion required to maintain a normal pH.

Many disease processes can lead to type I failure (Table 
6-2) or type II failure (Table 6-3). These processes can be 
divided into pulmonary and nonpulmonary processes. 
Although they are presented separately, there is some 
overlap in these two types of respiratory failure. For the 
purposes of this chapter, respiratory and cardiac arrest are 
included as ventilatory (type II) failure.

6
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Diagnosis of Respiratory Failure

Hypoxemia is usually defined as a Pao2 (partial pres-
sure of oxygen in arterial blood) of less than 60 mm Hg 
(8 kPa). The gold standard test for diagnosing hypoxemia 
is arterial blood gas testing. However, pulse oximetry, 
being continuous and inexpensive, is more commonly 
used for detection of decreased oxygen levels. However, 
it is important to note that pulse oximetry measures the 
saturation of hemoglobin, not Pao2 (a reflection of oxygen 
dissolved in the blood) or oxygen content (a reflection of 
both bound and unbound O2). Thus, pulse oximetry may 
be unreliable in cases in which the patient may have a 
normal Pao2 but a low available O2 content, such as in 
severe anemia, carbon monoxide poisoning, methemoglo-
binemia, or peripheral vasoconstriction.

Normal Pao2 levels are 80 to 100 mm Hg in a healthy 
patient breathing room air and can exceed 500 mm Hg in a 
patient breathing 100% oxygen. Pulse oximetry values may 
remain normal until Pao2 decreases from normal values to 
less than 60 mm Hg. For this reason, the alveolar-arterial 
oxygen gradient should be evaluated in patients receiving 
a high Fio2 (fraction of inspired oxygen) because a widen-
ing alveolar-arterial oxygen gradient is a sign of worsening 
hypoxemia. Therefore, the decision to intubate must take 
into consideration that low pulse oximetry values coincide 
with significant hypoxemia, but normal oxygen saturation 
does not exclude hypoxemia, especially in patients receiv-
ing a high Fio2.

Hypercarbia, commonly defined as a Paco2 of more 
than 45 mm Hg (6 kPa), should also be diagnosed with 

Table 6-1 Symptoms and Signs of Hypoxia and 
Hypercarbia

Hypoxia Hypercarbia

Symptoms Symptoms

Confusion Confusion

Dyspnea* Dyspnea

Exhaustion Exhaustion

Headache Headache

Irritability

Signs Signs

Agitation

Central cyanosis Accessory respiratory muscle use

Coma Cardiovascular collapse

Increased work of breathing Coma

Lethargy Flapping tremor

Seizures Increased work of breathing

Somnolence Lethargy

Tachypnea* Seizures

Shallow or small tidal volume 
breathing

Somnolence

Tachypnea

*May or may not be present depending on the cause of the hypoxia.

Table 6-2 Causes of Hypoxemic Respiratory 
Failure*

PULMONARY DISORDERS
Intrinsic lung disease
Lung consolidation (e.g., tumor)

Pathophysiologic state
Acute respiratory distress syndrome (ARDS)
Atelectasis
Lung consolidation (e.g., hemorrhage)
Noncardiogenic pulmonary edema
Pneumonia
Transfusion-related acute lung injury (TRALI)

NONPULMONARY DISORDERS
Cardiac disorders
Cardiogenic pulmonary edema

Vascular disorders
Pulmonary embolism

Toxins
Carbon monoxide

*These are causes of type I respiratory failure (hypoxia without hypercarbia).

Table 6-3 Causes of Hypercarbic Ventilatory 
Failure

PULMONARY DISORDERS
Intrinsic lung diseases
Asthma
Chronic obstructive pulmonary disease

Pathophysiologic state
Airway obstruction (functional or mechanical)
Obstructive sleep apnea

NONPULMONARY DISORDERS
Neurologic disorders
Brainstem or medullary stroke
Central sleep apnea
Critical illness myopathy or polyneuropathy
Myasthenia gravis, Guillain-Barré syndrome
Obesity-hypoventilation syndrome
Opiate or sedative overdose
Phrenic nerve dysfunction

Cardiac disorders
Cardiac arrest
Cardiogenic shock
Heart failure

Vascular disorders
Pulmonary embolism

Metabolic disorders
Hypomagnesemia
Hypophosphatemia
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arterial blood gas sampling. Noninvasive diagnosis of 
hypercarbia is problematic. End-tidal CO2 monitoring is 
used in operating rooms, but accurate reflection of Paco2 
requires a sealed airway and consistent tidal volumes: 
gas leakage, dead space ventilation, and low cardiac 
output may provide misleading data. Pulse oximetry 
should not be used to gauge the adequacy of ventilation 
because normal oxygen saturation can be found in the 
presence of significant hypoventilation, providing false 
confidence.

With both hypoxia and hypercarbia, it is important to 
follow Pao2 and Paco2 changes over time, which may pro-
vide more information than absolute values.

In addition to instruments and tests being used to detect 
worsening ventilatory failure, it is essential to evaluate 
the patient’s clinical condition for signs of fatigue and 
impending respiratory collapse on a continuous basis. 
Clinical assessment, combined with medical experience, is 
the most important tool for identifying patients requiring 
early intubation. Signs of impending collapse often include 
worsening dyspnea, tachypnea, use of accessory breathing 
muscles, and rapid shallow breathing. Planned endotra-
cheal intubation in a controlled setting is always preferable 
to emergent airway management.

Treatment of Acute Respiratory Failure

The initial treatment of all actual or impending cases of 
respiratory failure is the same: ensure a patent airway, 
adequate ventilation, and adequate fraction of inspired 
oxygen. Little research has been performed on minimal 
safe Pao2 levels in critically ill patients. Pao2 values of 50 
to 60 mm Hg (6.5 to 8 kPa) or arterial oxygen saturation of 
88% to 90% are often anecdotally suggested as minimum 
acceptable values during treatment of hypoxemia. How-
ever, for patients in shock states, with acute myocardial 
ischemia or after brain injury, higher arterial oxygen con-
tent levels would appear advantageous. Except in patients 
with right to left shunt greater than 30%, hypoxemia will 
improve with delivery of high Fio2.

Not all patients with respiratory compromise require 
intubation and mechanical ventilation. Initial treatment 
of hypoxemia often starts with low-flow nasal cannula 
and escalates to 100% with a nonrebreather mask or high-
flow O2 therapy. Indeed, high-flow oxygen therapy shows 
promise in avoiding noninvasive ventilation in patients 
with mild to moderate respiratory failure.2 If hypoxemia 
fails to reverse with supplemental oxygen and the patient 
is symptomatic, noninvasive assisted ventilation may be 
attempted.3 If a patient is still unable to maintain minimal 
oxygen saturation while breathing 100% Fio2, endotracheal 
intubation and mechanical ventilation will be required to 
improve oxygenation. During the process of intubation, 
high oxygen tensions should be maintained when possible. 
High-flow oxygen may be superior to nonrebreather face 
masks for maintaining oxygen saturation during the pro-
cess of intubation.4

In cases of hypoxemia persisting despite intubation, 
mechanical ventilation with progressive levels of posi-
tive end expiratory pressure, and administration of high 
inspired oxygen tensions, additional therapeutic modali-
ties such as continuous neuromuscular blockade, prone 

positioning, inhaled nitric oxide or nebulized prostacyclin, 
or extracorporeal membrane oxygenation should be con-
sidered.

It is crucial to diagnose the underlying cause of type I or 
type II failure so that adequate therapy such as antibiotic 
administration or surgical source control can be instituted. 
However, with type II failure, immediate management 
may also be affected by the etiology of the derangement. 
Cases in which ventilatory failure is not the primary disor-
der may require ventilatory support, but promptly admin-
istered definitive therapy can rapidly reverse respiratory 
compromise. For example, opioid or benzodiazepine over-
dose can be treated with reversal agents, and ventilatory 
failure secondary to cardiogenic shock can improve with 
inotropic agents and diuretics.

When specific medical therapies are not applicable or 
not successful in increasing ventilation, or when ventila-
tory failure is the primary problem, treatment is focused 
on providing a means to increase minute ventilation. Most 
often, this support is provided with either noninvasive pos-
itive-pressure ventilation or endotracheal intubation and 
mechanical ventilation. Therapy is often initiated when 
hypercarbia is associated with worsening hypoxemia or 
when the patient experiences cardiac or neurologic failure 
secondary to effects of elevated CO2. The assisted ventila-
tion provided from noninvasive positive-pressure therapy 
(i.e., steroids, bronchodilators, diuretics, nitrates) can provide  
additional time for treatment of underlying medical con-
ditions. Using this approach to manage exacerbations of 
chronic obstructive pulmonary disease5,6 and congestive 
heart failure7,8 (both level of evidence A) is well supported 
by evidence showing improved morbidity and mortality 
for patients managed noninvasively.

When optimal medical management and/or noninva-
sive ventilation fail, or when there is a contraindication to 
the use of noninvasive ventilation (e.g., obtundation, recent 
esophageal anastomosis), endotracheal intubation and 
mechanical ventilation are indicated.

Impending Needs for Intubation

In the absence of frank respiratory failure, endotracheal 
intubation may still be appropriate if respiratory failure can 
be reasonably anticipated (Table 6-4). For example, patients 
with traumatic injury or swelling of the face, neck, or airway 
are at risk for airway obstruction. Patients with significant 
aspiration of particulate matter may be candidates for brief 
endotracheal intubation to facilitate bronchoscopy and 
lavage. In cases of metabolic acidosis, the respiratory drive 
to correct acidemia may lead to increased work of breath-
ing and respiratory failure. When the underlying metabolic 
process, such as neuroleptic malignant syndrome or septic 
shock, cannot be reversed quickly, intubation and mechani-
cal ventilation may be needed to increase pH.

Impaired consciousness with inability to protect the 
airway is another often-described indication for endotra-
cheal intubation. Neurologic indications for endotracheal 
intubation are important because intubation for impaired 
consciousness and presumed airway protection may 
account for 20% of patients intubated in the intensive care 
unit (ICU).9 The trauma and neurologic literature often 
cites a Glasgow Coma Scale (GCS) value of 8 or less as a 
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specific indicator for endotracheal intubation.10 The GCS 
criterion for intubation is not based on concerns for respi-
ratory distress but rather on the concern for development 
of worsening consciousness, hypoventilation, and airway 
protection. This arises from a retrospective analysis of the 
National Traumatic Coma Data Bank that demonstrates a 
greater risk for aspiration and worse clinical outcome in 
comatose patients (GCS <8) not endotracheally intubated.11 
Subsequent studies support this conclusion.12 Severe brain 
injury is associated with decreased respiratory drive and 
hypoventilation, and patients likewise often have decreased 
muscle tone. This may increase the risk for airway obstruc-
tion and a failure to clear secretions.13 In addition, patients 
with traumatic brain injury and subarachnoid hemorrhage 
have been shown to be at increased risk for having pulmo-
nary edema. Indeed, as many as 30% of these patients may 
progress to severe acute lung injury or acute respiratory 
distress syndrome.14

Although intubation for a depressed level of conscious-
ness is regarded as a standard of care, no definitive con-
trolled studies are available on the subject. Recent studies 
dispute the requirement for intubation based on neurologic 
status alone. Coplin et al.15 studied criteria used for extuba-
tion and found that neither level of consciousness nor the 
presence of a gag or cough reflex predicted success. In this 
study, 80% of patients with a GCS value of 8 or less and 
90% of patients with a GCS value of 4 or less were success-
fully extubated. This also was the case for 88% of patients 
with an absent or weak gag reflex and 82% of patients with 
an absent or weak cough. In addition, studies have shown 
that the risk for ventilator-induced lung injury is increased 
in patients with traumatic brain injury and subarachnoid 
hemorrhage, and many of these patients have ventilator-
associated pneumonia. This may lead to a prolonged hos-
pital stay and increased mortality.16,17

Impaired consciousness requiring intubation may also 
occur when respiratory depression occurs secondary to 
sedation required to facilitate patient care. For instance, 
traumatically injured patients may require deep sedation 
and intubation to perform necessary tests and procedures. 
In addition, patients with status epilepticus may require 

deep sedation for treatment of seizures, and patients receiv-
ing high doses of benzodiazepines for treatment of alcohol 
withdrawal may become obtunded with therapy.

Therapeutic hyperventilation is no longer recom-
mended for patients with traumatic brain injury because of 
the elevated risk of cerebral ischemia.18-20 However, brief, 
target-directed hyperventilation still may be indicated in 
cases of acute neurologic deterioration secondary to her-
niation or sudden intracranial pressure elevation.20

WHY MIGHT ENDOTRACHEAL 
INTUBATION BE UNDESIRABLE?

Endotracheal intubation and mechanical ventilation are 
not benign procedures. The process of intubation usually 
requires deep sedation and usually temporary neuromus-
cular blockade. Sedation in an already compromised patient 
can lead to further deterioration, including cardiac arrest. 
Difficulty securing the airway may lead to hypoxemia with 
subsequent neurologic and cardiac sequelae. Finally, dam-
age to anatomic structures may occur, and these mechani-
cal complications may require additional intervention.21

Subsequently, even if the initial intubation is tolerated, 
continued sedation and mechanical ventilation may cause 
ICU delirium, which is associated with short- and long-
term morbidity.22

CONCLUSION

The goal of endotracheal intubation and mechanical ven-
tilation is to provide the delivery of the oxygen and venti-
lation that is primary to a patient’s survival. The decision 
to proceed with this invasive procedure requires an under-
standing of the pathologic and physiologic disorders that 
necessitate its use. Although much information is available 
on the study of respiratory pathology and physiology and 
on the delivery and modes of mechanical ventilation, little 
has been written about the specific indicators for endo-
tracheal intubation. Because of the severity of a patient’s 
clinical condition and difficulty with study design, strong 
evidence and randomized controlled studies are not avail-
able on the subject. Until better clinical trials are available, 
one must use available clinical information in combination 
with specific medical knowledge and experience in making 
this decision.

Table 6-4 Potential Indications for Endotracheal 
Intubation in the Absence of Respiratory Failure

AIRWAY OBSTRUCTION (ACTUAL OR IMPENDING)
Angioedema
Foreign body
Hemorrhage
Metabolic acidosis
Secretions
Trauma

LOSS OF PROTECTIVE REFLEXES  
(ACTUAL OR IMPENDING)
Coma
Pharmacologic sedation
Seizure

IMPENDING RESPIRATORY FAILURE  
(TYPE I OR TYPE II)
Asthma exacerbation
Metabolic acidosis

AUTHORS’ RECOMMENDATIONS

 •  Indications for endotracheal intubation and mechanical ventila-
tion are commonly divided into hypoxic respiratory failure, 
hypercarbic ventilatory failure, and impaired consciousness 
requiring airway protection.

 •  Indications are all based on accepted practice, with few or no 
data available to support specific guidelines.

 •  Clinical assessment, combined with medical experience, is 
the most important tool for identifying patients requiring 
intubation.

 •  Arterial blood gas and Paco2 measurements are necessary to 
evaluate hypercarbic ventilatory failure because pulse oximetry 
values can remain near normal until ventilatory collapse.
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Noninvasive ventilation (NIV) has assumed an important 
role in the intensive care unit (ICU), with increasing use 
during the past 15 years. It is now considered the ventila-
tory mode of first choice for such forms of acute respira-
tory failure (Table 7-1). Multiple randomized controlled 
trials have demonstrated that NIV improves outcomes 
in these forms of respiratory failure. Improved outcomes 
include avoidance of intubation and reduced morbidity 
and mortality compared with conventional therapy includ-
ing intubation. In addition, the role of NIV is expanding as 
more studies are completed in other forms of respiratory 
failure. There are encouraging results from trials evaluat-
ing NIV use in postoperative respiratory failure and pre-
oxygenation of patients with hypoxemic respiratory failure 
before intubation in the ICU. The results are less clear in 
other forms of respiratory failure such as severe asthma, 
pneumonia, and acute lung injury (ALI)/acute respiratory 
distress syndrome (ARDS) as well as in postextubation 
respiratory failure in patients with non–chronic obstructive 
pulmonary disease (COPD).

SELECTING PATIENTS FOR NONINVASIVE 
VENTILATION

The first question that should be addressed when selecting 
patients for NIV is whether the patient needs ventilatory 
support. Such patients usually have moderate to severe 
respiratory distress, signs of increased work of breathing 
such as tachypnea, increased use of accessory muscles, 
or abdominal paradox. Arterial blood gases should be 
obtained before starting NIV to assess the severity of the 
gas exchange derangement (particularly partial pressure 
of arterial carbon dioxide [Paco2]) and to establish a base-
line for comparison after the first 1 to 2 hours. Acutely ill 
patients should be monitored initially in an ICU or step-
down unit to ensure that the patient is improving and tol-
erating the mask. Trials have shown that the response at the 
1- to 2-hour time point is highly predictive of subsequent 
outcome; patients improving at this point are likely to suc-
ceed, but those failing to respond are likely to fail. Risk fac-
tors for failure after 2 hours of NIV are listed in Table 7-2.1-3

CONTRAINDICATIONS TO NONINVASIVE 
VENTILATION

When the need for ventilatory assistance is established, 
candidates for NIV should be screened for possible contra-
indications. NIV is contraindicated in patients with cardio-
pulmonary arrest because there is no time to place a mask 
and make adjustments. Any patient in shock requiring more 
than low doses of vasopressors is not a good candidate,4 
nor is the patient with a large acute myocardial infarction, 
uncontrolled arrhythmias or cardiac ischemia, or a large 
upper gastrointestinal bleed that is threatening the upper 
airway. Uncooperative and agitated patients and those with 
severe claustrophobia are unlikely to tolerate the mask. 
Patients with copious secretions, impaired swallowing, and 
frequent vomiting are at risk for aspiration and are poor 
candidates. Recent upper gastrointestinal surgery is also 
a relative contraindication because of the risk for abdomi-
nal distension and suture line rupture, although there have 
been some reports of successful use of NIV in these patients. 
Upper airway obstruction due to epiglottitis or angio-
edema is best treated with intubation to avoid progression 
to complete airway obstruction and the need for emergent 
cricothyrotomy, although upper airway obstruction due to 
glottic edema after extubation may respond well.5 Impaired 
mental status is a relative contraindication, with one of the 
major concerns being the patient’s inability to remove the 
mask in the event of vomiting. However, hypercapnic coma 
in patients with COPD exacerbations should not be consid-
ered a contraindication, and one trial has shown good out-
comes with NIV use in these patients6 (Table 7-3).

APPLICATIONS OF NONINVASIVE 
VENTILATION IN THE INTENSIVE  
CARE UNIT

NIV has been tried for many types of respiratory failure in 
the ICU. However, the evidence to support these applica-
tions varies depending on the diagnosis or circumstance. 
Table 7-4 lists the most common applications and the levels 
of evidence supporting them. In the following, we discuss the 

7
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Table 7-2 Risk Factors for Failure of NIV

 •  pH < 7.25

 •  Relative risk >35

 •  APACHE II score >29

 •  ALI/ARDS

 •  Pneumonia

 •  Severe hypoxemia

 •  Shock

 •  Metabolic acidosis

 •  Impaired mental status

ALI, acute lung injury; APACHE, Acute Physiology and Chronic Health 
Evaluation; ARDS, acute respiratory distress syndrome; NIV, noninvasive 
ventilation.

Table 7-3 Contraindications to NIV

 •  Cardiopulmonary arrest, shock

 •  Uncontrolled cardiac ischemia or arrhythmias

 •  Uncooperative or agitated

 •  Severe upper gastrointestinal hemorrhage

 •  Coma, nonhypercapnic

 •  High aspiration risk, vomiting

 •  Copious secretions

 •  Upper airway obstruction

 •  Severe bulbar dysfunction

 •  Recent esophageal or upper airway surgery

 •  Multiorgan dysfunction

 •  Inability to fit mask because of craniofacial abnormalities

NIV, noninvasive ventilation.

Table 7-4 Indications for NIV Use

Strength of 
Recommendation* Indication for NIV

Quality of 
Evidence†

Strong COPD exacerbations A
Acute cardiogenic  

pulmonary edema
A

Immunocompromised 
states

A

Facilitating extubation in 
COPD

A

Intermediate Postoperative  
respiratory failure

B

Preoxygenation in  
hypoxemic respiratory 
failure

B

Facilitation of flexible 
bronchoscopy

B

Palliation in DNR/DNI 
patients

B

Postextubation respiratory 
failure

B

Weak ALI/ARDS C
Neuromuscular disease C
Pneumonia C
Status asthmaticus C

*Strength of recommendation: strong, recommended therapy; intermediate, 
strongly consider in good candidates for NIV; weak, cautious trial can be 
performed in otherwise excellent candidates for NIV.

†Quality of evidence: A, multiple randomized controlled trials showing benefit 
with NIV; B, single randomized trial or nonrandomized trials showing ben-
efit with NIV; C, conflicting evidence or evidence of harm with NIV.

ALI, acute lung injury; ARDS, acute respiratory distress syndrome; COPD, 
chronic obstructive pulmonary disease; DNI, do not intubate; DNR, do not 
resuscitate; NIV, noninvasive ventilation.

Table 7-1 Indications for NIV in Critically  
Ill Patients

 •  Exacerbations of COPD

 •  Acute cardiogenic pulmonary edema

 •  Hypoxemic respiratory failure in immunocompromised 
 patients

 •  Facilitating extubation in patients with COPD who fail 
 spontaneous breathing trials

COPD, chronic obstructive pulmonary disease; NIV, noninvasive ventilation.

evidence supporting the various applications in more detail, 
starting with those supported by the strongest evidence.

First-Line Therapy

COPD Exacerbations

Multiple randomized, trials meta-analyses, and, more 
recently, comparative effectiveness analyses have shown 

decreased intubation and improved mortality rates with 
NIV use compared with standard medical therapy in 
patients with exacerbations of COPD.7-13 Therefore NIV 
should be considered the standard of care in patients with 
COPD exacerbations requiring ventilatory support in the 
absence of contraindications. The physiologic rationale in 
these patients is that NIV unloads the inspiratory muscles 
and increases tidal volume, decreases the dead space-to-
tidal volume ratio, lowers respiratory rate, and improves 
alveolar ventilation.7 The addition of positive end-expira-
tory pressure (PEEP) decreases the work of breathing by 
decreasing the inspiratory threshold load imposed by auto-
PEEP that is frequently present in these patients.14

Acute Cardiogenic Pulmonary Edema

Multiple randomized trials and meta-analyses have 
shown that either continuous positive airway pressure 
(CPAP) alone or NIV lowers intubation rates and mortal-
ity when compared with conventional medical therapy 
in patients with cardiogenic pulmonary edema.15-25 The 
benefit in these patients primarily reflects an increase 
in intrathoracic pressure. Higher intrathoracic pressure 
increases functional residual capacity (FRC), recruiting 
flooded alveoli, improving gas exchange, and improving 
lung compliance. An increase in intrathoracic pressure 
also reduces cardiac preload and afterload, improving 
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hemodynamics in most patients with cardiogenic pul-
monary edema.26,27 Longer term use of CPAP in stable 
congestive heart failure patients improved left ventricu-
lar ejection fraction, decreased mitral regurgitation, and 
decreased atrial natriuretic peptide levels compared with 
controls.28 Whether CPAP alone or NIV (i.e., pressure sup-
port plus PEEP) is the preferred modality is unclear. An 
early study showed an increased rate of myocardial infarc-
tions with NIV,24 but subsequent trials and meta-analyses 
have failed to replicate this and have instead demon-
strated that both modalities similarly reduce the need 
for intubation and lower mortality rates.17,25 Although 
CPAP has been suggested as the preferred initial modality 
because of its greater simplicity and lower expense, most 
centers initially use NIV because bilevel devices are read-
ily available and unloading of the inspiratory muscles 
may be achieved more quickly. In unstable patients with 
pulmonary edema complicating ST-elevation myocardial 
infarction, or in the presence of cardiogenic shock, early 
intubation is recommended.

Immunocompromised States

NIV decreases mortality compared with oxygen therapy 
alone in immunocompromised patients with hypoxemic 
respiratory failure. This includes patients with hemato-
logic malignancies, patients who have had solid organ 
transplantation, or patients with HIV or AIDS.29,30 The ben-
eficial effects are attributed to the avoidance of infectious 
complications related to intubation. These patients are par-
ticularly vulnerable to intubation-associated pneumonias 
and septic complications.31 We would recommend institut-
ing this therapy early when there is a window of oppor-
tunity to avoid the progression to overt respiratory failure 
and the need for intubation. Once intubated, mortality 
rates among the immunocompromised may be very high,31 
although they appear to be declining.32 In a retrospective 
observational study of patients with malignancy (includ-
ing hematologic malignancies) and ARDS, mortality rates 
improved over time (89% in the first 5 years compared with 
52% over the last 5 years). However, there was continued 
evidence of high mortality (68.5%) in patients with severe 
ARDS (partial pressure of arterial oxygen (Pao2)/fraction 
of inspired oxygen (Fio2) ≤ 100). Higher rates of NIV failure 
were observed in patients with moderate or severe ARDS 
and in patients experiencing NIV failure.32

Extubating Patients with COPD

Studies have shown decreased duration of mechani-
cal ventilation and improved mortality when intubated 
COPD patients who have failed spontaneous breathing 
trials are extubated and supported with NIV.33,34 How-
ever, this approach should be used with extreme caution. 
Patients should be excellent candidates for NIV in every 
other way—hemodynamically stable, cooperative, having 
a good cough and manageable secretions, and able to be 
ventilated with pressure support levels not exceeding 15 
cm H2O. Furthermore, initial intubation should not have 
been technically difficult because of the potential for catas-
trophe should these patients require emergent reintuba-
tion. The authors have found early extubation to NIV to 
be useful in avoiding the need for tracheostomies in such 
patients. However, if this approach fails and reintubation 

is necessary, we usually proceed to prompt placement of a 
surgical airway.

OTHER INTENSIVE CARE UNIT 
APPLICATIONS

Preoxygenation Before Intubation

NIV can be an effective way of preoxygenating critically 
ill patients with hypoxemic respiratory failure before intu-
bation.35 In one randomized trial,35 patients managed with 
NIV in preparation for intubation had improved oxygen 
saturations and a decreased incidence of significant desat-
urations during intubation. Anecdotally, we have had 
good success using this technique in our ICU. The benefi-
cial effect of NIV likely is due to an increase in FRC with 
increased oxygen stores.

Flexible Bronchoscopy

NIV has been used during flexible bronchoscopy to avoid 
intubation.36,37 This technique may be especially useful in 
immunocompromised patients at high risk for infectious 
complications from airway invasion. The technique involves 
passing the bronchoscope through an adapter attached to 
the NIV mask. In one trial, flexible bronchoscopy performed 
in eight immunocompromised patients with hypoxemic 
respiratory failure improved oxygenation compared with 
oxygen supplementation alone. None of these patients 
required intubation.37 Because of the risk for respiratory 
deterioration during the procedure, clinicians should be 
prepared for possible emergency intubation. An alternative 
technique to consider in these patients is performing bron-
choscopy through a supraglottic device, such as a laryngeal 
mask airway, but this technique requires deep sedation.

Postoperative Respiratory Failure

One randomized trial in patients with postoperative 
respiratory failure after lung resection surgery showed 
decreased intubation rates and mortality with NIV com-
pared with standard therapy.38 Another randomized trial 
found that prophylactic CPAP at 10 cm H2O for 12 to  
24 hours after thoracoabdominal aortic surgery reduced 
pulmonary complications and decreased hospital length 
of stay compared with oxygen supplementation alone.39 
Twenty-four hours of CPAP use after upper abdominal 
surgery was also associated with fewer intubations, a 
decreased occurrence of pneumonia and septic complica-
tions, and shorter ICU lengths of stay than oxygen therapy 
alone.40 Similar efficacy has been reported for postgastric 
bypass patients.41 One of the main reasons for the benefi-
cial effect of CPAP or NIV in the postoperative setting is the 
avoidance of a sedation- or analgesic-associated reduction 
in the FRC and concomitant impairment of cough. These 
predispose to atelectasis, hypoxemia, pneumonia, and 
respiratory failure.

Obesity Hypoventilation Syndrome

Acute hypercapnic respiratory failure related to obesity 
hypoventilation is becoming more prevalent given the 
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obesity epidemic in the general population. A single-center 
prospective observational study examined the use of NIV 
in these patients. Compared with COPD patients with 
acute hypercapnic respiratory failure, patients with obe-
sity hypoventilation syndrome (OHS) were slightly older, 
more often female, and had similar initial arterial blood 
gas values. These patients also had lower late NIV failure 
and hospital mortality rates and better survivals at 1 year. 
The authors concluded that when used for acute hypercap-
nic respiratory failure in the ICU, NIV for OHS patients 
has similar efficacy and better outcomes than for COPD 
patients.42

Neuromuscular Disease

Evidence supports the use of home NIV in patients with 
neuromuscular disorders such as myopathies, muscular 
dystrophies, spinal muscular atrophy, scoliosis, and amyo-
trophic lateral sclerosis.43-46 NIV reverses hypoventilation, 
stabilizes the upper airway, and improves obstructive sleep 
apnea. When these patients are admitted to the hospital, 
it is usually because of a respiratory infection. Aggressive 
management of secretion retention is paramount in avoid-
ing respiratory catastrophe. Such patients should be man-
aged only in an ICU where they can be monitored closely 
and frequently assisted with coughing. They should 
receive around-the-clock NIV and help with coughing 
using manually assisted coughing combined with mechan-
ical insufflation and exsufflation (“cough assist”) as often 
as necessary.47 There is a subset of rapidly progressive 
neuromuscular disorders, including myasthenic crisis and 
Guillain-Barré syndrome, that involves “bulbar” muscles,  
impairing swallowing and the ability to mobilize secre-
tions. Patients with these usually require preemptive 
intubation to avoid an unanticipated respiratory arrest, 
although a retrospective observational study48 in patients 
with myasthenic crises showed that early use of NIV 
reduced the need for intubation and prolonged mechanical 
ventilation.

Palliative Care

NIV has a potential role in the treatment of patients with do-
not-resuscitate/do-not-intubate (DNR/DNI) orders and 
end-of-life care. A study of NIV use in patients with hetero-
geneous respiratory failure and DNR/DNI status showed 
favorable outcomes in those with the types of respiratory 
failure expected to do well with NIV, such as COPD and 
cardiogenic pulmonary edema.49 NIV can also be used for 
palliation of dyspnea or to extend life for a few hours to 
permit settling of affairs, but it should be discontinued if 
the mask is poorly tolerated or if dyspnea is not improved.

POSSIBLE ROLE IN THE INTENSIVE  
CARE UNIT

Asthma

Evidence regarding the use of NIV in severe asthma is 
lacking. One randomized trial in an Israeli emergency 
department of patients with acute asthma showed that 
NIV improved forced expiratory volume in 1 second 

more rapidly and decreased the need for hospitalization 
compared with sham NIV.50 However, the patients were 
not in respiratory failure, and all patients had normal 
arterial blood gases. A Cochrane review concluded that 
more trials are needed before NIV can be recommended 
in this setting.51 NIV can be tried cautiously in patients 
with asthma who fail to respond to initial bronchodilator 
therapy and have persistently increased work of breath-
ing. This approach can be combined with helium-oxygen 
mixtures and continuous nebulization, although evidence 
to support this combination of therapies is lacking. How-
ever, patients with acute asthma treated with NIV must 
be watched closely because they can rapidly deteriorate. 
Emergency intubation can be dangerous if delayed too 
long because these patients can have profound oxygen 
desaturations and can also progress to hemodynamic 
collapse from hyperinflation and increased intrathoracic 
pressure.

Pneumonia

Acute pneumonia has long been considered a risk factor 
for NIV failure.3 A trial evaluating NIV use in heteroge-
neous respiratory failure showed very poor outcome in the 
group of patients with pneumonia, with all such patients 
requiring intubation.52 Another study evaluated NIV 
use in patients with hypoxemic respiratory failure and 
identified community-acquired pneumonia as a subcat-
egory with a high NIV failure rate (50% intubation rate).3  
A randomized trial showed benefit of NIV in patients with 
severe community-acquired pneumonia but only in the 
subgroup with underlying COPD.2 These data suggest that 
NIV should not be used routinely in patients with severe 
pneumonia.

Acute Lung Injury and Acute Respiratory 
Distress Syndrome

Similar to pneumonia, the evidence does not support the 
routine use of NIV in patients with ALI/ARDS. In a trial 
by Antonelli et al.,3 ARDS, along with a higher Simplified 
Acute Physiology (SAPS) II score (>35), was identified as a 
risk factor for NIV failure. A recent trial evaluated NIV use 
in patients with ALI/ARDS and found a very high rate of 
failure (70%). Risk factors for NIV failure included shock 
(100% intubation rate), metabolic acidosis, and severe 
hypoxemia. The authors concluded that NIV should be 
used cautiously, if at all, if risk factors for failure are pres-
ent.1 A recent cohort study showed that some patients 
with ARDS may benefit from NIV. When used as first-line 
therapy for ARDS patients who are not yet undergoing 
intubation on admission to the ICU, NIV was able to pre-
vent subsequent intubation in 54% of patients. A SAPS II 
score higher than 34 and lack of improvement in Pao2/Fio2 
ratio to more than 175 after 1 hour of therapy were risk 
factors for NIV failure.53 This latest study suggests that 
some patients with ALI/ARDS, especially less severely 
ill patients without shock, metabolic acidosis, or severe 
hypoxemia, may benefit from NIV. Close monitoring is 
essential, and if the Pao2/Fio2 ratio does not improve after 
1 hour, then intubation and mechanical ventilation should 
be initiated.
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Interstitial Lung Disease

ICU admissions for acute respiratory failure due to intersti-
tial lung disease are associated with a high mortality rate. 
However, in selected patients, NIV may play a role in pre-
venting intubation and improving survival. A prospective 
observational study54 revealed that patients with Acute 
Physiology and Chronic Health Evaluation (APACHE) 
II scores less than 20 and mixed interstitial lung disease 
requiring noncontinuous NIV had a higher survival rate 
than those requiring continuous NIV or invasive mechanic 
ventilation. Likewise, a small retrospective study55 of 
patients who had idiopathic pulmonary fibrosis with acute 
respiratory failure found a poor overall prognosis; how-
ever, for those who survived, NIV use was associated with 
a shorter ICU length of stay and improved 90-day survival. 
Interestingly, patients in this study with a higher level  
of the N-terminal prohormone brain natriuretic peptide 
(NT-proBNP) at baseline had a higher risk of NIV failure.

Postextubation Respiratory Failure

A large multicenter trial evaluated a heterogeneous group 
of patients with postextubation respiratory failure and 
randomized patients to treatment with NIV or standard 
therapy. Unexpectedly, the group that received NIV had an 
increased ICU mortality, as well as a 10-hour longer delay 
before reintubation.56 These results underscore the impor-
tance of proper patient selection, with certain causes such 
as pneumonia and ALI/ARDS having poor outcomes. It is 
also clear that not delaying a needed intubation is essential. 
Postextubation respiratory failure can be treated with NIV 
if the patient is without contraindications and has a form of 
respiratory failure likely to respond to NIV, such as COPD 
or cardiogenic pulmonary edema. Again, closely evaluat-
ing the patient at the 1- to 2-hour point is critical to avoid 
delaying intubation.

In addition, the results of studies evaluating prophy-
lactic NIV use after extubation to avoid reintubation have 
been mixed. Several meta-analyses have revealed a poten-
tial benefit to immediate NIV application postextuba-
tion.59,60 However, most patients enrolled in these studies 
underwent intubation because of acute respiratory failure 
from COPD, in which the benefit of NIV is well established 
(see previously). A randomized controlled study evaluat-
ing NIV use after planned extubation in a mixed group of 
patients found no difference in reintubation rates between 
early NIV and standard medical treatment.61 However, a 
further, smaller, randomized controlled trial in patients 
with varied causes for their acute respiratory failure did 
show a reduced reintubation rate benefit when NIV was 
used immediately after extubation.62 Further study is 
clearly needed on the use of NIV after extubation.

CONCLUSION

The role of NIV in the ICU is gaining importance as the 
evidence supporting its use in certain forms of acute respi-
ratory failure accumulates. Some studies support the use 
of NIV to preoxygenate patients with hypoxemic respira-
tory failure before intubation, as well as to facilitate flexible 

bronchoscopy in certain patients at high risk for infectious 
or bleeding complications from endotracheal intubation. 
The results of NIV or CPAP use in postoperative respira-
tory failure are encouraging, and this application requires 
further study. Data to support use in other forms of respira-
tory failure, including severe pneumonia, status asthmati-
cus, ALI/ARDS, and hypoxemic respiratory failure after 
extubation, are weaker, but selected patients with these 
conditions can be tried on NIV as long as they are closely 
monitored and undergo intubation promptly if they fail to 
improve. Recent surveys have shown that the use of NIV 
is increasing in critical care units throughout Europe63 and 
presumably also in the United States. Patients who undergo 
NIV should be monitored closely in an ICU or step-down  
unit for mask tolerance and leaks, respiratory rate, use of 
accessory muscles, synchrony with the ventilator, and gas 
exchange. A careful assessment within 1 to 2 hours is impor-
tant in determining the likelihood of success with NIV and 
is usually sufficient to decide to continue NIV or intubation 
and initiate invasive mechanic ventilation. Future studies 
should further define the role of NIV in the ICU and will 
likely expand the use of this important technology.
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How Does One Evaluate and 
Monitor Respiratory Function  
in the Intensive Care Unit?

Yuda Sutherasan,  Lorenzo Ball, Paolo Pelosi

Over recent decades, we have seen many advancements 
in mechanical ventilation (MV) and respiratory monitor-
ing, some resulting in documented decreases in mortality.1 
Nevertheless, the mortality attributable to acute respira-
tory distress syndrome (ARDS) and postoperative pulmo-
nary complications remains high. Although invasive, MV 
is the cornerstone in the treatment of respiratory failure. 
MV itself can induce lung injury in both ARDS and healthy 
lungs (ventilator-induced lung injury [VILI]).2,3 The main 
mechanisms of VILI are barotrauma due to high trans-
pulmonary pressure (stress), volutrauma due to alveolar 
overdistension (strain), atelectrauma due to cyclic open-
ing and collapsed ventilatory units, and biotrauma due to 
the release of inflammatory cytokines. Many studies have 
looked at techniques for improving outcomes in patients at 
risk for VILI, and to date, limiting lung stretch is the most 
effective strategy identified.

As part of the process of prevention, early detection, and 
treatment of respiratory failure and pulmonary complica-
tions, whether related to the primary disease process or to 
the potential harmful effects of MV, respiratory monitoring 
has evolved significantly in several different ways to now 
hold a central place in modern intensive care practice.

In this review, we highlight various methods of respi-
ratory monitoring in the intensive care unit (ICU), with 
particular emphasis on implementing protective ventila-
tory strategies to minimize VILI, with the ultimate goal of 
improving outcomes.

INVASIVE AND NONINVASIVE CARBON 
DIOXIDE MONITORING

Capnometry is one of the simplest noninvasive tools for 
indirect assessment of the partial pressure of arterial carbon 
dioxide (Paco2) and can provide information about alveolar 
ventilation, pulmonary perfusion, ventilator disconnection, 
or tube misplacement. Waveform analysis, with capnogra-
phy, provides additional information, such as evidence of 
obstructive airway disease. The characteristic waveform of 
capnography is composed of three phases. The first phase, 
which is early expiration, represents the gas flow originated 

from dead space formed by airways and apparatuses, 
where CO2 is virtually absent. Phase II represents the alveo-
lar gas that is progressively emptying from alveoli. Phase 
III represents CO2 removed from alveolar gas, the so-called 
alveolar plateau. The end-tidal CO2 concentration (PETCO2) 
is measured at the highest point in phase III (Fig. 8-1).

An immediate qualitative bedside interpretation of 
capnography is done by inspecting the slope of phase III, 
representing ventilation and perfusion heterogeneity. A 
steeper slope of phase II to phase III is found in patients 
with severe asthma or in chronic obstructive airway dis-
ease and correlates with the severity of obstruction.4 The 
different characteristics of capnography are demonstrated 
in Figure 8-1.

Measurement of Ventilatory Dead Space

Physiologic dead space (Vdphy) comprises airway dead space 
and alveolar dead space. The dead space (Vd) in volumetric 
capnography can be quantified by plotting CO2 elimination 
(Vco2) against exhaled tidal volume (VT). The Vdphy/VT ratio 
can be calculated by the modified Bohr equation and equals 
(Paco2–PETCO2)/Paco2, assuming that Paco2 is comparable 
to the alveolar partial pressure of CO2 (Pco2). The alveolar 
dead space is calculated by subtraction of airway dead space 
from physiologic dead space. The Douglas bag method is a 
more accurate but cumbersome technique that requires sam-
pling of exhaled gases in a specific bag. Sinha et al.5 dem-
onstrated good agreement between dead space measured by 
volumetric capnography and the Douglas bag method.

Clinical Applications of Dead Space 
Measurement

Patients with ARDS have an increased alveolar dead space 
because of closed, injured alveoli: the percentage of alve-
olar dead space is associated with mortality in ARDS.6 
Positive end-expiratory pressure (PEEP) can both decrease 
and increase dead space. On the one hand, PEEP induces 
alveolar recruitment, and this reduces dead space. Con-
versely, high levels of PEEP may result in alveolar over-
distension, compressing adjacent vessels and pulmonary 

8
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tissue, thereby increasing alveolar dead space. Blanch and 
colleagues observed that, in patients with respiratory fail-
ure who responded to PEEP with alveolar recruitment, a 
decrease of the Paco2–PETCO2 gradient correlated with the 
PEEP level.7,8 Another study, by the same authors, showed 
good correlation between severity of ARDS with param-
eters derived from volumetric capnography.9

A reduction in pulmonary artery blood flow leads to an 
increase in alveolar dead space. A normal alveolar dead 
space fraction increases the negative predictive value of 
routine d-dimer plasma level in ruling out pulmonary 
embolism (PE).10 Alveolar dead space estimated by volu-
metric capnography showed good diagnostic accuracy in 
the emergency department, where a rapid exclusion of PE 
is warranted.11 The dead space fraction may be useful for 
monitoring treatment response after thrombolytic therapy 
in patients with massive PE.12

Partial Rebreathing Technique of Carbon 
Dioxide Measurement

With the use of the indirect Fick principle, cardiac output 
(CO) is the ratio between Vco2 (the elimination of arte-
rial CO2 content) and the difference between venous CO2 
content (CVco2) and arterial CO2 content (Caco2). The 
partial rebreathing of CO2 measurement technique is a 

noninvasive CO monitoring for mechanically ventilated 
patients that uses this principle. Vco2 is derived from the 
difference of CO2 concentration between inspired and 
expired gas, and this is then used to calculate pulmonary 
blood flow.13 Several studies have found a good correla-
tion between CO estimated by NICO and that measured 
by means of thermodilution methods, but they also found 
important limitations, especially when the patients have an 
intrapulmonary shunt or when Paco2 is lower than 30 mm 
Hg.14

Transcutaneous Carbon Dioxide Monitoring

The standard method for direct measurement of Paco2 is 
arterial blood gas analysis. However, continuous monitor-
ing requires an invasive procedure that has several tech-
nical issues. Likewise, noninvasive measurement such of 
PETCO2 is limited to mechanically ventilated patients. Trans-
cutaneous CO2 monitoring TCCO2 is a commercially avail-
able alternative that is applicable to nonintubated patients. 
Three different technologies allow TCCO2 measurement: 
direct measurement of CO2 gas that has diffused through 
the skin by sensor warming, an electrochemical measure-
ment technique measuring pH from an electrolyte layer in 
contact with skin, and an optical-only CO2 technique that 
uses a principle analogous to pulse oximetry.15
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The TCCO2 technique has been used in neonates, patients 
with sleep disorders, and critical care patients for decades, 
despite limited accuracy and side effects. Several studies 
showed the efficacy in monitoring patients with hypercap-
nic respiratory failure undergoing noninvasive MV.16,17

GAS EXCHANGE MONITORING

Critical care patients often show an increased oxygen 
demand caused by events such as fever, delirium, shiver-
ing, seizures, or systemic inflammatory response.

The most basic approach to gas exchange monitoring is 
the arterial blood gas analysis, in particular the assessment 
of Sao2 (arterial oxygen saturation); more complete infor-
mation can be provided by mixed venous blood gas anal-
ysis obtained from a pulmonary artery catheter, namely 
SvO2 (mixed venous oxygen saturation).

The relationship between the two is described by the 
formula SvO2 = Sao2 – Vo2/CO × 1/Hb, where Vo2 is the 
oxygen consumption, CO is cardiac output, and Hb is  
the hemoglobin concentration.18

Several studies investigated the usefulness of targeting 
SvO2 above 70% as a therapeutic goal in high-risk surgical 
patients and septic shock, showing encouraging results,18-20 
at the cost of performing an invasive maneuver for the 
placement of the pulmonary artery catheter.21

Saturation of central venous blood, drawn from a central 
venous catheter, is referred to as ScvO2 (central venous oxy-
gen saturation) and is considered as a surrogate of SvO2.

22 
It is still debated whether such approximation is acceptable 
in patients with sepsis because of the uneven contribution  
of upper body and splanchnic circulation to ScvO2. Devices 
capable of continuously monitoring either ScvO2 or SvO2 
are becoming widely available, and their cost-effectiveness 
is under investigation.

RESPIRATORY MECHANICS

Respiratory System Compliance, Resistance, 
and Static Pressure-Volume Curve Analysis

The airway opening pressure (PAO) is the pressure that 
overcomes total airway resistance and elastic recoil of the 
total respiratory system. To measure respiratory system 
mechanics during MV, one must separate the PAO into two 
distinct components: the resistive airway pressure (Paw) and 
the static or plateau pressure (Pplat). Importantly, for these 
values to be measured, patients require neuromuscular 
blockade and volume-controlled ventilation. During con-
stant inspiratory flow, resistive Paw can be measured, as can 
Pplat, if an inspiratory pause has been set.

Static lung compliance is measured to assess the effect of 
lung injury on lung parenchyma by various diseases, par-
ticularly ARDS. Total respiratory system compliance mea-
surement is a better measure than lung compliance. Total 
respiratory system compliance is calculated by the ratio of 
tidal volume to plateau pressure minus total PEEP.

Low respiratory system compliance may result from 
high Pplat level associated with increased end-expiratory 
lung volume (EELV) from dynamic hyperinflation conse-
quent of intrinsic PEEP (PEEPi). The end-expiratory occlu-
sion technique can be used to measure PEEPi. However, 

the limitation of this technique is that it underestimates 
actual PEEPi in cases of severe narrowing of airways from 
the equal pressure point, creating upstream and down-
stream compartments, and it is unreliable when patients 
are not receiving controlled MV.23

High respiratory system resistance may be caused by 
either bronchospasm or obstruction of the endotracheal 
tube. The elastic properties of the respiratory system are the 
result of the complex relationship between the lung elas-
tance and the chest wall elastic recoil. The pressure-volume 
(PV) curve is useful for understanding alterations in respira-
tory system mechanics. The standard technique to plot the 
PV curve is the “supersyringe” method. This involves infla-
tion of a small volume of gas at very low flow rates during 
measurement and the plotting of the volume-pressure (VP) 
relationship. Hysteresis is the area between the inflation and 
deflation limb of the PV curve (PV loop). A greater area is 
observed in ARDS because of the high alveolar opening 
pressures. In ARDS, the inspiratory PV curve demonstrates 
the critical alveolar opening pressure, the alveolar closing 
pressure, and the recruitability of alveoli. The pressure at 
which significant alveolar recruitment begins creates a lower 
inflection point (LIP) on the curve. The exact method to 
identify the LIP, sometimes known as Pflex, is still debated. 
Gattinoni et al.24 proposed Pflex as the pressure at the inter-
section between the extrapolated lines drawn from the por-
tion of the PV curve at low lung volume (low compliance) 
and from the steep portion of the PV curve. In ARDS, an MV 
strategy that included setting PEEP at 2 cm H2O above Pflex 
was shown to be associated with lower mortality compared 
with a higher stretch approach.25 The upper inflection point 
(UIP) indicates the presence of alveolar strain. Therefore, 
when setting tidal volume and PEEP, physicians should try 
to avoid the presence of a UIP. This technique is mainly used 
in research rather than in clinical practice.26

Dynamic Pressure–Time and Pressure  
Volume Curve

Commercially available ventilators are able to display 
the dynamic pressure curve without interfering with the 
ventilation. Therefore several parameters may be used as 
indicators of lung recruitability and overhyperinflation, 
especially in ARDS. The parameters derived from the air-
way pressure profile such as the distension index (%E2) or 
the stress index were recently proposed (Fig. 8-2).

Distension Index (Intratidal Pressure- 
Volume Loop)

The %E2 (distension index) is the ratio of the compliance 
of the last 20% of the dynamic VP curve to the total com-
pliance (C20/C). This parameter is derived from multiple  
linear regression analysis of resistive Paw and flow that 
included the nonlinearity part of the PV loop. Positive 
values of %E2 indicate tidal overdistension, and negative 
values indicate tidal recruitment.27 In ARDS, a %E2 higher 
than 30% indicates lung overinflation28,29 (Fig. 8-2).

Stress Index

The stress index is identified from the shape of the inspi-
ratory pressure–time curve during constant flow in 
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volume-controlled ventilation30 and is calculated from the 
midportion of the curve. If downward concavity is present, 
then the stress index is less than 1 and means tidal recruit-
ment. An upward convexity means that the stress index is 
greater than 1 and hyperinflation is occurring. The pres-
ence of a straight line, where the stress index equals 1, rep-
resents normal ventilation30 (Fig. 8-2).

The use of %E2 and stress index is controversial in 
patients with ARDS. During low tidal volume ventilation 
in injured lungs, the PEEP level providing the lowest lung 
elastance was erroneously identified as overdistending by 
the stress index and %E2 in an experimental study.31 Fur-
thermore, Formenti and colleagues32 demonstrated eleva-
tion of the stress index despite tidal recruitment without 
overinflation in a swine model of pleural effusion.

APPLICATION OF ESOPHAGEAL 
PRESSURE MEASUREMENT

Physiologic Background

Stress and distension indices are calculated from the pres-
sure curve and are based on the total respiratory system 
compliance, which is influenced by the interaction between 

the lungs and the chest wall. This assumes that the disease 
process principally affects the lungs, and the chest wall is 
passive. However, many cases of ARDS derive from extra-
pulmonary disease (such as sepsis or pancreatitis), whereas 
other patients have decreased chest wall compliance from 
increased abdominal pressure, obesity, or pregnancy. This 
results in higher than normal pleural pressure. The pleural 
pressure can be indirectly measured with an esophageal 
balloon catheter. The esophagus is a passive structure adja-
cent to the pleural space. The pressure at the lower third of 
the esophagus is comparable to the pleural pressure in the 
upright position. In addition, with commercially available 
double balloon catheters, gastric pressure can be measured 
simultaneously, and its value approximates intra-abdomi-
nal pressure (IAP).33 To test whether the esophageal balloon 
is placed in the correct position in spontaneous breathing  
patients, one can use the Baydur technique, and the end-
expiratory occlusion maneuver can be applied. When the 
subjects start to inspire, the fluctuation and ratio of change 
of both esophageal and airway pressure should be com-
parable. In passively mechanically ventilated patients, the 
catheter should be inserted into the stomach and tested by 
observation of the transient increase in the balloon pres-
sure during abdominal compression. Then the catheter is 
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Figure 8-2. Stress index (left) and %E2 (right). (Readapted from Ball L, Sutherasan Y, Pelosi P. Monitoring respiration: What the clinician needs to know. 
Best Pract Res Clin Anaesthesiol. 2013; 27:209–223 with permission).
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withdrawn proximally until the point where the cardiac 
pulsation can be clearly observed. External chest compres-
sion can be applied after airway occlusion. A ΔPes/ΔPaw 
ratio (esophageal pressure/airway pressure ratio) ranging 
from 0.8 to 1.2 (10% to 20%) is considered to be marker of 
correct placement.33,34

Applications and Limitations

Transpulmonary pressure is a distending force of the lung, 
which is the difference between estimated alveolar pres-
sure and pleural pressure. Esophageal pressure is a less 
accurate surrogate of pleural pressure in the supine posi-
tion because of the compressive effect of the heart and 
because Pes is the pressure measured only in a mid-lung 
region. This may be negatively affected by raised IAP and 
asymmetric lung disease.

Nevertheless, in an ARDS experimental model, with 
high potential for recruitment, we found good correlations 
between the variations of invasive pleural pressure measure-
ment and esophageal pressure regardless of the dependent, 
nondependent, or middle lung regions.35 In spontaneous 
breathing patients, esophageal pressure in obese patients 
tends to be higher than in nonobese patients.36

Talmor and colleagues37 demonstrated the benefit of 
titrating PEEP using transpulmonary pressure in ARDS. 
Oxygenation was improved compared with the conven-
tional ARDSNet (ARMA study group) protocol at 72 
hours. There was no statistically significant difference in 
mortality.

Other investigators have proposed the use of a transpul-
monary lung approach based on PEEP titration to target an 
elastance-derived transpulmonary pressure of 26 cm H2O 
(centimeters of water) according to the Gattinoni method. 
In an experimental ARDS canine model with a stiff chest 
wall, the transpulmonary pressure based on the lung 
approach appears to increase lung recruitment without 
hemodynamic disturbance.38

The incidence of intra-abdominal hypertension is high 
(>30%) in critically ill patients and is associated with elevated 
mortality.29,39,40 In ARDS with IAP lower than 12 mm Hg, 
PEEP titration with respiratory mechanics is unaffected by 
IAP.41 There is a linear correlation between IAP and chest wall 
elastance in patients with extrapulmonary ARDS.42

In anesthetized, obese patients, increases in body mass 
index correlate with decreases in lung volume and compli-
ance.43 Increases in IAP, such as by insufflation, are corre-
lated with a further reduction of chest wall compliance.44 
This may explain why severely obese patients undergoing 
MV are more prone to having ARDS.45

In patients with ARDS, we recommend adjusting the 
level of PEEP with either IAP or transpulmonary pressure. 
These measurements are especially important when ARDS 
develops (1) secondary to extrapulmonary disease, (2) in 
high-risk postoperative abdominal surgical patients who 
have abdominal hypertension, and (3) in patients who are 
obese.

Parameters During Weaning

Work of breathing (WOB) refers to the volume of lung 
expansion that results from respiratory muscle contraction 

and is determined by total respiratory system compliance 
and airway resistance. Monitoring of WOB may be useful 
for the evaluation of difficult-to-wean patients. In assist-
control ventilation, the WOB can be measured with the 
calculation of the pressure time product (PTP) from Pes. 
This estimates the effort made by the respiratory muscles. 
The PTP is calculated from the difference between Pes dur-
ing assisted breathing and the elastic recoil pressure of the 
chest wall during passive ventilation in a similar volume 
and flow setting. However, Pes can be altered by artifacts 
induced by expiratory muscle contraction. For this prob-
lem to be resolved, intragastric pressure should be simul-
taneously assessed. This allows for calculation of the 
trans-diaphragmatic pressure, the difference between Pes 
and intragastric pressure.

The rapid shallow breathing index (RSBI) is calculated 
as the ratio between respiratory rate in minutes−1 and tidal 
volume in liters. It is a widely used tool to predict weaning 
success: if the RSBI is less than 100, then the patient is likely 
to wean. However, in elderly patients older than 70 years, 
the cutoff value should be raised to 130.46

Jubran and colleagues47 have proposed a new index, the 
“Pes trend index,” calculated by performing repeated mea-
surements of Pes over time. The trend of Pes swing during 
a 9-minute spontaneous breathing trial was used for pre-
dicting weaning success, with an area under the receiver 
operating characteristic curve of 0.94. A high swing of Pes 
during the weaning period resulted in a higher chance 
of weaning failure. This index showed greater diagnostic 
accuracy when compared with the RSBI, but it is clearly 
more complex and invasive.

Airway Occlusion Pressure

The airway occlusion pressure (P0.1) is the measurement 
of the negative airway pressure within 100 milliseconds  
(0.1 second) after inspiratory occlusion. P0.1 is used for esti-
mation of neural inspiratory drive. The P0.1 is thought to 
correlate with WOB and predict failure to wean. In patients 
with chronic obstructive pulmonary disease, a P0.1 lower 
than 6 cm H2O was associated with successful weaning.48  
In postoperative patients with sepsis, during gradual 
decrease of pressure support, a P0.1 higher than 2.9 cm H2O 
was associated with the use of the sternocleidomastoid 
muscle as an accessory muscle of inspiration.49 Therefore 
it may be a useful tool for optimizing the level of pressure 
support during weaning.

Maximal Inspiratory Pressure

Maximal inspiratory pressure (PImax) measurement is a test 
that reflects inspiratory muscle function, especially the dia-
phragm. PImax measurement is performed by occlusion of 
the proximal end of the endotracheal tube for 25 seconds 
with a one-way valve that prevents the patient from gen-
erating an inspiratory flow. The PImax is measured at end 
inspiration, and several studies have shown that a PImax of 
less than −20 to −30 cm H2O provided high sensitivity, but 
low specificity, for predicting weaning success.

The combination of P0.1 and PImax, the P0.1/PImax ratio, 
when less than 0.3, has been shown to be a sensitive pre-
dictor of weaning failure.50
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Asynchrony and Waveform Monitoring

Prolonged MV is associated with a high incidence of 
patient ventilator asynchrony.51 Although automated 
detection of asynchrony would be a valuable tool, it has 
been infrequently studied, and the most commonly used 
detection method is careful visual inspection of the flow 
and pressure-time waveform.52

Ineffective triggering is the most common cause of asyn-
chrony and usually results from PEEPi. We can detect this 
by identifying a sudden positive change of flow during the 
expiratory phase of the flow-time waveform and a negative 
deflection in the pressure-time waveform (Fig. 8-3).

Flow asynchrony occurs when the ventilator delivers a 
flow rate insufficient to match patient demand. This results 
in a concave distortion of the pressure-time waveform.

Asynchrony also occurs at end inspiration, particularly 
when the ventilator inspiratory time fails to match the neu-
ral inspiratory time. This is known as “termination asyn-
chrony.” Delayed termination of mechanical ventilator 
inspiration causes a pressure spike and a rapid decline of 
inspiratory flow at the end of inspiration. This asynchrony 
may coexist with ineffective triggering.53

Expiratory flow limitation due to collapse of small air-
ways at a critical closing pressure results in air trapping or 
PEEPi. Flow-volume loop (FV loop) analysis can be used to 

characterize airway obstruction: a concave shape in the expi-
ratory limb of the FV loop and the presence of a LIP on the 
inspiratory limb of the PV loop. Applying appropriate levels 
of PEEP in this setting may prevent end-expiratory airway 
collapse.23,54 Conversely, where there is diffuse airway nar-
rowing without peripheral airway collapse, PEEP might 
worsen lung overdistension (Fig. 8-4) and increase the WOB.

Finally, the ventilator itself may activate diaphragmatic 
contraction, causing air entrainment in sedated, mechani-
cally ventilated patients. This process, which is rarely rec-
ognized, has been termed “reverse triggering.”55

LUNG VOLUME MEASUREMENT/
FUNCTIONAL RESIDUAL CAPACITY/EELV

In nonventilated patients, the volume of gas left in the 
lungs at end expiration is the functional residual capac-
ity (FRC). When a patient is mechanically ventilated with 
PEEP, the term EELV is used. During titration of PEEP, 
an increase in EELV may indicate either alveolar recruit-
ment or alveolar overdistension. An integrated approach, 
including tidal compliance, oxygenation, and EELV, is 
helpful to guide an optimal PEEP to avoid overdistension 
and alveolar injury. An increase in EELV and lung com-
pliance means alveolar recruitment, whereas an increase 
in EELV accompanied by a decrease in lung compliance 
suggests the presence of alveolar overdistension. Bikker 
and colleagues56 demonstrated, in abdominal surgery and 
abdominal sepsis, that when PEEP was increased, there 
was a good correlation between changes in dynamic com-
pliance and EELV.

The gold standard bedside technique for the measure-
ment of EELV is the helium dilution method. A simpler 
alternative is the modified nitrogen washout/wash-in 
technique, which shows good precision in determin-
ing FRC as well as a good correlation with computed 
tomography (CT) scan findings and helium dilution.57,58 
The LUFU system (Dräger Medical, Lübeck, Germany) 
estimates FRC by oxygen washout, a variant of multiple 
breath nitrogen washout, with a sidestream O2 analyzer. 
This is a promising automated technique that has been 
shown to be equally effective to the helium dilution tech-
nique in ARDS.59

EXTRAVASCULAR LUNG WATER 
MEASUREMENT

Extravascular lung water (EVLW) is the amount of water 
contained in the lungs outside of the pulmonary circulation. 
It consists of alveolar-interstitial extravasate, lymphatic 
fluid, and intracellular water. EVLW can be accurately 
estimated at the bedside by transpulmonary thermodilu-
tion.62 This parameter, particularly when indexed for ideal 
body weight, may be useful in the ICU: it is an independent 
prognostic indicator in critically ill patients,60 and it may 
help distinguish ARDS from nonexudative lung injury.61 
Lung ultrasound (LUS) has been proposed as a tool for 
estimating EVLW, both by visual inspection and scoring 
of sonographic images63 and computer-aided automated 
analysis.64
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Figure 8-3. Ineffective trigger and termination asynchrony. The 
solid arrows show positive change during the expiratory phase and 
the negative deflection found in the pressure–time waveform (middle 
panel). The dashed-line arrows show negative deflection indicating 
nontriggering inspiratory efforts in the esophageal pressure-time 
waveform (lower panel). (Readapted from Ball L, Sutherasan Y, Pelosi P. 
Monitoring respiration: What the clinician needs to know. Best Pract Res 
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IMAGING

Computed Tomography

Several imaging techniques have been proposed as tools 
to assess lung aeration. Quantitative lung CT is currently 
the gold standard64,65 and can be used to determine 
degrees of lung injury, aeration, and recruitability.66 
This could be a valuable tool in titrating PEEP.67,68 How-
ever, routine CT scanning in ARDS is limited in clini-
cal practice because of issues with transporting unstable 
critically ill patients, radiation exposure, and time and 
equipment constraints.

Lung Ultrasound

Lung ultrasound (LUS) is an increasingly used tool for 
lung assessment in intensive care. It has been used to 
estimate lung recruitability, especially when recruitment 
leads to volume changes greater than 600 mL.68,69 It is also 
reported to be helpful in evaluating the response to diuret-
ics and to inotropes in cardiogenic pulmonary edema,70 
during dialysis,71 and in response to continuous positive 
airway pressure.72 LUS has been shown to accurately pre-
dict postextubation distress after successful spontaneous 
breathing trials.73

Electrical Impedance Tomography

Electrical impedance tomography (EIT) is a bedside tool 
for the assessment of regional ventilation and respiratory 
monitoring.74 EIT’s major potential role in clinical practice 

is to evaluate lung inflation and distinguish recruitment 
from overdistension, thus preventing VILI. Although ele-
gant, EIT has not been widely adopted because of cost, 
technical limitations,64 and the absence of outcome data. 
Studies in animal models have reported that continuous 
EIT guidance of MV can help reduce histologic evidence 
of VILI.75
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What Is the Optimal Approach 
to Weaning and Liberation from 
Mechanical Ventilation?

Alistair Nichol, Stephen Duff, Ville Pettila, David J. Cooper

“Weaning” refers to the transition from full mechani-
cal ventilatory support to spontaneous ventilation with 
minimal support. “Liberation” refers to discontinuation 
of mechanical ventilation.1 This chapter focuses on the 
clinical assessment of readiness to wean, the technique 
for conducting a spontaneous breathing trial (SBT), and 
the assessment of readiness of extubation. In addition, we 
will review the evidence supporting various ventilator 
strategies in the difficult-to-wean patient.

Mechanically ventilated intensive care patients may be 
classified as simple to wean, difficult to wean, or prolonged 
weaning.2,3 Simple-to-wean patients are extubated on the 
first attempt, make up the vast majority of the patients in 
the intensive care unit (ICU; ∼69%), and have a low mor-
tality rate (∼5%).4,5 The remaining cohort of difficult-to-
wean (requiring up to three attempts or up to 7 days from  
the onset of weaning) or prolonged-wean (over three 
attempts or greater than 7 days from the onset of wean-
ing) patients require greater effort to successfully liberate 
from mechanical ventilation. These difficult-to-wean and 
prolonged-wean patients have an associated higher mor-
tality rate (∼25%).4,5

Prolonged mechanical ventilation is associated with 
increased mortality6 and costs (mechanical ventilation 
costs > U.S. $2000/day).7 It has been estimated that the 6% 
of patients who require prolonged mechanical ventilation 
consume 37% of ICU resources,8 and 40% to 50% of the time 
spent undergoing mechanical ventilation occurs after this 
weaning process has started.4,6,9 In part, the reason is that 
more severely ill patients usually require longer periods 
of mechanical ventilation. Prolonged weaning may result, 
though, from an excessive use of sedatives, the absence of 
weaning-liberation protocols, and myriad of organizational 
and cultural factors that fail to optimize weaning condi-
tions. In general, the duration of mechanical ventilation 
should be minimized, and liberation from mechanical ven-
tilation should be considered as soon as possible.

Expert consensus2 has proposed that the weaning pro-
cess be considered in the following six steps:

 1.  Treatment of acute respiratory failure
 2.  Clinical judgment that weaning may be possible
 3.  Assessment of the readiness to wean

 4.  An SBT
 5.  Extubation
 6.  Possibly re-intubation

Depending on the mechanism of acute respiratory fail-
ure—whether it is a problem of oxygenation, ventilation, 
or airway (or a combination)—most critically ill patients 
require a period in which they will require full ventilatory 
support after intubation. Consideration of the weaning 
process should begin very soon after intubation. Weaning 
involves several discrete logical and sequential steps. If 
patients fail to make sufficient progress, then a contingency 
plan is required. Failure to wean/liberate involves either 
(1) the failure of an SBT or (2) the need for re-intubation/
ventilation or death within 48 hours of extubation.2

CLINICAL SUSPICION THAT WEANING 
MAY BE POSSIBLE

Because of the significant morbidity and mortality associ-
ated with prolonged mechanical ventilation, it is generally 
accepted that all ventilated ICU patients should be assessed 
for their readiness to wean at least on a daily basis. The 
importance of this “readiness” assessment has been high-
lighted by several trials that have demonstrated that wean-
ing can be achieved in most patients after the first formal 
assessment of readiness10,11 and the finding that nearly 50% 
of unexpected self-extubations during the weaning process 
did not require re-intubation.12,13 The benefit of early wean-
ing should be balanced against the significant morbidity 
and mortality associated with failed extubation. Two large 
prospective observational studies found a fivefold to tenfold 
increased mortality in patients requiring re-intubation.13,14 It 
is unclear, though, how much of this effect is confounded by 
population and disease severity differences.14

ASSESSMENT OF READINESS TO WEAN

The clinical assessment of readiness to wean is a two-step 
process that is based on (1) the assessment of predictors of 
weaning and (2) the successful completion of an SBT. Both 

9
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of these steps require a reliable and reproducible institu-
tional sedation strategy that maximizes the patient’s capa-
bility of being assessed and undergoing SBTs. Ventilator 
liberation protocols should be developed, locally, in con-
cert with analgesia protocols.15,16 The concept of nocturnal 
rest, in conjunction with daytime respiratory muscle train-
ing, is an important one for those patients whose weaning 
is more difficult and prolonged.

Predictors of Successful Weaning

The initial screening evaluation of readiness to wean is 
composed of a clinical examination and an assessment of 
several objective criteria (respiratory, cardiovascular, and 
neurologic) that aim to predict the likelihood of success-
fully weaning4,5,9-11,17,18 (Table 9-1). Individually, these pre-
dictors are neither highly sensitive nor specific, but together 
with the clinical examination they allow the clinician to 
identify patients who will clearly not be suitable for wean-
ing and who may have detrimental effects from aggressive 
reduction in ventilatory support. All other patients should 
undergo a SBT. This is an important point because (1) many 
patients who meet some but not all of the criteria for wean-
ing will still successfully wean and (2) clinicians frequently 
underestimate the ability of patients to wean.

Individual Limitations of the Readiness-to-Wean 
Predictors

It is important to be aware of the individual limitations of 
these prediction criteria because many have been examined 
only retrospectively, and of those who have been studied 
prospectively, many have demonstrated high false-positive 
and false-negative rates.

A minute ventilation less than 10 L/min is only associ-
ated with a positive predictive value of 50% and a negative 
predictive value of 40%.19 The maximal inspiratory pressure, 
a measure of respiratory muscle strength, was initially sug-
gested to be a good indicator of weaning success.20 These 
findings were not replicated in subsequent trials.

Static compliance (i.e., tidal volume/plateau pressure–
positive end expiratory pressure) has a low positive pre-
dictive value (60%) and negative predictive value (53%).19 
Occlusion pressure (P0.1) is the airway pressure 0.1 second 
after the initiation of a spontaneous breath in a measure of 
respiratory drive. The results from studies determining the 
utility of this index have been conflicting to date.21-23

A reduction in central venous saturation of more than 4.5% 
at the thirtieth minute of an SBT in patients who had failed 
their first T-tube SBT was an independent predictor of re-
intubation, with a sensitivity of 88% and a specificity of 
95%.24 A previous study showed that on discontinuation 
of the ventilator, mixed venous oxygen saturation fell pro-
gressively in the failure group (P = .01) whereas it did not 
change in the success group.25

A low left ventricular ejection fraction (LVEF) (36% [27 to 
55] vs. 51% [43 to 55], P = .04), shortened deceleration time of 
E wave (DTE), and increased Doppler E velocity to tissue Dop-
pler E’ velocity ratio (E/E′) assessed by transoesophageal 
echocardiography with an experienced operator were 
predictive of extubation failure in a prospective observa-
tional study.26 Given the expense and limited availability 
of expert transthoracic echocardiogram (TTE), though, we 

recommend that evidence of benefit of TTE-guided inter-
ventions should be available before its introduction into 
routine clinical practice.

B-type natriuretic peptide (BNP) and N-terminal pro-BNP 
levels either at baseline27 or the relative change during an 
SBT28-30 have been associated with extubation failure due to 
heart failure. There was significant heterogeneity, though, 
between results, which may be explained by the different 
populations studied, fluid balance, the use of cardioactive 
drugs, and underlying cardiovascular or renal dysfunction.

The rapid shallow breathing index (RSBI) (respiratory rate/
tidal volume) measured over 1 minute in the spontane-
ously breathing patient has demonstrated a high sensitiv-
ity (97%) and a moderate specificity (65%) for predicting 
patients who will subsequently successfully pass an SBT 

Table 9-1 Clinical and Objective Measures of 
Readiness to Wean

Clinical  
assessment

Resolution of acute process requiring
 Intubation/ventilation
 Patient awake and cooperative
 Chest wall pain controlled
 Adequate cough
 Absence of excessive tracheobronchial secretions
 Absence of
  Nasal flaring
  Suprasternal and intercostal recession
  Paradoxical movement of the rib cage or 

abdomen

Objective 
measures

Respiratory stability: Oxygenation
  Sao2 >90% on Fio2 ≤0.4
  Pao2 ≥ 50-60 mm Hg on Fio2 ≤0.5
  Alveolar-arterial Po2 gradient <350 mm Hg 

(Fio2 1.0)
  Pao2/Fio2 ≥ 150
Respiratory stability: Function
 Respiratory rate ≤35 breath/min–1

 Maximal inspiratory pressure ≤ −20 to −25 cm 
H2O

 Tidal volume > 5 mL/kg–1

 Minute ventilation <10 L/min–1

 No significant respiratory acidosis
 Respiratory rate/tidal volume <105 breath/

min–1/L–1 *
 CROP index >13 mL/breath/min–1†

 Integrative index of Jabour <4 per minute–1‡

 IWI of ≥25 mL/cm H2O breaths/min–1/L–1§

Cardiovascular stability
 Heart rate <140 beats/min–1

 Systolic blood pressure >90 and <160 mm Hg
 Minimal inotropic/vasopressor support
Neurologic function
 Including normal mentation on sedation

*The respiratory rate/tidal volume ratio is also known as the RSBI.
†CROP index = [compliance (dynamic) × maximum inspiratory pressure × (arte-

rial partial pressure of oxygen/alveolar partial pressure of oxygen)]/respira-
tory rate.

‡Integrative index of Jabour = pressure time product × (minute ventilation to 
bring the Paco2 to 40 mm Hg/tidal volume during spontaneous breathing).

§IWI = (compliance (static) × arterial oxygen saturation/(respiratory rate/tidal 
volume during spontaneous breathing).

CROP, Compliance, Respiratory rate, arterial Oxygenation and maximal inspi-
ratory Pressure; Fio2, fracture of inspired oxygen; IWI, integrative weaning 
index; Pao2, partial pressure of arterial oxygen; Po2, partial pressure of oxy-
gen; RSBI, rapid shallow breathing index; Sao2, arterial oxygen saturation.
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compared with the other predictors.19 The measurement of 
RSBI value may be affected by the airway pressure proto-
col. In prospective studies, RSBI values were significantly 
lower in patients while they were on a continuous posi-
tive airway pressure (CPAP) of 5 cm H2O compared with 
T-piece (median 71 vs. 90 breaths/L/min)31 or a spontane-
ously breathing room air trial without ventilator support 
(median 36 vs. 71 breaths/L/min).32

The trend rather than an individual value of RSBI may 
be a better predictor of weaning success. RSBI remained 
unchanged or decreased in successful extubation; in con-
trast, RSBI tended to increase in those who failed extu-
bation in three prospective observational studies.31,33-35 
Although many clinicians use RSBI in their clinical prac-
tice, there is some controversy to its utility: one small ran-
domized controlled trial (RCT) reported that the use of 
this measure prolonged weaning time and did not reduce 
the incidence of extubation failure or tracheostomy.36 This 
trial was small, though, and there was a high likelihood 
of selection bias and crossover in the non-RSBI utilization 
arm. Results from another RCT suggested that the predic-
tive value of RSBI may be increased using automatic tube 
compensation (ATC).37

Overall, individual “predictor” criteria should not be 
considered as reliable indicators to predict successful 
weaning. When combined with the clinical examination, 
though, they may assist the clinician to identify patients 
who will clearly not be suitable for weaning and who may 
have detrimental effects from an unnecessary SBT.

The failure of these individual indices to predict suc-
cessful weaning prompted the authors to combine several 
individual indices in an attempt to increase specificity and 
sensitivity. However, these predictors (Table 9-1) are more 
complex and are more commonly used in clinical trials 
than in routine clinical practice.

A Compliance, Respiratory rate, arterial Oxygenation and 
maximal inspiratory Pressure (CROP) index (see Table 9-1) 
more than 13 mL/breath/min has prospectively deter-
mined a positive predictive value of 71% and a negative 
predictive value of 70% to predict weaning success.19 A 
Jabour pressure time product (see Table 9-1) less than 4 per 
minute has been shown in a retrospective study to have a 
positive predictive value of 96% and a negative predictive 
value of 95%.38

An integrative weaning index (IWI) (see Table 9-1) of  
25 mL/cm H2O breaths/min/L or more has been shown 
in a prospective study to have a positive predictive value 
of 0.99 and a negative predictive value of 0.86 to predict 
weaning success (n = 216 in the prospective-validation 
group).39 Future research is required to identify simple 
predictors that are sufficiently sensitive and specific to pre-
dict successful weaning. In the absence of such measures, 
the clinician should have a low threshold for conducting a 
daily SBT.

Spontaneous Breathing Trial

The initiation of the weaning process is defined as the 
commencement of the first SBT. There are several tech-
niques that can be used to conduct an SBT. These include 
techniques such as (1) T-tube/T-piece, (2) pressure sup-
port ventilation (PSV), or (3) ATC, all of which may be 

used with or without CPAP. Failure of an SBT is defined as 
the development of respiratory (function or oxygenation), 
cardiovascular, or neurological instability and is deter-
mined by clinical assessment and objective testing during 
the trial (Table 9-2).* There appears to be little predictive 
advantage by increasing the duration of the SBT assess-
ment to greater than 20 to 30 minutes.5,42 Prospective stud-
ies have demonstrated that most patients successfully pass 
their first SBTs and more than 60% of patients successfully 
wean† (Table 9-3). Interestingly, to date, trials have not 
demonstrated that any one of these techniques is superior 
in its ability to predict weaning success (Table 9-3). Clini-
cians still need to be aware of the relative advantages and 
disadvantages of each technique, though.

T-Tube/T-piece: This well-established method involves 
attaching the end of the endotracheal tube to a short piece 
of tubing that acts as a reservoir and a connection to the 
humidified fresh gas flow. There were initial concerns that 
the increased resistance to airflow and the increased work 
of breathing induced by the endotracheal tube resulted in 
a workload in excess of that required when the tube was 
removed. These studies, though, did not account for the 
airway inflammation and edema that frequently accompa-
nies extubation, which results in little difference between 
the preextubation and postextubation workload.45,46 There-
fore many clinicians use this method because it is simple, 

*References 2, 10, 11, 19, 40, 41.
†References 5, 10, 11, 17, 37, 43, 44.

Table 9-2 Clinical and Objective Determinants  
of Failure of an SBT

Clinical  
assessment

Agitation and anxiety
 Reduced level of consciousness
 Significant sweating
 Cyanosis
 Evidence of increased respiratory muscle effort
  Increased accessory muscle usage
  Facial signs of distress
  Dyspnea

Objective  
measures

Respiratory stability: Oxygenation
 Pao2 ≤50-60 mm Hg on Fio2 ≥0.5 or Sao2 <90%
Respiratory stability: Function
 Paco2 >50 mm Hg or an increase in Paco2  

>8 mm Hg
 pH < 7.32 or a decrease of pH ≥ 0.07 pH units
 Respiratory rate/tidal volume >105 breath/

min–1/L–1*
 Respiratory rate >35 breath/min–1 or in-

crease ≥50%
Cardiovascular stability
 Heart rate >140 beats/min–1 (or increase ≥20%)
 Systolic blood pressure >180 mm Hg  

(or increase ≥20%)
 Systolic blood pressure <90 mm Hg
 Significant cardiac arrhythmias
Neurologic function
 Reduced level of consciousness

*The respiratory rate/tidal volume is also known as the RSBI.
Fio2, fracture of inspired oxygen; Paco2, partial pressure of arterial oxygen; 

Pao2, partial pressure of arterial oxygen; RSBI, rapid shallow breathing index; 
Sao2, arterial oxygen saturation; SBT, spontaneous breathing trial.
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well tested, and imposes a pulmonary workload that is 
comparable to that encountered after extubation.

Pressure support ventilation (PSV): PSV is becoming more 
common for conducting the SBT. Despite the theoretical con-
cerns that (1) the use of PSV may not mimic the “true” postex-
tubation workload and (2) the difficulty predicting the level 
of PSV necessary to completely compensate for the resistive 
load,47 this does not appear problematic in practice.9,44,48 Pres-
sure support is typically reduced to relatively low levels (≤10 cm  
H2O) so that most of its impact is dissipated because of tube 
resistance and the patient experiences no elevation in inspira-
tory pressure at the end of the endotracheal tube.9,43,44,48 The 
major advantage of this technique over the T-piece is that it 
does not require disconnection from the ventilator, and apnea 
alarms and pressure monitors remain in place.

Automatic tube compensation (ATC): ATC is an automatic 
method by which the ventilator compensates for the degree 
of resistance provided by the endotracheal tube that is 
increasingly found on modern ventilators. Because tube 
resistance varies with length, girth, and secretions, this is 
theoretically advantageous, but literature is limited. Haber-
thur and colleagues reported that ATC was as effective as 
PSV or T-piece weaning.44 This result was subsequently 
confirmed by a larger RCT comparing PSV with ATC in 190 
patients.37 Figueroa-Casas and colleagues compared ATC 
with CPAP during SBT.49 There was no difference in dura-
tion of weaning, rate of unsuccessful extubation, or dura-
tion of mechanical ventilation. A bench study showed that 
ATC may not sufficiently compensate for the pressure-time 
product increase caused by tracheal secretions and higher 

Table 9-3 Success of SBT and Success in Weaning from Mechanical Ventilation

Author Year Number Passed Initial SBT
Extubated at 48 hr  
(From All Extubated) Method

TRIALS DESCRIBING SUCCESS RATE OF INITIAL SBT AND EXTUBATION

Brochard 1994 456 347 (76%) 330(95%) T-piece

Esteban 1995 546 416 (76%) 358 (86%) T-piece

Vallverdu 1998 217 148 (68%) 125 (84%) T-piece

Esteban 1999 526 416 (79%) 346(82%) T-piece

TRIALS DESCRIBING SUCCESS RATE OF INITIAL SBT AND EXTUBATION WITH DIFFERING TECHNIQUES

Esteban 1997 484 397(82%) 323(81%) PSV/T-piece

Subgroup 236 205(86%) 167 (81%) PSV 7 cm H2O

Subgroup 246 192(78%) 156 (81%) T-piece

Farias 2001 257 201 (78%) 173(86%) PSV/T-piece

Subgroup 125 99 (79%) 79 (80%) PSV 10 cm H2O

Subgroup 132 102(77%) 89 (87%) T-piece

Haberthur* 2002 90 78 (87%) 62 (79%) ATC/PSV/T-piece

Subgroup 30 29(96%) 25 (86%) ATC

Subgroup 30 23(77%) 18 (78%) PSV 5 cm H2O

Subgroup 30 24(80%) 19 (79%) T-piece

Matić 2004 260 200 (77%) Not specified PSV/T-piece

Subgroup 110 80 (73%) Not specified T-piece

Subgroup 150 120 (80%) Not specified PSV

Cohen 2006 99 90 (91%) 73 (74%) ATC/CPAP

Subgroup 51 49 (96%) 42 (82%) ATC

Subgroup 48 41 (85%) 31 (65%) CPAP

Cohen 2009 190 161(85%) 139(86%) ATC/PSV

Subgroup 87 81(93%) 71(88%) ATC

Subgroup 93 80(86%) 68(85%) PSV

Figueroa-Casas 2010 118 108 (92%) 115 (97%) ATC/CPAP

Subgroup 58 56 (97%) 57 (99%) ATC

Subgroup 60 52 (87%) 58 (97%) CPAP

* Some patients initially randomized to the T-piece/PSV groups who failed an SBT were subsequently extubated after an ATC trial.
ATC, automatic tube compensation; CPAP, continuous positive airway pressure; PSV, pressure support ventilation; SBT, spontaneous breathing trial.
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tidal volume.50 Because low-level PSV achieves the same 
goals and because most weaning patients receive some 
PSV either alone or in conjunction with another ventilatory 
mode, the potential for ATC to add any clinically relevant 
benefit during weaning is questionable.

Continuous positive airway pressure (CPAP): Proponents 
of CPAP argue that it increases functional residual capac-
ity, maintains small airway patency, may be beneficial 
on left ventricular dysfunction, and has minimal harm-
ful effects.51 Despite the potential risk that a patient may 
pass the SBT but experience cardiac failure on extubation, 
most clinicians are comfortable using low levels of CPAP  
(<5 cm H2O) in combination with the techniques men-
tioned earlier.

Automated weaning: Systems aim to reduce the require-
ment for clinician input in the weaning process and 
improve outcomes. The most commonly studied systems 
are SmartCare and Adaptive Support Ventilation (ASV).52 
ASV can automatically switch from controlled to spontane-
ous ventilation, but SmartCare requires clinician input to 
initiate this. However, SmartCare can automatically reduce 
pressure support based on patient demographic and venti-
lator feedback parameters. It will provide the patient with 
SBT and recommend consideration of extubation when it 
considers an SBT successful.

A Cochrane meta-analysis compared SmartCare with 
usual care and found a trend toward decreased wean-
ing time, time to successful extubation, and length of 
ICU stay.53 There were many limitations to this analysis, 
though. There was substantial unexplained heterogeneity 
(I² = 68%), and only three of the trials included reached full 
recruitment. There was no reduction in time to first SBT, 
mortality, or adverse events, including re-intubation. Three 
trials used SIMV (synchronized intermittent mechanical 
ventilation) as a control arm—a mode known to prolong 
mechanical ventilation.10,11 In the subgroup analysis, there 
was a greater reduction in weaning time in trials that used 
protocolized weaning as the control arm, suggesting that 
these protocols may have used more conservative crite-
ria as opposed to expert clinician judgment. Large RCTs 
are needed to address these limitations before automated 
weaning systems should be routinely used.

SUITABILITY FOR EXTUBATION

Extubation is the final stage in successful liberation of a 
patient from the mechanical ventilator, but it would be 
unwise to extubate any patient before assessing the abil-
ity of the patient to protect and maintain a patent airway. 
This clinical assessment involves (1) testing for adequate 
level of consciousness, (2) cough strength, (3) frequency of 
secretions, and (4) airway patency. The likelihood of under-
going a successful extubation is significantly higher if the 
Glasgow Coma Score is 8 or greater.54 In addition, although 
there are several objective measures of cough strength (e.g., 
card moistening55 and spirometry56), most clinicians sub-
jectively determine the presence of a moderate to strong 
cough before extubation. The presence of a weak cough, 
measured as a cough peak flow of 60 L/min or less, is a 
strong independent risk factor for extubation failure.56-58 
It is important to evaluate the volume and thickness of 

secretions because the likelihood of weaning success 
decreases with increased secretions and reduced suction-
ing intervals.18,55 Poor cough strength and greater secre-
tions may have synergistic effects, reducing the chances of 
extubation success in burn and medical ICU patients.57

The most common test for airway patency is determina-
tion of a “cuff leak,” which is neither sensitive nor specific. 
The presence of a “leak” after deflation of the endotracheal 
tube cuff is reassuring; however, the absence of a leak does 
not predict extubation failure.59,60 It is unclear whether the 
absence of a leak predicts laryngeal edema and whether 
pretreatment in this scenario with corticosteroids is effec-
tive. A double-blind multicenter trial of 761 adults con-
sidered at high risk for postextubation laryngeal edema 
(ventilated >36 hours), were pretreated and posttreated 
with methylprednisolone 12 hours before and every  
4 hours after planned extubation. Corticosteroid therapy 
reduced the incident of reintubation by 4% and laryngeal 
edema by 11%.61

VENTILATOR MANAGEMENT OF THE 
DIFFICULT-TO-WEAN PATIENT

The difficult-to-wean patient has already failed at least 
one SBT or required reintubation within 48 hours of extu-
bation. The failure of an SBT may be accompanied by sig-
nificantly increased inspiratory effort,40 which translates 
to increased respiratory muscle workload.62 This extra 
burden does not appear to cause long-lasting (low fre-
quency) fatigue, but it is uncertain whether it may induce 
short-lasting (high frequency) fatigue.40 Therefore after 
the failure of either an SBT or trial of extubation, the clini-
cian must (1) determine the presence of exacerbating fac-
tors that reduced the success of weaning2,63 (Table 9-4) and 
(2) provide ventilatory management to balance the need 
for adequate ventilator support (minimizing respiratory 
fatigue) against the need to minimize support (increase 
patient respiratory autonomy) to improve the chances of 
subsequent successful weaning.

The clinician should conduct a careful physical exami-
nation and review the patient’s diagnostic tests to uncover 
and treat any reversible contributory factors (Table 9-4). In 
the absence of any obvious remedial conditions or while 
such conditions are being treated, the patient should “rest” 
on the ventilator. The most commonly used modes of ven-
tilation are assist-control mechanical ventilation (ACV), 
SIMV, and PSV.

Assist-control mechanical ventilation (ACV): ACV is widely 
used to rest the respiratory muscles after the increased pul-
monary workload during a failed weaning attempt. The 
diaphragm, in failure-to-wean patients, though, does not 
demonstrate that low-frequency muscle fatigue41 and even 
short periods of ACV may induce diaphragm dysfunction 
and injury.64 Weaning techniques that include respiratory 
muscle exercise are required to minimize respiratory mus-
cle atrophy and dysfunction.

Synchronised intermittent mechanical ventilation (SIMV): 
The use of SIMV as a weaning tool involves a progressive 
reduction of the mechanical ventilator respiratory rate 
in steps of 1 to 3 breath/min, and 30 to 60 minutes later 
the patient is assessed for signs of failure to adapt to the 
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increased patient load (similar to failure of breathing trial 
criteria; Table 9-2). Accumulated evidence suggests that 
SIMV is a suboptimal weaning mode.

SIMV involves three different types of breath: a vol-
ume- or pressure-controlled breath, volume- or pressure-
assisted breath, and a spontaneous breath that is usually 
pressure supported. SIMV may contribute to respiratory 
muscle fatigue or prevent recovery from fatigue11 second-
ary to an increased work of breathing associated with 
patient-ventilator dysynchrony, increased effort to acti-
vate the SIMV demand valve, inadequate gas flow,65,66 or 
the inability of the respiratory center to coordinate with 
the intermittent nature of the support and different types 
of breath.62

A 457-patient RCT demonstrated that SIMV (with T-piece 
SBTs) resulted in a slightly longer duration of mechani-
cal ventilation (9.9 ± 8.2 days) compared with a PSV strat-
egy (9.7 ± 3.7 days).10 This trial also found that SIMV had 
higher rates of weaning failure (SIMV, 42%; PSV, 23%; 
T-piece, 43%).10 Esteban and colleagues looked at four dif-
ferent weaning approaches involving 546 patients, and they 
reported that a SIMV-based weaning strategy resulted in 
longer duration of mechanical ventilation (5 days) compared 
with a PSV-based strategy (4 days) and T-piece ventilation 
(3 days).11

Pressure support ventilation (PSV): PSV allows the patient 
to determine the depth, length, flow, and rate of breath-
ing.67 PSV can be used for SBTs (typically ≤10 cm H2O) or, 

less effectively, as a weaning tool involving the gradual 
reduction of pressure support by 2 to 4 cm H2O once or 
twice a day as tolerated. This method results in a progres-
sive reduction in ventilatory support over hours to days. 
Two large RCTs have demonstrated that PSV is superior to 
SIMV in reducing the duration of mechanical ventilation of 
difficult-to-wean patients.10,11 Although one of these trials 
demonstrated that PSV weaning was more efficient than 
T-piece weaning,10 the other trial demonstrated T-piece tri-
als to be superior.11 These potentially contradictory results 
may be accounted for by differences in the trial weaning 
protocols, though. One small, prospective RCT has sug-
gested that pressure support weaning is superior to T-piece 
weaning in patients with chronic obstructive pulmonary 
disease (COPD).68 Overall, progressive decrements in 
pressure support, as part of a challenge-to-wean protocol, 
should be limited to patients who fail spontaneous wean-
ing trials.

T-Piece trials: This method is the oldest ventilator 
weaning technique and involves sequentially increasing 
the amount of time the patient spends on the T-piece.10,11 
Traditionally, many units repeatedly placed patients on 
T-tubes for a short period multiple times each day. The 
demonstration that single daily T-tube trials were as effi-
cient, though, has significantly reduced the clinical use 
of this more labor-intensive practice.11 T-piece trials are 
limited by the absence of apnea and volume alarms in this 
setting.

Non-invasive ventilation: The increasing clinical use and 
familiarity with noninvasive ventilation (NIV) in the critical 
care setting makes it an attractive tool in the difficult-to-wean 
patient. The potential advantages of NIV are to avoid the 
complications of intubation and sedation and reduce the total 
time of invasive mechanical ventilation. The use of NIV in 
weaning can be separated into (1) preventing extubation fail-
ure in selected patients, (2) being used as a rescue therapy for 
postextubation respiratory distress, and (3) permitting early 
extubation in patients who fail to meet standard extubation 
criteria.

 1.  Preventing extubation failure in selected patients (prophylac-
tic therapy): Prophylactic NIV has the potential to pre-
vent hypoxia, hypercapnia, and atelectasis and reduce 
the work of breathing, thereby reducing the rate of re-
spiratory complications. RCTs have demonstrated that 
in high-risk postoperative patients (vascular, abdomi-
nal, and thoracicoabdominal surgery), NIV results in 
trends toward improved oxygenation and reduced in-
fection rate, re-intubation rate, length of hospital stay, 
and mortality.69-71

 2.  Rescue therapy to avoid reintubation for postextubation respi-
ratory distress (rescue therapy): NIV for patients with acute 
postextubation respiratory failure (in the ICU) is ineffec-
tive.72 A meta-analysis of two RCTs that compared NIV 
with the standard medical therapy in  patients (n = 302) 
with postextubation respiratory failure did not dem-
onstrate a reduction in the reintubation rate (risk ratio 
[RR], 1.03; 95% confidence interval [CI], 0.84 to 1.25) or 
ICU mortality (RR, 1.14; 95% CI, 0.43 to 3.0) in the NIV 
group.73

 3.  Permitting early extubation in patients who fail to meet 
standard extubation criteria (facilitation therapy): Interest 

Table 9-4 Assessment of Factors that Reduce the 
Success of Weaning

Respiratory Increased restrictive load: bronchospasm, 
tube kinking, tube obstruction

Increased chest wall elastic load: pleural  
effusion, pneumothorax, abdominal  
distension

Increase lung elastic load: infection, edema,  
hyperinflation

Cardiovascular Cardiac dysfunction either long standing or  
secondary to increased load

Neuromuscular Depressed central drive: metabolic alkalosis,  
sedatives analgesics

Neural transmission: spinal cord injury,  
Gullain-Bárre syndrome, myasthenia  
gravis, phrenic nerve injury

Peripheral dysfunction: critical illness  
neuropathy and myopathy

Neurophysiologic Delirium
Depression
Anxiety

Metabolic Hypophosphatemia
Hypomagnesemia
Hypokalemia
Hyperglycemia
Steroid use—controversial

Nutrition Obesity
Malnutrition
Overfeeding

Anemia Hemoglobin 7.0-10.0 g/dL
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has emerged in using NIV in highly selected patients 
to facilitate earlier removal of the endotracheal tube 
while still allowing a progressive stepwise reduction 
of ventilator support. This strategy involves extubat-
ing the patient who has failed an SBT directly on to 
NIV (PSV + CPAP) compared with standard therapy 
(invasive mechanical ventilation). This approach 
clearly can only be successful for patients who have 
good airway protection, a strong cough, and minimal 
secretions; therefore they are likely to be conscious, 
alert patients with slowly resolving lung injury but 
who retain good respiratory neuromuscular function. 
In practice, these patients frequently have COPD. A 
recent meta-analysis (n = 994) suggested that mortality 
was significantly reduced in COPD patients weaned 
on noninvasive positive-pressure ventilation (NPPV) 
versus intermittent positive-pressure ventilation 
(IPPV) (RR, 0.36; 95% CI, 0.24 to 0.56). The benefit in 
mixed populations was much smaller (RR, 0.81; 95% 
CI, 0.47 to 1.40), though.74 NIV was associated with 
reduced weaning failure, ventilator-associated pneu-
monia, total duration of ventilation, length of hospital, 
and ICU stay in the COPD subgroup.

Role of Tracheostomy in Weaning

The insertion of a tracheostomy tube (whether surgical or 
percutaneous) is an important tool in the difficult-to-wean 
patient. Tracheostomy is usually far less irritating to the 
patient than an endotracheal tube, and the decreased seda-
tion requirements usually enable weaning strategies that 
would otherwise not be possible. Tracheostomy also pro-
vides a more secure airway,75 reduces vocal cord damage, 
reduces the work of breathing, and facilitates airway toi-
let.76,77 A meta-analysis of RCTs comparing early with late 
or no tracheostomy found lower all-cause mortality in the 
early group with moderate heterogeneity (odds ratio [OR], 
0.72).78 Ventilator-associated pneumonia was also lower 
(OR, 0.6), and tracheostomy complications were equiva-
lent. Data on length of stay and long-term outcomes were 
deemed inadequate.

Consideration of Weaning Protocols

Several studies have reported that either lack of attention 
to screening for the ability to progress or the unnecessary 
delay in progression through the weaning steps is associ-
ated with increased morbidity and mortality4,18,79 and that 
weaning protocols have resulted in reduced ventilator-
associated pneumonia, self-extubation rates, tracheostomy 
rates, and cost.4,9 A Cochrane review suggested that a pro-
tocolized weaning strategy may result in a shorter duration 
of weaning and ICU stay.80 There was significant hetero-
geneity, though, between studies (I = 76%); there was low-
quality evidence; and the quality of usual care provided in 
the control arms was unclear. The use of such protocols is 
controversial, with some suggesting that informed clini-
cal judgment is superior. In an Italian multicenter study, 
higher levels of physician-to-patient ratios resulted in 
shorter weaning duration, suggesting that physician input 
is important to earlier weaning.81
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How Does Mechanical Ventilation 
Damage Lungs? What Can Be 
Done to Prevent It?

Joshua A. Marks, Maurizio Cereda

To address the question whether ventilators damage lungs, 
one must first understand several commonly used related 
terms. Ventilator-induced lung injury (VILI) denotes acute 
lung damage that develops during mechanical ventila-
tion. VILI is pathologically characterized by inflammatory-
cell infiltrates, hyaline membranes, alveolar hemorrhage, 
increased vascular permeability, pulmonary edema, loss 
of functional surfactant, and ultimately alveolar col-
lapse. Ventilator strategies designed to reduce VILI have 
improved outcomes among patients with acute respiratory 
distress syndrome (ARDS), characterized by progressive 
hypoxemia requiring a greater fraction of inspired oxygen 
to maintain an acceptable arterial oxygenation and chest 
imaging that demonstrates bilateral interstitial or alveolar 
opacities. In fact, the clinical presentation of VILI is largely 
indistinguishable from ARDS, highlighting the clinical 
importance of VILI. Alveolar overdistension, lung strain, 
and atelectasis are the key inciting and defining features 
of VILI. Overdistension reflects the presence of an eleva-
tion in transpulmonary pressure, defined as the difference 
between the airway pressure and the pleural pressure at 
the end of inspiration. Strain is the ratio of the volume of 
gas delivered during a tidal breath to the amount of aer-
ated lung receiving that breath: Larger strain is matched by 
a higher mechanical stress on alveolar structures.1 When 
there is heterogeneous consolidation or atelectasis, a dis-
proportionate volume from a given tidal breath is deliv-
ered to the open alveoli. The result is regional alveolar 
overdistension and excessive strain because a normal tidal 
volume is selectively directed to only a portion of the lung. 
This process is conceptually akin to delivering a standard 
tidal volume to a “baby lung.”2

Atelectrauma occurs with repetitive, cyclic opening 
and closing of airways and lung units during inspiration 
and expiration. It is magnified when focal consolidation 
causes heterogeneous ventilation because more alveoli 
are exposed to the injurious impact of neighboring alveoli 
that are opening and collapsing. The stretching or shear 
forces between aerated and atelectatic lung are greater 
than those in other lung regions. The relevance of inter-
mittent atelectasis has been questioned because alveo-
lar edema, rather than collapse, seems to dominate the 

pulmonary microenvironment in many conditions.3 Recent 
experimental data show that air fluid levels and surfactant 
dysfunction cause epithelial shear and cell damage in the 
conducting small airways.4,5

Barotrauma, which grammatically should reflect venti-
lation with high pressures, actually results from ventilating 
lungs using high volumes. This process can lead to alveo-
lar rupture, air leaks, or even pneumothoraces, pneumo-
mediastinum, and subcutaneous emphysema. Despite the 
misnomer, the critical component in barotrauma is regional 
overdistension and not high airway pressure. Some experts 
have suggested the use of the term volutrauma, which impli-
cates excessive volume, with alveolar lung stretching, and 
not airway pressure, as the determinant of injury.

Biotrauma results from the physical forces of atelec-
trauma, barotrauma, and volutrauma that cause the release 
of intracellular mediators. Cells are either directly injured 
by these mediators or indirectly injured through the acti-
vation of cell-signaling pathways in epithelial, endothelial, 
or inflammatory cells. The translocation of these mediators 
or bacteria from the airspaces into the systemic circulation 
through areas of increased alveolar-capillary permeability, 
as is classically seen in ARDS or as a result of volutrauma, 
has been touted as a contributor to multiorgan dysfunction 
and death.

HOW DO VENTILATORS DAMAGE  
THE LUNGS IN PATIENTS?

Although a clear entity, the exact mechanisms of VILI in 
patients, and the appropriate treatment in each individual, 
remain unknown. Although VILI is typically considered 
an independent form of secondary injury, damage by the 
ventilator is probably an essential contributor to the natu-
ral history and evolution of ARDS.6 The vast majority of 
research in the field of optimal ventilator management has 
focused, with limited success, on developing new ways 
to treat well-established ARDS; however, relatively little 
attention has been paid to understanding the progression 
of injury, particularly in patients who do not initially have 
ARDS.
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Moderate tidal volume (VT; i.e., 12 mL/kg) worsens 
survival in patients with preexisting ARDS.7 According 
to the baby lung construct, inspired gas is concentrated in 
a smaller, yet otherwise functional, fraction of ventilated 
parenchyma (i.e., lung capacity), causing overstretching.8 
In an effort to reduce inspiratory strain, clinicians prescribe 
VT according to patient weight,7 but there are two corollar-
ies to the baby lung model that have relevant implications 
on clinical management.

First, the volume and the strain of the ventilated lung 
are variable and reflect the severity of injury.9 Indeed, 
patients with small lung capacity may undergo unaccept-
able stretch even with a very low VT.10 Because it is hard 
to quantify overdistension and strain at the bedside (inspi-
ratory airway pressures are notoriously inaccurate11 and a 
safe threshold12 is unknown), it is difficult to identify those 
patients at increased risk of VILI who might benefit from 
an even greater reduction in VT.

Second, it remains unclear how ventilation affects 
patients without ARDS. Moderate VT does not injure 
healthy lungs13: Clinically acceptable VT sizes may not 
cause enough stress to worsen injury if the lung capacity 
is not significantly reduced. However, observational stud-
ies14 and interventional trials,15 including some conducted 
on intraoperative patients, have suggested that VT reduc-
tion may improve pulmonary outcomes in patients without 
ARDS.16,17 Animal studies have shown that the presence of 
systemic inflammation, as in sepsis, may raise the sensitiv-
ity to mechanical stress in lung tissue; that is, less deforma-
tion is required to cause injury.18 Whether this particular 
mechanism is relevant to humans is unknown, but it is 
debatable whether it explains the beneficial effects of low 
VT in patients without a severe inflammatory process. 
Because the key mechanism inciting VILI in the absence of 
severe lung injury is undefined, generalized application of 
low VT in heterogeneous populations of ventilated patients 
may not necessarily yield the desired beneficial effects.

The role of atelectasis in ventilated humans is also 
unclear. Despite compelling evidence from animal exper-
iments on atelectrauma,19-21 clinical trials have shown 
only marginal effects of lung recruitment and high 
positive end expiratory pressure (PEEP) in established 
ARDS.22-24 This discrepancy could be due to ineffec-
tive study recruitment. Indeed, studies have shown that 
dynamic responses to recruitment and PEEP as measured 
with radiological and functional instruments25,26 better 
predict ARDS outcomes than one-time measurements of 
hypoxemia. A key characteristic of ARDS is inflammatory 
changes that are heterogeneously distributed throughout 
the lung parenchyma,27 an aspect ignored by consensus 
definitions of ARDS28 and in most study enrollment cri-
teria.7,29 This spatial variation may explain the inconsis-
tent findings in many human trials. Although a specific 
treatment may very well improve one area of lung, it may 
simultaneously worsen another.30

Atelectasis may also generate VILI by increasing sus-
ceptibility to VT dimensions.31 According to accepted 
paradigms of VILI, atelectrauma occurs in injured, col-
lapsible lung regions,32,33 but recent evidence has shown 
limited inflammatory activation when the effects of atelec-
tasis are separated from those of high inspiratory stretch.34 
However, atelectasis might modify the intrapulmonary 

distribution of mechanical stress and consequently of 
inflammation. Said differently, poorly recruited atelecta-
sis may render lungs more vulnerable to moderate VT by 
reciprocally increasing stretch in ventilated airspaces.27,35,36 
Mechanical stress would then be focally amplified in areas 
of the lung that are adjacent or interspersed with collapsed 
tissue.37 A recent study showed a correlation between local-
ized aeration heterogeneity as seen on computed tomog-
raphy scan (a possible marker of elevated local stretch) 
and outcomes in ARDS.38 Recruitment may decrease the 
amount of stretch the lungs receive from a given VT,37,39,40 
thereby limiting the injury.

Atelectasis could contribute to generating injury in 
non-ARDS patients. A controlled study in ventilated 
intensive care unit (ICU) patients without ARDS showed 
improved pulmonary outcomes with the use of high and 
low PEEP.41 Furthermore, two successful trials on periop-
erative lung protection compared low VT in combination 
with aggressive lung recruitment in the treatment group 
to higher VT and low PEEP in the controls.16,17 Although 
this approach was designed to determine whether ade-
quate PEEP could prevent the atelectasis associated with 
low VT, avoiding atelectasis, and not PEEP per se, could 
be the determinant of success. Because of the design of 
these trials, it is not possible to separate the contributions 
of the two interventions. Counter to the hypothesis that 
atelectasis causes new injury in healthy lungs, a trial of 
higher and lower intraoperative PEEP—with the same 
low VT in both arms of the study—failed to demonstrate 
benefit with higher PEEP.42

HOW TO MINIMIZE LUNG DAMAGE?

The ARMA trial established improved survival with the 
use of 6 rather than 12 mL/kg VT.7 As a result of this study 
and prior work by other authors,43 ventilation with low VT 
(i.e., low-stretch ventilation) is currently the accepted stan-
dard of care in established ARDS. Earlier studies, with less 
dramatic differences in VT between the experimental and 
control groups, failed to improve outcome.44,45 However, 
a recent observational study confirmed a dose–response 
relationship between VT and ARDS mortality.46 This study 
also showed that the effects of VT selection during the ICU 
course extend over the long term.

The current clinical approach is to set the ventila-
tor index VT to predicted body weight (PBW), based on 
height, as a surrogate of lung size.7 TV is set to 4 to 6 mL/
kg IBW while also ensuring that the plateau pressure 
is less than 30 cm H2O and high Paco2 (partial pressure 
of carbon dioxide in arterial blood) levels are tolerated. 
PEEP is adjusted according to ARDSnet nomograms 
to maintain a goal Paco2 (partial pressure of oxygen in 
arterial blood) of 55 to 80 mm Hg and a SpO2 (O2 satu-
ration by pulse oximetry) of 88% to 95%. Hypercapnia 
is limited by acceptable pH, and the effectiveness of 
metabolic correction remains unclear.47 Although this 
strategy decreases mortality, it represents a “one size fits 
all” model that does not account for individual patient 
characteristics, such as lung capacity, recruitable atelecta-
sis, and chest wall mechanics. As a consequence, weight-
based VT settings may leave a proportion of severely ill 
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patients underprotected, whereas others may be treated 
with unnecessary aggressiveness (i.e., obese patients 
with low chest wall compliance). It is not clear how to 
personalize treatment. Although bedside measurements 
of lung capacity and strain remain experimental,9 titra-
tion to transpulmonary pressure measured via esopha-
geal manometry seems to be a promising approach. This 
methodology allows the clinician to correct airway pres-
sure for the effect of chest wall mechanics and to per-
sonalize both PEEP and VT settings to minimize peak 
pulmonary distension while maintaining recruitment.48

For patients with the highest severity illness, it is pos-
sible that even the most aggressive VT reduction does not 
achieve sufficient lung protection. The use of extracorpo-
real lung assist methods has been implemented in select 
situations,49 but its generalized use is supported only by 
one randomized study with important design limitations.50 
In addition, the risk/benefit assessment for this approach 
remains difficult and poorly understood. High-frequency 
oscillatory ventilation, an appealing technique for extreme 
VT reduction and aggressive recruitment, has not been 
shown to improve outcomes.51

On the basis of the existing evidence, ventilator man-
agement targeted to recruitment with high PEEP (“open 
lung ventilation”) cannot be recommended as the stan-
dard of care.22-24 However, trials have showed some 
benefit in patients with the highest severity of illness.52 
Expert sources, including society guidelines, recommend 
the use of high PEEP in this subset of patients.53 Future 
studies should use better instruments to stratify patients 
and monitor effectiveness. Techniques including esopha-
geal manometry or bedside imaging tools such as elec-
trical impedance tomography may provide more support 
for this approach.48,54 Absent these data, the hypotheti-
cal benefits of the open lung approach in each individ-
ual patient should be weighed against tangible adverse 
effects. Similar caution should be applied to alternative 
ventilator modalities that augment mean airway pres-
sures with the goal of maximizing recruitment.55 Careful 
patient selection and monitoring of the effects of higher 
airway pressure on lung overdistension, pulmonary and 
systemic circulation,56 and alveolar dead space should 
be used to avoid undesired responses. Worsening hemo-
dynamics in the face of the unclear biological effects of 
recruitment are considered by many clinicians to be unac-
ceptable.

Recent trials have suggested that the outcomes of early 
severe ARDS can be improved with the early adoption of 
a course of muscle relaxation.57 A recent study suggested 
that by maintaining tight control of inspired strain in the 
early stage of severe ARDS, muscle paralysis optimizes 
protection from VILI. However, the design of this partic-
ular study did not clarify the effect of patient inspiratory 
effort.

Other usable complementary strategies of lung protec-
tion include prone positioning, which in a recent study 
showed dramatic positive effects on outcomes of severe 
ARDS.58 Prone positioning has been studied for many years 
because of its ability to improve oxygenation in a large 
proportion of patients.59 Placing patients in a prone posi-
tion reopens collapsed dorsal lung regions and increases 
the homogeneity of the distribution of ventilation, thereby 

redistributing and attenuating regional inspiratory stress.60 
This effect likely attenuates VILI and could explain 
observed outcomes. In one particular study, prone posi-
tioning was used for longer periods of time and in more 
severe patients than in previous studies that had more 
ambiguous results.61 Therefore prone positioning can be 
considered as an adjunct to stretch limitation and, possibly, 
an alternative to PEEP to improve recruitment and mini-
mize regional stress.

Approximately 67% of ARDS cases arise after hospi-
tal admission,62 which provides ample opportunity for 
preventive interventions. Clinical studies have reported 
a variable incidence of ARDS (8% to 25%)14,15 in patients 
who undergo mechanical ventilation for other reasons. 
Thus, it is likely that ventilator management has a role in 
generating new lung injury and in worsening preexisting 
pulmonary lesions. However, predicting which patients 
are at risk for having lung injury and ARDS, as well as the 
potential severity of illness, remains challenging. Scoring 
systems have been developed to identify patients at risk, 
but their application has been inconsistent, and their abil-
ity to connect specific treatments with disease prevention 
is unconfirmed.63

A recent meta-analysis showed beneficial outcome 
effects from the use of lower and higher VT in heteroge-
neous populations of non-ARDS patients in the ICU and 
in the operating room.64 On the basis of this evidence, the 
use of low VT seems logical in ventilated patients at risk of 
progression to ARDS, including victims of sepsis or trauma 
or those undergoing high-risk surgical procedures.65 How-
ever, a word of caution is warranted. Many studies in 
patients without ARDS have shown outcome differences 
when comparing control and treatment VT values that 
greatly differed.66 Whether smaller differences in VT would 
have produced similar results is unclear, but many practi-
tioners have already abandoned large VT (i.e., >10 mL/kg) 
in non-ARDS patients. A recent meta-analysis that included 
intraoperative ventilation studies showed that, relative to 
standard management, use of lower VT decreased the onset 
of ARDS but did not demonstrate any effects on survival or 
ICU length of stay.66

Use of surrogate outcomes such as onset of ARDS to 
gauge the effectiveness of preventive strategies does not 
guarantee success in improving death or long-term func-
tional impairment.67 The success of low VT ventilation in 
a population at high risk for mortality due to ARDS does 
not necessarily translate into benefits in patients who are 
at much lower risk, such as those ventilated in the operat-
ing room. Conversely, undesired responses, often unde-
tected by underpowered clinical trials, may affect more 
patients than the beneficial ones.68 For example, decreas-
ing VT in a patient without ARDS may worsen atelecta-
sis and lead to increased lung damage and hypoxemia. 
Although studies to date have not reported an increased 
requirement for sedation when higher VT are used,15 seda-
tion practices and goals vary greatly from center to center. 
If minimal sedation and spontaneous breathing modes, 
as opposed to deeper sedation and controlled ventilation, 
are the usual practice, then a reduction in VT may be most 
relevant to patient discomfort, ventilator asynchrony, 
and eventually sedation usage, with all of the resultant 
sequelae.
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Extracorporeal life support (ECLS) is a treatment option for 
patients with inadequate oxygen delivery. Inadequate oxy-
gen delivery can result from either ineffective oxygenation 
from severe lung disease or ineffective cardiac output from 
severe circulatory failure or both. This chapter addresses 
the evidence supporting use of ECLS in adults with respi-
ratory failure. We discuss limitations in ECLS clinical trial 
design, the importance of detailed protocols in multicenter 
trials, the evolution of acute respiratory distress syndrome 
(ARDS) management over time, and the economic fea-
sibility of ECLS. We briefly review ECLS techniques and 
advances and focus on a detailed review of the highest 
quality ECLS evidence. We do not discuss the evidence 
for ECLS in children and neonates. Therefore we ask the  
question, “Is ECLS an evidence-based intervention for cri-
ticially ill adults with ARDS?”

WHY EVIDENCE IN CRITICAL CARE  
IS OFTEN INSUFFICIENT

Many clinicians hold strong beliefs regarding the efficacy 
of ECLS for patients with severe ARDS despite a paucity of 
credible evidence.1 The highest quality evidence to guide 
decisions about ECLS for adults with ARDS comes from 
four randomized controlled trials (RCTs; Table 11-1).2-5 
An actively enrolling prospective RCT (the Extracorpo-
real Membrane Oxygenation for Severe Acute Respiratory 
Distress Syndrome [EOLIA] trial) may also advance our 
understanding (http://www.clinicaltrials.gov/ct2/show
/NCT01470703?term=eolia&rank=1; http://revaweb.org
/gb/etudes.php#e2). However, current ECLS literature is 
dominated by observational studies, clinical experiences, 
clinical reports, and opinions. Observational studies and 
trials of ECLS with low credibility are difficult to interpret 
for various reasons that have not changed over the past 30 
years.6 These reasons, detailed later, are central to the con-
troversy surrounding ECLS today.

It is generally accepted that scientifically rigorous clinical 
experiments provide the best foundation for the evaluation 

of the efficacy of clinical interventions.7,8 Personal clinical 
experiences, including observational case series and case 
reports, provide important preliminary information that 
can stimulate thinking and create hypotheses, but they 
fall short of rigorous compelling evidence that a therapy 
is either effective or efficacious. Unfortunately, rigorous 
experiments addressing the benefit for ECLS in ARDS are 
uncommon. Even clinical trial evidence, our most credible 
source of evidence, is often of low quality.9-12

A persistent threat to the credibility of critical care trial 
results is the introduction of both random and system-
atic error. Systematic error (bias) is the more challenging 
and requires careful attention in experimental design. 
The belief that bias plays little role in clinical trials13,14 
is incorrect for many critical care experiments.7 Differ-
ential (between-group) bias frequently exists because 
of uneven distribution of confounders, but it can also 
exist because of uneven distribution of the experimen-
tal intervention, especially in nonblinded (open) clinical 
trials. In ECLS trials, variable application of mechanical 
ventilation in both the intervention and control arm can 
be a confounder. Confounders introduced after subject 
assignment to the clinical trial groups are better termed 
“co-interventions” and should be distinguished from 
confounders that exist before subject allocation to the 
experimental groups.15-17

Clinical trials that test complex and multifaceted inter-
ventions such as ECLS are particularly vulnerable to con-
founding from management issues such as transfusion 
or mechanical ventilation practices that are not uniform 
among experimental groups. Co-interventions in clini-
cal trials are frequently neither controlled nor measured, 
and this deficiency threatens the internal validity of 
critical care clinical trials. In nonblinded (open) scientifi-
cally rigorous critical care clinical trials, all experimental 
arms require well-defined protocols that contain enough 
detail to standardize clinician decisions about both the 
experimental intervention and important co-interven-
tions.7,18,19 In clinical studies of ECLS, between-group 
nonuniformity can occur in the management of the ECLS 
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itself (the experimental intervention) because in the past, 
the methods used were commonly not replicable.7

Inconsistency in study subject selection is an additional 
cause of variability in clinical ECLS study results. Random-
ization cannot account for differences between the study 
subjects and the population of interest from which they are 
derived. The patients who arrive at study institutions consti-
tute a convenience sample; even a multicenter study may be 
seen roughly as a conglomerate of convenience samples. The 
process of obtaining consent may also result in a selection 
bias; many critically ill patients are unable to provide their 
own consent. A myriad of technical and personnel ECLS 
aspects must be considered. Therefore the link between any 
given patient and the ECLS study population may vary. This 
variation produces questions about generalizability (exter-
nal validity) with almost all clinical studies. Consequently, 
clinicians who try to apply study results must always ask 
whether the patient under consideration belongs to the sub-
set of subjects from which the study results were obtained 
and whether their setting is similar to the study setting, 
before using a study intervention.16,20 Guides to assess the 
evaluation of external validity have been published.21

Meta-analyses are meant to overcome some of the limita-
tions of many clinical studies by pooling their results, but 
the quality of a meta-analysis depends on the quality of the 
clinical studies on which it is based.19,22,23 In addition, there 
are several steps that must be performed to obtain reliable 
results through meta-analysis, but few analyses follow all 
the appropriate procedures.24 Many meta-analyses may 
produce positive results simply because of an insufficient 

sample size, without proper adjustment for multiple com-
parisons.24 Scientists expect experimental results that prop-
erly describe the way the world works to be independently 
reproduced by other investigators. For such results to be 
reproduced, it is required that the methods of the experi-
ment be replicable.7,25-27 Unfortunately, the methods of most 
ECLS studies lack detail and are not replicable. Even the use 
of Bayesian methods (which adjust for uncertainty) would 
not overcome the limitations imposed by some methodolog-
ical inadequacies of included studies. Therefore conclusions 
of meta-analysis results must be interpreted with caution.

IMPORTANCE OF ADEQUATELY EXPLICIT 
PROTOCOLS FOR CLINICAL TRIALS

We define an adequately explicit protocol as a protocol with 
enough detail to respond consistently to changing patient 
conditions. Adequately explicit protocols generate specific 
instructions (patient-specific or personalized) that do not 
require judgments by the clinician.28 Although adequately 
explicit computerized protocols often contain the greatest 
detail,7,28-31 paper-based versions can also contain enough 
detail to be adequately explicit.32,33

Most clinical study protocols are not adequately explicit. 
Even systematic and scholarly collections of flow diagrams 
commonly lack necessary detail and do not standardize 
clinician decisions.34-36 Most protocols can elicit different 
clinical decisions from different clinicians because clinician 
decision makers must fill in the gaps in the insufficiently 

Table 11-1  RCTs of ECLS for ARDS in Adults

Study, Year
Number of Subjects 
(Intervention/Control) Study Design Intervention Control Survival

ECMO in severe  
ARDS, 19794,102

90 (42/48) Prospective,  
nonblinded RCT

Mechanical  
ventilation + partial  
VA ECMO

Mechanical  
ventilation alone

9.5% ECMO; 
8.3% control; 
no statistically 
significant  
difference

PCIRV and ECCO2R  
for ARDS, 19943

40 (21/19) Prospective,  
nonblinded RCT

LFPPV + ECCO2R Conventional  
positive-pressure 
ventilation

32% ECCO2R; 
42% control; 
no statistically 
significant  
difference

CESAR, 2009
ECMO in ARDS vs  

conventional  
ventilation5

180 Prospective mul-
ticenter referral 
to expert center, 
nonblinded RCT

Combination of  
mechanical  
ventilation + either  
VA or VV ECMO

Conventional  
mechanical  
ventilation

36% ECMO; 50% 
control; no 
statistically 
significant  
difference

ECCO2R + 3 mL/kg VT 
in ARDS vs 6 mL/kg 
mechanical  
ventilation2

79 Prospective,  
nonblinded RCT

Low (3 mL/kg) VT  
ventilation + ECCO2R

Standard 6 mL/kg 
ventilation

Overall mortality 
16.5%; no  
difference  
between groups* 

Primary outcome 
VFD–28

*Primary endpoint VFDs, not mortality.
ARDS, acute respiratory distress syndrome; CESAR, Conventional Ventilation or ECMO for Severe Adult Respiratory Failure; ECCO2R, extracorporeal CO2 removal; 

ECLS, extracorporeal life support; ECMO, extracorporeal membrane oxygenation; LFPPV, low-frequency positive-pressure ventilation; PCIRV, pressure-controlled 
inverse ratio ventilation; RCT, randomized controlled trial; VA, venoarterial; VFD, ventilator-free day; VT, tidal volume; VV, veno-venous.
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detailed protocol logic. Clinicians’ judgments will vary 
with their backgrounds and experience, as will their 
choices of the rules and variables they use to fill in the gaps 
of inadequately explicit guidelines and protocols. This is 
a major contributor to unwarranted variation in clinical 
care.37-39 Protocols and flow diagrams are commonly but 
inappropriately called algorithms.34,36

An algorithm in mathematics or engineering is a pre-
cise solution,40 although its definition allows for the more 
liberal use common in medicine (“a set of rules for solv-
ing a problem in a finite number of steps”).41 “Solving a 
problem” is the operative concept—our current techniques 
have not solved the problem. It is important to make this 
distinction between adequately explicit protocols and the 
more common guidelines and protocols because it may 
help us to develop more scientifically rigorous clinical tri-
als for ECLS.7,18,42 Adequately explicit protocols can enable 
replicable clinical trial methods in multicenter trials of 
ECLS, thus enhancing the quality and reproducibility of 
future ECLS trial results.

HISTORY OF ARDS PATIENT SURVIVAL 
AND MANAGEMENT

ARDS therapy is usually supportive. Mechanical ventila-
tion strategy, positive end-expiratory pressure (PEEP), 
inspired oxygen (O2), and breathing mechanics play cen-
tral roles. Other therapeutic interventions that should be 
assessed include prone positioning, neuromuscular block-
ade, and intravenous fluid administration.43-47 Although 
diffuse, ARDS injury is not uniform, but this was not widely 
appreciated in early studies. The static thoracic compliance 
of ARDS patients appears to be directly proportional to 
the fraction of aerated lung, and only a small fraction of 
the lung appears to receive the tidal volume.48 After this 
understanding, newer therapeutic approaches focused 
on reducing the vigor of mechanical ventilation. These 
included intravenous oxygenation, permissive hypercap-
nia, pressure-controlled inverse ratio ventilation (PCIRV), 
low tidal volume mechanical ventilation, high frequency 
oscillatory ventilation, and airway pressure release ventila-
tion, among others.49-53

Survival of ARDS patients is highly variable. Sur-
vival from severe ARDS in the 1970s was as low as 10% to 
15%.4,54,55 After 1988, survival from ARDS was higher.46,47,56 
More recently, reported survival from ARDS has increased 
to 60% to 80%.57-59 This secular increase in survival, com-
bined with advances in mechanical ventilation and in 
ECLS technology, makes historical comparisons challeng-
ing. Changes in ARDS definitions, including the new Berlin 
definition, and in trial enrollment criteria also make com-
parison between studies difficult.60,61 Few recent studies 
include clear patient criteria for ECLS therapy. Uniformly 
applied extracorporeal membrane oxygenation (ECMO) 
entry criteria, similar to those used in the 1970s trial of 
ECMO, could enhance replicability of subject selection in 
future ECLS trials.4

The H1N1 epidemic was associated with an increase in 
ARDS incidence and stimulated use of newer therapeutic 
approaches, including ECLS, for ARDS. Unfortunately, 
the observational studies examining ECLS for ARDS after 

H1N1 influenza have the limitations described earlier. Two 
national ARDS registry reports led to conflicting conclu-
sions regarding ECLS therapy for H1N1-induced respi-
ratory failure. A retrospective cohort study matched 80 
patients with H1N1 influenza–associated ARDS who were 
referred to one of four ECLS centers in the United Kingdom. 
Patients referred to an ECLS center survived at nearly twice 
the rate of the group who were not referred to an ECLS cen-
ter.62 The results were consistent with three different meth-
ods of statistical matching. A major limitation to this design 
is the inability to control for confounders such as mechani-
cal ventilation strategies and ECMO patient selection crite-
ria. Patients with mechanically ventilated lungs from the 
ARDS Network H1N1 influenza registry were treated with 
lung-protective mechanical ventilation strategy (6 mL/kg  
predicted body weight), and some received ECLS. Sur-
vival of ARDS Network H1N1 influenza registry patients 
who received ECLS did not seem to differ from those who 
met ECLS eligibility criteria but were not treated with 
ECLS.63,64 ECLS eligibility was determined by the presence 
of severe hypoxemia within the first 7 days of mechanical 
ventilation. Of 600 adult patients with H1N1 and requiring 
mechanical ventilation, 31 patients received ECLS and 569 
did not receive ECLS. Ninety-one (16%) of these 569 were 
deemed eligible for ECLS. Unadjusted 60-day survival did 
not differ between the ECLS-eligible group (66%) and the 
group that actually received ECLS (52%).63 In summary, 
survival of ARDS Network H1N1 registry patients who 
were eligible for ECLS but were treated with conventional 
therapy appeared similar to survival of ECLS-supported 
H1N1 patients in the United Kingdom and in the previ-
ously reported H1N1 patient survival in Australia and 
New Zealand.62,63,65

Lung-protective ventilation (6 mL/kg predicted body 
weight tidal volume strategy) with the appropriate 
application of PEEP is the most credible evidence-based 
approach for management of ARDS.32,62,63,65-70 Theoreti-
cally, ECLS technology could allow almost complete lung 
rest. However, if or how total lung rest with ECLS might 
further increase survival remains unknown.71 A retro-
spective examination of mechanical ventilation practices 
during ECMO suggested that the higher PEEP levels in 
the first 3 days of ECMO therapy were associated with 
increased survival. The authors of that study concluded 
that further research on appropriate mechanical ventila-
tion practice during ECLS was needed.72 More recently, 
researchers have described ECLS as a “super protective” 
mechanical ventilation strategy.73 The ECLS organization 
registry and reported case series indicate that prolonged (9 
to 14 days) mechanical ventilation before ECLS support is 
common and is associated with decreased survival in adult 
patients.74-77 ECLS supporters argue that early interven-
tion with ECLS increases survival by reducing mechanical 
ventilation exposure. These observations underscore the 
importance of both co-intervention protocols and unam-
biguous patient section criteria for ECLS therapy rather 
than reliance on clinician judgment for ventilator manage-
ment or patient selection.

Unfortunately, the accuracy with which clinicians predict 
survival in individual patients with ARDS (compared with 
large groups) is frequently low.78 Using defined fraction of 
inspired O2 (Fio2) and PEEP conditions for determining the 
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ratio of partial pressure of arterial O2 (Pao2)/Fio2 might 
enhance patient selection because Fio2 and PEEP seem to 
predict patient outcome.79 In fact, this selection strategy 
was used in the 1970s ECMO trial, the first ECLS clinical 
trial.4 An important conclusion to be drawn from this dis-
cussion of variation in survival over time is that the use 
of historical controls for estimating ECLS efficacy is dan-
gerous. This emphasizes the need for carefully crafted ran-
domized controlled clinical trials.32,33,46,56

ECONOMIC FEASIBILITY OF ECLS  
IN PATIENTS WITH ARDS

There are important unresolved cost-effectiveness issues 
that present practical barriers to widespread ECLS use for 
respiratory failure. Although the prices for ECLS systems 
are falling, training and maintaining a center is expensive 
and requires significant resources. Therefore it is not sur-
prising that ECLS access across the United States is vari-
able.80 Although the CESAR (Conventional Ventilation or 
ECMO for Severe Adult Respiratory Failure) trial authors 
asserted that ECLS could be cost-effective, their results 
should be interpreted with caution; the study design 
did not allow credible conclusions about the efficacy of 
ECLS.5,64,81,82 The cost of ECLS-related complications must 
also be incorporated. Zangrillo’s meta-analysis noted a 
54% ECMO patient mortality with frequent complications, 
including renal failure, pneumonia, sepsis, and bleeding.83 
In a recent hypothetical cost-effective simulation of ECLS 
with Markov chain analysis, Park showed that ECLS could 
be associated with acceptable costs, although the analysis 
did not account for training and personnel costs.84 The 
costs of keeping an ECLS team ready in places with low 
demand may be unjustified.

SOME PRINCIPLES AND OBJECTIVES  
OF ECLS

ECLS can support patient gas exchange (oxygenation 
and alveolar ventilation) and hemodynamic function 
with two general strategies of circulatory access: veno-
venous (VV) or venoarterial (VA). With VA cannulation, 
blood is drained from the right atrium via the central 
venous system and returned to the proximal arterial 
system. VA support bypasses both ventricles and the 
intervening pulmonary system, unloading the patient’s 
natural heart and lung and providing gas exchange and 
hemodynamic support. In most cases, partial support 
is achieved, with some residual pulmonary blood flow 
present in the natural lung.

With VV cannulation, blood is drained and subsequently 
returned via the right internal jugular vein or femoral 
veins. VV support has its origins in the work of Kolobow, 
Gattinoni, and others, who introduced VV cannulation for 
extracorporeal CO2 removal (ECCO2R).68,85,86 Newer can-
nulation techniques allow for higher blood flows and mini-
mal recirculation and also can provide adequate support 
of oxygenation. Although VV support does not directly 
provide hemodynamic support, improved oxygen delivery 
may improve myocardial performance.

ECLS now includes older techniques that emphasize 
CO2 removal (ECCO2R) or arterial oxygenation (ECMO). 
Modern ECLS equipment enables both of these and blurs 
the distinction between them. Technologic advances have 
improved cannula flows and mechanics, and VV has begun 
to supplant the VA approach, unless concomitant cardiac 
failure exists. Although VA cannulation can support lung 
and cardiac failure, VV cannulation is often preferred for 
patients who have adequate intrinsic cardiac function. VV 
ECMO use is increasing.87

Patient selection criteria for ECLS vary consider-
ably.75,88-90 These criteria also determine the ECLS tech-
nique (e.g., VV or VA ECMO or ECCO2R). ECCO2R has 
been used primarily in patients without refractory hypox-
emia.91,92 Different cannulations, pump systems, and com-
plication rates are reported for the different techniques.93 
Therefore direct comparison of study results is complicated 
by the use of VV and VA ECLS techniques within individ-
ual published case series. This limits the ability of such case 
series to accurately inform readers and clinicians about the 
true effects, risks, and complications they may encounter if 
and when extracorporeal support is attempted at their local 
institutions.

Technical advances and extensive clinical experience 
have made it clear that patients with ARDS can be sup-
ported successfully with ECLS.54,94-100 However, technical 
accomplishment does not equal clinical efficacy.

CLINICAL TRIAL EVIDENCE ADDRESSING 
THE USE OF ECLS FOR ARDS

Because randomized controlled clinical trials provide 
the most compelling evidence for clinical decision-mak-
ing, it is pertinent to note that only four RCTs of ECLS 
in adult respiratory failure have been published to date  
(Table 11-1). ECLS enthusiasts often disregard the first two 
trials, noting their use of more complicated equipment, 
older techniques, and inexperience as the reasons for the 
negative trial results. They argue that current ECLS tech-
niques save patients who are otherwise destined to die. 
However, Roger Bone6 cautioned against the early adop-
tion of ECLS and suggested the need for clear diagnostic 
criteria and measurement of anticipated adverse effects 
before the widespread use of ECLS could be justified.6

The first ECLS RCT in adults, the randomized multi-
center trial of ECMO for ARDS, selected a subset of ARDS 
patients with severe disease and poor outcome—only 8 
(9%) of 90 randomized patients survived101,102 with no dif-
ference in survival between ECMO and conventional care.4 
Efforts to introduce widespread clinical use of ECMO for 
adults with ARDS were thereafter abandoned.

Kolobow, Gattinoni, and their colleagues subsequently 
introduced the concept of “lung rest.” The need to ventilate 
the injured natural lung could be reduced in proportion to 
the CO2 removed by a spiral silicone membrane (ECCO2R). 
The ECCO2R relieved the natural lung of some of its ven-
tilatory burden.68,85,86 They intended to increase patient 
survival after reduction of the intensity of mechanical 
ventilation and of the consequent putative iatrogenic lung 
damage.103,104 The intermediate goal of their low-frequency 
positive-pressure ventilation extracorporeal CO2 removal 
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(LFPPV-ECCO2R) was to reduce the motion of the diseased  
lung to a minimum with almost complete elimination of 
ventilation (with only 3 to 5 breaths/min). This technique 
has shown benefit in recent small studies of patients with 
chronic obstructive pulmonary disease.105,106 The man-
agement of the natural lungs of the randomized patients 
in the National Institutes of Health (NIH) collaborative 
ECMO trial of 1974-19774 did not adhere to these prin-
ciples of lung rest.94 Therefore a superimposed iatrogenic 
lung injury due to higher end-inspiratory pressures or 
tidal volumes to ARDS lungs of the study subjects might 
have introduced enough bias to affect the ECMO trial 
outcome.48,104,107

Gattinoni et al. reported an increase in survival of ARDS 
patients after use of PCIRV followed by LFPPV-ECCO2R, 
but their observational study was an uncontrolled clini-
cal application.19,55,107-112 In the second RCT of ECLS in 
adults, Morris et al.3 subsequently observed a similar sur-
vival between a control and interventional group with an 
overall increased survival of all patients when compared 
with historical controls of the 1970s.3 Unexpectedly, the 
42% survival of their control patients supported with con-
tinuous positive-pressure ventilation was not statistically 
significantly different from the 33% survival of patients 
supported with PCIRV/LFPPV-ECCO2R.3

A trial in which LFPPV-ECCO2R was used as its pri-
mary intervention represents a significantly different inter-
vention than the primary intervention of ECMO in the 
1974-1977 trial (Table 11-1). The higher survival of ARDS 
patients after support with LFPPV-ECCO2R is intriguing. 
Pulmonary blood flow is likely an important determinant 
of lung response to injury.105,106,113,114 Pulmonary blood flow 
is preserved in VV LFPPV-ECCO2R, whereas the 1974-1977 
VA ECMO technique markedly reduced pulmonary blood 
flow to the natural lung. The preservation of natural lung 
blood flow, with the low natural lung ventilation, leads to 
a low overall ventilation-perfusion (V/Q) ratio during VV 
LFPPV-ECCO2R. The 1974-1977 VA ECMO technique pro-
duced an oligemic natural lung with a high overall V/Q 
ratio.2 On the basis of observations in animals, a high over-
all V/Q ratio might cause lung necrosis in patients with 
ARDS.115,116 Both preserved pulmonary blood flow and 
lung rest are two significant differences between LFPPV-
ECCO2R and ECMO that may be important contributors 
to the difference in patient survival between the LFPPV-
ECCO2R3 and the 1974-1977 ECMO clinical trials.4 How-
ever, the high survival rate in the control group during the 
ECCO2R trial suggests that other variables than the differ-
ences between ECCO2R and ECMO contributed more sig-
nificantly to the higher survival.

The highest quality randomized clinical trials of extra-
corporeal support for adults with ARDS enrolled only 90,4 
40,3 and 79 patients.2 The power to detect a real difference 
between control and LFPPV-ECCO2R therapy group sur-
vival depends on the number of patients studied.16,117-119 
Assuming that the observed survival rates of 42% for the 
control group and 33% for the LFPPV-ECCO2R group 
represent the true survival rates of these two treatment 
groups, the number of study patients required to detect 
this difference in survival 80% of the time (power = 0.8) is 
approximately 400 in each treatment group.117 Only mul-
ticenter trials can provide sufficient patient enrollment to 

make such studies feasible. Detailed or adequately explicit 
protocols could enable the multiple clinical sites, in such 
a multicenter trial, to function as an extended laboratory 
with replicable methods.7

The largest completed prospective ECLS trial to date, 
CESAR, was a multicenter trial. However, the methods 
of CESAR seemed to lack detailed co-intervention proto-
cols and reproducible patient selection criteria for requir-
ing ECLS.128 Central to their study was the identification 
of “potentially reversible respiratory failure” patients.120 
Many patients randomized to the ECLS arm did not receive 
ECLS once transferred to the ECLS center, and several ECLS 
patients required VA rather than VV ECMO. However, the 
methods do not indicate exactly how this identification was 
achieved. Fundamental to the success of the CESAR trial 
was the trial design that included referral to a facility with 
ECLS expertise. The astute researchers recognized the need 
for ECLS-specific training, exposure, and experience.5,120,121 
Peek et al.5,121 report an increase in 6-month disability-free 
survival in the ECLS group. Although some may find it rea-
sonable to conclude from CESAR that ECLS in the hands 
of an experienced team poses no additional harm to adult 
patients with ARDS, we conclude that the trial, which was 
designed for effectiveness, not efficacy, does not provide 
adequate information to inform either regarding ECLS sup-
port for ARDS patients. There was no within-site allocation 
of patients into the two therapy arms. As a result, the likely 
substantial intersite variations of mechanical ventilation 
strategy could have created a design bias that significantly 
influenced the results. Patients treated at the ECLS referral 
center may have been more likely to receive standardized, 
lung-protective mechanical ventilation than those treated 
in other ICUs. Conventional care was neither protocolized 
nor clearly defined and was not likely the same at all refer-
ring hospitals.

In the Xtravent-study, Bein and colleagues asked if 
ECLS for CO2 removal plus very low tidal volume would 
improve ventilator-free days in patients with established 
ARDS. In this high-quality multicenter RCT of 79 patients 
with ARDS and a high plateau pressure (>25 cm H2O), 
patients were randomized to ECCO2R plus 3 mL/kg tidal 
volume versus conventional 6 mL/kg tidal volume ven-
tilation.2 Clear inclusion and exclusion criteria ensured 
patient uniformity. Identical ventilator protocols (except 
for the tidal volume breaths [3 mL and 6 mL/kg]) served 
to standardize mechanical ventilation, an important study 
co-intervention. Despite the design strengths of this study, 
a time limitation was imposed on the investigators, and 
they were unable to meet their prespecified sample size. 
They concluded that ventilation with 3 mL/kg tidal vol-
ume and ECCO2R was safe and feasible and not associ-
ated with a significant reduction in ventilator-free days at 
28 days.2

After the 2009 H1N1 novel influenza pandemic, sev-
eral institutions reported observational data suggesting 
ECLS increased survival compared with historical sur-
vival data.65,122 Most of this literature comes from ECLS-
positive case series and observational studies that likely 
include publication bias. More recently, two meta-analyses 
addressed ECLS for severe respiratory failure in adult 
patients.123,124 Zampieri et al. used a strict evaluation 
score of quality and only five studies based on a potential 



Chapter 11 Is Extracorporeal Life Support an Evidence-Based Intervention for Critically Ill Adults with ARDS?    71 

49 were considered for the final analysis.124 The analysis  
included three studies (353 patients total) including the 
CEASAR RCT but excluded the older previously men-
tioned RCTs and included one retrospective case series 
and one case control analysis.5,62,124,125 Munshi included 
10 studies (RCT and observational).123 Despite differences 
in conception and in study selection, both meta-analyses 
reached similar conclusions. More important, both were 
sensitive to the statistical method. A benefit of ECLS was 
not found in the main analysis and could only be found in 
subgroup or sensitivity analyses.123,124

We repeated Zampieri’s meta-analysis with the high-
est quality evidence available and included the RCTs  
by Zapol, Morris, and Bein.2-4 In this analysis, the data 
from the CESAR study were included as presented in the 
“intention-to-treat” analysis (therefore not all patients in 
fact received ECLS), and data from a study by Noah et al. 
were added as reported by the authors in the propensity 
analysis with replacement (thereby assuring that both 
groups would be paired for illness severity).62 This analysis 
workflow maximized group balance. The random-effects 
model again showed no survival benefit with ECLS with 
an odds ratio of 0.79 (Fig. 11-1). Including the highest qual-
ity evidence (four RCTs and two case control studies), the 
survival benefit of ECLS for adults with severe respiratory 
failure remains undemonstrated.

We also performed a trial sequential analysis (TSA) to 
control for bias that could arise from multiple testing and 
to provide an estimate of the required sample size that 
would be needed to achieve a definitive answer. The same 
studies were included. RCTs were added as low risk of 
bias and observational studies were added as high risk 
of bias for this analysis. The boundaries were established 
to limit the global type 1 error to 5% and were calculated 
with the O’Brien-Fleming function, which considered a 
power of 80% to detect a 20% decrease in mortality with 
ECMO, considering a mean mortality in control patients 
of 50% (based on the pooling of all previous studies 
included). Heterogeneity correction was based on a diver-
sity meta-analysis [D2]. A D2 analysis adjusts for diver-
sity and is conceptually defined as (vR−vF)/vR, where 
vR is the total variance in the random-effects model and 
vF is the total variance in the fixed-effect model. We used 
TSA software, version 0.9 beta (http://www.ctu.dk/tsa/, 
Copenhagen Trial Unit, Copenhagen, Denmark) for this 
analysis. The information fraction was too low to assess 
futility; nevertheless, the TSA analysis highlighted that 

there is no definitive answer to this subject (the analysis 
is underpowered). Considering the proposed effect size 
estimation presented above (20% reduction in mortality, 
a very optimistic estimation), more than 1680 patients 
would be needed to be included in a controlled clinical 
trial to establish a robust conclusion.

The EOLIA trial at the time of this writing is a currently 
enrolling trial of ECLS (http://www.clinicaltrials.gov/ct2
/show/NCT01470703?term=eolia&rank=1; http://revawe
b.org/gb/etudes.php#e2). EOLIA is designed to determine 
the impact of early (immediate) initiation of ECLS with lung 
rest on survival. EOLIA has already randomized 172 of the 
220 patients needed to reach a 90% probability of stopping 
the study early, according to its sequential analytical plan 
(Alain Combes, MD, written communication, 2015). The 
ECLS group will be compared with a conventional ARDS 
management group with lung-protective ventilation plus 
all possible salvage therapies, including ECLS. EOLIA will 
improve on prior study designs with a larger sample size 
and by inclusion of a detailed lung-protective mechanical 
ventilation control arm protocol. However, crossover from 
the control arm to the intervention arm by offering ECLS as 
salvage therapy to control-arm subjects based on clinician 
judgment (Alain Combes, MD, written communication, 
2015) presents a methodological problem that will dimin-
ish the internal validity of the experimental results. In addi-
tion, reliance on clinician judgment to determine the need 
for salvage therapy is imprecise. Prediction of imminent 
death is imperfect with reported survival of approximately 
16% of patients thought unequivocally destined to die by 
all clinicians participating in direct care of ICU patients.126 
Imprecise selection of patients requiring ECLS will result 
in systematic bias and will threaten the internal validity 
of the trial results. Furthermore, internal validity should 
generally precede external validity in study sequences 
that lead to credible foundations for general clinical  
applications.14,16,20

Clinical trial evidence supporting the routine use of 
ECLS therapy for adult patients with ARDS is lacking. 
The EOLIA trial will provide a step forward in helping 
to understand the potential impact of ECLS in the man-
agement of ARDS, but it will not be conclusive based on 
the methodological issues noted previously. A carefully 
crafted multicenter trial designed to determine impor-
tant differences in outcomes other than mortality is feasi-
ble. A future efficacy trial of ECLS that uses strict patient 
selection criteria, possibly with some of the criteria in 

Figure 11-1 Meta-analysis of ECLS in severe respiratory failure including all published RCTs.

http://www.ctu.dk/tsa/
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http://revaweb.org/gb/etudes.php#e2
http://revaweb.org/gb/etudes.php#e2
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newly developed predictions scores for ECLS survival, 
such as the Respiratory Extracorporeal Membrane Oxy-
genation Survival Predication (RESP) score127 or the  
ECMOnet score,128 and the standardization of co-inter-
vention management protocols is still needed before 
widespread adoption of ECLS for respiratory distress 
can be recommended.128

CONCLUSION

ECLS is a technically demanding set of strategies capable 
of supporting life in adults with severe lung failure. In the 
hands of skilled clinicians, ECLS has become part of routine 
ARDS management. Although ECLS will likely continue to 
be applied to adults with respiratory failure, we currently 
lack the ability to consistently identify those patients who 
should receive ECLS. Until detailed and replicable meth-
ods for conducting ECLS in either clinical care or in clinical 
trials have been described, investigators cannot duplicate 
ECLS studies. There is insufficient evidence to support 
the widespread use of ECLS in adult patients with ARDS. 
The role of ECLS in the routine care of adults with ARDS 
remains unknown and ill defined.
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Acute respiratory distress syndrome (ARDS) is a com-
mon complication of critical illness or injury associated 
with significant morbidity and mortality. The pathogen-
esis of ARDS involves mechanical and inflammatory 
injury to the lungs, which causes marked derangement 
in  alveolar-capillary permeability and the passage of 
 protein-rich edema fluid into the air spaces.1,2 ARDS usu-
ally occurs in a context of uncontrolled response to local 
or systemic inflammation. The clinical pathogenesis is 
often multifactorial with complex interaction of risk fac-
tors and risk modifiers (Fig. 12-1).

PREDISPOSING CONDITIONS

Sepsis, pneumonia, and shock are the most common con-
ditions predisposing to ARDS.3,4 However, only a minority 
of these patients actually have ARDS (Fig. 12-2). Other typi-
cal predisposing conditions include aspiration, trauma, and 
massive blood product transfusion.5,6 Atypical respiratory 
infections, including viral (influenza) and fungal (Pneumocys-
tis jiroveci, Histoplasma spp., Blastomyces spp.) infections, are 
unusual but important causes of ARDS, especially in patients 
with compromised immune systems. Several emerging 
pathogens, such as severe acute respiratory syndrome, Mid-
dle East respiratory syndrome-coronavirus, and epidemic 
H1N1 influenza, also confer increased risk for ARDS.7 Addi-
tional patient risk factors include gastroesophageal reflux 
disease, chronic silent aspiration, and drug exposures.3,8

Certain host genetic variants have been associated with 
development of sepsis and ARDS.9 These abnormalities 
include mutations in the surfactant protein-B.10 Genetic 
associations have been generally difficult to replicate, and 
the role of genetic predisposition in development of ARDS 
is presently unclear.10

RISK MODIFIERS

Sepsis in alcoholics is associated with a distinctly high risk 
of ARDS. Chronic alcohol use carries a twofold to threefold 
increase in ARDS development.11,12 The exact mechanism 

of this association remains unknown, but it may be related 
to a reduction in the antioxidant capacity of the lung.12 In 
addition, acute and chronic consumption of alcohol cause 
an increase in the systemic levels of adenosine13,14 and a 
dose-dependent reduction in alveolar fluid clearance 
through stimulation of the adenosine type 1 receptor, add-
ing to the lung injury.15,16 A recent study in trauma patients 
demonstrated that the risk of ARDS increased in direct pro-
portion to the blood alcohol content.17

A history of tobacco exposure (including second-hand 
smoking) has been associated with an increased risk of 
ARDS in trauma patients.18 Another study found an inde-
pendent dose–response association between current ciga-
rette smoking and subsequent development of ARDS.19

Hypoalbuminemia is a well-known marker of acute 
or chronic illness or malnutrition and poor surgical out-
comes.20,21 It was also found to be an independent risk fac-
tor for ARDS.22 This appears to be mediated by decreases 
in plasma oncotic pressure with increased pulmonary per-
meability in the critically ill, independent of underlying 
cause and fluid status.23

Hypercapnic acidosis protects against ventilator-induced  
lung injury in several animal models of ARDS.24,25 How-
ever, low pH and, in particular, metabolic acidosis have 
been associated with increased risk of ARDS.26,27

Obesity is also an independent risk factor for the devel-
opment of ARDS.28 Although the effects of body posi-
tion and compression atelectasis may in part explain the 
observed association,2 additional mechanisms have been 
proposed. These include an imbalance between proinflam-
matory and anti-inflammatory cytokines, which increases 
lung inflammation and injury through the tumor necrosis 
factor-α and interleukin-6 pathways.29-32

Diabetes mellitus seems to be associated with a lower 
risk of ARDS in septic shock.33 Indeed, a recent meta-anal-
ysis that included a total of 12,794 adult patients suggested 
that diabetes protected against ARDS.34 Although the exact 
mechanism is not known, one possible explanation is that 
diabetic patients have impaired activation of the inflamma-
tory cascade in the lungs.35

An alternative hypothesis for ARDS pathogenesis has 
been proposed, suggesting that surfactant dysfunction 
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Figure 12-2 Predisposing factors for development of acute respiratory distress syndrome. ALI, acute lung injury. (With permission from Gajic O, 
Dabbagh O, Park PK, et al. Early identification of patients at risk of acute lung injury: evaluation of lung injury prediction score in a multicenter cohort study. 
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Figure 12-1 Illustration of interaction between risk factors and risk modifiers in the development of acute respiratory distress syndrome. ALI, 
acute lung injury; Fio2, fraction of inspired oxygen; ICU, intensive care unit; PEEP, positive end-expiratory pressure; SNP, single nucleotide poly-
morphism.
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may be a critical step in ARDS progression.36 Both spon-
taneous and mechanical hyperventilation can induce 
surfactant dysfunction, leading to higher surface ten-
sion and atelectasis. This injury is augmented by supine 
position and sedation, and this effect can be particularly 
pronounced in obese patients.2 However, trials adminis-
tering surfactant in ARDS patients did not show a mor-
tality benefit.37

RISK PREDICTION MODELS

The Lung Injury Prediction Score (LIPS) was created in 
2011 with the intent to facilitate the design and conduct 
of ARDS prevention studies.38 The model includes risk 
factors and risk modifiers present at the time of hospital 
admission, before ARDS occurs. It was later validated26 
and refined (Table 12-1). A simplified model, the Early 
Acute Lung Injury Score, predicts ARDS on the basis of 
oxygen requirement, respiratory rate, and presence of 
immunosuppression in patients with bilateral infiltrates 
on chest imaging.39

HOSPITAL-ACQUIRED EXPOSURES

Hospitalized patients are frequently exposed to various 
potentially harmful factors that may modify their risk of 
ARDS development. Compared with patients who died 
of other causes, ARDS decedents have a markedly higher 
incidence of potentially preventable adverse events (medi-
cal or surgical misadventures).40 High tidal volume ven-
tilation,41-43 high oxygen concentration,44 and plasma 
transfusion from multiparous female donors45 each have 
been implicated as iatrogenic contributors to ARDS. In sep-
tic patients, delays in fluid resuscitation and in the initia-
tion of antimicrobial treatment have also been associated 
with ARDS.46 Although lung-protective mechanical ven-
tilation is considered a standard of care for patients with 
established ARDS, recent studies suggest that its applica-
tion to all mechanically ventilated patients is safe and 
 beneficial.41-43

A large case-control study found iatrogenic risk factors 
to be significantly greater in patients with ARDS than in 
matched controls and deemed most of these factors to be 
preventable.47 Of note, in the same study, aspirin adminis-
tration appeared to be protective. The U.S. Critical Illness 
and Injury Trials Group is currently conducting a clinical 
trial that is sponsored by the National Heart, Lung, and 
Blood Institute of aspirin versus placebo in patients at high 
risk of ARDS (NCT01504867).48

Recent publications have suggested multiple potential 
strategies directed at preventing ARDS. These include 
early identification of “at-risk” patients, standardization 
of clinical practice to prevent iatrogenic injury, and early 
treatment of predisposing conditions.47,49 The Check-
list for Lung Injury Prevention (CLIP) has been devel-
oped to ensure compliance with evidence-based practice 
that may affect ARDS occurrence and is currently used 
in clinical trials of ARDS prevention.48 CLIP items 
include lung-protective mechanical ventilation, aspira-
tion precautions, early adequate antimicrobial therapy, 

restrictive fluid and transfusion management, and early 
assessment for extubation with daily awakening and 
breathing trials.

A population-based cohort study conducted in Olmsted 
County, Minnesota, reported a decrease in the incidence of 
ARDS from 82.4 cases per 100,000 person-years in 2001 to 
38.9 cases per 100,000 person-years in 2008.50 This decrease 
in ARDS incidence was observed despite a stable incidence 
of community-acquired ARDS and an increase in the pop-
ulation’s severity of illness, comorbidity burden, and pre-
disposing conditions for ARDS over the same time period. 
This decrease was attributed to the prevention strategies 
described above, including lung-protective ventilation 
strategies in all mechanically ventilated patients, restrictive 
transfusion practice, male-donor-predominant plasma, 
improved sepsis treatment, and more conservative fluid 
management.45,50,51

In addition to the aspirin administration mentioned 
previously,48 several other pharmacologic therapies for 
prevention of ARDS in patients at risk are being evaluated 

Table 12-1  LIPS Calculation Table

LIPS Points Examples

Predisposing  
conditions

(1) Patient with history 
of alcohol abuse with 
septic shock from pneu-
monia requiring Fio2 > 
0.35 in the  
emergency room:  
Sepsis + shock + pneu-
monia + alcohol abuse 
+ Fio2 > 0.35

1 + 2 + 1.5 + 1 + 2 = 7.5

Shock 2
Aspiration 2
Sepsis 1
Pneumonia 1.5

High-risk surgery*
Orthopedic spine 1
Acute abdomen 2
Cardiac 2.5
Aortic vascular 3.5

High-risk trauma (2) Motor vehicle accident 
with traumatic brain 
injury, lung contusion, 
and shock requiring 
Fio2 > 0.35

Traumatic brain injury + 
lung contusion + shock 
+ Fio2 > 0.35

2 + 1.5 + 2 + 2 = 7.5

Traumatic brain 
injury

2

Smoke inhalation 2
Near drowning 2
Lung contusion 1.5
Multiple fractures 1.5

Risk modifiers (3) Patient with history of 
diabetes mellitus and 
urosepsis with shock

1 + 2 − 1 = 2

Alcohol abuse 1
Obesity (BMI > 30) 1
Hypoalbuminemia 1
Chemotherapy 1
Fio2 > 0.35 (> 4 L/min) 2
Tachypnea (RR > 30) 1.5
SpO2 < 95% 1
Acidosis (pH < 7.35) 1.5
Diabetes mellitus† −1

BMI, body mass index; Fio2, fraction of inspired oxygen; LIPS, lung injury 
prediction score; RR, respiratory rate; SpO2, oxygen saturation by pulse 
oximetry.

*Add 1.5 points if emergency surgery.
†Only if sepsis.
With permission from Gajic O, Dabbagh O, Park PK, et al. Early identifica-

tion of patients at risk of acute lung injury: evaluation of lung injury 
prediction score in a multicenter cohort study. Am J Respir Crit Care Med. 
2011;183(4):462–470.
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in clinical studies. These include inhaled beta agonists,52 
inhaled heparin,53 inhaled steroids,54 peroxisome prolifer-
ator receptor antagonist, angiotensin inhibitors, curcumin, 
and vitamin D.55,56 Of those, only inhaled beta agonists 
have been formally evaluated in a Phase II randomized 
control trial. In 362 patients undergoing esophagectomy, 
intraoperative administration of inhaled salmeterol 
reduced several biomarkers of alveolar inflammation 
and injury and was associated with decreased incidence 
of postoperative adverse events (predominantly pneu-
monia); however, the incidence of ARDS did not differ 
between the groups.52

In conclusion, although sepsis, pneumonia, and shock 
commonly predispose patients to ARDS, many risk factors 
are modifiable. Ongoing clinical studies are evaluating var-
ious promising preventative strategies. Meanwhile, atten-
tion to best practices and avoidance of iatrogenic exposures 
is a simple and powerful strategy for reducing the burden 
of this important complication of critical illness.
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What Is the Role of Invasive 
Hemodynamic Monitoring in 
Critical Care?

Daniel De Backer

The main indications for hemodynamic monitoring in criti-
cal care are the identification of the type of shock, guidance 
of therapeutic interventions, and the cardiopulmonary 
evaluation of the patient with respiratory failure. Hemo-
dynamic monitoring techniques are classified as invasive, 
minimally invasive, and noninvasive. Invasive monitor-
ing includes the pulmonary artery catheter and transpul-
monary thermodilution techniques. Minimally invasive 
approaches include noncalibrated pulse wave analysis and 
esophageal Doppler. Noninvasive techniques comprise 
bioreactance and bioimpedance techniques, noninvasive 
pulse contour methods, and echocardiography. Although 
few data are available to demonstrate outcome benefit from 
hemodynamic monitoring,1 these techniques are widely 
used. Over the past two decades, there has been a marked 
trend in favor of less-invasive hemodynamic monitoring 
versus more traditional invasive techniques.

Echocardiography, which can be minimally invasive 
(transesophageal echo) or noninvasive (transthoracic echo), 
provides extensive hemodynamic information.2 Echocar-
diography has been recommended in the initial hours for 
the classification of shock.3,4 However, echocardiography 
outside of the operating room tends to be discontinuous 
and will not easily provide minute-to-minute response to 
fluid boluses, pressors, or inotropes during these dynamic 
changes. In addition, echocardiographic study evaluation 
requires significant bedside skills that may not be available 
around the clock.5

The information provided by noninvasive techniques is 
often limited to cardiac output and stroke volume varia-
tions, whereas invasive techniques provide additional 
information such as intravascular pressures and cardiac 
volumes. In general, the more invasive the technique in 
critical illness, the more accurate the data accrued. Accord-
ingly, the choice of the hemodynamic monitoring technique 
should not be guided only on invasiveness but should also 
take into account the accuracy of the technique and, more 
importantly, the potential interest of the additionally mea-
sured variables. The selection of a hemodynamic monitor-
ing device should clearly be individualized based on the 
patient’s circumstances4 and the skills available.

INVASIVE OR NONINVASIVE ARTERIAL 
PRESSURE MONITORING?

Arterial pressure is a key determinant of organ perfusion 
and is routinely measured in critically ill patients, either 
noninvasively or invasively. Noninvasive blood pressure 
measurement may be inaccurate in critical illness, par-
ticularly in patients with shock, when accuracy of mea-
surements is particularly important.6 As an example, an 
overestimation of 5 to 10 mm Hg will have minimal effect on 
patient management if real mean arterial pressure is 80 mm 
Hg, but it could have important consequences if mean arte-
rial pressure is 55 mm Hg. Consequently, invasive arterial 
pressure monitoring is recommended in patients with cir-
culatory failure.3

CENTRAL VENOUS PRESSURE AND 
CENTRAL VENOUS OXYGEN SATURATION

Central venous access is often required for the care of 
critically ill patients, especially when in shock, and the 
measurements of central venous pressure (CVP) and oxy-
gen saturation can provide important information on the 
hemodynamic state.

However, CVP is an unreliable measure of cardiac func-
tion and volume status because of, among other things, 
changes in intrathoracic pressure. A very high CVP may 
reflect impaired cardiac function (biventricular or right 
heart), hypervolemia, or tamponade. A low CVP may sug-
gest hypovolemia, but it can be misleading in patients with 
isolated left heart dysfunction. Importantly, the measured 
CVP is strongly affected by intrathoracic pressures; thus, 
it may overestimate the true CVP (transmural CVP) in 
patients undergoing mechanic ventilation, severely limit-
ing the capacity of CVP to evaluate preload responsiveness 
and even cardiac function. Nevertheless, it does reflect the 
backpressure of the venous system and hence the driving 
force for tissue edema.

Measurement of central venous oxygen saturation 
(ScvO2) provides information on the adequacy of oxygen 

13
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transport and hence cardiac output. A low ScvO2, suggestive 
of excessive oxygen extraction per unit blood, may repre-
sent low or inadequate cardiac output, anemia, hypoxemia, 
agitation, or a combination of all of these factors.

In patients with septic shock, hemodynamic optimi-
zation based on these variables has been proposed to 
improve outcome. In a pivotal trial, the Rivers study, early 
goal-directed therapy (EGDT) based on CVP and ScvO2 
was associated with a marked reduction in mortality.7 
Two more recent trials, ProCESS (Protocolized Care for 
Early Septic Shock) and ARISE (Australasian Resuscita-
tion in Sepsis Evaluation), each including several thousand 
patients, failed to confirm these results.8,9 Several factors 
may explain this. At inclusion, ScvO2 was close to 50% 
in both groups in the Rivers trial, whereas, by the time of 
inclusion, it was already reaching the goals (70%) in Pro-
CESS and ARISE. This likely represents lead-time bias—
patients had been preresuscitated before inclusion, and if 
the main variable to correct is already within target values, 
then minimal effect is to be expected from the intervention.

In the ARISE trial, 78% of the patients reached the 
ScvO2 goal at inclusion, and this proportion increased 
to only 82%,9 illustrating that the studied interventions 
mostly failed to improve the monitored variable. Second, 
the recruitment rate was much lower in the ARISE and 
ProCESS trials (1 and 0.5 patients per center per month, 
respectively), whereas it was 8 patients/month in the sin-
gle-center trial. This may have resulted in selection bias 
toward less severe patients, which might be reflected by 
the very low mortality in these trials. This does not alter the 
conclusions of these trials, but it does limit external valid-
ity. Finally, in ARISE and ProCESS, the control groups were 
essentially resuscitated by the time of inclusion as a direct 
consequence of care standards that evolved after the Rivers 
trial.7 This is reflected by the large amount of fluid admin-
istered and short delay to receiving appropriate antibiot-
ics, two of the pillars of the Surviving Sepsis Guidelines.10 
Implementation and compliance with these guidelines 
is associated with decreased mortality rates compared 
with more traditional standards of care.11 Of note, several 
“before-and-after” trials that seemed to confirm these data 
suggested an outcome advantage for EGDT, and a recent 
meta-analysis taking into account these observational trials 
and one of the recent multicentric randomized trials12 also 
suggested that EGDT may be associated with an improved 
outcome. Thus, the actual conclusions from these trials is 
that protocolized EGDT may not offer survival benefit in 
all patients with septic shock, but that hemodynamic opti-
mization based on ScvO2 may still be justified in the most 
severe patients presenting with an altered ScvO2.

PULMONARY ARTERY CATHETER

The pulmonary artery catheter (PAC), although invasive, 
provides quasi-continuous information on cardiovascular 
status. The PAC measures three types of variables: intra-
vascular/intrachamber pressures, cardiac output, and 
mixed-venous blood gases.

Measurements of pulmonary artery pressure are 
undoubtedly useful in cases of right ventricular dysfunc-
tion in which evaluation of the right ventricular after-
load is crucial for diagnosis and therapeutics.13 With the 

exception of echocardiography, none of the noninvasive 
techniques can determine pulmonary artery pressure at 
the bedside. Measurements of pulmonary artery occlu-
sion or “wedge” pressure (PAOP [or PAWP]) may aid in 
the diagnosis of left ventricular dysfunction and guiding 
fluid management. In addition, the PAOP provides infor-
mation on lung hydrostatic pressure; thus, it may be used 
to characterize the risk of cardiogenic pulmonary edema. 
Cardiac output is measured intermittently by manual 
injection of a cold bolus or automatically using a semi-
continuous system. Several cardiac output measurements 
are averaged, and rapid changes cannot be detected, 
even with the semicontinuous method. Thermodilution 
reliably measures cardiac output, except in severe tricus-
pid regurgitation or intracardiac shunt. At high cardiac 
output, the precision of semicontinuous cardiac output 
measurements is lower than that of classic thermodilu-
tion,14 but this has often minor consequences on patient 
management.

Measurement of cardiac output is useful for diagnosing 
the type of shock and evaluating the effect of therapies.3 
Finally, each hemodynamic evaluation can be accompa-
nied by measurement of mixed venous oxygen saturation 
(SvO2), which enables the interpretation of the cardiac out-
put by comparing oxygen transport with oxygen consump-
tion. Although related, SvO2 differs from ScvO2. SvO2 
represents the venous blood collected from all parts of the 
body, whereas ScvO2 represents only the blood drained 
from the upper part of the body. As such, SvO2 is a superior 
measure of global oxygen dynamics.

What is the impact of use of the PAC on outcome? 
Observational trials demonstrate that the use of the PAC 
allows more accurate determination of the hemodynamic 
state than clinic evaluation, is associated with significant 
changes in therapy, and may be associated with improved 
outcome.15 On the other hand, several randomized studies 
failed to demonstrate improved outcomes associated with 
its use in intensive care unit (ICU) patients with various 
medical conditions.16-20 Several factors may explain these 
findings. One argument is that the mechanic complication 
rate of PACs is so high that it outweighs its potential ben-
efits. However, there were no statistically significant differ-
ences in such complications in those studies. In addition, 
perioperative studies of hemodynamic optimization with 
the PAC have demonstrated reduced perioperative com-
plications21 and improved survival,22 suggesting that, in a 
broad context, the device is safe.

A more likely explanation is that many physicians fail 
to adequately interpret the data obtained in the complex 
situations that arise in critically ill patients,23,24 resulting in 
incorrect decisions. Most of the trials with the PAC in crit-
ical care patients did not use decision-support algorithms. 
Interestingly, the addition of echocardiographic data does 
not necessarily improve the interpretation of the data,25 
suggesting that the physicians are more at fault than the 
monitoring device.26 Another factor is that the patients 
included in these trials were highly selected. In the Fluids 
and Catheters Treatment Trial, the number of patients not 
included, because they were already monitored by a PAC 
at the time of screening, was twice the number of patients 
randomized, suggesting that the most severely ill patients 
(in whom information was deemed more valuable) were 
not included.27 This high rate of exclusion may bias the 
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results of these trials.28 Investigators did not include 
patients with cardiogenic shock because they were sicker, 
were being managed with a PAC for other reasons, and 
had significantly higher mortality rates than the patients 
included in the trial.29

As a result of these negative trials and because of the 
wide availability of alternative techniques, the use of the 
PAC has decreased over time30 and has probably been 
abandoned altogether by many clinicians. However, it is 
worth arguing that the PAC remains a useful device in 
select patients in the ICU, and medical and nursing staff 
should be familiar with insertion, setup, and monitoring 
techniques.

TRANSPULMONARY THERMODILUTION 
AND PULSE WAVE ANALYSIS

A widely used alternative to the PAC is the transpulmo-
nary thermodilution technique coupled with pulse wave 
analysis (peripherally inserted continuous cardiac output). 
This is a minimally invasive technique that still requires 
placement of arterial and central venous lines. Transpul-
monary thermodilution is used principally for the cali-
bration of pulse-wave-derived continuous cardiac output 
measurement.

Stroke volume can be estimated from an arterial pres-
sure waveform. Calibration with transpulmonary ther-
modilution is used to capture differences in arterial 
compliance and vascular tone from one patient to another 
and from one time to another in a given patient.31,32 The 
accuracy of pulse wave analysis is highly dependent on the 
delay between two calibrations. Any change in vascular 
tone can significantly alter the precision of these devices33 
and should prompt recalibration. Devices that use autocali-
bration now allow reliable measurements even in patients 
with septic shock,14 but they still lack the additional cardiac 
function and volumetric measurements.

Transpulmonary thermodilution requires the use of a 
modified arterial catheter equipped with a thermistor. This 
catheter is inserted in the femoral artery. The thermodilu-
tion curve can be determined using a modified proprietary 
algorithm. Cardiac output is determined by the area under 
the curve as in standard thermodilution. Transpulmonary 
thermodilution is slightly less sensitive to valvular regurgi-
tation than right-sided thermodilution.

A further useful aspect of transpulmonary thermodi-
lution is that it also allows the measurement of extravas-
cular lung water (EVLWI) and of the volumes of cardiac 
chambers (global end-diastolic volume index [GEDVI]) 
on the basis of the curve characteristics and loss of ther-
mal indicator. GEDVI is an index of preload. Volumetric 
indices may perform better than pressures in patients 
with raised intrathoracic or intra-abdominal pressures 
or with decreased left ventricular compliance. EVLWI 
reflects the degree of pulmonary edema, whatever its 
cause, and may predict adverse outcomes.34 Both indi-
ces are useful in establishing the diagnosis and to guide 
fluid management. Given the additional value of volu-
metric measurements, transpulmonary thermodilution 
should be considered as an integral part of hemodynamic 
assessment (diagnostic purposes as well as evaluation of 
response to therapy).

Cardiac function index (CFI) is a derived parameter 
calculated as cardiac index divided by GEDVI. In patients 
with cardiogenic shock, CFI reflects left ventricular ejec-
tion fraction,35,36 provided that right ventricular func-
tion is maintained.36 It has been proposed as a substitute 
to the PAC to identify myocardial depression in septic 
patients.35

Complications related to hemodynamic monitoring 
with transpulmonary thermodilution are relatively minor 
and related to arterial and central venous catheterization 
(local bleeding and infections).37 To date, no study has 
compared vascular complications from PAC with that of 
transpulmonary thermodilution and pulse wave analysis 
(TTPWA).

HEMODYNAMIC OPTIMIZATION WITH 
PULMONARY ARTERY CATHETERS OR 
TRANSPULMONARY THERMODILUTION

On the basis of the principles of determination of adequacy 
of cardiac output, preload responsiveness, and cardiac 
function, several trials have evaluated the effect of hemo-
dynamic optimization on outcome.22,38-41 In general, these 
devices perform better in the controlled perioperative 
arena, rather than in the chaotic intensive care setting.

Perioperative optimization with the PAC resulted in 
decreased perioperative complications21 and improved 
survival rate.22 Transpulmonary thermodilution can also 
be used for this purpose, also resulting in a decreased inci-
dence of perioperative complications.38,42

In critical illness, there is little evidence that measure-
ment of transpulmonary thermodilution improves out-
come. In patients with cardiogenic shock after cardiac 
arrest, hemodynamic monitoring with transpulmonary 
thermodilution was associated with higher fluid intake in 
the first 24 hours and resulted in a lower incidence of acute 
kidney injury compared with CVP and arterial pressure 
monitoring.41 In patients with Tako Tsubo cardiomyopa-
thy related to subarachnoid hemorrhage, a CFI below 4.2 
per minute was predictive of an impaired ejection fraction 
and impaired 3-month neurologic outcome.39 Patients with 
poor neurologic outcome also had high values of EVLWI. 
In a randomized trial, these authors reported that hemo-
dynamic resuscitation targeted on transpulmonary ther-
modilution indices was associated with better long-term 
neurologic outcome in patients with high-grade subarach-
noid hemorrhage.40

There are few data comparing PAC and TTPWA. A 
small-sized randomized trial directly comparing the two 
techniques, pressure-guided resuscitation compared with 
volumetric variables, resulted in a shorter duration of 
mechanic ventilation in shock patients with impaired car-
diac function, but not in patients with preserved cardiac 
function, whereas survival rate was not affected in either 
group.43

CONCLUSION

Invasive hemodynamic evaluation is widely used in 
critically ill patients. The PAC and TTPWA are probably 
the most widely used devices. No large-scale trial has 
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demonstrated improved outcomes with these techniques 
in critical care. Basic hemodynamic monitoring may be suf-
ficient in simple cases, but invasive monitoring may be of 
value in complex cases.
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AUTHORS’ RECOMMENDATIONS

 •  The use of invasive hemodynamic monitoring with PAC or 
transpulmonary thermodilution provides important informa-
tion on the hemodynamic condition of the patient, on the type 
of shock, and on the response to therapy.

 •  Large-scale randomized trials failed to demonstrate benefit 
with the use of invasive hemodynamic monitoring in critical 
care.

 •  Trials of pulmonary artery catheterization did not use specific 
protocols for hemodynamic management or ensure that physi-
cians using these devices were appropriately trained in their 
use.

 •  Trials show that pulmonary artery catheterization is safe.
 •  The use of invasive techniques should be limited to selected 

patients, especially in those with comorbidities, complex hemo-
dynamic conditions, or multiple organ dysfunction.
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Does the Use of 
Echocardiography Aid in the 
Management of the Critically Ill?

Sara Nikravan,  Andrew J. Patterson

Rapidly identifying causes of hemodynamic instability 
is essential during the care of critically ill patients. Cen-
tral venous pressure catheters, pulse pressure variability 
devices, and transesophageal echocardiograms are com-
monly used in the intensive care unit (ICU) for evaluation 
of hemodynamic status.1,2 During the past 5 years, focused 
bedside transthoracic echocardiography (F-TTE) has 
emerged as an alternative. A primary advantage of F-TTE 
is that it can be easily performed by noncardiologists.1-3 
The purpose of this chapter is to highlight the evidence 
supporting its utility.

HISTORY

The first F-TTE examination for use by noncardiologists 
was proposed in 1989.4 Described as the Focused Assessed 
Transthoracic Echocardiography (FATE) examination, it 
was intended to quickly answer specific clinic questions 
about cardiopulmonary status1,3,5 and exclude obvious dis-
ease. Emphasis was placed on ventricle wall thickness and 
chamber dimensions, ventricle contractility, and visualiza-
tion of the pleura on both sides.4 Initially, four scanning 
positions were highlighted: the subcostal view, the apical 
view, the parasternal views (both long and short), and a 
pleural view. The FATE examination evolved to include 
five basic views: parasternal long axis, parasternal short 
axis (across the aortic valve, mitral valve, and left ventricle 
at the level of the papillary muscles), apical four chamber, 
subcostal four chamber, and subcostal inferior vena cava 
(IVC).6

When used to answer specific questions about potential 
cardiac causes of nontraumatic symptomatic hypotension, 
F-TTE performed by noncardiologists has demonstrated 
utility in the ICU.7,8 The speed with which assessments can 
be made and the diagnostic accuracy compared with more 
invasive techniques are two recognized benefits.7,9-11 F-TTE 
has also been shown to be useful in the diagnosis and 
management of pulmonary embolism, septic cardiomy-
opathy, cardiac tamponade, myocardial infarction, global 

left ventricular (LV) dysfunction, aortic root dilation and 
dissection, right ventricular (RV) dysfunction and dilation, 
and valvular disease.1,4,5,12-15

Three consensus statements with regard to the use of 
F-TTE by noncardiologists have been published by (1) 
the American College of Chest Physicians (ACCP), (2) the 
American Society of Echocardiography (ASE), and (3) the 
American College of Emergency Physicians (ACEP).5,16 
Both the ASE and ACEP define the role of F-TTE as a time-
sensitive assessment tool for the symptomatic patient, pri-
marily for evaluation of global cardiac function, relative 
chamber size, volume status, and assessment of pericardial 
effusion. They emphasize that although other pathologic 
conditions (e.g., regional wall motion abnormalities, aor-
tic dissection, cardiac masses or thrombus, valvulopathies) 
may be visualized, formal echocardiography or cardiology 
consultation should be obtained if these abnormalities are 
suspected.3,5

F-TTE DURING CARDIOPULMONARY 
ARREST

F-TTE may be of value during the management of car-
diac arrest for diagnosis, treatment, and prognostication. 
For instance, Oren-Grinberg and colleagues1 published a 
case reporting visualization of a large clot in transit with 
handheld echocardiography during a cardiac arrest. This 
finding informed the clinicians with regard to the cause 
of hemodynamic instability in their patient and prompted 
administration of thrombolytics. Clinicians have described 
the effectiveness of F-TTE in differentiating between true 
pulseless electric activity (PEA) and pseudo-PEA. In addi-
tion to helping to guide management, this differentiation 
can ultimately assist in outcome prognostication because 
patients with pseudo-PEA tend to have a higher survival 
rate than those in true PEA.12,17 Consequently, F-TTE in 
resuscitation examination has been incorporated into the 
adult advanced life support algorithm during pulse checks, 
thus minimizing interruptions in chest compressions.12

14
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F-TTE IN TRAUMA AND THE SURGICAL ICU

Rapid volume assessment and goal-directed resuscitation 
are essential elements in the initial management of trauma 
patients. The BEAT (Bedside Echocardiographic Assess-
ment in Trauma/Critical Care) examination was devel-
oped in 2008. It has been validated for the assessment of 
cardiac function and preload during trauma care.18 During 
this examination, an IVC collapsibility index is used to dis-
tinguish patients who will likely respond to fluid resuscita-
tion from those who will not. BEAT has been shown to be 
most effective at the extremes of volume status.2,19,20

Obtaining adequate subcostal views of the IVC can be 
challenging in trauma patients because of abdominal inju-
ries, drains, tubes, and/or bandages.2,18 Tissue-Doppler 
imaging of the tricuspid valve from the apical four-chamber 
view with F-TTE shows promise as an alternative method 
for volume assessment in the patient with such barriers.13

The utility of F-TTE has also been demonstrated in 
patients with penetrating and blunt trauma, improving out-
comes by decreasing the time required to accurately diag-
nose and treat traumatic cardiac and thoracic injury.5,21,22

F-TTE IN THE POSTCARDIAC  
SURGERY PATIENT

F-TTE has not been shown to be consistently helpful in 
the postcardiac surgery patient population. These patients 
typically have chest incisions, bandages, and chest tubes 
that make examinations technically difficult. For example, 
Price and colleagues23 reviewed prospectively collected 
data on postoperative patients after cardiac surgery for 
the diagnosis of tamponade with F-TTE. They found that 
when cardiac tamponade occurred less than 72 hours after 
surgery, F-TTE failed to visualize up to 60% of the pericar-
dial fluid collections. They noted that when occurring so 
acutely after surgery, these pericardial effusions were small 
and localized and did not result in the typical echocardio-
graphic findings of “tamponade.” F-TTE was more effec-
tive in the diagnosis of late tamponade (>72 hours).

Handheld bedside ultrasound may be of some utility in 
the cardiac surgery patient population for the early diagno-
sis of pleural effusions, facilitating interventions at a lower 
cost and without reexposure to radiation.24 In addition, 
when pleural or pericardial effusions have been diagnosed, 
ultrasound is helpful in guiding emergency interventions 
at the bedside.5,25

TRAINING

No formalized program has been uniformly accepted 
for the training of noncardiologists in F-TTE. Numerous 
studies have corroborated that the learning curve is steep 
and that with a combination of didactics and hands-on 
exercises, the noncardiologist can become proficient.5,6,26 
For instance, Beraud and colleagues6 published an assess-
ment of proficiency among critical care medicine fellows, 
at Stanford University, after implementation of a struc-
tured handheld ultrasound curriculum. All of the trainees 

had completed a residency in anesthesiology, internal 
medicine, emergency medicine, or both internal and 
emergency medicine before fellowship. With an average  
of 8 hours of didactics, 15 hours of bedside instruction, 
and 30 proctored examinations, the fellows at Stanford 
were able to obtain adequate imaging and accurately 
diagnose asystole, LV dysfunction, RV dilation and dys-
function, pericardial effusion, and a normal heart in a 
patient with poor thoracic windows in less than 2 minutes 
as compared with experts who reached a diagnosis in less 
than 30 seconds.

THE FUTURE

There is now an abundance of data supporting the use of 
F-TTE by noncardiologists in high-acuity clinic settings, 
including the emergency room and the ICU. However, to 
date, no randomized controlled trial has compared F-TTE 
with alternative approaches. It is likely that F-TTE will be 
embraced into critical care in the belief that additional infor-
mation will translate into improved outcomes, as was the 
case with the previous generation of monitoring devices. 
In the future, training standards are likely to be formalized 
and certifications of proficiency offered by national societ-
ies and boards. In addition, medical schools are likely to 
incorporate ultrasound training into their curricula. The 
optimal blend of didactic, bedside, and problem-based 
learning may depend on the education level of trainees and 
the intended purpose for the use of F-TTE.

CASE SCENARIOS

Below are examples of how F-TTE findings can be used to 
guide therapy.

Case Stem

A 68-year-old male is admitted to the ICU for persistent hypoten-
sion despite 3 L intravenous fluids and escalating doses of dopamine. 
His wife reports a past medical history positive for hypertension and 
prostate cancer. He underwent prostatectomy 5 years ago.

Vital Signs: Blood pressure 82/38 mm Hg, heart rate 121 
beats/min, hemoglobin saturation in blood (SpO2) 95% on 5 L 
nasal cannula O2, temperature 38.3° C.

Electrocardiogram: Sinus tachycardia, no evidence of ST or T 
wave abnormalities.

Urinalysis (UA): 2 + leukocyte esterase, 0 nitrites, 6 to 10 
white blood cells, moderate bacteria.

Renal function abnormal with creatinine elevated from base-
line. Broad-spectrum antibiotics have been administered for pre-
sumed urosepsis and septic shock.

Scenario 1

The ICU physician performs F-TTE on the patient’s arrival 
to the ICU and observes the following (Fig. 14-1):

Scenario 2

The ICU physician performs F-TTE upon the patient’s 
arrival to the ICU and observes the following (Fig. 14-2):
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Scenario 3

The ICU physician performs F-TTE on the patient’s arrival 
to the ICU and observes the following (Fig. 14-3):

In the first scenario, a calcified and stenotic mitral 
valve is visualized. The correct interventions would 
be to discontinue dopamine, initiate norepinephrine 
for blood pressure support, continue intravenous fluid 
resuscitation, and await formal echocardiography for 
confirmation.

In the second scenario, septic cardiomyopathy is noted 
with both LV and RV dysfunction. The correct intervention 
would be to change the dopamine infusion to epinephrine 
to provide greater inotropic support.

In the third scenario, a large pericardial effusion is 
noted. Closer evaluation reveals collapse of the right 
atrium during diastole, an echocardiographic sign suggest-
ing tamponade physiology. Given the clinic presentation 
and F-TTE findings, the clinical team should administer 
intravenous fluids, discontinue dopamine, and perform 
pericardial drainage. The ultrasound probe could be used 
to guide the pericardiocentesis.
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Figure 14-1 Apical four-chamber view.
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chamber view in systole.

Figure 14-3 Apical four-chamber view.

AUTHORS’ RECOMMENDATIONS

 •  F-TTE is a valuable tool in the assessment of hypotension in 
medical and surgical ICUs.

 •  F-TTE is less effective immediately after cardiac surgery.
 •  F-TTE may be of value during cardiac arrest to distinguish 

between PEA and pseudo-PEA.
 •  F-TTE should be a core competence for graduates of critical 

care training programs.
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How Do I Manage Hemodynamic 
Decompensation in a Critically Ill 
Patient?

Allison Dalton, Michael O’Connor

The ability to evaluate and manage a critically ill patient 
is one of the most important skills any intensivist brings 
to the bedside. Patients already resident in the intensive 
care unit (ICU) can decompensate because of any of sev-
eral causes; thus, the differential diagnosis is broader than 
it is in less complex patients. Appropriate management is 
dependent on correct identification of the cause or causes 
of decompensation. The classes of shock are cardiogenic, 
hypovolemic (e.g., hemorrhagic), vasodilatory (e.g., sep-
tic, adrenal insufficiency, anaphylaxis), or obstructive (e.g., 
tension pneumothorax, cardiac tamponade).1

The goal of evaluating circulation is ultimately to deter-
mine whether the patient has adequate end-organ perfu-
sion. Clinically, mental status and urine output are widely 
accepted as the most reliable indicators of adequate end-
organ perfusion, but they may not be readily assessed in 
a substantial percentage of critically ill patients. Signs of 
hypoperfusion may include tachycardia, tachypnea, low 
mean blood pressure, and low urine output. Encephalop-
athy, a marker for cerebral perfusion, is also a predictor 
for higher mortality when associated with hemodynamic 
instability.2

TARGETS OF TREATMENT

Mean arterial blood pressure is a primary indicator of 
hemodynamic instability. End-organ perfusion is main-
tained over a wide range of mean arterial pressures (MAPs) 
because of autoregulation.3 In patients with chronic hyper-
tension, the autoregulation curve is shifted to the right, 
indicating that these patients require higher MAPs to 
achieve adequate end-organ perfusion.4 Because of its close 
association with sufficient perfusion, MAP goals become a 
target for the initial resuscitation efforts in shock. Recent 
literature suggests that a MAP of 65 mm Hg is sufficient for 
patients with septic shock and is generally associated with 
good outcomes in critically ill patients.5,6

Mixed venous or central venous oxygen saturation or 
content can be reliably used to make inferences about the 
balance of oxygen delivery to the peripheral tissues and 
oxygen uptake by them. Mixed venous oxygen saturation 

(SvO2) is measured from the pulmonary arterial port of 
a pulmonary artery catheter. For patients without pul-
monary artery access, central venous oxygen saturation 
(ScvO2) is often used as an alternative. ScvO2 is typically 
measured from a central line placed within the superior 
vena cava. Multiple studies have revealed variable correla-
tion between SvO2 and ScvO2.7-9 However, Chawla et al.10 
found that ScvO2 drawn from a port within the right atrium 
had good correlation with SvO2, although there was a bias 
toward ScvO2 being 5.2% higher than the SvO2. This dif-
ference can be explained by the addition of blood from the 
coronary sinus, which drains the high oxygen extraction 
system of the heart, into the measurement of SvO2 but not 
the ScvO2. Multiple studies focused in goal-directed resus-
citation have used ScvO2 to determine if fluid administra-
tion is sufficient.11-13 A ScvO2 greater than 70%14 is common 
in resuscitation algorithms and may improve outcomes.12,13

IS THIS HYPOVOLEMIA? IS THE PATIENT 
VOLUME RESPONSIVE?

Hypovolemic shock, when recognized, is readily treatable, 
which makes recognition imperative. Because only approx-
imately 50% of patients in shock will respond to a volume 
challenge, it is important to determine which patients will 
benefit from volume infusion.15 Hemodynamic parameters 
may be used to predict fluid responsiveness. There is essen-
tially no evidence that traditional measures, such as central 
venous pressure (CVP) and pulmonary artery occlusion 
pressure predict volume responsiveness.15-18

Systolic Pressure Variation and Pulse Pressure 
Variation

Dynamic parameters, namely systolic pressure variation 
(SPV) and pulse pressure variation (PPV), are superior to all 
alternatives in making inference about volume responsive-
ness.17-20 These methods assess the variation in the blood 
pressure components caused by cyclic increases in intra-
thoracic pressure by positive pressure mechanic ventila-
tion. Increased intrathoracic pressure will cause increase in 

15
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stroke volume as well as systolic and pulse pressures early 
in mechanic inspiration secondary to a transient increase 
in left ventricular (LV) end diastolic volume, decrease in 
afterload, and decrease in right ventricular (RV) volume.21 
This increase in systolic pressure is termed delta up (dUp). 
Immediately after, the sustained intrathoracic pressure 
decreases RV preload, and increased transpulmonary pres-
sures during this phase of mechanic inspiration result in 
elevated RV afterload.17 The combination of reduction in 
RV preload and increase in RV afterload leads to decreased 
RV stroke volume, which leads to decreased LV preload 
and stroke volume.17 This decrease in systolic pressure is 
termed delta down (dDown). SPV is defined as the dif-
ference between dUp and dDown within one mechanic 
breath.22 dDown has independently been shown to predict 
whether a patient will be volume responsive.23,24

There are disadvantages to the use of SPV and PPV. The 
patient must be in sinus rhythm to interpret the dynamic 
data.25 Although PPV and LV stroke volume are tightly 
coupled in mechanically ventilated patients, PPV has 
been regarded as less reliable in spontaneously breathing 
patients.26,27 Recent literature suggests that PPV and SPV 
may also be of value in predicting volume responsiveness 
in spontaneously breathing patients and are likely supe-
rior to all other techniques. Hong et al.28 studied a group 
of nonintubated adult patients undergoing elective tho-
racic surgery. The patients were instructed to breathe in 
a pattern of forced inspiration followed by slow, passive 
expiration. The authors found that forced inspiration dur-
ing spontaneous breathing can predict fluid responsive-
ness with a PPV threshold of 13.7% with an area under 
the curve of 0.910 (95% confidence interval 0.806–0.969, 
P < 0.0001).28 In comparison, PPV in tidal breathing failed 
to accurately predict volume responsiveness in these 
patients.

Inferior Vena Cava Collapsibility on Ultrasound

Bedside ultrasound of the inferior vena cava (IVC) is an 
alternative means for assessing volume responsiveness. 
The advantages of bedside ultrasound include its nonin-
vasive nature and easy availability.29,30 Measurement of the 
dynamic change in the diameter of the IVC with the respi-
ratory cycle has been shown to be a means to determin-
ing whether a patient will respond to a fluid challenge.31,32 
Because the IVC does not have the same compensatory 
vasoconstriction to volume loss, it may better reflect a 
patient’s volume status than arterial measures such as 
blood pressure, pulse rate, and aortic diameter.33 Although 
the performance of IVC ultrasound is better in mechani-
cally ventilated patients than in spontaneously breath-
ing patients, its performance in either context is adequate 
(sensitivity 0.81 vs. 0.7 and specificity 0.87 vs. 0.85, respec-
tively).32 Similar to the PPV/SPV literature, it is likely that 
uncontrolled spontaneous ventilation may result in vari-
able and inconsistent changes in intrathoracic pressure, 
leading to less consistent changes in IVC diameter.32 In a 
meta-analysis of spontaneously breathing patients, Dipti 
et al.33 found that the maximal IVC diameter during exha-
lation was significantly lower in those who were hypovo-
lemic as compared with those who were determined to be 
euvolemic.

Passive Leg Raise

Passive leg raise predicts the volume responsiveness of 
patients with shock. For this maneuver to be performed, 
the patient is placed in the supine position and bilateral 
lower extremities are raised to a 45-degree angle. Passive 
leg raise is correlated with increases in pulmonary artery 
occlusion pressure and end-diastolic dimension.34,35 Mon-
net et al.36 revealed passive leg raise to be the equivalent 
of a 500-cc fluid challenge. Importantly, passive leg raise 
is effective in determining fluid responsiveness in car-
diac arrhythmias and in patients who are spontaneously 
breathing.36 An algorithm for assessing volume respon-
siveness appears in Figure 15-1.

In recent years, a series of studies have been published 
that have measured the mean systemic pressure in hypo-
tensive patients, and they have shown that it reliably pre-
dicts volume responsiveness. If these observations are 
replicated and instruments that can be used to measure this 
become available in clinic practice, then it is possible that 
determination of the mean systemic pressure may become 
the gold standard for making inferences about volume sta-
tus and volume responsiveness.37,38

Treating Hypovolemic Shock

There is no consensus on what fluids should be used to 
treat hypovolemic shock, although there is growing con-
sensus that lower-sodium crystalloid solutions are supe-
rior to normal saline.39-42 The surviving sepsis guidelines 
recommend initial resuscitation with crystalloid because it 
is less expensive than albumin.43 More recent analysis sug-
gests that resuscitation with albumin may have some out-
come benefit in sepsis,44 particularly in its most severe form 
(Albios Study, supplementary material).45 Hydroxyethyl 
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Figure 15-1. An algorithm for determining volume responsiveness 
in the shock state: PPV/SPV17-20; PPV/SPV28; IVC ultrasound31,32; and 
leg lift34-36. HR, heart rate; IVC, inferior vena cava; PPV, pulse pressure 
variation; RR, respiratory rate; SPV, systolic pressure variation.
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starches should be avoided because of a link to increased 
need for renal replacement therapy and mortality when 
used in septic shock.46,47 Although many experts continue 
to recommend volume resuscitation to a CVP endpoint,  
clinic endpoints (mental status, urine volume), MAP, lac-
tate levels, and mixed/central venous saturations are likely 
more valid endpoints.15,43

IS THIS SEPTIC SHOCK?

Septic shock is caused by infection/inflammation and man-
ifests as decreased vascular tone, resulting in hypotension 
and redistribution of blood flow. Surviving sepsis guide-
lines recommend a protocol driven by early resuscitation 
at the earliest sign of hypoperfusion.43,48 Because elevated 
lactate is an independent marker of morbidity and mortal-
ity,49-51 experts also recommend normalization of lactate 
levels as a marker of normalization of tissue perfusion. 
Jansen et al.12 incorporated a normalization of lactate algo-
rithm for the management of patients with sepsis. Jansen’s 
study, protocol-driven normalization of lactate, resulted in 
a significant reduction in ICU length of stay and ICU and 
hospital mortality in the treatment group.12

Prompt administration of appropriate antibiotics after 
the diagnosis of septic shock is imperative to improving 
outcomes. Broad-spectrum empiric antibiotics should be 
given within the first hour of recognition of sepsis or septic 
shock.43 Every hour of delay in administration of antibiotics 
increases mortality in septic shock.52,53 Empirically adminis-
tered antibiotics should provide coverage for infection with 
gram-positive, gram-negative, and anaerobic bacteria, and 
it may include fungal and viral coverage in some patients.52 
Source control with diagnosis of a specific infectious source 
and subsequent intervention should be performed.

Septic patients who have been adequately volume 
resuscitated may require therapy with vasoactive drugs to 
achieve adequate blood pressure and vital organ perfusion. 
The goal of the addition of vasopressors (e.g., norepineph-
rine) is not solely to increase MAP to a target of 65 mm Hg 
but also to obtain acceptable end-organ perfusion.

Norepinephrine and vasopressin can be used to support 
the circulation of septic patients.54 The VASST (Vasopres-
sin and Septic Shock Trial) demonstrated a survival benefit 
in a subgroup of patients requiring less than 15 μg/min of 
norepinephrine with the addition of vasopressin.54 If end-
organ perfusion remains insufficient despite sufficient vol-
ume resuscitation and adequate MAP, then inotropes (i.e., 
dobutamine) may be added to increase cardiac output.55

IS THIS OBSTRUCTIVE SHOCK?

The evaluation of a patient for cardiogenic or obstructive 
shock requires the concurrent or sequential completion of 
several diagnostic evaluations in short order. These include 
the inspection of ventilator flow waveforms for the pres-
ence of auto-positive end-expiratory pressure (PEEP), chest 
radiography or ultrasonography to assess for the pres-
ence of tension pneumothorax, measurement of bladder 
pressures in patients with a tense or distended abdomen 
to evaluate for abdominal compartment syndrome, and 

finally the performance of echocardiography (e.g., FOCUS 
[focused cardiac ultrasound] examination or FATE [focused 
assessed transthoracic echocardiography]) to evaluate the 
patient for cardiogenic shock and tamponade.

Abdominal Compartment Syndrome

Cardiogenic and obstructive shock are important causes 
of hypotension, and patients who have neither hypovole-
mic nor septic shock will need to be evaluated for these. 
Obstructive shock can be pericardial, thoracic, or abdomi-
nal in origin. Intra-abdominal hypertension is the result of 
diminished abdominal wall compliance, increased intra-
luminal contents, increased intra-abdominal contents, 
or capillary leak/fluid resuscitation. Intra- abdominal 
hypertension progresses to abdominal compartment syn-
drome when the compartment pressure is greater than  
25 mm Hg, at which point the transmitted pressure affects 
cardiac, pulmonary, and renal functions as well as cere-
brospinal pressure.56,57 Patients in the intensive care set-
ting have multiple risk factors for the development of 
intra-abdominal hypertension, including abdominal 
surgery, trauma, burns, ileus, acute pancreatitis, intra-
abdominal infections/abscesses, intraperitoneal fluid 
(ascites, hemoperitoneum), sepsis, acidosis, and massive 
fluid resuscitation. High peak airway pressures on the 
ventilator can be a trigger to consider increased abdomi-
nal pressures. At present, assessment of bladder pressures 
is the gold standard of measurement for abdominal com-
partment syndrome.58 If abdominal compartment syn-
drome is suspected, then the World Society for Abdominal 
Compartment Syndrome recommends various medical 
and surgical interventions that include decompressive  
laparotomy.58

Auto-PEEP

Additional causes of obstructive shock arise from the tho-
rax. Auto-PEEP is the process by which the respiratory 
system is unable to return to functional residual capacity 
at the end of the expiratory phase of ventilation. Auto-
PEEP impairs venous return to the heart, increases risk 
of barotrauma to the lungs, and can increase the patient’s 
work of breathing while impeding their ability to trigger 
the ventilator.1 Short respiratory cycles, high minute vol-
umes, and obstructive lung disease predispose a patient 
to auto-PEEP. It is diagnosed on ventilator waveforms 
by persistence of flow at end expiration. Management 
of auto-PEEP includes decreasing respiratory rate and/
or decreasing the I:E ratio to allow for more expiratory 
time.59

Tension Pneumothorax

Tension pneumothorax occurs when air is able to enter 
the chest via a one-way valve type of mechanism caus-
ing increased intrapleural pressure.1 As intrathoracic 
pressure increases, there is mediastinal shift, which 
results in ventilatory compromise, compression of the 
vena cava at both the thoracic inlet in the neck and at 
the diaphragm leading to decreased venous return to the 
heart, and direct compression of the heart. In the hands 
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of experienced intensivists, thoracic ultrasound is at least 
comparable to and likely superior to the gold standard of 
chest radiography in diagnosing pneumothorax.60 Man-
agement includes needle thoracostomy followed by chest 
tube placement.

Cardiac Tamponade

Pericardial effusion can produce cardiac tamponade 
physiology by compressing cardiac chambers (especially 
right-sided structures), causing decreased LV preload and 
decreased cardiac output. In some instances (e.g., patients 
with a right ventricular assist device [RVAD]), mediasti-
nal fluid can compress the great veins of the thorax and 
obstruct venous return without directly impinging on 
the pump itself. Pulsus paradoxus and electric alternans 
accompanying tachycardia and hypotension can often sig-
nal the presence of tamponade physiology. Bedside echo-
cardiography can reveal pericardial effusion and collapse 
of right-sided cardiac chambers.61 Prompt needle decom-
pression with or without ultrasound guidance is the defin-
itive treatment of hemodynamically significant pericardial 
effusions.

IS THIS CARDIOGENIC SHOCK?

Decreased cardiac output secondary to decreased contrac-
tility, increased diastolic stiffness, increased afterload, val-
vular abnormalities, and abnormal heart rates/rhythms 
lead to ventricular dysfunction and cardiogenic shock.1 
Acute myocardial ischemia and infarction are the most 
common causes of cardiogenic shock arising from the left 
ventricle.62 LV shock as a result of systolic dysfunction 
manifests as decreased stroke volume and decreased car-
diac output. Diastolic dysfunction leads to decreased car-
diac output secondary to decreased end-diastolic filling 
and proportionate reduction in stroke volumes. Declining 
cardiac output leads to hypoperfusion and low SvO2 and 
ScvO2.

Acute RV shock is most often the result of elevated pul-
monary vascular resistance (e.g., pulmonary embolus). In 
the modern era, RV infarction is a relatively less frequent 
and less important cause of RV failure. Elevated right-
sided pressures (including CVP) with low cardiac output 
and no echocardiographic evidence of LV shock help to 
identify isolated RV shock. Symptoms are similar to those 
of cardiac tamponade and constrictive pericarditis; hence, 
these conditions must be excluded.1

Echocardiography is the gold standard in the evalu-
ation of cardiogenic causes of shock. Echocardiography 
was once limited to cardiologists, but now intensivists 
and other noncardiologists are trained in basic emergency 
ultrasound. After completion of as little as a 10-hour train-
ing course, intensivists can perform a limited transthoracic 
echocardiogram with 84% accuracy in their interpretation.63 
Bedside evaluation with echocardiography has changed 
management in 37% of patients.63 The American Society of 
Echocardiography and the American College of Emergency 

Physicians developed a consensus statement regarding the 
FOCUS transthoracic echocardiography examination as a 
concise way in which to rule in or rule out various diagno-
ses in patients with shock.64 FOCUS consists of evaluation 
for presence of pericardial effusion, assessment of global 
cardiac systolic function, existence of ventricular enlarge-
ment, and estimation of intravascular volume.65

Treating Cardiogenic Shock

Identifying right-versus left-sided cardiogenic shock is 
imperative because treatment strategies differ, and to 
avoid potentially dangerous management, the origin of 
the cardiogenic shock must be elucidated. Management of 
patients with LV shock focuses on optimizing preload (as 
ejection fraction has fallen) and afterload and by increasing 
contractility by means of vasopressors (to increase diastolic 
pressure and, hence, perfusion of the coronary arteries), 
inotropes, and mechanical support such as intra-aortic bal-
loon counterpulsation.1 Excluding circumstances in which 
a patient presents with pulmonary edema, patients in LV 
shock should receive gentle fluid resuscitation.

Management of right-sided shock includes maintain-
ing arterial pressure with vasoconstrictors, cardiac con-
tractility with beta-1 agonists, and selective pulmonary 
vasodilation. Excess fluid infusion may further impair RV 
function by causing right-to-left intraventricular septal 
shift, which limits LV filling.67 Right-sided volume over-
load may be managed with diuretics, splanchnic vasodila-
tors (e.g., nitroglycerin), or hemofiltration. In patients with 
pulmonary embolism, treatment with anticoagulation, 
thrombolytics, and/or surgical embolectomy can improve 
underlying right heart failure.1,68 Right heart shock arising 
from elevated pulmonary vascular resistance can be treated 
with pulmonary vasodilation using inspired oxygen, 
inhaled nitric oxide, or prostaglandin E1.1 An algorithm for 
the management of a patient with narrow-pulse pressure 
shock unresponsive to volume is presented in Figure 15-2.

Unidentified, untreated shock is associated with high 
morbidity and mortality.7 Appropriate treatment relies 
on recognition of a shock state as well as determining the 
type of shock from which the patient is suffering. As out-
lined previously, different forms of shock have specific 
management goals. With the use of basic history, physical 
examination, laboratory results, and additional tools (PPV, 
ultrasonography, bladder pressures, and ventilator wave-
forms), diagnosis can be made and treatment enacted.

AUTHORS’ RECOMMENDATIONS

 •  When approaching a patient in shock, consider the four classes of 
shock: hypovolemic, vasodilatory, cardiogenic, and obstructive.

 •  Dynamic hemodynamic parameters are more accurate than 
static measurements in the assessment of volume status and 
fluid responsiveness.

 •  Echocardiography is a useful tool for assessment of intravas-
cular volume and fluid responsiveness but also for cardiogenic 
and obstructive causes of shock.
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What Are the Best Tools to 
Optimize the Circulation?

Xavier Monnet, Michael R. Pinsky

Implicit in any attempt to optimize the circulation are two 
key issues. First, it is important to identify those measures 
or parameters that constitute the most appropriate treat-
ment options. Second, it is essential to define the actual 
goals that will drive resuscitation. Thus, we first define 
measures that identify volume responsiveness and circula-
tory failure. We then define the goals of resuscitation that 
these measures will be used to achieve.

HEMODYNAMIC MONITORING-DEFINED 
ASSESSMENT OF THE CIRCULATION

In acute circulatory failure, volume expansion is most 
often the first therapeutic choice. Fluid administration can 
be expected to increase cardiac output and oxygen deliv-
ery. Nevertheless, improvement can occur only if changes 
in cardiac preload result in significant changes in cardiac 
output (i.e., if both ventricles are preload dependent1; Fig. 
16-1). If no test is used to predict preload dependence a 
priori, then volume expansion often will not result in the 
expected increase in cardiac output.2 Thus preload depen-
dence should be tested before fluid is administered. This 
approach will help avoid fluid overload, which is an 
independent predictor of mortality in patients with septic 
shock3 or acute respiratory distress syndrome (ARDS).4 
Several indices and tests have been developed to test vol-
ume responsiveness.

Ability of Static Indices of Cardiac Preload to 
Predict Volume Responsiveness

Static markers of cardiac preload, such as the central venous 
pressure (CVP), do not reliably predict fluid responsive-
ness.5,6 This failure can be explained by basic physiol-
ogy. The slope of the cardiac function curve depends on 
the cardiac systolic function (Fig. 16-1). Because this slope 
is unknown in a given patient at any given moment, an 
absolute ”static” value of any measure of preload could 
correspond to a point on any number of curves and thus 
to preload dependence and preload independence. Only 
extreme values can inform on the presence of fluid respon-
siveness. Furthermore, the measurement of any static 
marker is subject to error. For instance, the measurement 
of CVP requires a precise positioning of the pressure 

transducer with respect to the right atrium. The measure-
ment must also be made at end expiration and should 
account for the transmission of intrathoracic pressure to 
the right atrium. Likewise, the pulmonary artery occlusion 
pressure suffers from many possible errors in its measure-
ment and interpretation.7,8

To address the shortcomings of static indices, dynamic 
alternatives have been developed to predict preload 
responsiveness within an overall concept of functional 
hemodynamic monitoring.9 Dynamic measures involve 
altering cardiac preload via mechanical ventilation, pos-
tural changes, or administration of small amounts of fluid 
and measuring the resultant change of cardiac output or 
stroke volume.10

Dynamic Parameters to Predict Volume 
Responsiveness

Several tests have been developed to detect volume respon-
siveness before administering fluid. The appropriate 
approach is most often determined by the clinical setting 
and the patient’s condition. These tests allow the practitio-
ner to avoid administering fluid if it is not hemodynami-
cally effective.

Variations of Stroke Volume Induced  
by Mechanical Ventilation

During mechanical ventilation, insufflation increases the 
intrathoracic pressure and, as a result, decreases venous 
return. Furthermore, increased right ventricular afterload 
decreases right ventricular outflow and thus left ventric-
ular preload. In conventional ventilation, these changes 
should occur at expiration. If the left ventricle is preload 
dependent, then the left ventricular stroke volume tran-
siently decreases at expiration. Hence, a cyclic variation of 
stroke volume under mechanical ventilation indicates the 
preload dependence of either ventricle.9

Several surrogates or estimations of stroke volume have 
been used to quantify its respiratory variations. These 
include the systemic arterial pulse pressure,11 which is 
proportional to stroke volume. Indeed, studies have dem-
onstrated that pulse pressure variation (PPV) is a valu-
able indicator of fluid responsiveness, provided that the 
conditions of its validity are fulfilled.12 Overall, variation 
greater than 13% is significantly associated with fluid 

16
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responsiveness. Of course, as for many tests, this is not 
a strict cutoff. The farther from 13% the PPV value, the 
higher its diagnostic value.

Other parameters used to estimate stroke volume 
responses to respiratory variation include pulse contour 
analysis, subaortic blood flow measured by descend-
ing echocardiography, aortic blood flow measured with 
esophageal Doppler monitoring, and amplitude of the 
plethysmography signal with pulse oximetry.1 These indi-
ces—in particular, those of PPV—are solidly evidence 
based.12 Indeed, several commonly used bedside monitors 
can measure PPV.

The respiratory variation of stroke volume as a marker 
of preload responsiveness is not valid under several con-
ditions that are not uncommon. First, during spontane-
ous breathing, stroke volume variations relate more to the 
respiratory irregularity than to preload dependence.13,14 
Second, arrhythmias directly affect stroke volume variabil-
ity within the respiratory cycles, a response likely related 
to arrhythmia rather than heart-lung interactions. The third 
important limitation relates to ARDS. In such a case, the 
low tidal volume15 and/or the low lung compliance16 will 
reduce the transmission of changes in alveolar pressure to 
the intrathoracic structures; both diminish the amplitude 
of the ventilation-induced changes of intravascular pres-
sure. The net result would be false-negative responses 
to PPV. Open chest surgery, a low ratio of heart rate over 
respiratory rate (corresponding in fact to respiratory rates 
at ≥40 breaths/min), or intra-abdominal hypertension also 
reduce the ability of PPV measurements to predict fluid 
responsiveness.10 Overall, the limitations to the use of PPV 
are much more frequently encountered in the intensive 
care unit than in the operating room.

Respiratory Variation of Vena Caval Diameter

Mechanical ventilation can alter the diameter of vena cava, 
an effect that is exaggerated in hypovolemia. The magni-
tude of this change in the inferior vena cava (IVC) at the 

diaphragmatic inlet, as well as collapse of the superior vena 
cava (SVC), reliably predicted fluid responsiveness.17,18

The most important limitation of these methods is that 
they become unreliable during spontaneous breathing 
activity because respiratory efforts are variable and lack 
homogeneity. Mechanically ventilating poorly compliant 
lungs with a low tidal volume should minimize the effect 
of ventilation on the vena cava diameter and thus invali-
date the method. Conversely, this approach is valuable in 
patients with cardiac arrhythmias.

Respiratory variation in the IVC can be measured 
with transthoracic echocardiography. This approach may 
be particularly valuable during the early phase of care, 
before arterial cannulation. The collapsibility of the SVC 
has been validated only in a single study and requires 
transesophageal echocardiography. In a patient equipped 
with an arterial catheter, it is easier to use PPV than SVC 
collapsibility.

End-Expiratory Occlusion Test

As stated previously, inspiration under mechanical venti-
lation cyclically reduces cardiac preload. Briefly holding 
mechanical ventilation at end expiration interrupts this 
cyclic decrease and induces a transient increase in cardiac 
preload. If the right ventricle is preload dependent, then 
the end-expiratory occlusion (EEO) test will increase right 
ventricular output and, if sufficient to increase flow into the 
pulmonary circulation, left ventricular preload. A preload-
dependent patient will respond to EEO with an increase in 
cardiac output (Fig. 16-1) . Some studies have shown that 
cardiac output increases of more than 5% during a 15- second 
EEO test reliably predict volume responsiveness.16,19

Beyond its simplicity, the EEO test is useful during 
cardiac arrhythmias because it exerts its effects over the 
course of several cardiac cycles19 (Fig. 16-2). The EEO test 
can be used in patients who are not fully paralyzed or 
deeply sedated unless respiratory triggering interrupts the 
15- second occlusion. The EEO test is also much easier to use 
with a real-time measurement of cardiac output, such as 
pulse contour analysis. The increase in arterial pulse pres-
sure during EEO is also indicative of fluid responsiveness, 
but it requires a large-scale display of the arterial pressure 
curve.19 The EEO test also appears to be independent of the 
magnitude of positive end-expiratory pressure.20

Fluid Challenge

The most intuitive way to test fluid responsiveness is to 
administer a small volume of fluid, observe its effects on 
cardiac output, and expect that a larger volume expan-
sion will exert similar effects (Fig. 16-1). However, in the 
“classic” fluid challenge, infusing 300 to 500 mL of fluid 
is too large to be negligible.21 In the early phase of shock, 
it may be necessary to perform several fluid challenges a 
day, inevitably leading to a total volume of fluid that can 
contribute to fluid overload.

In studying an alternative approach, the “mini fluid chal-
lenge,” Muller and colleagues found that the use of a 100-mL 
colloid bolus predicted the echocardiographic response 
equal to that of a 500-mL crystalloid infusion.22 However, it 
is not clear that echocardiography is precise enough to be 
used by nonexperts. Thus, the need for more precise mea-
surements of cardiac output must be determined.

Stroke
volume

No significant
change

Significant
change

Preload
reserve Normal

ventricular
systolic
function

Poor
ventricular
systolic
function

Cardiac
preload

Mechanical ventilation
EEO test
PLR test
“Mini” fluid challenge

Mechanical ventilation
EEO test
PLR test
“Mini” fluid challenge

No preload
reserve

Figure 16-1. Cardiac function curve. There is a family of cardiac 
function curves depending on the ventricular contractility. If the ven-
tricles are functioning on the steep part of cardiac function curve, then 
changes in cardiac preload induced by mechanical ventilation, end-
expiratory occlusion (EEO), passive leg raising (PLR) or mini fluid 
challenge result in significant changes in stroke volume. This is not the 
case if the ventricles are functioning on the steep part of the cardiac 
function curve.
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Passive Leg Raising Test

In a patient lying in the semirecumbent position, elevat-
ing the legs at 45 degrees and lowering the trunk induces 
a transfer of venous blood from the lower part of the body 
toward the cardiac cavities. The passive leg raising (PLR) 
test increases right and left cardiac preload and acts as a 
transient and reversible volume challenge23 (Fig. 16-1). 
Several studies and a subsequent meta-analysis have indi-
cated that a 10% increase in cardiac output induced by PLR 
is a reliable test of preload responsiveness.14,24

Because its hemodynamic effects occur over a long 
period of time, PLR remains valid in the presence of both 
cardiac arrhythmias and spontaneous breathing and is 
independent of mechanical ventilation. Thus, the PLR test 
can be used in conjunction with low tidal volume, low lung 
compliance, and very high respiratory rates (Fig. 16-2).

Proper performance of PLR is important. The test should 
start from the semirecumbent and not from the horizontal 
supine position because lowering the trunk is associated 
with a transfer of venous blood from the large splanch-
nic compartment to the cardiac chambers, enhancing the 
hemodynamic effect.23,25 Furthermore, PLR-induced hemo-
dynamic changes cannot be assessed by simply observing 
the simple arterial pressure, an approach associated with 

a significant number of false negatives.14,23 Rather, a tech-
nique that directly measures cardiac output is mandatory.26 
In addition, PLR must be assessed with a real-time mea-
surement of cardiac output because the maximal effect usu-
ally occurs within 1 minute.14 In patients with a profound 
vasodilatation and capillary leak, the effects of PLR pro-
gressively vanish over a few minutes. Thus, pulmonary or 
transpulmonary thermodilution techniques, which require 
repeat cold fluid boluses, are not suitable. More suitable 
techniques include the use of esophageal Doppler or pulse- 
contour analysis to measure changes in aortic blood flow 
and thus cardiac output, cardiac output measured by bio-
reactance and endotracheal bioimpedance cardiography, 
subaortic blood velocity measured by echocardiography, 
and ascending aortic velocity measured by suprasternal 
Doppler monitoring.23 Interestingly, in patients undergo-
ing mechanical ventilation with perfectly regular ventila-
tion, the PLR-induced changes in cardiac output can be 
simply and noninvasively estimated by the changes in 
end-tidal carbon dioxide, allowing the use of PLR without 
measuring cardiac output.27

Intra-abdominal hypertension could reduce the validity 
of the PLR test, perhaps by interfering with the transfer of 
blood from the lower limbs toward the cardiac chambers 
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Figure 16-2. Decision-making algorithm of fluid administration. ARDS, acute respiratory distress syndrome.
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through the IVC.28 One study suggested that the PLR test 
was not reliable if the intra-abdominal pressure was higher 
than 16 mm Hg.29 Nevertheless, this study did not measure 
the intra-abdominal pressure during PLR. Thus, this pos-
sible limitation of the PLR test requires confirmation.
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Table 16-1 Markers of Tissue Hypoperfusion

Hyperlactatemia
Metabolic acidosis
Anion gap acidosis
Delayed capillary refill
Mottled skin
Altered sensorium
Decreased urine output
Ileus
Decreased mixed venous and central venous oxygen saturation
Increased veno-arterial carbon dioxide gap

AUTHORS’ RECOMMENDATIONS

 •  In patients with circulatory shock, the initial therapy should be 
to target a minimal mean arterial pressure of 65 mm Hg, and 
then volume status, blood flow, and organ perfusion should be 
assessed.

 •  Resuscitation therapy should be targeted to individual patient 
responsiveness as measured by estimates of organ perfusion 
adequacy (e.g., lactate, v-a Pco2 [venous-arterial partial pres-
sure of carbon dioxide] difference, urine output, sensorium, 
skin perfusion; Table 16-1).

 •  Optimal fluid management improves patient outcome by 
avoiding both hypovolemia and hypervolemia.

 •  Assess both volume status and volume responsiveness.
 •  Commonly used measures of preload (e.g., CVP, global end-

diastolic volume) alone should not be used to guide resuscita-
tion therapy.

 •  Dynamic measure of fluid responsiveness (e.g., PPV, stroke 
volume variation, change in cardiac output with PLR) should 
be used if available and are preferable to static measures of 
preload.
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What Strategies Can Be Used 
to Optimize Antibiotic Use in the 
Critically Ill?

Cheston B. Cunha, Steven M. Opal

Septic patients in the intensive care unit (ICU) represent 
some of the sickest patients in the hospital, and optimal 
initial antibiotic selection is paramount to their survival. 
In this patient population, the key is to select an empiric 
regimen that maximizes antibiotic effect but also limits the 
development of resistance.1,2 Within each antibiotic class 
are drugs that may have a high or low resistance poten-
tial. The precise mechanism by which the difference arises 
is unknown. “Low resistance potential” antibiotics are 
antimicrobials that rarely induce resistance among bacte-
ria, even when used frequently and for extended periods 
of time. In addition to selecting antibiotics that have a low 
resistance potential, consideration should be given toward 
selecting an agent with favorable pharmacokinetics (PK) 
and pharmacodynamics (PD).3 Essentially, septic patients 
should be treated urgently with the highest tolerable/
nontoxic antimicrobial dose of a drug with low resistance 
potential to maximize microbial killing while minimizing 
the risk of selecting out drug-resistant mutants.4-7

ANTIBIOTIC PHARMACOKINETIC AND 
PHARMACODYNAMIC CONSIDERATIONS 
TO MINIMIZE RESISTANCE AND OPTIMIZE 
EFFECTIVENESS

PK define the fate of an antibiotic within the body (i.e., 
absorption, volume of distribution, blood and tissue levels, 
hepatic metabolism/excretion, and renal excretion). Antibi-
otic PK describe the effects of the antibiotic on both the host 
and the infecting microorganism. Both parameters are essen-
tial to consider in choosing an antimicrobial regimen for criti-
cally ill patients with serious infections. The inhibitory/cidal 
effect of antibiotics on bacteria can be categorized as dem-
onstrating concentration-dependent killing, time-dependent 
killing, or a combination of both and depends on the anti-
biotic and the targeted pathogen. Concentration-dependent 
killing kinetics describe the increased bacterial killing that 
occurs as antibiotic concentrations increase above the mini-
mal inhibitory concentration (MIC) and are expressed as 
the maximum serum antibiotic concentration (Cmax) to the 
MIC ratio (Cmax/MIC).8,9 The fluoroquinolones—amino-
glycosides, metronidazole, and daptomycin—all exhibit 

concentration-dependent killing. When selecting these anti-
biotics, the dose must be maximized for optimal effect. The 
higher the dose used, the more potent the antibiotic killing. 
Achieving a high concentration is particularly important 
when selecting an antibiotic with a relatively wide toxic-to-
therapeutic ratio (i.e., aminoglycosides), making once daily 
dosing highly desirable. There are two benefits to this dosing 
strategy. Giving a high dose of the antibiotic only once per 
day generates a very high, but rapidly cleared, peak serum 
concentration, providing optimal and rapid bacterial killing. 
As the drug concentration subsequently falls, tissue levels 
rapidly diminish, preventing accumulation and decreasing 
the risk of toxicity.10 Adding to the optimized killing pro-
vided by the single daily peak level is the prolonged post-
antibiotic effect (PAE) characteristic of aminoglycosides. 
The PAE extends antimicrobial capacity well after the serum 
concentrations have fallen below the MIC for the pathogenic 
microorganism (up to 8 to 12 hours).

Antibiotics that display time-dependent killing kinet-
ics include the β-lactams, carbapenems, macrolides, and 
linezolid. In these compounds, an increase in the serum 
concentration above 4–5× MIC does not increase killing. 
Thus the key to antimicrobial activity lies in keeping the 
blood level close to this point for as long as possible—the 
time of drug concentration above the MIC for the dosing 
period (T > MIC).8 Therefore, even when antibiotics that 
demonstrate time-dependent killing are used, there is lit-
tle downside with high doses of the drug, particularly in 
critically ill patients with infection.9 The killing kinetics of 
other antimicrobials may have more complex PD that bet-
ter fit an integration of the time over MIC, expressed as the 
area under the concentration curve over the MIC (AUC0-24: 
MIC).10-12

Some antimicrobials, such as doxycycline or vancomycin, 
exhibit kinetics that are dependent on time and concentration, 
reflecting the MIC of the pathogen.13 When gram- positive 
cocci with an MIC of less than 1 μg/mL are exposed to van-
comycin, the drug functions with time-dependent killing 
kinetics. However, when the MIC is greater than 1 μg/mL, 
the kinetics are dependent on concentration. The aminoglyco-
sides and quinolones also demonstrate this duality with some 
pathogens (i.e., concentration-dependent kinetics [Cmax/MIC 
ratio]) as well as AUC0-24/MIC ratio14 (Table 17-1).

17
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PK principles dictate the concentration and distribu-
tion of each antibiotic in serum and body fluids over 
time. The overall concentrations of drug in the serum 
are affected by the antibiotic’s peak serum concentra-
tions, volume of distribution, serum half-life (t1/2), pro-
tein binding, and renal or hepatic function. Peak serum 
concentration, protein binding, and volume of distribu-
tion (Vd) will directly determine the tissue concentra-
tions of an antibiotic in the tissue where the pathogen 
resides8,10-12,15 (Table 17-2).

For the most part, antibiotics that exhibit time-
dependent killing are bacteriostatic whereas those 
with concentration-dependent kinetics are bactericidal. 
Exceptions to this are the penicillins, carbapenems, and 
monobactams, which are bactericidal despite relying on 
time-dependent kinetics16 (Tables 17-3 and 17-4). In addi-
tion, certain antibiotics may exhibit both types of killing 
kinetics depending on how they are used; for example, 

doxycycline, which uses time-dependent kinetics and is 
usually bacteriostatic, is bactericidal at high concentra-
tions, a characteristic usually reserved for concentration-
dependent antibiotics.13 In addition to these factors, 
antibiotics that exhibit concentration-dependent kinetics 
tend to have prolonged PAE, but there are some antibi-
otics that are dependent on time (e.g., doxycycline) that 
also have a PAE.8,15

ANTIBIOTIC SUSCEPTIBILITY TESTING 
AND RESISTANCE

A discussion on maximizing the dosing of antimicrobi-
als would not be complete without consideration of anti-
biotic resistance. Resistant organisms are becoming more 
prevalent worldwide and pose a significant problem for 
clinicians and ICUs. Despite this fact, there is no interna-
tional agreement on the definitions of the terms “resistant” 
or “susceptible.”17,18 The breakpoints used in susceptibil-
ity testing are based on achievable serum concentrations 
using the recommended doses of antibiotics for blood-
stream infections. Interpretation of susceptibility reports 
on nonbloodstream isolates must be carefully performed. 
Infections are difficult to treat when the chosen antibiotic 
does not adequately penetrate the target tissues (e.g., the 
prostate or the central nervous system). The clinician must 
extrapolate likely tissue concentrations at the infection site 
from achievable serum concentration. Failure to consider 
this issue may result in clinical failure to eradicate infec-
tion despite laboratory reports indicating that the organism 
in question is susceptible.19 It is critical to remember that 
with certain organisms (e.g., methicillin-resistant Staphylo-
coccus aureus [MRSA]), in vitro susceptibility testing does 
not predict in vivo clinical effectiveness.20 The source of 
discordance may lie in patient physiology that differs from 
in vitro conditions (e.g., the media used for testing).21,22 
Local acidosis and hypoxia may also decrease the activity 
of some antibiotics.23

Even without these confounding factors, inherent differ-
ences between in vitro susceptibility and in vivo efficacy 
must be taken into account. As an example, treating MRSA 
with trimethoprim-sulfamethoxyzole (TMP-SMX), doxy-
cycline, or clindamycin, which are often reported as effec-
tive on in vitro testing, may not be successful.20,21 Instead, 
anti-MRSA antibiotics such as minocycline, linezolid, dap-
tomycin, or vancomycin, with proven clinical effectiveness 
against MRSA, provide a greater chance of eradicating 
the infection. Listeria monocytogenes appears susceptible to 
cephalosporins, but clinical experience indicates that this 
β-lactam class of antibiotics does not work in vivo for men-
ingitis, for example (Table 17-5).

Resistance potential (high vs. low) is an inherent prop-
erty of an antibiotic (Table 17-6). With high resistance poten-
tial antibiotics (e.g., macrolides, TMP-SMX, ampicillin), 
loss of efficacy is also a function of frequency and duration 
of use. Low resistance potential antibiotics (e.g., doxycy-
cline, ceftriaxone, amikacin) are less affected by extensive/
prolonged use. All other factors being equal, resistance 
is more likely to develop when tissue concentrations are 
subtherapeutic in difficult-to-penetrate tissue spaces (e.g., 
chronic prostatitis, abscesses, biofilm-associated device 
infections). Relative resistance, such as that as seen with 

Table 17-1 Antibiotic Dosing: PK/PD 
Considerations

Antibiotic PK/PD Parameters
Optimal Dosing 
Strategies

CONCENTRATION-DEPENDENT ANTIBIOTICS 
(CMAX:MIC)

 •  Quinolones
 •  Aminoglycosides
 •  Vancomycin if MIC ≥ 1 μg/mL
 •  Tigecycline
 •  Colistin
 •  Doxycycline

Use highest effective 
dose (without toxicity)

TIME-DEPENDENT ANTIBIOTICS (T > MIC)

 •  PCN concentrations > MIC for 70% 
of the dosing interval

 •  β-Lactam concentrations > MIC for 
60% of the dosing interval

 •  Carbapenems concentrations > MIC 
for 40% of the dosing interval

Vancomycin if MIC ≤ 1 μg/mL Use high doses (which 
increase serum concen-
trations and increase 
T > MIC for more of the 
dosing interval)

OTHER ANTIBIOTICS (CMAX:MIC/T > MIC AND/OR  
AUC0-24/MIC)

Quinolones

>125 (effective)

>250 (more effective) Use highest effective 
dose (without toxicity)

Adapted from: Roberts JA, Pharm B, Lipman J. Pharmacokinetic issues for 
antibiotics in the critically ill patient. Crit Care Med. 2009;37:840-851; Roberts 
JA, Lipman J. Optimizing use of beta-lactam antibiotics in the critically ill. 
Semin Respir Crit Care Med. 2007;28:579-585; Roberts JA, Pharm B, Kruger P, 
Paterson DL, Lipman J. Antibiotic resistance—What’s dosing got to do with 
it? Crit Care Med. 2008;36:2433-2440.

AUC, area under the concentration curve; Cmax, peak serum concentrations; 
MIC, minimal inhibitory concentration; PAE, postantibotic effect; PCN, peni-
cillin; PD, pharmacodynamic; PK, pharmacokinetic; T, time.
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antibiotics such as aminoglycosides, may be overcome if 
antibiotic tissue concentrations are higher than the organ-
ism’s MIC (Table 17-3). It is always beneficial to use the 
highest nontoxic dose possible to treat serious infections in 
ICU patients.

SPECIFIC ANTIBIOTIC CLASSES

β-Lactams

β-Lactam antibiotics use time-dependent killing and are 
bactericidal. Although they exert a short but measurable 
PAE on gram-positive organisms, they have no PAE when 
used against gram-negative organisms. Maximum bacte-
rial killing occurs when drug concentrations are 5× the 
MIC of the target organism, but no additional benefit is 
conferred by raising concentrations above this level.24,25 
Thus the goal should be to maintain a serum concentra-
tion greater than the MIC for the longest duration pos-
sible—at least 60% (penicillins) to 70% (cephalosporins) 
of the dosing interval. Strategies to achieve this PD effect 
include increasing the dosing frequency, giving β-lactams 
with a long serum half-life, or giving the drug as a con-
tinuous infusion.23,24,26-28 Ultimately, when β-lactams are 
used in the ICU, combining higher doses with increased 
frequency of administrations will maximize antibiotic 
effect without increasing the risk of developing resis-
tance.24,25 Among cephalosporins, cefepime has good 
activity against Pseudomonas aeruginosa. This drug is typi-
cally used for systemic P. aeruginosa infections and febrile 
neutropenia as monotherapy or in combination with an 
aminoglycoside (e.g., amikacin). In extended spectrum 
β-lactamase–producing organisms, multidrug-resistant 
organisms (MDROs; with MICs = 4 to 8 μg/mL), and 
P. aeruginosa infection, a “high dose” of cefepime should 
be used.29-31

Carbapenems

Structurally similar to β-lactam antibiotics, carbapenems 
also rely on time-dependent killing. Concentrations should 
be targeted to remain at 5× the MIC for more than 40% or 
longer of the dosing interval, which can best be achieved 
by using high doses or long-acting agents (e.g., ertapenem 
for susceptible organisms).24,25,32,33

Quinolones

As described previously, the fluoroquinolones exhibit both 
time- and concentration-dependent killing. AUC0-24/MIC 
ratios directly correlate with clinical outcomes; that is, an 

Table 17-2 Antibiotics: Relevant PK Characteristics in the ICU

Antibiotic PK Parameters
Sepsis ↑ with Capillary Permeability* 
(Intravascular → Interstitial Fluid Shifts) Suggested Dosing Recommendations

WATER-SOLUBLE ANTIBIOTICS (LOW Vd WATER SOLUBLE)

 •  Renally eliminated
 •  High serum concentrations
 •  Limited tissue penetration

 •  ↑ Vd → ↓ serum concentrations  •  ↑ Dose of hydrophilic antibiotic
 •  Change to a lipid-soluble antibiotic

LIPID-SOLUBLE ANTIBIOTICS (HIGH Vd → LIPID SOLUBLE)

 •  Hepatically eliminated
 •  High tissue penetration
 •  Good serum concentration

 •  No change in Vd → no change in serum or 
tissue concentrations

 •  No change needed

*Also with mechanical ventilation, burns, and hypoalbuminemia.
ICU, intensive care unit; PK, pharmacodynamics; Vd, volume of distribution.
Adapted from: Roberts JA, Pharm B, Lipman J. Pharmacokinetic issues for antibiotics in the critically ill patient. Crit Care Med. 2009;37:840-851.

Table 17-3 Inherent Resistance Potential  
of Selected Antibiotics

High 
Resistance 
Potential 
Antibiotics

Usual Resistant 
Organisms for 
Each Antibiotic

Preferred Low Resistance 
Potential Antibiotic 
Alternatives

AMINOGLYCOSIDES

Gentamicin/
tobramycin

P. aeruginosa Amikacin

CEPHALOSPORINS

Ceftazidime P. aeruginosa Cefepime

TETRACYCLINES

Tetracycline S. pneumoniae
S. aureus

Doxycycline or Minocycline

QUINOLONES

Ciprofloxacin
Ciprofloxacin

S. pneumoniae
P. aeruginosa

Levofloxacin or Moxifloxacin
Levofloxacin

GLYCOPEPTIDES

Vancomycin MSSA
MRSA

Linezolid or Daptomycin or
Minocycline

CARBAPENEMS

Imipenem P. aeruginosa Meropenem or Doripenem

MACROLIDES

Azithromycin S. pneumoniae No other macrolide
Alternatives include  

doxycycline, levofloxacin, 
or moxifloxacin

DIHYDROFOLATE REDUCTASE INHIBITORS

TMP-SMX S. pneumoniae Doxycycline

MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus; 
TMP-SMX, trimethoprim-sulfamethoxazole.
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AUC0-24/MIC ratio of greater than 125 is usually consid-
ered predictive of efficacy in gram-negative infections. 
Using the highest doses of quinolones, though, to achieve 
an AUC0-24/MIC ratio of more than 250 may be superior 
and will help reduce the development of resistance.24 This 
dosing strategy also confers the benefits of maximizing the 
Cmax/MIC ratio.34-36

Vancomycin

The PD of vancomycin vary depending on the MICs of 
the staphylococcal pathogen causing the infection. In 
cases in which the MICs are greater than 1, vancomycin 
acts in a concentration-dependent killing manner, whereas 
in the setting of MICs of less than 1, its kinetics demon-
strate time-dependent killing. Because concerns about 
the nephrotoxicity of vancomycin are largely unfounded, 
care should be taken to utilize the highest possible dose to  

maximize efficacy. Using inadequate doses of vancomycin 
has been associated with the development of resistance; 
therefore a preferred dosing strategy would be to use 
high-dose vancomycin (e.g., 60 mg/kg intravenously [IV] 
every 24 hours [q24h]) with doses appropriately adjusted 
for kidney function.23

Linezolid

Linezolid demonstrates bacteriostatic activity against 
staphylococci and enterococci, but it exhibits bactericidal 
activity against non-Group D streptococci. Linezolid 
exhibits time-dependent killing kinetics. Despite its bac-
teriostatic activity against staphylococci, linezolid can 
be successfully used to treat acute bacterial endocardi-
tis when compared with bactericidal agents.23 Dosing of 
linezolid does not need to be adjusted for renal/hepatic 
dysfunction.

Table 17-4 Empiric Antibiotic Coverage for Common ICU Infections

Infection Type/Site 
 

Usual Pathogen 
at Site 

Usual 
Nonpathogens  
at Site

Preferred Empiric Therapy 
with Low Resistance 
Potential Antibiotics Penicillin Allergy

CVC-ASSOCIATED BACTEREMIA*

MSSA
MRSA
CoNS
GNBs (aerobic)
VSE

B. fragilis
Non-Group D 

streptococci

Meropenem plus either van-
comycin (if MRSA likely) 
or linezolid (if VRE likely)

Meropenem plus either vancomycin 
(if MRSA likely) or linezolid (if 
VRE likely)

INTRA-ABDOMINAL SEPSIS

Cholecystitis/cholangitis E. coli
K. pneumoniae
VSE

B. fragilis Levofloxacin or moxifloxacin Levofloxacin or moxifloxacin

Peritonitis/colon perfora-
tion

B. fragilis
GNBs (aerobic)

Non-Group D 
streptococci

Ertapenem or piperacillin/
tazobactam or moxifloxacin 
or tigecycline

Ertapenem or moxifloxacin or 
tigecycline

VAP/NP P. aeruginosa
GNBs (aerobic)

B. fragilis
MSSA/MRSA
VSE/VRE
Burkholderia cepacia
A. baumannii
S. maltophilia

Meropenem or doripenem  
or levofloxacin (750 mg) or 
cefepime

Meropenem or doripenem or levo-
floxacin (750 mg)

UROSEPSIS

Community acquired GNBs (aerobic)
VSE

B. fragilis
MSSA/MRSA

Piperacillin/tazobactam or 
meropenem

Meropenem

Nosocomial P. aeruginosa
GNBs (aerobic)

B. fragilis
MSSA/MRSA

Piperacillin/tazobactam or 
meropenem

Meropenem

SKIN AND SOFT TISSUE INFECTIONS

Cellulitis Group A, B, C, G
streptococci

MSSA/MRSA Ceftriaxone or cefazolin Vancomycin or clindamycin

Abscess MSSA/MRSA Group A, B, C, G 
streptococci

Ceftaroline or minocycline or 
Vancomycin or linezolid

Vancomycin or linezolid or mino-
cycline

Adapted from: Cunha BA, ed. Antibiotic Essentials. 12th ed. Sudbury, MA: Jones & Bartlett; 2013: 17–151.
*Remove/replace CVC as soon as possible.
CoNS, coagulase negative staphylococci; CVC, central venous catheter; GNB, gram-negative bacilli; ICU, intensive care unit; MRSA, methicillin-resistant S. 

aureus; MSSA, methicillin-sensitive S. aureus; NP, nosocomial pneumonia; VAP, ventilator-associated pneumonia; VRE, vancomycin-resistant enterococci; VSE, 
 vancomycin-sensitive enterococci.
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Daptomycin

Daptomycin exhibits concentration-dependent killing and 
is bactericidal with dual PD characteristics (i.e., Cmax/MIC 
as well as AUC0-24/MIC ratio). It also has a prolonged PAE. 
Dosing of daptomycin depends on the site of infection. 
Lower doses are needed for skin and soft tissue infections 
whereas larger doses are required to treat bacteremia.23 Rel-
ative or complete resistance may be present when patients 
with prior exposure to vancomycin are treated for staphy-
lococcal infection, reflecting thickening of the cell wall.9 In 
cases in which relatively resistant organisms are suspected, 
high-dose daptomycin (10 to 12 mg/kg [IV] q24h) has been 
successfully used.37,38 Daptomycin should be avoided in 
cases of pneumonia because the calcium present in surfac-
tant inactivates the antibiotic.

Tigecycline

Tigecycline, a derivative of minocycline that is structur-
ally similar to the tetracyclines, exhibits time-dependent 

killing. Concerns in the literature about the potential ther-
apeutic failures of tigecycline relate to treating organisms 
that are innately resistant to tigecycline (e.g., P. aeruginosa) 
or to inadequate dosing. When tigecycline is administered, 
a loading dose, typically twice the maintenance dose, 
should be given, but the optimal tigecycline dosing strat-
egy has not yet been determined. Given the high volume 
of distribution (Vd) of the drug (8 L/kg), the initial dose 
may not be sufficient to achieve therapeutic serum con-
centrations. A higher loading dose may be necessary when 
treating relatively resistant gram-negative bacilli.39,40 The  
half-life of tigecycline is so long (t1/2 = 42 hours) that after 
the initial loading dose of tigecycline, the maintenance 
dose (half of the loading dose) should instead be dosed 
every 24 hours.39

Aminoglycosides

Aminoglycosides demonstrate concentration-dependent 
killing kinetics. Amikacin, the aminoglycoside with the 
highest anti-P. aeruginosa activity, achieves much higher 
serum/MIC ratios than other aminoglycosides and is 
preferred in the critically ill. This drug may be used as 
monotherapy for gram-negative bacteremia and used as 
part of combination therapy to either increase coverage 
(e.g., tigecycline plus amikacin) or for possible synergy 
(e.g., levofloxacin plus amikacin). One-time daily dosing 

Table 17-5 Difficulties with the Interpretation of 
Antibiotic Susceptibility Testing Data

 1.  The cultured isolate is not necessarily the pathogen (e.g., skin 
colonizers, colonizers of body/fluid secretions).

 2.  Treating “colonizers” from fluid/body secretions from nonsterile 
sites often misses the true pathogens at the site of infection.

 3.  An antibiotic selected based on the cultured “colonizer” is 
often misleading.

 4.  Selection of an antibiotic based on susceptibility testing does 
not guarantee antibiotic effectiveness.

 5.  Isolates reported to be “resistant” are not always resistant; in 
fact, such isolates are often nonsusceptible or only relatively 
resistant (i.e., easily susceptible with high-dose therapy).

IN VITRO SUSCEPTIBILITY VS. IN VIVO 
EFFECTIVENESS

 1.  Interpretation (breakpoints of resistance) not universally 
agreed upon (U.S. [Clinical Laboratory Standards Institute] vs. 
Europe [European Committee on Antimicrobial Susceptibility 
Testing]).

 2.  In vitro susceptibility not always predictive of in vivo effec-
tiveness.
Examples:

 •  MRSA reported as “susceptible” to doxycycline and 
TMP-SMX may not be clinically effective.

 •  MRSA reported as “susceptible” in vitro to quinolones or 
cephalosporins (except ceftaroline) are not effective in vivo.

 •  Klebsiella pneumoniae reported as “susceptible” in vitro 
to TMP-SMX is not effective in vivo.

 •  Streptococci (Groups A–D) reported as “susceptible” 
in vitro to aminoglycosides are not effective in vivo.

 •  L. monocytogenes appears susceptible in vitro but is not 
effective in vivo.

 3.  Nonsusceptible isolates in vitro may be susceptible in vivo 
with full/high doses if the MIC can be exceeded.

MIC, minimal inhibitory concentration; MRSA, methicillin-resistant S. aureus; 
TMP-SMX, trimethoprim-sulfamethoxazole.

Adapted from: Cunha BA, ed. Antibiotic Essentials. 12th ed. Sudbury, MA: Jones 
& Bartlett; 2013: 2-10.

Table 17-6 Effective Approaches to Minimize 
Resistance

 1.  Avoid “covering” colonizers that rarely, if ever, cause infec-
tion at the infection site being treated.

 2.  Select a low resistance potential antibiotic effective against 
the usual site-determined pathogens.

 3.  Always consider the penetration potential of the antibiotic 
selected to be sure of therapeutic concentrations at the site of 
infection.

 4.  Use a loading dose or high dose for the first 3 days to elimi-
nate selecting out potentially resistant mutants.

 5.  Use the shortest effective duration of therapy, taking into 
account host factors, inoculation size, and pathogen virulence.

INEFFECTIVE APPROACHES TO MINIMIZE 
RESISTANCE

 6.  Switching from broad-spectrum to narrow-spectrum antibiot-
ics is less relevant if using appropriate low resistance potential 
antibiotics.

 7.  Combination therapy does not prevent resistance.

 8.  Antibiotic “cycling” does not prevent resistance.

 9.  De-escalation decreases unnecessary/excessive antibiotic use, 
but does not, per se, decrease resistance.

 10.  Decreasing “antibiotic tonnage” or volume decreases costs 
and Clostridium difficile rates, but not resistance.

 11.  Avoid prolonged/low-dose antibiotic therapy.

Adapted from: Cunha BA. Antibiotic Resistance: Effective Control Strategies. 
Lancet 357:1307-1308 and 1101, 2001; Roberts JA, Pharm B, Kruger P, Paterson 
DL, Lipman J. Antibiotic resistance—What’s dosing got to do with it? Crit 
Care Med. 2008;36:2433-2440.
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optimizes amikacin PK/PD advantages and limits the 
risk of nephrotoxicity and ototoxicity.41-43

Colistin

Colistin is primarily used for serious infection due to 
MDRO Acinetobacter sp. or P. aeruginosa resistant to other 
antibiotics. Acquired resistance to colistin is rare, but 
many common gram-negative microorganisms are intrin-
sically resistant (Proteus, Morganella, Serratia, Burkholderia 
spp.). The limiting factor with colistin use is the potential 
for nephrotoxicity. Recent studies suggest that colistin, 
when properly dosed, is less nephrotoxic than was once 
thought.44 Colistin should be given with a loading dose and 
then given in a maintenance dose of 1.7 mg/kg (IV) every 
8 hours. Renal function should be monitored because renal 
failure may increase the serum half-life from 3.5 hours up 
to as long as 48 to 72 hours.45,46 Colistin should be consid-
ered the drug of last resort. It is the only antibiotic active 
against MDRO Acinetobacter spp. and P. aeruginosa.

CONCLUSION

When selecting an empiric antibiotic for the septic ICU 
patient, clinicians must take into account the spectrum of 
activity, delivery of the drug to the site where the pathogen 
is located, resistance potential, optimized dosing based on 
PK/PD, and duration of treatment needed to eradicate the 
infection. The goal should be to use the highest dose of an 
antibiotic but avoid toxicity, in situations in which there is 
relative resistance (e.g., penicillin-resistant pneumococci). 
It is important to resist the temptation to treat isolates that 
represent colonization rather than true infection because 
this increases the risk of developing antibiotic resistance.4 
Empiric antibiotic therapy should be reserved for patients 
with true infection and not used in patients with infectious 
mimics or otherwise unexplained fever or leukocytosis 
(Table 17-4).

Ultimately, when using antibiotics in the ICU setting, it 
is critical to select an agent with a low resistance poten-
tial and give the drug at the highest dose without causing 
toxicity for the shortest amount of time necessary to cure 
the infection (Tables 17-7 and 17-8). In this way, clinicians 
will gain the maximum benefit from antimicrobials with 
the fewest adverse effects.

AUTHORS’ RECOMMENDATIONS

 •  When selecting an empiric antibiotic for the septic ICU patient, 
clinicians must take into account spectrum of activity, delivery 
of the drug to the site where the pathogen is located, resistance 
potential, optimized dosing based on PK/PD, and duration of 
treatment needed to eradicate the infection.

 •  The goal should be to use the highest dose of an antibiotic, yet 
avoid toxicity.

 •  Antibiotics should not be administered to treat isolates that 
represent colonization rather than true infection, or infectious 
mimics such as unexplained fever or leukocytosis.

 •  The selected agent should be administered for the shortest 
duration necessary to cure the infection.  

Table 17-8 Consequences of Suboptimal 
Antibiotic Therapy

 1.  Therapeutic failure
Consequences

 -  Wasted resources (drug costs of unsuccessful therapy)
 -  Cost of re-treatment with another effective antibiotic 

(sometimes more expensive/toxic)
 -  Costs of tests and consultants to evaluate and or re-treat 

therapeutic failure
 -  Covering/chasing colonizers often means missing or not 

optimally treating the pathogens at the infection site
 -  ↑ Length of stay
 -  Legal implications of therapeutic failure

 2.  Antibiotic resistance
Causes

 -  Failure to select low resistance potential antibiotics (vs. 
high resistance potential antibiotics)

 -  Failure to use full/highest tolerable dosing without 
toxicity (vs. low dose/prolonged treatment duration)

 -  Failure to penetrate the target site of infection in thera-
peutic concentration results in subtherapeutic concentra-
tions at the infection site → therapeutic failure/resistance

 -  All other things being equal, subtherapeutic/low antibi-
otic concentrations likely to promote resistance

Consequences
 -  Cost of cohorting MDRO patients (impairs patient flow/

bed utilization)
 -  Risk of spread of MDROs within the ICU, hospital, and 

community
 -  Compromised hospital reputation and or public image

ICU, intensive care unit; MDRO, multidrug-resistant organism.

Table 17-7 Summary of Optimal Empiric Antibiotic 
Use in the ICU

 1.  Base empiric coverage on likely pathogens at site of infection 
(lungs, not respiratory secretion isolates)

 2.  Avoid “covering” only cultured organism (colonization) from 
nonsterile sites

 •  Respiratory secretions in intubated patients
 •  Urine in patients with Foley catheters
 •  Wounds with a nonpurulent discharge

 3.  Select antibiotic with high degree activity (and low resistance 
potential) against the usual pathogens at infection site

 •  VAP/NP: P. aeruginosa and aerobic GNBs (not MSSA/
MRSA)

 •  Urosepsis: aerobic GNBs and enterococci (not MSSA/
MRSA or B. fragilis)

 •  Intra-abdominal sepsis: B. fragilis and aerobic GNBs (not 
MSSA/MRSA)

 4.  Minimize resistance by preferentially using low resistance 
potential (vs. high resistance potential) antibiotics with a 
spectrum appropriate for the infection site

 5.  Use full dose/highest dose (nontoxic) possible to maximize effec-
tiveness and minimize the emergence of resistant organisms

 6.  Use strict infection control precautions to minimize spread of 
MDROs in ICU and the hospital

GNB, gram-negative bacilli; ICU, intensive care unit; MDRO, multidrug- resistant 
organism; MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive 
S. aureus; NP, nosocomial pneumonia; VAP, ventilator- associated pneumonia.
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Is Prophylaxis for Stress 
Ulceration Useful?

Eimhin Dunne, Ivan Hayes, Brian Marsh

First described in the 1970s,1,2 stress-related mucosal dam-
age (SMRD) was once considered a common complication 
of critical illness. However, it is now questionable whether 
the early descriptive work on the epidemiology and patho-
physiology of stress ulceration remains applicable to the 
modern-day intensive care patient. Early endoscopic stud-
ies reported gastroduodenal abnormalities in most patients 
admitted to an intensive care unit (ICU), with more than 
20% experiencing a gastrointestinal bleed significant 
enough to warrant blood transfusion.3 With the evolu-
tion of critical care, a decade later, the number experienc-
ing a clinically significant bleed had dramatically fallen.4-6 
Although infrequent now, clinically significant bleed-
ing (CSB) remains associated with significant increased 
mortality and excess length of ICU stay estimated at 4 to  
5 days.7 However, preventative measures to reduce stress 
ulceration have no effect on mortality or length of stay.8

The management of SMRD in critically ill patients 
remains a contentious issue for intensivists. The potential 
benefit of prophylactic treatment must be weighed against 
the adverse risks and cost associated with treatment. If the 
decision to treat is made, then there is further uncertainty 
about the choice and formulation of agent. Undoubtedly, 
certain subsets of critically ill patients are at greater risk, 
and the identification and treatment of this group are likely 
to result in safe, cost-effective therapy.

DEFINITIONS

SRMD represents upper gastrointestinal damage rang-
ing from asymptomatic superficial subepithelial lesions 
through to deeper lesions and ulceration extending into the 
submucosa and muscularis propria, causing occult bleed-
ing, overt bleeding, or CSB.

Overt bleeding manifests as hematemesis, gross blood, 
or coffee-ground-like material in the nasogastric aspirate, 
hematochezia, or melena. CSB is overt bleeding complicated 
by hemodynamic changes (hypotension, tachycardia, or 
orthostasis) or by the need for blood transfusion or surgery.

PATHOPHYSIOLOGY

The pathophysiology of SRMD is complex, and uncer-
tainty remains regarding the exact mechanisms. However, 

it is likely that it arises from an altered balance of adequate 
mucosal protection and gastric acid production. The syn-
thesis of the protective barrier is weakened when gut per-
fusion is compromised. Its protective effect is impaired by 
the presence of bile salts and uremic toxins, all common 
findings in critically ill patients.9 Interestingly, intralumi-
nal gastric hyperacidity has not been identified as a major 
contributor to the development of SMRD outside of head 
trauma and burn patients.10

Under normal physiologic circumstances, defense 
mechanisms prevent the erosion of the upper gastroin-
testinal mucosal lining by the acidic intraluminal con-
tents. A glycoprotein mucous layer lines the stomach and 
forms a physical barrier to hydrogen ion back-diffusion 
(Fig. 18-1, A). Bicarbonate is trapped in this protective 
layer and neutralizes hydrogen ions before they reach the 
gastric epithelial layer. Adequate perfusion and oxygen 
delivery maintain intramural pH and prostaglandin syn-
thesis, which is necessary for maintenance of the protective 
 barrier layer.

Shock is common in critically ill patients, and septic 
shock is the most frequent cause of death in intensive care.11 
Early in the systemic inflammatory response, splanch-
nic blood flow is reduced, resulting in gastric  intestinal 
mucosal hypoperfusion. This is exacerbated by absolute or 
relative hypovolemia and arterial hypotension. The com-
bination of hypovolemia, redistribution of cardiac output, 
and intense splanchnic microvascular vasoconstriction 
results in hypoperfusion and tissue hypoxia. Hypoxia 
leads to uncoupling of oxidative phosphorylation. Energy 
is derived from anaerobic glycolysis resulting in regional 
lactic acidosis and a decrease in tissue pH.

Hypoperfusion initially causes an ischemic mucosal 
injury. Accumulation of oxygen-free radicals contributes 
to tissue inflammation and cell death. A reduction in pros-
taglandin synthesis results in breakdown in the protective 
mucosal barrier; the epithelial layer is exposed to hydro-
chloric acid and pepsin, and erosions ensue (Fig. 18-1, B).

In the severely physiologically stressed critically ill 
patient, the combination of hypovolemia, activation of 
the sympathetic nervous system, global and regional 
hypoperfusion, endogenous and exogenous vasoactive 
agents, the release of proinflammatory cytokines, and 
activation of coagulation create a milieu that favors gas-
trointestinal ulceration and impairs protective and heal-
ing mechanisms.

18
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Gastric intraluminal acidity (pH < 4) is necessary for 
the generation of stress ulceration. Fasting and prolonged 
gastric transit times may contribute to a more acidic upper 
gastrointestinal tract. This increased duration and intensity 
of acid exposure may increase the likelihood of erosions 
and ulceration.

EPIDEMIOLOGY

SMRD was once considered an unavoidable complication 
of critical illness.12,13 Early endoscopic evidence based on 40 
patients reported gastroduodenal abnormalities in almost 
75% of patients admitted to an ICU, with more than 20% 
(9 of 40) of patients experiencing a gastrointestinal bleed 
significant enough to warrant blood transfusion.3 With the 
evolution of critical care, a decade later, the number experi-
encing a clinically significant bleed had fallen to 2 to 4%.4-6 
Nonetheless, on the basis of the early endoscopic studies 
and the fact that CSB remains associated with significant 
morbidity and mortality, stress ulcer prophylaxis (SUP) 
has become a standard of care in patients admitted to the 
ICU, with the intervention endorsed by many professional 
bodies.14 It has been reported that 90% of ICU patients will 
receive some form of SUP.15 Consequently, it is difficult to 
ascertain the true incidence of SMRD in the modern-day 
intensive care patient not receiving SUP.

A recently published large cohort study involving more 
than 35,000 patients in more than 70 hospitals between 
2003 and 2008 reported the risk of gastrointestinal hem-
orrhage at 4%.16 A meta-analysis from 2010 based on 
17  studies performed between 1980 and 2004 estimates the 
risk of CSB from stress ulceration at 1% in ICU patients.14 
The variation in prevalence likely relates to the clinical  
endpoints studied and how the conditions of overt 
 bleeding and CSB are defined.

The downward trajectory in the prevalence of CSB as a 
result of SMRD is due, at least in part, to improvements in 
the overall management of the intensive care patient. The 
decline in prevalence is widely attributed to the develop-
ment of early goal-directed therapy with rapid restoration 
of intravascular volume and organ perfusion pressure, 
the use of lung-protective ventilatory strategies with a 
shorter duration of mechanical ventilation, the institution 
of Surviving Sepsis Campaign guidelines, and early enteral 
nutrition.8,14,17

RISK FACTORS

Not all critically ill patients are at equal risk for having gas-
trointestinal hemorrhage. In the prospective multicenter 
cohort study of 2252 intensive care patients by Cook and 
associates,4 two independent risk factors for CSB were 
identified: respiratory failure (requiring mechanical venti-
lation for >48 hours; odds ratio [OR] 15.6) and coagulopa-
thy (platelets <50,000; international normalized ratio >1.5 
or activated partial thromboplastin time >2 times the con-
trol; OR, 4.3).

There was a trend toward increased bleeding in 
patients with hypotension (OR, 3.7), sepsis (OR, 2.0), 
renal failure (OR, 1.6), and glucocorticoid use (OR, 1.5), 
but these did not reach statistical significance.4 In a 
later study of 1077 critically ill mechanically ventilated 
patients, using a multivariable analysis, the same group18 
demonstrated that renal failure (OR, 1.16) was indepen-
dently associated with CSB, whereas enteral nutrition 
(OR, 0.3) and prophylaxis with ranitidine (OR, 0.39) 
conferred significantly lower bleeding rates. Two factors 
that appear to be independently predictive of stress ulcer 
bleeding in trauma patients are severe injury, as defined 
by an Injury Severity Score greater than 16, and injuries 
to the central nervous system (brain and spinal cord).19 In 
an observational study by Maury and coworkers,20 Heli-
cobacter pylori infection was found to be associated with a 
20% absolute increase in risk in critically ill patients who 
developed upper gastrointestinal hemorrhage (36% vs. 
16%; P = .04; Table 18-1).

MANAGEMENT

The prevention or limitation of SRMD and stress ulcer-
ation begins with restoration of splanchnic perfusion and 
prompt effective treatment of the underlying condition. 
Early goal-directed therapy with fluid and catecholamine 
resuscitation has been shown to reduce mortality and 
multiorgan dysfunction in patients with severe sepsis 
and septic shock.21 In shocked patients with splanchnic 
hypoperfusion, adequate volume loading is likely to be 
the most important initial intervention. The types of flu-
ids, resuscitation endpoints, and monitoring techniques 
remain controversial. These issues are covered elsewhere 
in this book.

Figure 18-1. Development of stress ul-
cers: gastric mucosa. A, Normal mucosal 
barrier function. B, In critical illness, nor-
mal cytoprotective mechanisms are lost, 
and hypoperfused mucosa is exposed to 
gastric acid.
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SPECIFIC STRESS ULCER PROPHYLAXIS

Although CSB from SRMD occurs infrequently, the asso-
ciated morbidity and mortality warrant a preventative 
approach in at-risk patients. Specific pharmacologic anti-
stress ulcer therapies can be broadly divided into four 
groups: antacids, cytoprotectants, H2-receptor antagonists, 
and proton pump inhibitors (PPIs) (Fig. 18-2).

Antacids act locally by directly neutralizing gastric 
acid and transiently increasing intraluminal pH. Frequent 
oral administration is required. Adverse effects include 
vomiting, constipation, metabolic alkalosis, and a range 
of electrolyte disturbances. Antacids are less efficacious 
than H2-receptor antagonists and PPIs in reducing gas-
tric acidity, and they are currently not recommended as 
 prophylaxis.

Sucralfate is the most extensively studied of the cyto-
protectant agents. It is a sulfated polysaccharide com-
plexed with aluminum hydroxide, which adheres to 
epithelial cells to form a physical protective gel layer on 
the gastric mucosa, reducing direct acid contact. Sucralfate 
is administered orally or by nasogastric tube. It does not 
significantly alter intraluminal pH; this may confer benefit 
in terms of gastric bacterial colonization. Other proposed 
benefits of sucralfate include (1) stimulation of mucous and 

bicarbonate secretion, (2) stimulation of epidermal growth 
factor, and (3) improved mucosal blood flow and enhanced 
prostaglandin release. Adverse effects are reduced absorp-
tion of enteral feed and some medications (quinolones, the-
ophylline, phenytoin, ranitidine, ketoconazole, digoxin).22 
There is also the potential for bezoar formation, clogging of 
nasogastric tubes, need for feeding breaks, and increased 
serum aluminum levels in patients receiving renal replace-
ment therapy. Because sucralfate acts directly on the stom-
ach, administration distal to the pylorus is ineffective. 
Sucralfate is more effective than placebo but inferior to 
H2-receptor antagonists.23

Gastric acid secretion is an active, energy-demanding 
process. Agents such as H2-receptor antagonists and PPIs, 
by diminishing energy-demanding gastric acid secre-
tion, may protect against the development of stress ulcers 
related to hypoperfusion.

H2-receptor antagonists act by reversible competitive 
inhibition of histamine-stimulated acid production and 
decrease overall gastric secretions. Enteral and paren-
teral formulations are available. These agents require fre-
quent dosing, and there is some evidence to suggest that 
continuous infusions of the intravenous formulations 
may achieve better pH control than bolus administra-
tion.24,25 The phenomenon of tachyphylaxis, displayed by 
H2-receptor antagonists, raises concerns about their suit-
ability for longer term use in the critically ill. Seventy per-
cent of patients will achieve a gastric intraluminal pH of 
more than 4 within 24 hours, but this falls to just 26% by 
day 3.26,27 Adverse effects include central nervous system 
disturbances, especially in elderly patients with intrave-
nous administration. In rare instances, hematologic disor-
ders such as thrombocytopenia have been associated with 
H2-receptor antagonists. Cimetidine and ranitidine cause 
inhibition of cytochrome P-450 metabolism that reduces 
the clearance of many drugs (e.g., warfarin and phenytoin).  
H2-receptor antagonists reduce the risk of CSB when com-
pared with placebo.23

PPIs are substituted benzimidazoles that inhibit the H+/
K+ ATPase (gastric hydrogen potassium adenosine triphos-
phate) enzyme on the parietal cell. This inhibits histamine-
induced and vagally mediated acid secretion, making PPIs 
the most potent agents in raising the pH of gastric contents. 
PPIs irreversibly bind to the proton pump, and subsequent 
secretion of acid can only occur with the synthesis of new 
enzyme.28 There are enteral and intravenous formula-
tions available. Patients do not have tolerance to the ant-
acid effects of PPIs, with 100% of patients maintaining a 

Table 18-1 Risk Factors for Stress Ulceration

Mechanical ventilation*
Coagulopathy*
Acute renal failure†

Major trauma (Injury Severity Score >16)
Hypotension
Sepsis
Shock
Organ dysfunction
Liver failure
Cardiac arrest
Brain or spinal cord injury
Thermal injury (>35% total-body surface area)
High-dose glucocorticoids
Organ transplantation
Anticoagulation
After major surgery, with or without nasogastric tube
History of gastritis, peptic ulcer disease, gastrointestinal bleeding

*Independent risk factors.
†Independent risk factor in mechanically ventilated patient.

Figure 18-2. Gastric acid production and the effect 
of acid reduction therapy. ACh, acetylcholine; ATP, ad-
enosine triphosphate; Ca2+, calcium ion; cAMP, cyclic 
adenosine monophosphate; H+, hydrogen ion; H2RA, 
H2-receptor antagonist; K+, potassium chloride; PPI, 
proton pump inhibitor. PPIs
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gastric intraluminal pH of more than 4 at day 3.26 However, 
rebound acid hypersecretion is common after discontinua-
tion. Adverse effects are generally mild (e.g., gastrointesti-
nal upset or headache), but an association with Clostridium 
difficile diarrhea has been reported.29 PPIs are metabolized 
by the cytochrome P-450 enzyme system; therefore there 
is potential for drug interaction. Omeprazole interferes 
with metabolism of cyclosporine, diazepam, phenytoin, 
and warfarin and increases the metabolism of several 
antipsychotic drugs and theophylline.30 Pantoprazole 
undergoes dual-pathway metabolism in the liver to inac-
tive metabolites through the cytochrome P-450 system and 
sulfate conjugation. This results in fewer drug interactions 
that make pantoprazole particularly useful in critically 
ill patients, who typically are on numerous medications.  
A meta- analysis performed by Alhazzani and colleagues in 
2013 concluded that PPIs provide the most reliable and sus-
tained control of gastric acidity, making them more effective 
than H2-receptor antagonists at reducing clinically signifi-
cant and overt upper gastrointestinal bleeding.17 However, 
the investigators observed no corresponding reduction in 
mortality rates or length of hospital stay. An earlier large-
scale cohort study performed between 2003 and 2008 
involving more than 35,000 patients found a greater risk of 
gastrointestinal bleeding when PPIs were used compared 
with H2-receptor antagonists,16 but the validity of this trial 
was questioned because the authors did not differentiate 
between overt and clinically significant gastrointestinal 
bleeding. The Surviving Sepsis Campaign recommends the 
use of PPIs over H2-receptor antagonists for SUP.31

In patients with bleeding peptic ulcers, who require a 
higher gastric pH to maintain clot stability, the results of 
two trials suggest that omeprazole infusion can maintain 
the intragastric pH higher than 6 for several days, whereas 
the initial effectiveness of the H2-receptor antagonists 
in keeping the pH above 6 is quickly lost, most likely as 
a result of tolerance.27,32 A meta-analysis of 11 trials com-
pared the efficacy of PPIs and H2-receptor antagonists in 
reducing the rate of rebleeding in patients with bleeding 
peptic ulcer disease.33 PPIs were found to be more effective 
in preventing persistent or recurrent bleeding, but there was 
no significant difference in the need for surgery or mortal-
ity rate.33 Blood clot integrity is dependent on a pH higher 
than 6, which is only reliably achieved with PPIs. Questions 
remain outstanding regarding the appropriate PPI dosing 
regimen for patients with bleeding peptic ulcers. An intra-
gastric pH higher than 6 during most of the 24-hour periods 
is a prerequisite for the control of bleeding in patients with 
active bleeding ulcers because platelet aggregation will not 
occur below a pH of 5.9 and is optimal at a pH of 7 to 8.34 In 
a crossover trial in 10 patients taking omeprazole, a 40-mg 
intravenous bolus was compared with an 80-mg bolus 
plus 8-mg-per-hour infusion with the outcome measure of 
mean intragastric pH. The two regimens were equivalent 
for the first 12 hours. When the time with an intragastric 
pH above 6 during the first 24 hours was considered, the 
80-mg bolus and 8-mg-per-hour infusion were superior.35 
A more recent trial involving more than 230 patients with 
bleeding ulcers comparing continuous infusion of PPI with 
twice-daily dosing of intravenous PPI failed to show a dif-
ference in rebleeding rates, need for surgical intervention, 
blood transfusion requirements, or mortality.36

When CSB occurs, the patient should be hemodyna-
mically assessed and appropriate volume resuscitation 
instituted. Early multidisciplinary involvement is rec-
ommended with angiographic embolization, endoscopic 
intervention, and surgical control of bleeding vessels all 
options for definitive treatment in patients with gastroin-
testinal bleeding.

ENTERAL NUTRITION

The recognition of the importance of establishing enteral 
nutrition as soon as possible in the critically ill patient may 
have contributed to the decline in SMRD-related bleed-
ing over the last 30 years.8 Enteral feeding may reduce the 
incidence of overt gastrointestinal bleeding due to stress 
ulceration,4,18,37 but there are conflicting data,38 and most 
studies are now outdated, having been performed over 
two decades ago. A subgroup analysis in a large meta-
analysis investigating H2-receptor antagonists and placebo 
reported a potential increased risk of pneumonia and mor-
tality without reducing the risk of gastrointestinal bleed-
ing in patients receiving SUP.14 The suggestion that enteral 
nutrition may provide adequate protection in non–high-
risk patients without the need for additional therapy needs 
further investigation in larger-scale prospective studies.

Is Prophylaxis for Stress Ulceration Harmful?

Infectious Complications

 1.  Ventilator-Associated Pneumonia
In the European Prevalence of Infection in Intensive 

Care (EPIC) study,39 pneumonia (46.9%) and lower respi-
ratory tract infection (17.8%) were found to be the most 
common ICU-acquired infections. SUP was one of seven 
risk factors identified for ICU-acquired infection.39 Bacte-
rial colonization of the aerodigestive tract and the aspira-
tion of contaminated secretions into the lower airways are 
believed to contribute to the pathogenesis of ventilator-
associated pneumonia (VAP).40 Concerns have been raised 
that the administration of pH-altering drugs (antacids, 
H2-receptor antagonists, and PPIs) increase gastric intralu-
minal pH, facilitating bacterial proliferation, predisposing 
to tracheal colonization, and increasing the risk of nosoco-
mial pneumonia.41,42 However, data relating intragastric 
pH to nosocomial pneumonia are weak and conflicting. 
A randomized controlled trial of 244 patients found that 
patients treated with sucralfate had a lower median gastric 
pH, less frequent gastric colonization, and a reduced inci-
dence of late-onset nosocomial pneumonia,43 supporting 
the importance of gastric acidity. A trial of acidified enteral 
feed (pH < 3.5) to maintain gastric acidity and reduce bac-
terial colonization, in 120 critically ill patients,42 demon-
strated reduced levels of gram-negative bacterial growth 
in tracheal suction. However, this did not translate into a 
reduction in frequency of nosocomial pneumonia.

A prospective randomized controlled trial compared 
the use of antacids, continuous intravenous cimetidine, 
or sucralfate in critically ill trauma patients to deter-
mine the role of gastric colonization in the development 
of  pneumonia.38 The authors concluded that the gastric 
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biology of the three groups was nearly identical, and stress 
ulcer prophylactic agents that elevate gastric pH did not 
increase the incidence of pneumonia.

Overall, there is no clear evidence that antacid therapy 
increases the risk of ventilator-associated infections. It is 
biologically plausible that the rate of VAP is likely to be 
greater with PPI use, compared with sucralfate or H2-recep-
tor antagonists, because of the greater acid suppression 
achieved for longer duration by PPIs and consequential 
greater bacterial colonization. Furthermore, some studies 
have suggested that PPIs can diminish cell immunity and 
leukocyte function through acidification of the phagolyso-
some and an inhibition of phagocytosis.44

 2.  C. difficile Infection

Some studies have reported a link between acid-reducing 
therapy and C. difficile infection.44 Pathophysiologic explana-
tions include a weakened physical barrier to ingested bacteria 
due to the altered pH and the facilitation of bacterial prolif-
eration.44 In a recent retrospective analysis of more than 3000 
medical ICU patients, the use of PPIs for SUP was identified 
as a strong independent risk factor for the development of 
C. difficile–associated diarrhea.45 In addition, there was an 
increased risk of death in the cohort that had C. difficile–associ-
ated diarrhea (30.9%), compared with those patients who did 
not (21.9%), and an excess length of ICU stay of up to 8 days.45

Inappropriate Continuation

There is no clear recommendation on when to discontinue 
SUP in the critically ill, which probably explains the results 
of a recent observational study showing that one third of 
patients were discharged home with a PPI with no clear 
indication for their continued use.46

There are no published data on late CSB in the critical 
care population. Consideration should be made of the con-
tinued presence of risk factors, such as persistent mechani-
cal ventilation, catabolism, and coagulation disorders. 
Given the low incidence of CSB in patients without specific 
risk factors and the cost implications, it seems reasonable 
to discontinue prophylaxis when the original indication 
has subsided, and probably when the patient is discharged 
from ICU. Chronic therapy with PPIs has been linked to the 
development of osteoporosis and fractures.47
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Should Fever Be Treated?

Taka-Aki Nakada, Waka Takahashi, James A. Russell

Body temperature is a fundamental physiologic parameter 
that is altered by several pathologic processes. Abnormal 
or altered body temperature is a key to aid in diagnosis and 
is often a component of therapeutic strategy.1 Fever is par-
ticularly common in critically ill patients who are admitted 
to the intensive care unit (ICU).2-5

However, it is unclear if alterations in temperature are 
themselves pathologic or if they represent an adaptive 
response to pathology. Thus, before reviewing the evidence 
and making recommendations for fever control in the criti-
cally ill, it is fundamentally important to understand the 
mechanisms of temperature control and fever generation.

Infection such as that induced by gram-negative bacte-
ria induces several important changes in host physiology by 
generating pathogen-associated molecular patterns (PAMPs) 
that bind to pattern recognition receptors (PRRs) such as toll-
like receptor 4 (TLR-4).6 This process activates host fixed- 
tissue macrophages to release circulating substances such as 
prostanoids that alter activity in thermoregulatory regions 
of the preoptic area (POA) of the rostral hypothalamus7-10 
(Fig. 19-1). Inflammatory cytokines released from immune 
cells also induce expression of prostaglandin E2 (PGE2) in 
endothelial cells around the POA that further signal the 
hypothalamic temperature control center.11,12 PGE2 reduces 
cyclic adenosine monophosphate (cAMP) levels in the POA, 
and reduced activity of cAMP causes fever. Thus, tempera-
ture and generation of fever are controlled predominantly 
via a PGE2–dependent pathway; however, it is possible that 
cytokines or the hepatic branch of the vagus contribute to 
fever, although such suggestions are controversial.9,10,13

Data suggest that fever accompanies infection or sterile 
noninfective inflammation (postoperative patients, pancre-
atitis, trauma, inflammatory disorders such as lupus) and 
drug reactions.2,14 In infection, fever may modulate the host 
defense response,4,13 affecting cellular innate immunity, 
CD4 T cells, or B cells.15 Fever also decreases inflammatory 
cytokines such as tumor necrosis factor-α15,16 and delays 
expression of interferon-γ expression,16 rapidly increases 
expression of cytoprotective heat shock proteins,4,13,17-19 
and inhibits nuclear factor-κB. These changes can limit the 
deleterious effects of infection, reducing organ dysfunction 
and improving survival.18,20,21 Fever may also affect the 
pathogen by inhibiting growth22 or increasing antibiotic 
susceptibility.23 These effects suggest that fever is adaptive.

Conversely, an elevated body temperature has sev-
eral detrimental effects that need to be considered. Fever 
increases energy expenditure and oxygen demand and 
decreases vascular tone, resulting in an imbalance between 

oxygen demand and supply. Thus, controlling fever may 
decrease (1) global oxygen demand when oxygen supply is 
limited24; (2) the risk of oxygen supply/demand mismatch; 
(3) the metabolic rate, and with it catabolism; and (4) the 
risk of septic encephalopathy, thereby decreasing the need 
for sedatives and antipsychotic drugs. These possibilities 
provide a rationale for treating fever.4,13

The association between fever and the clinical out-
come of critically ill patients has been assessed in several 
observational cohort studies.3,24-32 A retrospective obser-
vational cohort study of 24,204 adult patients in medical-
surgical ICUs demonstrated that the presence of fever 
greater than 39.5° C was associated with significantly 
increased mortality rates.25 The effect of fever on outcome 
may be particularly critical in patients with neurologic 
disorders.33-35 A prospective cohort study of patients 
emergently admitted to a neurological ICU revealed that 
elevated body temperature was independently associ-
ated with increased length of ICU stay, increased mor-
tality, and worse hospital disposition.36 Controlling body 
temperature to avoid fever in patients who had cardiac 
arrest outside of the hospital has been widely studied 
and appears to improve neurologic outcomes and reduce 
mortality37-40 (Table 19-1), but a randomized controlled 
trial (RCT) showed that hypothermia in severe bacterial 
meningitis did not improve outcome and may even have 
been harmful41 (Table 19-1).

The benefits of actively preventing fever in ICU patients 
who do not have a neurologic disorder are unknown.2,4,13,42-48 
As such, guidelines generated by the American College 
of Critical Care Medicine (ACCM) and the Infectious Dis-
eases Society of America (IDSA) make no recommendations 
regarding temperature management in adult patients.1 We 
therefore review recent evidence from RCTs.

EVIDENCE FROM RANDOMIZED 
CONTROLLED TRIALS

The mechanism of cooling to control fever is likely impor-
tant. Interventions to control fever that were assessed 
in RCTs include external cooling and nonsteroidal anti-
inflammatory drugs (NSAIDs) such as ibuprofen and acet-
aminophen (paracetamol).

Although fever is inconsistently defined, a core 
body temperature of 38.3° C or greater is most com-
monly used in the literature and in the ACCM/IDSA 
guidelines for fever in critically ill adult patients.1 These 
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guidelines recommended that an intravascular, esopha-
geal, or bladder thermistor most accurately measures 
temperature. In addition, the guidelines state that oral 
 or infrared ear thermometry are accurate and acceptable 
for use in the ICU,49 whereas temporal artery, axillary, or 
chemical dot temperatures are not.1

External Cooling

There have been two RCTs of external cooling for non- 
neurologic critically ill patients50,51 (Table 19-2). The first 
RCT (n = 38) assessed the efficacy of external cooling in 
febrile patients admitted to a surgical ICU without neuro-
logic factors, and it failed to demonstrate a significant effect 
on length of hospital stay or mortality.50 This study was 
limited by a sample size that left it severely underpowered 
and ineffective external cooling—patients who received 
external cooling had similar body temperature compared 
with the control group. The second RCT was conducted to 
evaluate the safety and efficacy of fever control by external 
cooling in febrile patients who had septic shock.51 This RCT 
enrolled 200 critically ill patients who had infection with a 
core body temperature greater than 38.3° C and required 
vasopressor infusion, ventilator support, and sedation. 
The intervention group (n = 101) had external cooling to 

normothermia for 48 hours whereas controls (n = 99) had 
usual care without cooling. Because there was no difference 
in adverse events between the two groups, fever control 
by the external cooling was demonstrated to be safe. This 
study successfully attained rapid, significant fever control 
by external cooling. However, the primary outcome vari-
able, the number of patients reaching a 50% decrease in the 
dose of vasopressors within 48 hours, was not significantly 
different between the two groups. The patients who had 
external cooling required significantly lower vasopressor 
dosage at 12 hours and had significantly decreased 14-day 
mortality compared with patients without external cooling 
(19% vs. 34 %; P = .013). External cooling can cause shiv-
ering and thus increase the need for sedation and even 
neuromuscular paralysis. Although the use of sedation 
and neuromuscular paralysis was similar between groups, 
it is unclear if sedation of neuromuscular blockade was 
managed by a protocol. Importantly, the groups differed 
at baseline; initial vasopressor doses in patients without 
external cooling were higher than the patients with exter-
nal coolings. The adjusted analyses confirmed the efficacy 
of cooling; nonetheless, post hoc statistical adjustment of 
baseline differences in the primary outcome variable (vaso-
pressor dose) between study groups is always a concern in 
the interpretation of RCTs.

Although additional trials need to be performed, exter-
nal cooling is simple, easily implemented, and lacks some 
of the potential adverse effects of antipyretics. Subsequent 
validation in larger RCTs is required; however, we sug-
gest that cooling of febrile patients who have septic shock 
should be considered in patients who are on high doses of 
vasopressor, who require inotropic agents (e.g., dobuta-
mine), or who have marked tachycardia.52

Ibuprofen

A large (n = 450) RCT funded by the National Institutes of 
Health published in 1997 compared ibuprofen, an NSAID, 
with placebo in patients with severe sepsis.53 Ibuprofen 
significantly decreased core temperature, heart rate, oxy-
gen consumption, and lactate level. In addition, potential 
drug-induced adverse events, including renal dysfunction 
and gastrointestinal bleeding, did not differ between the 
two groups. There was, however, no significant difference 
in organ failure or 30-day mortality between study groups 
(ibuprofen vs. placebo, 37% vs. 40%, respectively).

A smaller RCT (n = 53) evaluated the efficacy and safety 
of intravenous ibuprofen (100, 200, or 400 milligrams every 
4 hours for six doses) in critically ill patients with fever. 
Intravenous ibuprofen effectively controlled fever and was 
not associated with an increase in adverse events, but there 
was no difference in mortality between ibuprofen and pla-
cebo.54 This was a very small RCT, though, that was not 
even close to being of adequate power for mortality assess-
ment. Taken together, ibuprofen can safely reduce fever in 
critically ill patients, but there is no reported evidence to 
support a beneficial effect on clinical outcomes.

Acetaminophen (Paracetamol)

To our knowledge, there are no RCTs of acetaminophen 
(paracetamol) for fever control in sepsis or septic shock.  

Pathogens (LPS, LTA)

Immune cells,
inflammatory cytokines 

Macrophages (lung, liver)
PGE2 

Brain,
endothelial cells PGE2 

Skeletal muscle/brown adipose tissue,
heat production 

Hypothalamus preoptic area

Figure 19-1. Lipopolysaccharide (LPS), a main component of the  outer 
membrane of gram-negative bacteria, is a pathogen-associated molecu-
lar pattern that is recognized by pattern recognition receiptors such as 
toll-like receptor 4 on immune cells. In lung and liver, prostaglandin 
E2 (PGE2), synthesized by activated macrophages, is released into the 
 circulation and circulates to the preoptic area (POA) in the rostral pole 
of the hypothalamus, the brain’s thermoregulatory center. In addition to 
the PGE2 from the lung and liver, PGE2 is also expressed by local brain 
endothelial cells. Inflammatory cytokines released from immune cells 
induce expression of PGE2 in such endothelial cells around the POA. 
PGE2 diffuses into the parenchyma and signals the hypothalamic tem-
perature control center. PGE2 reduces cyclic adenosine monophosphate 
(cAMP) levels in the POA, and reduced activity of cAMP causes fever. 
Thus temperature and generation of fever are controlled predominantly 
via a PGE2-dependent pathway. LTA, lipoteichoic acid.
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Table 19-1 Fever Control in Neurologic Critically Ill Patients

Study, Year Setting Population Patients (n) Intervention Primary Outcome Main Findings

Bernard, 200237 RCT Out-of-hospital 
cardiac arrest

77 Target temperature 33° C  
within 2 hours after the  
ROSC and maintained  
for 12 hours

Survival to hospital 
discharge with 
good neurologic 
function

Patients treated with 
hypothermia had a good 
outcome compared with 
those with normothermia 
(49% vs. 26%, P = .046).

Hypothermia 
After Cardiac 
Arrest study 
group, 200238

RCT Postcardiac arrest 136 Target temperature 32 to  
34° C for 24 hours

Favorable neurologic 
outcome within 
6 months after 
cardiac arrest

Patients in the hypothermia 
group had a favorable 
neurologic outcome com-
pared with the normother-
mia group (55% vs. 39%, 
RR 1.40, 95% CI 1.08-1.81).

Nielsen, 201339 RCT Out-of-hospital 
cardiac arrest

939 Targeted temperature 33  
or 36° C

Mortality There were no significant 
differences between the 
two groups in neurologic 
function or death at  
180 days.

Mourvillier, 
201341

RCT Severe bacterial 
meningitis

130 Targeted temperature 32  
to 34° C for 48 hours  
using cold IV fluids

Glasgow outcome 
scale score at  
3 months

Moderate hypothermia did 
not improve outcome 
in patients with severe 
 bacterial meningitis  
(unfavorable outcome, 
86% (hypothermia) vs. 74% 
(control), RR, 2.17, 95% CI, 
0.78–6.01, P = 0.13).

CI, confidence interval; IV, intravenous; RCT, randomized controlled trial; ROSC, return of spontaneous circulation; RR, relative risk.

Table 19-2 RCTs of Fever Control in Nonneurologic Critically Ill Patients

Study, Year Setting Population Patients (n) Intervention Duration Main Findings

Gozzoli, 200150 Surgical ICU Postoperative 38 External cooling 24 hours Treatment of fever had 
no effect on length of 
ICU stay, duration of 
hospital stay, and ICU 
mortality

Schortgen, 201251 Medical ICUs Septic shock 200 External cooling 48 hours Decreased vasopres-
sor requirement and 
decreased mortality at 
14 days

Bernard, 199753 Surgical, trauma, 
and medical 
centers

Severe sepsis 455 IV ibuprofen Every 6 hours  
for 48 hours

No significant improve-
ment of mortality rate 
at 30 days

Morris, 201054 Medical hospitals Critically ill 53 IV ibuprofen Every 4 hours  
for 24 hours

No significant differ-
ences in renal function, 
bleeding, or mortality

Schulman, 200555 Trauma ICU Trauma 82 Enteral acetaminophen 
(paracetamol) every  
6 hours for >38.5° C

External cooling added 
for >39.5° C

Febrile episode Terminated early because 
of strong trend to 
higher mortality rate 
(P = .06) in intervention 
group

ICU, intensive care unit; IV, intravenous; RCT, randomized controlled trial.
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One small RCT (Table 19-2) compared enteral acetamino-
phen (paracetamol) (650 mg every 6 hours for the febrile 
episode) for temperatures greater than 38.5° C with addi-
tional external cooling for temperatures greater than 
40° C to a specified fever control regimen in 82 trauma 
patients without traumatic brain injury. There were no 
significant differences in infections between the two 
groups; however, a trend to increased mortality in the 
aggressive fever  control group (mortality: aggressive vs. 
permissive, 16% vs. 3%; P = .06) resulted in premature 
termination of the RCT at an interim analysis.55

LARGE-SCALE OBSERVATIONAL STUDIES 
AND ONGOING RCTS

The association of fever and mortality may be different in 
critically ill patients who have infection compared with 
those who do not have infection. Two separate, relevant 
large-scale observational studies were published in 2012.

A large retrospective study using two independent 
cohorts (Australia and New Zealand, n = 269,078; United 
Kingdom, n = 366,973) tested whether peak temperature in 
the first 24 hours after ICU admission was associated with 
altered hospital mortality. In critically ill patients with infec-
tion, increased peak body temperature in the first 24 hours 
after ICU admission was associated with decreased hos-
pital mortality compared with patients with normal body 
temperature (36.5 to 36.9° C), resulting in the hypothesis 
that fever control in patients with infection may be harm-
ful. On the other hand, analysis of the patients without 
infection revealed that body temperature above 40.0° C was 
associated with increased hospital mortality26 (Table 19-3). 
The inability to assess cause and effect limits the value of 

this study. Fever could simply identify sicker patients with 
a poorer prognosis.

Consistent with the finding of harmful effects of fever 
in patients without infection, another prospective obser-
vational cohort study of critically ill patients in Korea and 
Japan (n = 1425) demonstrated that noninfectious critically 
ill patients who had maximum body temperature above 
39.5° C during their ICU stay had increased 28-day mortality 
compared with patients who had normal body temperature 
(36.5 to 37.4° C)32 (Table 19-3). The study also demonstrated 
that mortality in septic patients receiving acetaminophen 
(paracetamol) or NSAIDs was increased compared with 
patients who did not receive fever control. This finding was 
not present in the nonseptic patient group. When patients 
were stratified by temperature, 28-day mortality was lower 
in patients with low-grade fever (body temperature 37.5 to 
38.4° C) as compared with patients with normal body tem-
perature (36.5 to 37.4° C) (16.9% vs. 24.5%; odds ratio 0.45; 
95% confidence interval 0.24 to –0.85; P = .014). The 28-day 
mortality of patients with medium-grade fever (38.5 to 
39.4° C) was 23.8% and that of high-grade fever (39.4° C) 
was 30.5%, not significantly different from the normal 
body temperature group. Conversely, a prospective obser-
vational study that enrolled 624 critically ill patients with 
severe sepsis (Table 19-3) demonstrated that hypothermia 
(≤36.5° C) was associated with increased 28-day mortality 
compared with nonhypothermia (28-day mortality, 38.1% 
vs. 17.9%; odds ratio, 2.78; 95% confidence interval, 1.56 to 
4.97; P < .001).31 These three inconsistent results from the 
observational study of critically ill patients with infection 
emphasize the need for future RCTs on fever control.

Fortunately, there are several ongoing RCTs of fever 
control in the critically ill56 (Table 19-4). A Phase IIb RCT 
(the Permissive Hyperthermia Through Avoidance of 

Table 19-3 Large-Scale Observational Studies Assessing Fever in Critically Ill Patients

Study, Year Study Design Population
Patients, n 
(Infected %)

Timing of Fever 
Record Primary Outcome Infected Group

Noninfected 
Group

Young, 201226 Retrospective ICU 636,051 (20.8%) First 24 hours in 
ICU

Hospital mortality Increased peak 
temperature 
was associated 
with decreased 
mortality.

Peak tempera-
ture >39.0° C 
was associated 
with increased 
mortality.

Lee, 201232 Prospective ICU stay 
>48 hours

1425 (42.5%) ICU stay 28-day mortality Fever was not 
associated with 
mortality.  
NSAID or 
acetaminophen 
(paracetamol) 
use was associat-
ed with increased 
mortality.

High fever 
(>39.5° C) was 
associated 
with mortality. 
NSAIDs or  
acetaminophen 
(paracetamol) 
use was not 
associated 
with mortality.

Kushimoto, 
201331

Prospective Severe 
sepsis

624 (100%) Initial day of 
severe sepsis

28-day mortality Hypothermia 
(<36.5) was 
associated with 
increased mor-
tality and organ 
failure.

-

ICU, intensive care unit; NSAID, nonsteroidal anti-inflammatory drug.



122    Section IV GENERAL CRITICAL CARE MANAGEMENT

Paracetamol in Known or Suspected Infection in ICU [HEAT] 
trial) is evaluating the safety and efficacy of intravenous acet-
aminophen (paracetamol) (1 gram every 6 hours during anti-
microbial therapy in the ICU) in febrile critically ill patients 
with infection. It is being conducted at 22 ICUs in Australia 
and New Zealand (sample size = 700 patients; primary out-
come variable = ICU support-free survival at 28 days).57

In addition, a Phase III RCT (the Cooling and Surviving 
Septic Shock [CASS] study, NCT01455116) evaluating the 
efficacy and safety of mild induced hypothermia (targeting 
temperature 32 to 34° C for 24 hours followed by 48 hours of 
fever control at 36 to 38° C for 72 hours) in 560 severe sepsis 
patients is being conducted in seven Danish ICUs.58 There 
are to be 280 patients in the mild induced hypothermia 
group (targeting temperature 32 to 34° C for 24 hours fol-
lowed by 48 hours of fever control at 36 to 38° C for 72 hours 
using either an internal or external cooling system) and 280 
patients in the normothermia for 24 hours group; the pri-
mary outcome variable is 30-day mortality.

CONCLUSION

Further randomized controlled study trials are needed 
to determine if fever control in critically ill patients with 
severe sepsis/septic shock is of value and to identify the 
patients who are most likely to benefit. Cooling is simple, 
safe and easily implemented. Cooling should be consid-
ered for patients in septic shock, in particular those who are 
receiving high-dose vasopressors or inotropes, those who 
have marked tachycardia, and those who have progressive 
secondary organ dysfunction. However, this approach rep-
resents opinion and is not supported by data.
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What Fluids Should I Give to the 
Critically Ill Patient? What Fluids 
Should I Avoid?

Anders Perner

Many critically ill patients are hypovolemic, which may 
result in impaired cardiac output and organ perfusion, 
leading to poor outcome. Therefore fluid therapy is a main-
stay in the resuscitation of critically ill patients, and fluid is 
one of the most frequently used interventions. Thus, one 
third of all patients in intensive care units (ICUs) world-
wide receive fluid for resuscitation each day.1 Therefore 
differences in patient outcomes among different types of 
fluids will affect global health, and differences in direct and 
related costs will affect health-care expenditure.

When deciding what fluid to give a critically ill patient, 
clinicians may choose between colloid and crystalloid solu-
tions, and if the latter is chosen between saline and bal-
anced salt solutions. Blood products may be considered for 
resuscitation of hemorrhagic shock for their oxygen carry-
ing and hemostatic properties and for their colloidal effects.

CRYSTALLOIDS

Crystalloids are salt solutions used for intravenous infu-
sion. Presently, none of the commercially available solutions 
contains electrolyte and buffer concentrations comparable 
to those of plasma; in particular, bicarbonate is very rarely 
found in these solutions.

Isotonic saline (0.9% sodium chloride) is still frequently used 
despite concentrations of sodium and chloride (154 mmol/L) 
well above those found in plasma. Alternatively, so-called 
balanced salt solutions include Ringer’s lactate (or Hartmann 
solution) and Ringer’s acetate. The concentrations of elec-
trolytes in these solutions better resemble those of plasma, 
and most preparations include sodium, chloride, potassium, 
and calcium. However, bicarbonate is normally not included 
because bicarbonate-containing fluids, particularly those in 
plastic containers, have a shorter shelf-life. Instead, the bal-
anced solutions are buffered with lactate or different combi-
nations of acetate, gluconate, and malate.

COLLOIDS

Colloid solutions contain large molecules that prolong 
the time the fluid remains in the circulation. The mol-
ecules used to obtain the colloidal and thereby volume 

expansion are human albumin or synthetically modified 
sugars or collagens. The most frequently used synthetic 
colloid solutions are hydroxyethyl starch (HES), gelatin, 
and dextrans.

Colloid solutions have been extensively administered 
for volume expansion in critically ill patients, but clini-
cal practice has varied, mainly because of regional differ-
ences in the types of colloid solutions available.1 Moreover, 
in recent years, results of large trials have examined the 
effects and side effects of colloids in critically ill patients.2-4 
These trials raise questions regarding the clinical efficacy 
of colloids and have clearly demonstrated some harmful 
effects in groups of critically ill patients.

In the following section, I describe what fluids to give to 
critically ill patients and what fluids to avoid. My recom-
mendations are based on the results of recently updated 
high-quality systematic reviews and recently conducted 
high-quality randomized trials. These findings allow evi-
dence-based choices to be made and are likely to improve 
care and outcome and reduce costs.

IN GENERAL ICU PATIENTS, WHAT  
FLUIDS SHOULD I GIVE AND WHAT 
SHOULD I AVOID?

The short answer is to give crystalloids and avoid the 
synthetic colloids (HES, gelatins, and dextrans). The 
systematic review of the Cochrane Collaboration com-
paring crystalloid with colloid solutions showed that 
crystalloids were associated with improved mortality 
compared with HES solutions, whereas there were no 
differences in mortality between crystalloids and the 
other colloid solutions analyzed (albumin, gelatins, 
and dextrans).5 The increased mortality with the use of 
HES is most likely mediated through impaired kidney 
function and hemostasis, resulting in an increased use 
of renal replacement therapy and increased bleeding  
(Table 20-1). A recently published large randomized trial, 
the CRISTAL (Colloids Versus Crystalloids for the Resus-
citation of the Critically Ill) trial,6 was not included in 
the Cochrane analysis. The CRISTAL trial compared any 
crystalloid to any colloid solution in ICU patients with 
shock. The results indicated that colloids (mainly HES) 

20
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versus crystalloids (mainly saline) improved 90-day 
mortality, which was a secondary outcome measure. The 
primary outcome measure, 28-day mortality, did not dif-
fer between the groups, and the trial had high risk of 
bias in several domains (unblinded, uncertain allocation 
concealment, and baseline imbalance).7 Moreover, the 
results differed from those of the high-quality trials,2-4 
and the editor argued in an accompanying editorial for 
cautious interpretation of these findings and advocated 
that crystalloids should be the first-line fluid in patients 
with shock.8

The interpretation of the Cochrane meta-analyses 
on crystalloid versus gelatin and dextran solutions was 
hampered by low-quality trial data and few patients and 
events and therefore wide confidence intervals on the 
point estimates.5 Because gelatins and dextrans have reg-
istered side effects that are similar to those observed with 
HES, these synthetic colloids should be avoided in criti-
cally ill patients. This recommendation is substantiated by 
the fact that no patient group in any high-quality trial has 
been shown to benefit from any colloid solution, includ-
ing the trial using human albumin (Table 20-1), although 
the latter showed that albumin is safe to administer to 
critically ill patients, excluding those with trauma.2 As a 
blood product fractionated from human plasma, albumin 
is an expensive and limited resource; thus it is of lim-
ited value in many health-care systems. The same may 
be said of red blood cells, plasma, and platelets, but these 
products have a larger potential for harm than albumin, 
and their safety has not been ensured in large trials in 
the critically ill. Liberal transfusion of red blood cells 
may even increase the mortality of general ICU patients, 
as observed in the Transfusion Requirement in Critical 
Care (TRICC) trial.9 Thus blood products should only be 
used for patients with severe anemia or bleeding or as a 

prophylactic in high-risk patients with severely impaired 
hemostasis.

Overall, the recommendations of the European Society 
of Intensive Care Medicine Task Force on colloids support 
the notion that crystalloid solutions should be preferred 
over colloids in the vast majority of critically ill patients.10

The choice between the different crystalloid solutions is 
more difficult because there are no data from high-quality 
trials supporting this decision. Saline may be preferred in 
patients at risk of brain edema because the high plasma 
concentrations of sodium may reduce brain swelling and 
intracranial pressure. Conversely, severe acidosis may be 
worsened by saline-induced hyperchloremia. A balanced 
crystalloid solution may be the better choice in these 
patients. Observations in cohort studies have suggested 
that the use of balanced crystalloids reduces the risk of 
acute kidney injury and even mortality as compared with 
the use of saline.11,12 These results need to be confirmed in 
randomized trials before implementing them into clinical 
practice because of the high risk of bias in observational 
studies of critically ill patients.

IN PATIENTS WITH SEPSIS, WHAT  
FLUIDS SHOULD I GIVE AND WHAT 
SHOULD I AVOID?

Again, the short answer is give crystalloids and avoid the 
synthetic colloids (HES, gelatins, and dextrans). There are 
high-quality data to guide clinicians on choice of fluids 
in patients with sepsis. An updated systematic review 
showed that crystalloids are superior to HES with respect 
to mortality, use of renal replacement therapy and blood 
products, and adverse reactions.13 There are no high-qual-
ity data on the other synthetic colloids, but they have the 

Table 20-1 Characteristics and Results of the Trials with Low Risk of Bias Randomizing Critically Ill 
Patients to Colloids versus Crystalloids

Trial The SAFE Trial2 The 6S Trial3 The CHEST4

Colloid solution 4% Albumin 6% Tetrastarch in Ringer’s acetate 6% Tetrastarch in saline

Crystalloid comparator Saline Ringer’s acetate Saline

Patients Adult ICU patients Adult ICU patients with  
severe sepsis

Adult ICU patients

Number of patients randomized 7000 805 7000

Outcomes Relative Risks (95% confidence intervals)

Mortality 0.99 (0.91-1.09) 1.17 (1.01-1.36) 1.06 (0.96-1.18)

Renal replacement therapy Similar duration of therapy in 
the two groups

1.35 (1.01-1.80) 1.21 (1.00-1.45)

Bleeding — 1.55 (1.16-2.08) —

Use of blood transfusion Higher volume of red blood 
cells given in the albumin vs. 
the saline group

1.28 (1.12-1.47) Higher volume of red blood cells 
given in the HES vs. the saline 
group

Adverse reactions* 1.56 (0.97-2.53) 1.86 (1.46-2.38)

*The definitions of adverse reactions differed between trials.
CHEST, Crystalloid versus Hydroxyethyl Starch Trial; HES, hydroxyethyl starch; ICU, intensive care unit; SAFE, Saline versus Albumin Fluid Evaluation; 6S, Scan-

dinavian Starch for Severe Sepsis/Septic Shock.
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same registered side effects as HES; therefore they should 
be avoided in sepsis.

Regarding albumin, there are now two large trials 
comparing albumin with crystalloids in patients with 
sepsis: the subgroup analysis of the SAFE (Saline versus 
Albumin Fluid Evaluation) trial and the recent ALBIOS 
(Albumin Italian Outcome Sepsis) trial.2,14 Neither 
showed significantly improved mortality, use of life sup-
port, or length of ICU or hospital stay with albumin as 
compared with saline. The lack of benefit is supported 
by a recently updated systematic review that included 
trials of patients with sepsis regardless of severity.15 
Extensive subgroup and sensitivity analysis was applied 
to challenge the overall result; the conclusions remained 
unchanged. Because albumin is an expensive and lim-
ited resource, it may be reasonable to avoid its use in 
patients with sepsis before we have identified subgroups 
of patients (e.g., early shock) who will benefit from 
 albumin.

IN PATIENTS WITH TRAUMA, WHAT 
FLUIDS SHOULD I GIVE AND WHAT 
SHOULD I AVOID?

Saline or isotonic balanced salt solutions should be used 
in patients with trauma, in particular those with obvious 
traumatic brain injury, whereas colloids should be avoided. 
The latter is particular true for albumin. All of the balanced 
crystalloids have concentrations of sodium below that of 
saline, and Ringer’s lactate and Hartmann solutions are 
hypotonic, which may worsen brain edema.

The best evidence on the choice of fluid in trauma 
comes from the predefined subgroup analysis of the 
1186 patients with trauma in the SAFE study.2 Albumin 
increased 28-day mortality in these patients, an effect 
that may have been mediated by increased intracranial 
pressure in those with traumatic brain injury.16,17 If this 
is an effect caused by albumin crossing a leaky blood–
brain barrier, then the same may apply for the synthetic 
colloid solutions. In addition, the synthetic colloids 
directly impair coagulation, and HES as compared with 
saline was shown to increase the use of blood products in 
patients with blunt trauma.18 In the latter trial, there were 
no data on bleeding, but a nonsignificant 86% relative risk 
increase in mortality with HES was observed.19 In addi-
tion, HES has been shown to increase bleeding in patients 
with severe sepsis and those undergoing surgery.20,21 
There are presently not enough high-quality data to sup-
port that any of the synthetic colloids can be used safely in 
trauma; therefore all synthetic colloids (HES, gelatins, and 
dextrans) should be avoided in these patients.

IN PATIENTS WITH HEMORRHAGIC 
SHOCK, WHAT FLUIDS SHOULD I GIVE 
AND WHAT SHOULD I AVOID?

A crystalloid solution should be used in patients with 
life-threatening bleeding, and blood products, including 
red blood cells, plasma, and platelets, should be consid-
ered early. Synthetic colloids (HES, gelatins, and dextrans) 

should be avoided because they impair hemostasis and 
increase bleeding. The synthetic colloids induce coagu-
lopathy, and HES and gelatin have been shown to increase 
bleeding compared with crystalloids in patients under-
going surgery.21,22 Furthermore, HES has been shown to 
increase bleeding in severe sepsis.20 Balanced blood com-
ponent therapy mimicking full blood should be considered 
early in patients with hemorrhagic shock, including those 
with trauma,23 but there are still no high-quality data sup-
porting this approach.

IN PATIENTS WITH BURN INJURY, WHAT 
FLUIDS SHOULD I GIVE AND WHAT 
SHOULD I AVOID?

There are no data from high-quality trials that can inform 
us on the choice of fluids in patients with burn injury. 
Patients with burn injury likely represent a specific entity 
because of the massive leak of fluids in the burned areas. 
These patients receive high volumes of fluid, and Ringer’s 
lactate solution has traditionally been used. There are no 
updated systematic reviews comparing crystalloid and 
colloid therapy for these patients, but there are at least 
three smaller randomized trials, two comparing Ringer’s 
lactate solution with albumin24,25 and one comparing 
Ringer’s lactate solution with HES.26 Taken together, the 
trial results do not support the use of colloids for patients 
with burn injury, but the quality of the evidence is low. 
Therefore it is difficult to give firm recommendations, but 
high fluid volumes are often needed, and these patients 
are at increased risk of dysnatremias and acidosis. Thus 
high volume saline resuscitation should probably be 
avoided.

CONCLUSION

Updated systematic reviews, including data from recent 
high-quality trials, show that crystalloid solutions should 
be used for the vast majority of critically ill patients. No 
critically ill patients should be given HES, and gelatins 
and dextrans should be avoided because of lack of safety 
data and concerns about harmful side effects. Patients 
with traumatic brain injury should not be given albu-
min. However, there are no high-quality data showing 
an overall benefit of albumin, which is an expensive and 
limited resource.

AUTHOR’S RECOMMENDATIONS

 •  Crystalloid solutions should be used for critically ill patients.
 •  No high-quality data have shown a benefit of colloid solutions.
 •  HES should not be given because of its life-threatening side 

effects.
 •  The safety of gelatins and dextrans has not been adequately 

assessed.
 •  Albumin is an expensive and limited resource without appar-

ent benefit for patients.
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Should Blood Glucose Be Tightly 
Controlled in the Intensive  
Care Unit?
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Before 2001, the hyperglycemia found in most critically ill 
patients was considered to be a component of the stress 
response. Current understanding was completely changed 
by the publication of the seminal study by van den Berghe 
et al. in 2001.1 This investigation compared an intensive 
insulin regimen targeting a blood glucose level between 80 
and 110 mg/dL with a “conventional” management cohort 
in which blood glucose was treated only when above 
200 mg/dL. The authors of the study demonstrated a 4% 
decrease in the absolute mortality of critically ill patients 
randomized to intensive insulin therapy. These unexpect-
edly impressive results triggered a huge wave of enthusi-
asm. Recommendations to implement tight glucose control 
in intensive care units (ICUs) were rapidly issued by sev-
eral health-care agencies (Joint Commission on Accredita-
tion of Healthcare Organization, the Institute for Healthcare 
Improvement, and the Volunteer Hospital Organization). 
Simultaneously, several different teams tried to reproduce 
the results and to examine the underlying mechanisms of 
the findings of the Leuven team. Overall, the results of the 
first Leuven study have not been reproduced. Nonetheless, 
these follow-up studies have given rise to several contro-
versies and raised important but as yet unanswered ques-
tions for the physicians taking care of critically ill patients: 
What is the optimal value of blood glucose? What are the 
risks associated with hypoglycemia? What categories of 
patient might benefit from tight glucose control by inten-
sive insulin therapy?

PATHOPHYSIOLOGY AND MECHANISM  
OF ACTION

It has long been recognized that critically ill patients tend to 
be hyperglycemic.2 For many years, this was attributed 
to stress and was thought to be a part of the host response  
to critical illness. The Leuven studies started with the hypoth-
esis that hyperglycemia was not just a biomarker. Rather, these 
investigators postulated that elevations in serum glucose con-
tributed to the pathophysiology of critical illness. This pro-
posal spawned the current field of investigation. The initial 
question might be reframed as, “What is the optimal blood 
glucose concentration in the critically ill patient?” Further 
exploration and investigation of this question are warranted.

The physiology behind “stress hyperglycemia” is 
complex. The elaboration of glucose, primarily by the 
liver, is known to be an essential component of the host’s 
response. Gluconeogenesis reflects the energy demand 
that results from injury, ischemia, or other deleterious 
processes. White blood cells, the main effectors of the 
inflammatory response, are more or less obligate glucose 
users. Because the blood supply to injured tissue often 
has been interrupted or diminished, delivery is primar-
ily through mass action across the intracellular matrix. 
Increases in concentration facilitate this movement. Glu-
coneogenesis, the process by which the liver synthesizes 
glucose, is driven primarily by the direct action of glu-
cagon and epinephrine on hepatocytes. This is enhanced 
by cortisol and perhaps by inflammatory cytokines. In 
addition, these hormones, and the cytokines to some 
degree, limit the peripheral response to insulin. This 
latter effect has been termed insulin resistance, although 
there are no data in nonseptic patients or animals to 
indicate that the direct responses of the insulin signal-
ing pathway are impaired. At some point, the process 
becomes maladaptive in the critically ill patient. This is 
especially true in sepsis and multiple-organ dysfunction. 
Thus the previously asked question must be expanded to 
examine the time course of stress hyperglycemia and the 
actual glucose concentration.

In experimental conditions, concentrations of glucose 
higher than 300 mg/dL are clearly deleterious.3 Further-
more, new insights into the cellular mechanisms of glucose 
toxicity suggest a link among glucose, cytopathic hypoxia, 
and the production of reactive oxygen and nitrogen spe-
cies.4,5 However, it is essential to recognize that only clini-
cal data can be used to define the optimal value for tight 
glucose control. Indeed, the ultimate proof that hypergly-
cemia is an independent risk factor for poor outcome in 
critically ill patients is lacking.6 Importantly, insulin exerts 
effects other than the promotion of glucose metabolism and 
utilization. These include vasodilatory, anti-inflammatory, 
and antiapoptotic activities most easily viewed as homeo-
static control mechanisms that limit some of the processes 
that occur in inflammation and other potentially injurious 
responses. Such a role for insulin might explain some of 
the beneficial but unexpected effects of intensive insulin 
therapy.

21
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PRESENTATION OF AVAILABLE DATA 
BASED ON SYSTEMATIC REVIEW

It has been difficult to replicate the results of the Leuven 
study.1 This inability leaves several practical questions 
unanswered. First, it is unclear just what constitutes “nor-
moglycemia” in critical illness.7 Retrospective data and the 
two Leuven studies1,8 clearly indicate that a blood glucose 
higher than 180 mg/dL cannot be considered acceptable. 
However, the optimal target for blood glucose concentra-
tion remains unknown. Interestingly, several retrospective 
trials9,10 found that patients in whom blood glucose was 
below 150 mg/dL had a better outcome than those with 
higher levels.

To solve the issues of the external validity of the Leuven 
study and the optimal blood glucose target, large single-
center and multicenter prospective trials of tight glucose 
control using intensive insulin therapy comparing two 
ranges of blood glucose were launched. The designs of 
these trials (Table 21-1) were similar. All aimed to compare 
the effects of insulin therapy titrated to restore and main-
tain blood glucose between 80 and 110 mg/dL for adult 
studies and between 72 and 126 mg/dL for one study con-
ducted in several mixed pediatric ICUs.11 They differed in 
the target range of blood glucose for the control (noninten-
sive insulin therapy) group. The Normoglycemia in Inten-
sive Care Evaluation—Survival Using Glucose Algorithm 
Regulation (NICE-SUGAR)12 and GluControl trials13 used 
a target value of 140 to 180 mg/dL. Both of the Leuven 
studies,1,8 the VISEP (Efficacy of Volume Substitution and 
Insulin Therapy in Severe Sepsis) study,14 and two other 
single-center large-scale trials15,16 used a target value of 180 
to 200 mg/dL. The CGAO-REA (Computerized Glucose 
Control in Critically Ill Patients) study17 used a target value 
of less than 180 mg/dL, and the pediatric study has a target 
of 180 and 215 mg/dL.

The results of these trials are summarized in Table 21-1. 
Basically, there were no significant differences in the vital 
outcomes between the two groups, with the notable excep-
tions of the Leuven I study1 and the NICE-SUGAR study, 
in opposite directions. Not surprisingly, tight glucose control 
by intensive insulin therapy is associated with a fourfold to 
sixfold increase in the incidence of hypoglycemia. This rep-
resents the major concern when starting intensive insulin 
therapy and leads to a major increase in the workload placed 
on the ICU care team.18 A post hoc analysis of the NICE-
SUGAR study revealed a strong, dose-dependent association 
between the risk of death and moderate (41 to 70 mg/dL) and 
severe (<40 mg/dL) hypoglycemia.19 Although Macrae and 
associates11 were unable to demonstrate an improvement of 
the primary outcome (number of days alive and free from 
mechanical ventilation at 30 days), they found a shortening 
of the length of stay and a decrease in health-care costs. In 
the VISEP and GluControl studies, the rate of hypoglycemia 
and the mortality in the patients who experienced at least 
one such episode (defined as blood glucose <40 mg/dL) 
were higher than in patients who did not experience hypo-
glycemia.13,14 In contrast, in both Leuven studies,1,8 patients 
with hypoglycemia had no detectable differences in outcome 
compared with patients who had no hypoglycemic episodes. 
This does not exclude the possibility that long-lasting hypo-
glycemia, with consequent decreases in glucose availability 
for tissues that are glucose dependent, may be deleterious or 
even life threatening. An accurate understanding of the con-
sequences of hypoglycemia in critically ill patients clearly 
requires further investigation.

Systematic reviews and meta-analyses including data on 
glucose control recorded in the ICU and in other patients 
are also available. The design and main results of the seven 
meta-analyses20-26 are summarized in Table 21-2. These anal-
yses yielded different results, including the overall effects 
on mortality. The meta-analyses by Pittas and colleagues20 

Table 21-1 Summary of the Prospective Large-Scale Randomized Controlled Trials of Tight Glucose 
Control by Intensive Insulin Therapy

Study

No. of Subjects 
(Intervention/No 
Intervention) Study Design

Intervention (Blood 
Glucose Target)

Control (Blood 
Glucose Target)

Primary 
Outcome 
Variable

Single center van der Bergeh et al. 
(Leuven I), 2001

765/783 Single-blind 80–110 mg/dL 180–200 mg/dL ICU mortality

van der Bergeh et al. 
(Leuven II), 2006

595/605 Single-blind 80–110 mg/dL 180–200 mg/dL ICU mortality

Arabi, 2008 266/257 Single-blind 80–110 mg/dL 180–200 mg/dL ICU mortality
De La Rosa 254/250 Single-blind 80–110 mg/dL 180–200 mg/dL 28-day mortality

Multicenter Brunkhorst et al., 
2008 (VISEP)

247/289 Single-blind 80–110 mg/dL 180–200 mg/dL 28-day mortality 
and SOFA

Finfer et al., 2009 
(NICE-SUGAR)

3054/3050 Single-blind 80–110 mg/dL 140–180 mg/dL 90-day mortality

Preiser et al., 2009 
(GluControl)

542/536 Single-blind 80–110 mg/dL 140–180 mg/dL ICU mortality

Kaflon et al., 2014 1336/1312 Single-blind 80–110 mg/dL <180 mg/dL 90-day mortality
Macrae et al., 2014 694/675 Single-blind 72–126 mg/dL 180–215 mg/dL Number of days 

alive and free

ICU, intensive care unit, NICE-SUGAR, Normoglycemia in Intensive Care Evaluation—Survival Using Glucose Algorithm Regulation; SOFA, Sequential Organ 
Failure Assessment.
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and Gandhi and associates21 revealed decreased short-term 
mortality (respective relative risks [95% confidence inter-
val] of 0.85 [0.75 to 0.97] and 0.69 [0.51 to 0.94]). In contrast, 
the five other studies22-26 showed no significant effect on 
mortality and an increased risk of hypoglycemia.

INTERPRETATION OF DATA

The results of the different large-scale individual trials can 
be summarized as follows: In critically ill patients staying 
in an ICU, tight glucose control by intensive insulin therapy 
improved survival only in one proof-of-concept study (Leu-
ven I1). There are multiple potential explanations for the 
discrepant results. These include differences in the study 
population and in the treatment protocol, especially with 
regard to the amount of intravenous glucose, which was 
higher in Leuven I than in the other settings. Another possible 
explanatory factor is the quality of glucose control. Unfortu-
nately, at the present time, there is no agreement on the best 
index to assess and compare this variable.27 Finally, the sta-
tistical power of each of these individual studies is probably 
too low. The rate of hypoglycemia in virtually all studies is 
increased fivefold.22 Most hypoglycemic episodes are classi-
fied as a nonserious adverse event. However, this interpreta-
tion may be questioned after the recent publication of data 
from a retrospective cohort of 102 patients with at least one 
episode of severe hypoglycemia (<40 mg/dL) matched with 
306 control patients from a cohort of 5365 patients.28 In this 
study, hypoglycemia was found to be an independent risk 
predictor of mortality, possibly related to neuroglycopenia.

In contrast to studies that included patients who were not 
critically ill,20,21 the meta-analysis that focused on critically 
ill patients22 did not demonstrate an advantage of tight glu-
cose control. The meta-analysis of Pittas and colleagues20 

included patients with stroke, acute myocardial infarction, 
and diabetes. The results of the large trials on the effects 
of glucose-insulin-potassium (GIK) after acute myocardial 
infarction in patients with diabetes, a different intervention 
than tight glucose control, were included and substantially 
influenced the overall results. Incidentally, most large trials 
of GIK during myocardial ischemia were conducted before 
the 1990s and involved populations with diabetes and 
acute myocardial infarction. The positive results of some of 
these studies in all probability reflect the metabolic effects 
of insulin. This includes the ability to promote the use of 
glucose as a primary myocardial energy substrate. In myo-
cytes, insulin increases glycolytic substrate and enhances 
adenosine triphosphate (ATP) synthesis, particularly dur-
ing ischemia. These effects are independent of glycemic 
control.

The meta-analysis by Gandhi and associates21 focused 
on perioperative glucose control. Most of the included 
studies involved coronary artery bypass surgery and 
patients who were not critically ill. The authors of this 
meta-analysis acknowledged that the available mortality 
data represent only 40% of the optimal information size 
required to reliably detect a treatment effect. Further-
more, methodological and reporting biases may weaken 
inferences.21

In the meta-analysis of Wiener,22 only studies performed 
in ICUs and aiming to reach a predefined blood glucose 
level were included. However, this analysis included stud-
ies of various sizes that targeted different blood glucose 
levels. When evaluating the data from the largest individ-
ual prospective studies that used a 80- to 110-mg/dL blood 
glucose target in the intensive treatment arm,1,8,12,15,16 the 
Leuven I study still appears as the outlier (see Table 21-1). 
The aggregation of individual data from participants in 
each of these prospective studies could solve the remaining 

Table 21-2 Summary of Meta-Analyses on Insulin Therapy

Study
Number of Trials 
Included/Retrieved

Number of Subjects 
(Intervention/No 
Intervention) Intervention Control Outcomes

Pittas et al., 2004 35/941 Not indicated: total of 
8432

Insulin therapy No insulin Short-term or hospi-
tal mortality

Gandhi et al., 2008 34/445 2192/2163 Intravenous periop-
erative insulin

Higher blood glucose 
target

Mortality and 11 out-
come variables

Wiener et al., 2008 29/1358 4127/4188 Tight glucose control Usual care Short-term mortality, 
septicemia, new 
need for dialysis, 
hypoglycemia

Griesdale et al., 2009 26/54 Not indicated: total  
of 13567

Intensive insulin 
therapy

Conventional glyce-
mic control

Mortality risk and 
hypoglycemia risk

Marik et al., 2010 7/59 Not indicated: total  
of 11412

Intensive insulin 
therapy

Less strict glucose 
control

28-day mortality

Song et al., 2014 12/26 2094/2006 Tight glucose control Higher blood glucose 
target

28- and 90-day ICU 
and hospital mor-
tality

Srinivasan et al., 2014 4/33 Not indicated: total  
of 3288

Intensive insulin 
therapy

Conventional glyce-
mic control

30-day mortality
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questions.29 Griesdale and associates23 analyzed this point 
in their meta-analysis. When they looked at the effect of 
intensive insulin therapy according to the type of ICU, 
they demonstrated a possible benefit among the surgical 
ICU patients, although they did not find any effect on the 
overall risk of death. The lower mortality rate of surgical 
patients in comparison with that of the other patients dem-
onstrates that this is a distinct group and makes it difficult 
for an extrapolation to whole ICU patients.

Marik et al.24 raised the question of any variables that 
would differ between the Leuven study and the others. 
They identified route of administration of calories and 
attributed a positive effect to intensive insulin therapy 
when the large amount of calories are intravenously 
administered.

Song et al.25 performed a meta-analysis on a subco-
hort containing only septic patients. This group has an 
insulin-resistant state with an important metabolic mod-
ification and an unfavorable prognosis when hypergly-
cemic.30 However, the authors failed to demonstrate a 
positive effect of insulin in these patients. The recom-
mendations of the Surviving Sepsis Campaign currently 
are to treat the hyperglycemia to maintain a level less 
than 180 mg/dL. No minimum value is recommended 
other than avoiding hypoglycemia, in agreement with 
other protocol recommendations.31-33 In a pediatric pop-
ulation, the meta- analysis of Srinivasan26 showed the 
same conclusions in terms of mortality and hypoglyce-
mia rate.

CONCLUSION

Intensive insulin therapy titrated to restore and maintain 
blood glucose between 80 and 110 mg/dL improved the 
survival of critically ill patients in one pioneering proof-
of- concept study performed in a surgical ICU.1 This result 
was not confirmed in any of the subsequent trials.8,12-16 
The underlying reasons for this discrepancy are currently 
under investigation and could be linked to the fact that this 
study analyzed a particular subgroup of patients. Studies 
using intensive insulin therapy reveal a high rate of hypo-
glycemia that may alter outcome.34 The effects of severe 
hyperglycemia (>180 mg/dL) are well documented. The 
choice of intermediate target appears logical to minimize 
the risks for hypoglycemia. A blood glucose target less than 
180 mg/dL is presently recommended by the Surviving 
Sepsis Campaign.35
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AUTHOR’S RECOMMENDATIONS
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Is Hypothermia Useful in 
Managing Critically Ill Patients? 
Which Ones? Under What 
Conditions?

Tomas Drabek, Patrick M. Kochanek

There has been a dramatic reawakening of interest in thera-
peutic hypothermia (TH) since the dawn of the twenty-first 
century as a consequence of the publication of a series of 
clinical trials that appeared to demonstrate improved clini-
cal outcomes. The major attraction of TH is the combination 
of low cost, reproducibility, and simplicity. A multitude of 
animal studies have suggested that TH may be beneficial 
in clinical conditions that may result in neurologic injury.1

Several mechanisms that mediate the protective effects 
of hypothermia have been identified. However, the overall 
response probably results from a combination of multiple 
mechanisms that vary with the level and duration of hypo-
thermia. Thus the level of hypothermia to be used in dif-
ferent settings may vary widely: deep hypothermia (15 to  
22 °C) is used in cardiac surgery to enable circulatory arrest 
while mild hypothermia (32 to 34 °C) is used to improve 
outcome after cardiac arrest (CA) and other ischemia/
reperfusion events. Hypothermia can be induced simply, 
with surface cooling or with sophisticated techniques with 
specially designed catheters and blankets. The almost uni-
versal ability to induce hypothermia makes it a widely 
applicable, highly attractive approach.

Despite its long history, the widespread clinical appli-
cation of hypothermia is a relatively new phenomenon. 
Two seminal clinical trials published in 2002 demonstrated 
the benefit of therapeutic hypothermia after CA.2,3 Recent 
findings suggest that even mild hypothermia (36 °C) may 
have favorable physiologic effects and that avoidance of 
hyperthermia may be a desirable clinical goal. In this chap-
ter, we focus on mild to moderate hypothermia that does 
not require the use of cardiopulmonary bypass and can be 
accomplished in an intensive care unit (ICU).

TEMPERATURE MONITORING

The normal body temperature in healthy individuals (mea-
sured in the oral cavity) is 36.8 ± 0.4 °C with normal diurnal 
variations of 0.5 °C. Rectal temperatures are usually 0.4 °C 
higher than oral readings.4 Lower-esophageal temperature 

closely reflects the core temperature, as well as rectal 
temperature and bladder temperature. The temperature 
measured with pulmonary artery catheters most closely 
correlates with brain temperature during rapid cooling.5 
Clinically, tympanic temperature, which measures radiat-
ing heat from the tympanic membrane, is often used as a 
surrogate for deep brain temperature. On the basis of the 
method of cooling, the difference in temperature between 
various monitoring sites could be significant. In addition, 
there is no generally accepted, clearly defined range for 
various levels of hypothermia. In clinical practice, temper-
atures of 33 to 36 °C are usually referred to as mild hypo-
thermia, 28 to 32 °C as moderate hypothermia, and below 
28 °C as deep hypothermia.6

COOLING METHODS

Traditionally, external cooling with ice packs applied over 
great vessels or ice-water soaked cloth blankets has been 
used to treat hyperthermia and, eventually, induce hypo-
thermia. Gastric, peritoneal, or pulmonary lavage was 
used to rewarm drowning victims, and this approach 
could be used in reverse for cooling. Recently, cooling 
with a rapid intravenous (IV) infusion of ice-cold solutions 
gained popularity for its ease, general availability, and 
considerable lack of adverse effects even in CA victims.  
Bernard et al. used large volumes (30 mL/kg) of ice-cold 
(4 °C) IV fluid in CA victims and was able to decrease the 
core temperature from 35.5 to 33.8 °C within 30 minutes.2 
Using a similar approach, Kim et al. achieved a 1.5 °C  
temperature decrease over 30 minutes. Most important, 
they did not observe any clinically important changes in 
vital signs, electrolytes, arterial blood gases, or coagulation  
parameters.7 Although IV fluids can initiate cooling effec-
tively, they are not effective for maintaining hypothermia.8 
Cooling blankets with circulating water offer fairly rapid 
cooling but require attaching a bulky control console to the 
patient. Similar limitations apply to intravascular cooling 
catheters. However, both contemporary surface cooling 
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devices and intravascular cooling catheters are able to 
maintain hypothermia precisely. Kliegel et al. successfully 
combined the rapid induction of hypothermia with IV 
fluids and subsequent cooling with an intravascular cath-
eter.9 Submersion in ice water represents the fastest cooling 
method (0.11 to 0.25 °C/min). This approach may be use-
ful in heat stroke victims but is unlikely to be feasible in 
the ICU. An effort to eliminate the potential complications 
associated with whole-body hypothermia led to the devel-
opment of devices to induce selective brain hypothermia. 
Cooling helmets have been used in multiple trials in both 
pediatric and adult populations.10-12 Other techniques that 
might provide more rapid cooling are being explored. Such 
techniques include nasopharyngeal cooling,13 neck cool-
ing,14,15 and direct cooling of blood in the carotid arteries. 
Cooling with extracorporeal circulation is extremely effec-
tive, but its use is logistically limited.

COMPLICATIONS ASSOCIATED WITH 
THERAPEUTIC HYPOTHERMIA

Hypothermia initiates multiple physiologic changes in 
the circulatory, respiratory, neurologic, immunologic, and 
coagulation systems. It also has profound metabolic effects. 
These changes are temperature dependent. Mild hypo-
thermia most often induces sinus tachycardia. More dan-
gerous cardiovascular complications usually are seen at 
temperatures below 30 °C. These include atrial fibrillation, 
bradycardia, and terminal ventricular fibrillation (VF) at 
approximately 25 °C. The mild hypothermia currently used 
in clinical practice is hemodynamically well tolerated, with 
an approximately 25% decrease in cardiac output and an 
increase in systemic vascular resistance and central venous 
pressure. In healthy subjects, mild hypothermia increased 
myocardial perfusion.16 Hypothermia also induces the 
release of endogenous catecholamines with a fourfold to 
sevenfold increase in norepinephrine levels even with min-
imal temperature changes (0.7 to 1.2 °C).17 This adrenergic 
response is associated with an increase in blood pressure, 
vascular tone, and oxygen consumption that could be det-
rimental in patients with marginal cardiac reserve.

The impact of hypothermia on coagulation is a result 
of platelet depletion or dysfunction and clotting factor 
depletion. The magnitude of changes is often difficult to 
assess because clinical laboratories adjust the tempera-
tures of all samples to a standard 37 °C. The effects of 
hypothermia on coagulation thus may be undetected.18 
Reed and colleagues cooled plasma containing clotting 
factors equivalent to 100% of normal to 35, 33, and 31 °C. 
Partial thromboplastin time (PTT) in these samples was 
prolonged as if factor IX had been depleted to 39%, 16%, 
and 2.5% of normal, respectively. Factor activity is also 
severely impaired below 30 °C; for example, at 25 °C clot-
ting activity ranges from 0% (factor VIII and factor IX) to 
5% (factor II and factor VII).19 This suggests that factors 
are dysfunctional, not depleted, because the changes were 
observed despite 100% or greater factor concentrations 
measured in the studied samples. Thromboelastography 
(TEG) may be a useful tool in the setting of TH.20 TEG 
from hypothermic swine (32 °C) showed prolonged ini-
tial clotting time (R time) and decreased clotting rapidity 

(alpha angle). These changes suggest a deficit in thrombin 
availability and/or delay in thrombin generation or acti-
vation but not a decrease in clot strength or an increase 
in clot lysis.21 Other TEG-based studies suggest that clot 
firmness is decreased in temperatures less than 30 °C.22 
Bleeding time, one indicator of platelet function, was 
prolonged 2.5-fold in a sample from a cold (32 °C) versus 
warm (37 °C) extremity in baboons.23 In a similar experi-
ment in human volunteers, clotting times were three times 
longer at 22 °C than at 37 °C.24 Concurrent acidosis and 
hypothermia further impaired coagulation.25 These effects 
should be taken into consideration when resuscitating 
trauma victims with ongoing bleeding. Systemic and local 
normothermia is essential for coagulation. However, tri-
als indicate that neither mild nor moderate therapeutic 
hypothermia is associated with bleeding complications 
in patients with severe traumatic brain injury (TBI).26,27 
In patients after CA, there was a trend toward higher 
bleeding in patients treated with hypothermia (relative 
risk [RR], 1.30; 95% confidence interval [CI], 0.97 to 1.74), 
which did not reach significance (P = .085).28

Hypothermia may lead to leukopenia and an increased 
risk of infection. Several studies in patients after CA, TBI, 
or acute stroke showed an increased risk of pneumonia, 
especially when the duration of hypothermia was pro-
longed (>48 to 72 hours).29-31 Shorter hypothermic periods 
(<24 hours) appear to be safer.2,3,27 Recent meta-analysis 
confirms increased risk for pneumonia and sepsis (RR 1.44 
[95% CI, 1.10 to 1.90]; 1.80 [95% CI, 1.04 to 3.10], respec-
tively), but the prevalence of all infections was not increased 
(rate ratio, 1.21 [95% CI, 0.95 to 1.54]).32 Obviously, the trade 
off of increased infection rate may be worthwhile if greater 
neuroprotection can be achieved.

Electrolyte disorders, although common in TH, are 
usually minor and can be treated easily in a critical care 
setting. The most commonly observed abnormalities are 
hypernatremia and hypokalemia, as well as hypomagne-
semia, hypophosphatemia, and hypocalcemia.33,34 Magne-
sium supplementation may be especially important given 
its known protective role in neuronal and myocardial 
injury.33,35-37

Hypothermia-induced decreases in insulin sensitivity 
may lead to hyperglycemia. This could enhance the sus-
ceptibility to infection and also might exacerbate secondary 
brain injury.38-40 Tight glycemic control may be warranted, 
although work by Vespa et al. suggests caution and use of 
insulin at a higher glucose target level of probably more 
than 150 mg/dL (8 mmol/L).41

Drug metabolism is profoundly altered by hypothermia. 
Some drugs are affected more than others. Mild to moderate 
hypothermia decreases systemic clearance of cytochrome 
P450-metabolized drugs by approximately 7% to 22% per 
degree Celsius below 37 °C.42 Hypothermia decreases the 
potency and efficacy of certain drugs.42

MECHANISM OF ACTION  
OF HYPOTHERMIA

Cerebral metabolic rate is decreased by 5% to 7% for each 
degree decrease in body temperature.43 However, this 
observation does not explain the ability of even small 
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temperature changes to affect physiology and provide 
neuroprotection. Protection by hypothermia in experimen-
tal central nervous system (CNS) injury might involve a 
myriad of mechanisms: maintenance of physiologic ade-
nosine triphosphate (ATP) concentrations, suppression 
of glutamate release, attenuation of oxidative or nitrative 
stress, blunting of the inflammatory response, preven-
tion of energy failure, limitation of cytoskeletal damage, 
increased levels of neurotrophins, prevention of anoxic 
depolarization, regulation of gene expression, attenuation 
of apoptosis or limitation of blood-brain barrier injury, and 
vasogenic edema. In TBI or ischemic stroke, TH reduces 
intracranial pressure (ICP).44,45 However, direct neuropro-
tection has been more difficult to demonstrate outside of 
the laboratory.

Various combinations of those mechanisms could be 
responsible for the different outcome in the wide variety 
of CNS injuries, with hypothermia being beneficial in only 
selected settings.

HYPOTHERMIA IN CARDIAC ARREST

It has been known for decades that patients who undergo 
accidental hypothermia, such as near drowning in cold 
water, survive a much longer period of CA than would be 
expected if the accident happened at ambient temperature. 
The initial case series of therapeutic hypothermia applied 
to victims of CA of various origin (e.g., respiratory failure, 
trauma) was published in 1958. The target temperatures 
and duration of cooling were 30 to 34 °C for 24 to 72 hours. 
In 1959, Benson and colleagues reported the first case series 
of in-hospital CA patients. Their data revealed favorable 
neurologic recovery in 50% in the hypothermic group ver-
sus 14% in the normothermic group. Despite these early 
promising results, the clinical use of hypothermia was 
abandoned, for unclear reasons, until the late 1990s. It is 
possible that the complications associated with deeper lev-
els of hypothermia (<30 °C) and prolonged use, as observed 
in animal studies, played a role.46,47 Laboratory studies in 
the 1980s explored the potential of mild hypothermia to 
protect while limiting complications. Busto and colleagues 
found that small increments in intraischemic temperatures 
(33, 34, 36, and 39 °C) translate into large differences in 
neuronal loss in a rat model.48 Safar’s group followed that 
work showing benefit in experimental CA.49 These studies 
provided evidence that even mild hypothermia could sig-
nificantly improve outcome in CA.

Timing of hypothermia induction also is critical. Initi-
ating hypothermia during the insult yields the best out-
come but is rarely clinically feasible. Delayed hypothermia 
is beneficial in the early postinsult period, but the effect 
declined over time.50 On the basis of studies by Colbourne 
and colleagues in gerbils, minimal delay and longer dura-
tion are of utmost importance to fully benefit from hypo-
thermia.51-53 Prehospital initiation of cooling in the clinical 
setting is feasible,54-56 and decreased time to target temper-
ature surprisingly was not beneficial,57,58 possibly because 
it was associated with higher incidence of complications 
linked to IV cooling with fluids.59

Several randomized human trials assessed the effi-
cacy of hypothermia after CA. After a small study by 

Hachimi-Idrissi et al.,60 two studies published in 2002 clearly 
established the value of hypothermia in CA. Bernard et al. in 
Australia studied 77 patients after CA from VF. The patients 
assigned to hypothermia were cooled to 33 °C over 12 hours 
with ice packs. A total of 21 (49%) of 43 patients in the hypo-
thermic group survived with good neurologic outcome, 
whereas this was noted in only 9 (26%) of 34 patients who 
were not cooled (P = .046). The odds ratio (OR) for a good 
outcome with hypothermia was 5.25 (95% CI, 1.47 to 18.76; 
P = .011).2 In the European multicenter Hypothermia After  
Cardiac Arrest (HACA) trial, patients resuscitated after CA 
from VF or ventricular tachycardia (VT) were randomly 
assigned to hypothermia (32 to 34 °C for 24 hours, cool-
ing with cold air) or to normothermia. In the hypothermia 
group, 75 (55%) of 136 patients showed favorable neurologic 
outcome compared with 54 (39%) of 137 in the normother-
mic group (RR, 1.68; 95% CI, 1.29 to 2.07; number needed to 
treat [NNT] = 6).3 Hypothermia appeared effective despite a 
relative delay in initiation and slow onset. Three questions 
arose after publication of these trials: (1) Were these studies 
of hypothermia versus hyperthermia, rather than normo-
thermia (fever was a frequent complication in the control 
groups)? (2) Is it necessary to cool the patient below 34 °C, 
with associated problems such as shivering and the require-
ment for deep sedation, to have a beneficial effect? (3) Is TH 
effective for CA caused from events other than VF/VT?

As TH began to be used routinely, several registries for 
follow-up were established. Arrich et al. evaluated the 
data from 650 patients from 19 centers entered into the 
European Resuscitation Council Hypothermia After CA 
Registry. Of all patients, 462 (79%) received TH, 347 (59%) 
were cooled with an endovascular device, and 114 (19%) 
received other cooling methods such as ice packs, cooling 
blankets, or cold fluids. The rate of adverse events was 
lower (hemorrhage, 3%; arrhythmia, 6%), and the cooling 
rate was faster than in published clinical trials.61

Lopez-de-Sa et al. compared hypothermia at 32 °C ver-
sus 34 °C, concluding that lower temperature was associ-
ated with more favorable outcomes, and lower incidence of 
clinical seizures (1/18 vs. 11/18; P = .0002) in patients with 
shockable rhythms.62

As a result of these studies the International Liaison 
Committee on Resuscitation recommended that, “Uncon-
scious adult patients with spontaneous circulation after out-
of-hospital CA should be cooled to 32 °C to 34 °C for 12 to 24 
hours when the initial rhythm was VF. Cooling to 32 °C to 
34 °C for 12 to 24 hours may be considered for unconscious 
adult patients with spontaneous circulation after out-of-
hospital CA from any other rhythm or CA in hospital.”63,64

Oksanen et al. reviewed the data from CA survivors 
admitted to Finnish ICUs between 2004 and 2005. Almost 
all ICUs used hypothermia (19 of 20), but it seemed to be 
implemented only in selected groups of patients (4% in 
2004, 28% in 2005). Survival rate at 6 months was 55%.65 It 
was estimated that if physicians in the United States were 
to use TH in all eligible patients, 2298 additional patients 
per year might achieve a good neurologic outcome.66

However, not all studies have reported improved out-
comes with TH.67,68 Tiainen et al. studied cognitive and 
neurophysiologic outcome in a cohort of 70 patients ran-
domly assigned to hypothermia (33 °C for 24 hours) or 
normothermia. Three months after CA, 28 of 36 patients in 
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the hypothermic group compared with 22 of 34 in the nor-
mothermic group were alive (P = .226). There was no dif-
ference in cognitive decline or neurophysiologic deficits.68

Although TH has been widely adopted in ICUs world-
wide, with anecdotal reports of improved outcomes, there 
remained the problems of selection bias, temperature con-
trol, and study size in the Bernard and HACA studies.69 
Nielsen and colleagues undertook a large multicenter 
trial that randomized CA patients to targeted temperature 
management (TTM) at 33 or 36 °C70,71 for 24 hours, with 
gradual rewarming at temperature control to 37 °C for up 
to 72 hours. The primary endpoint of the study was sur-
vival at 180 days after inclusion. At 72 hours, 50% of the 
patients in the 33 °C group (235 of 473 patients) had died, 
compared with 48% of the patients in the 36 °C group (225 
of 466 patients) (OR with a temperature of 33 °C, 1.06; 95%  
CI, 0.89 to 1.28; P = .51). At the end of the 180-day follow-
up period, 54% of the patients in the 33 °C group had died 
or had poor neurologic outcome, compared with 52% of 
patients in the 36 °C group (OR, 1.02; 95% CI, 0.88 to 1.16; 
P = .78). There was no benefit to cooling below 36 °C. There 
was no evidence that early versus late cardiopulmonary 
resuscitation (CPR), duration of CPR, or time to hospital 
admission had any discernable impact on outcomes. On 
the basis of these findings, current guidelines suggest TTM 
at 32 to 36 °C (mild hypothermia).71a

It remains for future trials to determine if the benefits 
conferred by TTM or mild to moderate hypothermia can be 
extended to other settings. Recent meta-analysis of patients 
presenting with nonshockable rhythms documented 
reduced in-hospital mortality with hypothermia, but the 
quality of studies was low.72 Several additional studies that 
were not included in that meta-analysis supported this 
observation.73,74 A review of low-quality trials in a pediatric 
population demonstrated no difference in mortality, but no 
recommendations were drawn.75 A strict control of the tem-
perature avoiding hyperthermia (>37.5 °C) and severe hypo-
thermia (<32 °C) is recommended in children.75a Data from 
in-hospital CA are emerging,76,77 but the initial results are not 
compelling.78-80 The optimal selection of patient population 
is being debated.81-83 Multiple trials are underway. Prognosti-
cation of outcome of both adult84,85 and pediatric86,87 patients 
treated with hypothermia after CA remains challenging.88

THERAPEUTIC HYPOTHERMIA  
IN ISCHEMIC STROKE

In animal models of focal brain ischemia, hypothermia has 
been shown to reduce lesion size by up to 90%.89,90 These 
data resulted in interest in the use of TH in patients with 
ischemic stroke. Brain temperatures in stroke patients 
exceed core temperature by at least 1 °C (1.0 to 2.1 °C).91,92 
A large cohort trial of 3790 patients demonstrated that the 
avoidance of hyperthermia in stroke patients improved 
outcome.93 However, a pharmacologic-based strategy to 
induce hypothermia with acetaminophen (paracetamol) 
resulted in a body temperature decrease of only 0.22 °C.94 
Schwab et al. conducted two noncontrolled trials in patients 
who underwent acute ischemic stroke to evaluate the effect 
of hypothermia (33 °C for 24 to 72 hours). In the first study, 
hypothermia was initiated in 25 patients 14 hours after first 
symptoms (range, 4 to 24 hours). Target temperature was 

achieved after 3 to 6 hours. Passive rewarming was achieved 
over 18 hours (range, 17 to 24 hours). ICP decreased in all 
patients during hypothermia, but significant increases in 
ICP were observed during rewarming. Pneumonia was 
observed in 40% of patients.45 In the second study, 50 
patients were subjected to hypothermia in a manner similar 
to that in the previous study. ICP decreased from 20 ± 14 to 
12 ± 5 mm Hg during hypothermia. Shorter rewarming 
periods (<16 hours) were associated with a marked ICP 
increase and higher mortality when compared with lon-
ger rewarming periods.31 Mortality in this study was 38%, 
which compares favorably with outcomes of other studies 
with similar patient populations without hypothermia hav-
ing mortality rates of 78% to 79%,95,96 although Hawthorne 
effects and selection bias should be considered.

Kammersgaard et al. used hypothermia (35.5 °C for 6 
to 17 hours) in 17 awake stroke patients and compared the 
outcome data with matched subjects from the Copenhagen 
registry. Neurologic impairment as assessed by the Scan-
dinavian Stroke Scale at 6 months was similar (42 ± 14 vs. 
48 ± 11, respectively; P = .21).97

De Georgia and colleagues conducted a feasibility trial 
of 40 patients randomized to intravascular cooling (33 °C 
for 24 hours) or control therapy after ischemic stroke. Clini-
cal outcomes and lesion size at one month were similar in 
both groups. No adverse side effects were observed.98

Hemicraniectomy represents the most invasive approach 
to treat ischemic stroke. Georgiadis et al. randomized 36 
patients to either hemicraniectomy or hypothermia. Mor-
tality was 12% in hemicraniectomy compared with 47% in 
hypothermia. The latter also was associated with a higher 
complication rate.99 Els et al. compared hypothermia with 
hemicraniectomy (HH) (n = 12) to hemicraniectomy alone 
(HA) (n = 13), with a trend toward better outcome in the 
HH at 6 months (P < .08).100

Thus there currently are no robust data to support the use 
of induced hypothermia in patients with ischemic stroke. 
Recent meta-analysis of seven small clinical trials did not 
show any benefit on mortality or stroke severity.101 How-
ever, some trials report benefits on incidence and severity of 
complications associated with stroke and on outcome.102-104 
Given that several small trials suggested benefit, additional 
larger trials are planned105 or underway.106

HYPOTHERMIA FOR SPINAL  
CORD INJURY

There are a limited number of studies addressing the use 
of hypothermia after traumatic spinal cord injury (SCI). 
The results from the animal studies are mixed but overall 
suggest beneficial effects.107 However, the models are var-
ied. Several case series using whole-body hypothermia for 
SCI have been published, documenting feasibility.108-110 
Regional cooling of spinal cord is a viable alternative.111 This 
approach, reviewed by Kwon et al., was assessed in small 
case series in 1970s and 1980s.112 Despite some encouraging 
results, the authors of all respective studies acknowledge 
the limitations (e.g., small number of patients, differences 
in clinical assessment of deficits, and lack of controls) and 
the need for larger controlled studies.113,114 A large multi-
center prospective study (ARCTIC [Acute Rapid Cooling 
Trial for Injuries of the Spinal Cord]) is currently proposed.
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Currently, there is emerging evidence suggesting that 
hypothermia might be beneficial after traumatic SCI but 
definitive studies are still lacking.114a Preventive induction 
of regional hypothermia for major vascular procedures 
with or without additional measures including systemic 
hypothermia has not been validated in a large prospective 
randomized study.

HYPOTHERMIA FOR TRAUMATIC  
BRAIN INJURY

Current diagnostic and therapeutic approaches to patients 
with TBI vary widely between institutions. Treatments are 
generally targeted at maintaining cerebral perfusion pres-
sure, minimizing ICP, or reducing overall brain metabolic 
activity. In TBI, neuronal death is biphasic: early, due to the 
injury itself, and late, a consequence of hypoxic-ischemic 
and inflammatory damage.115

Many experimental studies in animals have suggested 
benefit with the use of TH after TBI. Multiple RCTs have 
been conducted, investigating the use of hypothermia after 
TBI in both pediatric and adult populations. Be aware: the 
pathophysiology of TBI in pediatric and adult patients has 
distinct features116 that could contribute to different out-
comes. The depth and duration of hypothermia applied have 
varied widely, as have the use of other therapeutic modali-
ties (e.g., cerebrospinal fluid [CSF] drainage, osmotic ther-
apy, and sedation). Better results were achieved in centers 
with expertise in applied hypothermia. Several published 
meta-analyses reported conflicting results (Table 22-1): some 
indicated improved neurologic outcome and mortality when 
hypothermia was used,117,118 but others did not support that 
observation.119 No improvement in outcome with hypother-
mia was seen in the five pediatric studies. Varied results 
were reported in 14 studies on adult patients, 2 of which 
reported a tendency of higher mortality and worse neuro-
logic outcome, 4 reported lower mortality, and 9 reported 
favorable neurologic outcome with hypothermia. The qual-
ity of several trials was low.120 More favorable results were 
observed in Asian populations versus American popula-
tions.121 Recent meta-analysis of pediatric patients with TBI 
documented increased mortality and increased incidence of 
cardiac arrhythmias with hypothermia.122

Hypothermia is effective in reducing increased ICP; 
however, rewarming needs to be very slow to prevent 
rebound intracranial hypertension. Patients who are hypo-
thermic on admission should be kept hypothermic or very 
slowly rewarmed. Reductions in ICP do not necessarily 
translate to improved neurologic outcomes.123

In an international multicenter trial led by Hutchison 
et al., TH did not improve the neurologic outcome in TBI and 
may have increased mortality. This study has been criticized 
because of apparently delayed commencement of hypother-
mia and the relatively short duration of therapy. This may 
have resulted in rewarming occurring during the anticipated 
period of peak edema.124 A large multicenter study explor-
ing very early hypothermia was terminated for futility.125 In 
the study by Maekawa and colleagues, prolonged TH (32 to 
34 °C) compared with TTM (35.5 to 37 °C) did not improve 
neurologic outcome or mortality after severe TBI.126

In conclusion, TH has not, to date, been convincingly 
shown to improve outcomes in TBI. If TH or TTM is to be 

used, early initiation, therapy for greater than 48 hours, 
and slow rewarming, with tight monitoring of ICP, appear 
important.

HYPOTHERMIA FOR MYOCARDIAL 
INFARCTION

It is possible that hypothermia could limit myocardial 
injury in acute myocardial infarction (AMI). In a multi-
center but small study, Dixon et al. randomized 42 patients 
with AMI to primary percutaneous coronary intervention 
(PCI) with or without endovascular cooling (33 °C for  
3 hours). There was no statistically significant difference in 
the median infarct size.127 The feasibility of endovascular 
cooling in awake patients undergoing PCI was confirmed 
in a nonrandomized study (LOWTEMP trial).128 Wolfrum 
et al. found that compared with historic controls, the initia-
tion of hypothermia did not delay other interventions.129 In 
a nonrandomized study, Hovdenes et al. reported that PCI 
could be performed on CA patients who had AMI, includ-
ing some who required an intraaortic balloon pump.130 
Hypothermia also improved hemodynamics in patients 
after CA in cardiogenic shock.131 A retrospective Danish 
study in 68 patients after CA documented safety of PCI 
treatment under hypothermia.132

In summary, these data suggest that hypothermia is 
feasible in hemodynamically unstable CA patients who 
require hemodynamic support, and the initiation of hypo-
thermia protocol does not delay further interventions. 
Coronary angiography should be performed as soon as 
possible (less than 2 hours), in particular in hemodynami-
cally unstable patients.133 However, TH does not currently 
have a role in AMI patients without CA.

HYPOTHERMIA FOR HYPOXIC-ISCHEMIC 
ENCEPHALOPATHY

Hypoxic-ischemic encephalopathy (HIE) from asphyxial 
insults is associated with high mortality and long-term 
neurodevelopmental disability in survivors. This is espe-
cially true in infants and children. The injury is two staged. 
A certain amount of damage results from acute, primary 
neuronal death. This often is followed by a second, delayed 
period of neuronal loss. This secondary injury provides a 
therapeutic window in which further damage might be 
prevented. Logically, hypothermia might be of value dur-
ing this time.

Selective head cooling has been tested primarily in 
infants. However, body core temperature must be decreased 
to achieve cooling of deep brain structures.134

The data from 11 randomized controlled trials (RCTs) 
comprising 1505 near-term infants were summarized in 
a recent Cochrane review. TH resulted in a statistically 
significant and clinically important reduction in the com-
bined outcome of mortality or major neurodevelopmental 
disability to 18 months of age with NNT for an additional 
beneficial outcome (NNTB) 7 (95% CI, 5 to 10) (8 studies, 
1344 infants). Cooling also resulted in statistically signifi-
cant reductions in mortality NNTB = 11 [8 to 25] (11 stud-
ies, 1468 infants) and in neurodevelopmental disability in 
survivors NNTB = 8 [5 to 14] (8 studies, 917 infants). Some 
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Table 22-1 Summary of Meta-Analyses on Therapeutic Hypothermia

Study, Year
Number of 
Trials

Number of Subjects 
(Intervention/No 
Intervention) Intervention Control Outcomes

CARDIAC ARREST

Holzer, 2005 3 195/198 Hypothermia Standard care Improved survival with favorable neuro-
logic recovery—RR = 1.68 (1.29-2.07)

Cheung, 2006 4 231/203 Hypothermia Standard care Reduced mortality—RR = 0.75 (0.62-0.92), 
Reduced poor neurologic outcome—
RR = 0.72 (0.62-0.84)

Nielsen, 2011 5 254/224 Hypothermia Standard care Nonsignificant reduction in mortality—
RR = 0.84 (0.70-1.01) and reduction in 
poor neurologic outcome—RR = 0.78 
(0.64-0.95)

Arrich, 2012 5 253/226 Hypothermia Standard care Hypothermia improved good  neurologic 
outcome—RR = 1.55 (1.22-1.96) and 
 survival—RR = 1.35 (1.10-1.65)

TRAUMATIC BRAIN INJURY IN ADULTS

Harris, 2002 7 254/245 Hypothermia Standard care Nonsignificant improvement in GOS—
OR = 0.61 (0.26-1.46, P = .3); decrease of 
ICP—OR = −2.98 (−7.58-1.61; P = .2); sig-
nificant prolongation of PTT—OR = 2.22 
(1.73-2.71; P < .001)

Henderson, 2003 8 748 total Hypothermia Normothermia Nonsignificant reduction of mortality—OR 
0.81 (0.59-1.13), strong trend for reduc-
tion of poor neurologic outcome—OR 
0.75 (0.56-1.01; P = .06); reduced risk 
of pneumonia in normothermic group 
OR—0.42 (0.25-0.70; P = .001)

McIntyre, 2003 12 543/526 Hypothermia Normothermia Reduced mortality—RR = 0.70 (0.56-0.87) 
and reduced poor neurologic outcome—
RR = 0.65 (0.48-0.89)

Alderson, 2004 14 540/523 Hypothermia Open or normo-
thermia

Nonsignificant reduction in mortality—
OR = 0.80 (0.61-1.04); nonsignificant 
reduction of mortality or severe disabil-
ity—OR = 0.75 (0.56-1.00); increase risk of 
pneumonia—OR = 1.95 (1.18-3.23)

Brain Trauma 
Foundation, 
2007

6 354/340 Hypothermia Normothermia All-cause mortality not significantly dif-
ferent—RR = 0.76 (0.55-1.05; P = .16); 
increased chance of good outcome—
RR = 1.46 (1.12-1.92); cooling >48 hr 
associated with reduction of mortality—
RR = 0.51 (0.24-0.78)

Peterson, 2008 8 407/374 Hypothermia Normothermia Reduction in mortality—RR = 0.51 
(0.33-0.79) and favorable neurologic 
outcome—RR = 1.91 (1.28-2.85) when 
hypothermia used for >48 hr; increased 
risk of pneumonia—RR = 2.37 (1.37-4.10); 
no benefit for cooling <48 hr

Sydenham, 2009 23 803/784 Hypothermia Normothermia No reduction in mortality—OR = 0.85 (0.68-
1.06); hypothermia associated with less 
likely unfavorable outcome—OR = 0.77 
(0.62-0.94)

Georgiu, 2013 18 917/910 Hypothermia Normothermia Reduction in mortality—RR = 0.84 (0.72-
0.98] and of poor neurologic outcome—
RR = 0.81 (0.73-0.89)
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adverse effects of hypothermia included an increased 
sinus bradycardia and a significant thrombocytopenia.135 
TH appears to be beneficial in the treatment of HIE in 
infants and should be instituted in term and late preterm 
infants with moderate-to-severe HIE if identified before 6 
hours of age.136 Unfortunately, these benefits were not seen 
in a meta-analysis of seven trials from low- and middle-
income countries.137

HYPOTHERMIA IN OTHER CLINICAL 
SCENARIOS

Other clinical scenarios when TH could be useful were 
considered. TH did not improve outcome in comatose 
patients with severe bacterial meningitis and may even 
be harmful.138 However, other small-size trial showed sig-
nificant benefits of TH in community-acquired bacterial 

meningitis with a reduction in mortality (OR = 0.059 
[0.017-0.211]) and risk of adverse neurologic outcome (OR 
= 0.209 [0.082-0.534]).139

In a large multicenter trial (IHAST), intraoperative 
hypothermia did not improve the neurologic outcome 
after craniotomy among good-grade patients with aneu-
rysmal subarachnoid hemorrhage.140 These disappointing 
results were later confirmed by a meta-analysis showing 
no effect intraoperative hypothermia on mortality (RR = 
0.82 [0.62, 1.09]).141

In a small pilot trial, hypothermia prevented the devel-
opment of perihemorrhagic edema after large intracranial 
hemorrhage and its complications. Side effects included 
namely pneumonia.142,143 Larger multicenter studies are 
currently underway.144

Low grade evidence exists to support the use of 
TH to control seizures in patients in refractory status  
epilepticus.145

Table 22-1 Summary of Meta-Analyses on Therapeutic Hypothermia—cont’d

Study, Year
Number of 
Trials

Number of Subjects 
(Intervention/No 
Intervention) Intervention Control Outcomes

Li, 2014 13 591/561 Hypothermia Normothermia Trend to reduction in mortality—RR = 0.86 
(0.73-1.01; P = .06) and unfavorable 
clinical neurologic outcomes—RR = 1.21 
(0.95-1.53; P = .12); significant reduction 
of mortality with hypothermia in an 
Asian population—RR = 0.60 (0.44-0.83, 
P = .002)

Crossley, 2014 20 863/976 Hypothermia Normothermia Reduction in mortality—RR = 1.31 (1.13, 
1.52; P = .0004); reduction in poor out-
come—RR = 1.49 (1.27, 1.74; P < .00001)

TRAUMATIC BRAIN INJURY IN CHILDREN

Ma, 2013 6 366 total Hypothermia Normothermia Increased mortality with hypothermia—
RR = 1.73 (1.06-2.84)

HYPOXIC ISCHEMIC ENCEPHALOPATHY IN NEWBORNS

Jacobs, 2008 8 255/251 Hypothermia Normothermia Reduced risk of death or major disability—
RR = 0.76 (0.65-0.89)

Jacobs, 2013 11 688/612 Hypothermia Normothermia Reduction in mortality—RR = 0.75 (0.64-0.88); 
reduction in neurodevelopmental disabil-
ity in survivors—RR = 0.77 (0.63-0.94)

Pauliah, 2013 7 301/266 Hypothermia Standard care Data from low- and middle-income 
countries; no reduction in neonatal 
mortality—RR = 0.74 (0.44-1.25); data 
on morbidity and long-term neurologic 
outcomes were insufficient

INTRACRANIAL ANEURYSM

Milani, 2011 4 605/611 Hypothermia Normothermia No difference in outcome or complications

Li, 2012 577/581 Hypothermia Normothermia No effect on mortality—RR = 0.82 (0.62-1.09)

Zhao, 2012 3 575/584 Hypothermia Normothermia No difference in outcome or complications

STROKE

Lakhan, 2012 7 131/127 Hypothermia Normothermia No difference in mortality or stroke severity

ICP, intracranial pressure; GOS, Glasgow Outcome Scale; OR, odds ratio; PTT, partial thromboplastin time; RR, relative risk.
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CONCLUSION

Therapeutic hypothermia remains an area of intense inter-
est in critical care. However, promising data from animal 
studies have failed to translate into improved clinical out-
comes for the majority of injuries, such as TBI, stroke, and 
MI. Enthusiasm for aggressive TH in CA has cooled; cur-
rent data support TTM at 36 °C and avoidance of hyper-
thermia. The most compelling data for TH are in cardiac 
arrest and HIE in term newborns.
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What Are the Special 
Considerations in the 
Management of Morbidly  
Obese Patients in the Intensive 
Care Unit?

Ali A. El Solh

Obesity is a chronic metabolic condition with important 
public health implications. It has been linked to increased 
morbidity and mortality from acute and chronic medical 
problems including hypertension, cardiovascular diseases, 
dyslipidemia, diabetes mellitus, arthritis, sleep apnea, and 
certain forms of cancer.

Although far from being ideal, the most convenient 
method of quantifying and defining the degree of obesity is 
with the body mass index (BMI), which is the ratio of a per-
son’s weight (in kilograms) to height (in meters) squared.1 
In 1998, the World Health Organization committee and the 
National Institutes of Health (NIH) put forward a classifi-
cation that became the worldwide standard for comparison 
of obesity rates within and across populations. The consen-
sus defined “morbid obesity” (MO)—also termed clinically 
severe obesity—as a BMI of 40 kg/m2 or more or a BMI of 
more than 35 kg/m2 and significant comorbidities.2

Although the U.S. prevalence of obesity has leveled in 
the last decade, compared with some European countries, 
the prevalence of obesity in the United States is three times 
higher than that in France and 1.5 times higher than that 
in the United Kingdom. According to the latest National 
Health and Nutrition Examination Survey (NHANES), the 
age-adjusted obesity prevalence was 35.7% in the United 
States in 2010 with no sex differences. Extreme obesity has 
more than doubled since the 1988-1994 NHANES, shifting 
from 2.9% to 6.3% in 2010 for grade 3 (severe) obesity and 
reaching 15.2% for grade 2 obesity.3 The age-adjusted preva-
lence of overweight and obesity combined (BMI ≥25 kg/m2)  
was 68.8% in 2010 with a mean BMI of 28.7 kg/m2 in the 
U.S. population.3 With such a global epidemic, it is not 
surprising that an increasing number of morbidly obese 
patients are admitted to the intensive care unit (ICU). 
Hence, what are the special considerations in the manage-
ment of morbidly obese patients in the ICU?

Critically ill obese patients present intensive care phy-
sicians with unique challenges that only a thorough 

knowledge of the peculiar pathophysiologic changes that 
occur in this population will allow for anticipation of com-
plications and effective delivery of care.

Airway Management

MO has been considered one of the risk factors for diffi-
cult intubation.4 However, the reader should be aware 
that MO, as defined by BMI, does not necessarily indicate 
increased fat deposits in and around the airway: Many 
patients have a gynecoid pattern of obesity. In two series 
of morbidly obese patients undergoing upper abdominal 
surgery, the incidence of difficult intubation was estimated 
at 13% and 24%, respectively.5,6 More recently, the mag-
nitude of this risk was challenged. A study of more than 
90,000 Danish patients undergoing intubation for surgery 
put the frequency of difficult intubation closer to 6.4% 
in those with a BMI of 35 kg/m2 or more compared with 
5.2% in the overall population.7 In the Australian Incident 
Monitoring Study, limited neck mobility and mouth open-
ing accounted for most cases of difficult intubation in obese 
subjects.8 Other studies added to the preceding list a short 
sternomental distance, a receding mandible, a large neck 
circumference, and a Mallampati score of 3 or greater as 
predictors of difficult intubation.9,10 Although these mul-
tivariate predictive models have yet to be tested in an ICU 
setting, neither obesity nor BMI predicted problems with 
tracheal intubation.10,11 One of the reasons for the observed 
differences among these studies is the lack of consensus on 
the definition of the term difficult intubation.12 Nonetheless, 
the increased bulk of soft tissues in the upper airway make 
the morbidly obese, particularly those with obstructive 
sleep apnea, prone to partial obstruction. Hiremath et al.13 
found that 8 of 15 individuals with Cormack and Lehane 
grade 4 laryngoscopic views had apnea-hypopnea indices 
consistent with previously undiagnosed sleep apnea syn-
drome whereas only 2 matched controls without a difficult 
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laryngoscopic view had similar scores. Within this context, 
the American Society of Anesthesiology recommends that 
awake intubation be considered in the morbidly obese 
patient if difficult mask ventilation and difficult intubation 
are anticipated.14

Emergency airway management of the critically ill 
morbidly obese patient is frequently complicated by the 
patient’s limited physiologic reserve. Morbidly obese 
patients are more prone to hypoxemia because of reduc-
tions in expiratory reserve volume, functional residual 
capacity (FRC), and maximum voluntary ventilation.15 
Severely obese patients undergoing surgery have sig-
nificantly lower nadir SpO2 (oxygen saturation by pulse 
oximetry) during intubation compared with normal and 
overweight patients despite similar preoxygenation dura-
tion and baseline SpO2 readings.16 Moreover, the increased 
intra-abdominal pressure is thought to place the obese 
patient at a higher risk of aspiration of gastric content.17 
These levels are traditionally considered to be a risk fac-
tor in the adult obese patient for aspiration pneumonitis. 
Given these physiologic changes, a rapid sequence induc-
tion (RSI) has been advocated.18 However, the use of RSI in 
fasted patients with no risk factors for aspiration other than 
obesity is debatable. Obese patients without symptoms of 
gastroesophageal reflux have a resistance gradient between 
the stomach and the gastroesophageal junction similar to 
that in nonobese subjects.19 In addition, there are draw-
backs for RSI that could prove deleterious in these patients. 
First, although cricoid pressure may or may not decrease 
the risk of aspiration,20 there is evidence that it may worsen 
the quality of laryngeal exposure.21 Second, the application 
of cricoid pressure can lead to a complete airway occlusion, 
occurring between 6% and 11% of the time.22

In short, the degree of obesity or neck size that justifies 
advanced interventions for intubation remains unknown. 
The experience and ability of the laryngoscopist are prob-
ably the most important determinants for establishing an 
airway in the morbidly obese patient.

In patients who require tracheostomy, morbidly obese 
patients with increased submental and anterior cervical 
adipose tissue present a unique surgical challenge. The ini-
tial goal of securing a stable airway can be compromised 
by the size discrepancy and curvature mismatch between 
a standard-size tracheostomy tube and the increased dis-
tance between the skin and trachea. Standard tracheostomy 
tubes are typically too short and too curved. One study of 
427 critically ill morbidly obese patients undergoing surgi-
cal tracheostomy reported a complication rate of 25%; most 
complications were minor.23 Life-threatening complica-
tions occurred in 10% and were related to tube obstruction 
and extratracheal tube placement. Some surgeons advocate 
performing a Bjork flap at the time of surgery to prevent 
tube misplacement in the pretracheal fascia.24 Others favor 
a cervical lipectomy in combination with tracheostomy.24 
There are no studies that prove that these interventions are 
effective.

Percutaneous dilational tracheostomy (PDT) remains 
controversial for these patients. Obese patients with 
large and thick necks were traditionally considered poor 
candidates for PDT.25 However, PDT has been performed 
in these patients with low rates of complications.26 A 
large retrospective study of more than 3000 cases of 

PDT in which 16% of patients had a BMI of 35 kg/m2 or 
greater appears to confirm the safety of this procedure 
in this high-risk group. The authors postulated that the 
introduction of extra-long tracheostomy tubes in obese 
patients may have contributed to the low complication 
rate in this high-risk group.27 There was likely selection 
bias in this study because high BMI does not necessarily 
translate into airway disease and the best “obese” can-
didates were likely selected for PDT. In the absence of 
large randomized trials, no recommendation could be 
made regarding PDT in this population. The outcome of 
PDT depends largely on the skills and the experience of 
the operator.

Despite substantial investigation, the optimal timing 
of tracheotomy for critically ill obese patients requiring 
mechanical ventilation (MV) continues to be debated 
between those who support early intervention, citing 
the benefits of early liberation from MV, and those who 
argue against this approach because of a lack of sup-
portive evidence. To date, no randomized trial of tra-
cheotomy time has been completed in morbidly obese 
patients. One retrospective study of 102 morbidly obese 
patients requiring artificial ventilation did suggest a 
reduced duration of MV and ICU length of stay and a 
lower incidence of nosocomial pneumonia in those who 
underwent early tracheostomy (≤9 days) compared with 
late tracheostomy.28 However, no difference in hospi-
tal mortality was observed. Because of the possibility 
of selection bias in retrospective designs, a consensus 
on when a tracheostomy should be performed in these 
patients awaits a randomized clinical trial.

Respiratory

The most prominent pulmonary function test abnor-
malities associated with obesity are decreased expiratory 
reserve volume and FRC, whereas the vital capacity and 
total lung capacity are essentially unchanged.15,29 Relative 
to nonobese subjects, the total respiratory system compli-
ance is decreased because of the greater degree of chest 
wall compression and cephalad displacement of the dia-
phragm. In the supine and Trendelenburg positions, FRC 
may fall below the closing capacity, leading to small airway 
collapse, atelectasis, ventilation perfusion mismatch, and 
hypoxemia.30 As lung volumes are reduced and airway 
resistance is increased, a tidal volume based on a patient’s 
actual body weight is likely to result in high airway pres-
sures, alveolar overdistention, and barotrauma. The cur-
rent consensus would favor that the initial tidal volume 
be calculated according to ideal body weight (IBW), on the 
basis of the patient’s height, and then adjusted according 
to the desired plateau pressure and systemic arterial blood 
gases.31

The role of positive end-expiratory pressure (PEEP) on 
respiratory mechanics and blood gases in postoperative 
mechanically ventilated morbidly obese subjects has been 
tested by several studies. Pelosi et al.32 applied a PEEP of 
10 cm H2O to nine anesthetized-paralyzed morbidly obese 
subjects after abdominal surgery and found a significant 
reduction in respiratory system elastance and resistance. 
This reduction was attributed to alveolar recruitment or to 
the re-opening of closed airways. The authors also found a 
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small but significant improvement in arterial oxygenation, 
which was correlated with the amount of recruited volume. 
In a similar group of subjects, Koutsoukou and colleagues33 
found that the PEEP used (4 to 16 cm) caused a significant 
reduction in elastance and resistance of the respiratory 
system. However, PEEP had no significant effect on gas 
exchange. In both studies, oxygenation remained mark-
edly abnormal even after the application of PEEP, probably 
reflecting residual atelectasis. Indeed, the extent of atel-
ectasis, which was correlated with the amount of venous 
admixture, was not reduced by inflation of the lungs with 
conventional tidal volume, or even with a doubled tidal 
volume.34

In patients with acute respiratory distress syndrome 
(ARDS), prone positioning is known to improve gas 
exchange and outcomes (see Chapter 32). With the weight of 
the mediastinal structures, particularly the heart, supported 
by the sternum, less pulmonary tissue is compressed. The 
delivered tidal volume and peak pressure are dispersed to 
more alveoli, decreasing the risk of further alveolar injury 
from stretch and strain forces. Proning reduces V̇/Q̇ (ven-
tilation-perfusion) mismatch, reduces right-to-left shunt, 
and improves oxygenation.35 One case control study with 
morbidly obese patients (BMI ≥35 kg/m2) and ARDS (Pao2  
[partial pressure of oxygen, arterial]/Fio2 [fraction of 
inspired oxygen] ratio ≤200 mm Hg) documented improve-
ment in oxygenation and decreased 90-day mortality with-
out significant increase in duration of MV, length of stay, or 
incidence of nosocomial pneumonia.36 However, abdomi-
nally obese patients (with sagittal abdominal diameter ≥26 
cm) were at higher risk of renal failure and hypoxic hepa-
titis.37 It is speculated that the increased intra-abdominal 
pressure from prone positioning might have been the cul-
prit. Given the limited data specific to prone positioning in 
morbidly obese patients, the feasibility and effect of pron-
ing in morbidly patients with ARDS will likely be affected 
by the degree of familiarity of nurses and physicians with 
proning and the availability of the appropriate resources.

The rate of reintubation after extubation in severely 
obese patients has been reported at 8% to 14% among 
patients undergoing MV for more than 48 hours.38,39 Earlier 
investigations suggested that the prophylactic use of nonin-
vasive ventilation (NIV) in morbidly obese patients during 
the first 24 hours postoperatively reduced pulmonary dys-
function after gastroplasty and accelerated reestablishment 
of preoperative pulmonary function. Joris and colleagues40 
demonstrated that the application of bilevel positive airway 
pressure set at 12 and 4 cm H2O significantly improved 
the peak expiratory flow rate, the forced vital capacity, 
and the oxygen saturation on the first postoperative day. 
This improvement was attributed to a combined effect of 
improved lung inflation, prevention of alveolar collapse, 
and reduced inspiratory threshold load. In a parallel study 
of 50 morbidly obese patients admitted to a medical ICU 
with acute respiratory failure, patients who were success-
fully treated with NIV had a shorter hospital stay and a 
lower mortality.41 The reduction in the rate of respiratory 
failure was more pronounced when NIV was immediately 
instituted afterextubation.42 Subgroup analysis of patients 
with hypercapnia showed reduced hospital mortality in the 
NIV group compared with controls. In contrast, patients 
who failed a trial of NIV and those who required invasive 

MV demonstrated a longer ICU and hospital length of stay 
and higher mortality (31%).41

Deep Venous Thrombosis Prophylaxis

MO is a risk factor for venous thromboembolic disease 
(VTE)43,44 because of increased venous stasis, decreased 
mobility, and a possibly a hypercoagulable state.45 Unfortu-
nately, limited data exist on effective prophylactic regimens 
of anticoagulation in critically ill morbidly obese patients. 
These patients are typically excluded from trials because of 
the equivocal results of the diagnostic tests used to confirm 
or exclude thromboembolic disease.

Studies in which the effectiveness of VTE prophylaxis in 
obese hospitalized patients is evaluated are listed in Table 
23-1.46-60 Despite the absence of well-designed randomized 
controlled trials in critically ill morbidly obese patients, the 
use of prophylaxis is indicated. Pharmacokinetic and epi-
demiologic studies suggest that the standard fixed doses of 
thromboprophylaxis are suboptimal in this population. A 
retrospective study demonstrated that high-dose thrombo-
prophylaxis (heparin 7500 U 3 times a day instead of stan-
dard dosing of 5000 U 2 to 3 times a day or enoxaparin 40 mg 
twice a day [instead of 40 mg once a day]) approximately 
halved the odds of symptomatic VTE in patients with 
weight greater than 100 kg or BMI greater than 40 kg/m2,  
with no increased risk of bleeding.49 Although this would 
appear to be a reasonable starting point, there is no uni-
versal consensus on the optimal regimens (mechanical or 
pharmacologic) and duration of VTE prophylaxis in these 
patients.

Pharmacotherapy

Several factors underlie the rate and extent of drug distri-
bution in the morbidly obese patient, including degree of 
tissue perfusion, binding of drugs to plasma proteins, and 
permeability of tissue membranes. In general, the extent 
to which obesity influences the volume of distribution of 
a drug depends on its lipid solubility.61 Early work with 
barbiturates clearly demonstrated the close correlation 
between lipid solubility and drug distribution. However, 
lipophilic compounds do not always have larger volumes 
of distribution. For example, the volume of distribution of 
digoxin is not significantly influenced by obesity despite 
its relatively high lipid partition coefficient. Conversely, the 
volume of distribution for some hydrophilic drugs in adi-
pose tissue may be only a fraction of the volume of distri-
bution in other tissues. The reason is that the water content 
in adipose tissue is 20% to 50% of that in other tissues.62 
Hence, distribution of these drugs may warrant adjusting 
the dose in proportion to the excess in body weight with 
the use of a dosing weight correction factor (DWCF).

Adjusted weight (AW) = DWCF (TBW−IBW) + IBW

In the case of the least liposoluble drugs (atracurium, H2 
blockers) and specific lipophilic drugs (methylpredniso-
lone), distribution is restricted to lean mass, and loading is 
usually based on IBW.

The influence of pathophysiologic and histologic changes 
associated with obesity on hepatic and renal metabolism has 
yet to be fully elucidated. Previous evidence has suggested 
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Table 23-1 Evidence of Efficacy of VTE Prophylaxis in Hospitalized Obese Patients

Author, Year Study Design Intervention Outcome

Samama, 1999 Randomized,  
controlled trial

738 hospitalized medical patients > 40 years 
old, including 20% of obese patients 
randomized to enoxaparin 40 mg/day or 
placebo

RR, 0.37 (97.6% CI, 0.22-0.63) with enoxaparin 
40 mg/day. Major hemorrhage in 1.7% vs. 
1.1% in the placebo group.

Kalfarentzos, 
2001

Randomized,  
controlled trial

60 patients undergoing bariatric surgery,  
randomized to 5700 or 9500 IU of  
nadroparin

No incidence of DVT in both groups  
receiving nadroparin. Major hemorrhage 
reported in 6.7% in the group receiving 
higher dose of nadroparin.

Scholten, 2002 Prospective  
noncontrolled study

481 patients undergoing bariatric surgery 
receiving prophylaxis with 30 mg SC q12h or 
40 mg q12h of enoxaparin

Incidence of symptomatic VTE of 5.4% with 
enoxaparin 30 mg q12h, and of 0.6% with 
40 mg q12h. Major hemorrhage in 1.0% 
and 0.25% in the two groups of enoxaparin, 
respectively.

Gonzalez, 2004 Prospective  
noncontrolled study

380 patients undergoing bariatric surgery  
with SCD

Incidence of symptomatic DVT of 0.26%. No 
PE reported.

Alikhan, 2003 Randomized, controlled 
trial

866 hospitalized obese medical patients  
> 40 years old randomized to enoxaparin 40 
mg/day or placebo

RR, 0.49 (95% CI, 0.18-1.36) with enoxaparin 
40 mg/day.

Shepherd, 2003 Prospective  
noncontrolled study

700 patients undergoing bariatric surgery 
receiving prophylaxis with continuous  
intravenous UH during the perioperative 
period

Incidence of DVT and symptomatic PE of 
0% and 0.4%, respectively. Postoperative 
hemorrhage in 2.3%.

Miller, 2004 Retrospective cohort 255 patients undergoing bariatric surgery 
receiving prophylaxis with LDUH 5000 or 
7500 IU q8h

Overall incidence of VTE of 1.2%. Prospective 
hemorrhage in 2.4%.

Shepherd, 2004 Prospective  
noncontrolled study

19 patients undergoing bariatric surgery re-
ceiving prophylaxis with continuous  
intravenous UH during the perioperative 
period

No symptomatic VTE confirmed. Major  
hemorrhage in 10.5%.

Leizorovicz, 
2004

Randomized, controlled 
trial

3706 hospitalized medical patients > 40 years, 
including 30% of obese patients randomized 
to dalteparin 5000 IU/day or placebo

RR, 0.55 (95% CI, 0.38-0.80) with dalteparin 
5000 IU/day. Major hemorrhage in 0.49% 
vs 0.16% in the placebo group.

Kucher, 2005 Subgroup analysis of 
randomized,  
controlled trial

1118 hospitalized obese medical patients  
> 40 years randomized to dalteparin 5000 
IU/day or placebo

VTE occurred in 2.8% of the dalteparin and 
4.3% of the placebo group. RR, 0.64 (95% 
CI, 0.32-1.28) with dalteparin 5000 IU/day.

Hamad, 2005 Multicentric  
retrospective cohort

668 patients undergoing bariatric surgery  
receiving prophylaxis with enoxaparin 30 
mg (daily or q12h) or 40 mg (daily or q12h) 
or no prophylaxis

Overall incidence of objectively confirmed 
symptomatic PE of 0.9%, and DVT of 0.1%; 
highest incidence without prophylaxis. 
Major hemorrhage in 0.9%.

Quebbemann, 
2005

Prospective  
noncontrolled study

822 patients undergoing bariatric surgery 
receiving prophylaxis with continuous  
intravenous UH at 400 U/hr from the  
preoperative period until discharge

Overall incidence of objectively confirmed 
symptomatic VTE of 0.1%. Major  
hemorrhage in 1.3%.

Cossu, 2007 Retrospective cohort 151 patients underwent surgery for morbid 
obesity. In the first 65 cases, prophylaxis 
consisted in a single intravenous injection of 
heparin sodium (2500-5000 IU) at the time of 
induction of anesthesia. Later cases (86 cases) 
adjusted according to PT, TT, and aPTT.

Two cases of VTE in the first group and  
one in the second group. Major bleeding 
occurred in 2.33%.

Raftopoulos, 
2008

Retrospective cohort Group A: Enoxaparin 1 hour before surgery 
followed by enoxaparin 30 mg SC twice a 
day until discharge from hospital. Group B: 
No preoperative heparin, then enoxaparin 
30 mg SC twice a day followed by a 10-day 
course of enoxaparin 40 mg SC once a day at 
home after hospital discharge.

VTE event occurred in Group A (1.14%) vs. 
Group B (0%). The incidence of significant 
bleeding was lower in Group B (Group A 
[5.3%] vs. Group B [0.56%], P = 0.02).
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that hepatic oxidative metabolism is not different from lean 
individuals but more recent investigasuggested suggested 
that hepatic oxidative metabolism is not different from lean 
individuals, but more recent investigations pointed to an 
increased activity of cytochrome P450 enzymes. Kotlyar 
and Carson63 have provided strong evidence that the condi-
tion of obesity significantly increases hepatic CYP2E1 activ-
ity while decreasing hepatic CYP3A4 activities. The use of 
the creatinine clearance equations to assess renal function 
in the morbidly obese can be misleading. In a study involv-
ing 12 men and 31 women who weighed more than 195% 
of their IBW, creatinine clearance was overestimated by 
51 to 61 mL/min/1.73 m2 when total body weight (TBW) 
was used and underestimated by 36 to 40 mL/min/1.73 m2 
when IBW was used.64 Salazar and Corcoran65 proposed 
alternative formulas based on animal models for creatinine 
clearance in obese subjects. However, these equations have 
not been validated in critically ill morbidly obese patients. 
A recent formula derived from the Modification of Diet in 
Renal Disease (MDRD) Study group66 [GFR = 170 × (serum 
creatinine)−0.999 × (age, years)−0.176 × 0.762 (if female) × 1.18 
(if Black) × (blood urea nitrogen)−0.17 × (albumin)+0.318] has 
the advantage of predicting glomerular filtration rate (GFR) 
rather than creatinine clearance. Data obtained in an ICU 
from a morbidly obese patient with 51-chromium–labeled 
ethylenediamine tetra-acetic acid clearance as the gold stan-
dard suggest close estimation of the MDRD formula to the 
actual GFR.67 A comprehensive review of this topic has been 
published elsewhere,62,68 but what follows are details about 
some of the commonly used drugs.

Sedatives and Analgesics

There are no established guidelines for the optimal drug of 
choice for sedation in critically ill morbidly obese patients. 
Midazolam, lorazepam, propofol, and dexmedetomidine 
are currently the four sedatives most commonly adminis-
tered in the ICU. Propofol is a hypnotic agent with a rapid 
onset and offset. Volume of distribution and clearance are 
increased in obese patients and correlate with adjusted body 
weight (ABW).69 Because propofol is emulsified in a soy-
bean base, it may increase carbon dioxide (CO2) production.

The lipophilic benzodiazepines demonstrate increased 
volume of distribution and increased elimination half-life in 

obese patients.70 Midazolam has the shortest half-life among 
benzodiazepines, but its sedative effect might be prolonged 
in morbidly obese individuals because of its accumulation in 
adipose tissue. When combined with propofol or fentanyl, its 
clearance might decrease because of competitive inhibition of 
CYP3A4.67 The combination of haloperidol and midazolam 
can decrease the dose required to produce sedation and mini-
mize the risk of respiratory depression. Dose calculations for 
continuous benzodiazepine infusion in obese patients should 
follow IBW because clearance is not significantly different 
from nonobese patients. Nonetheless, daily discontinuation 
with retitration to a target sedation endpoint is advocated to 
reduce the duration of MV and ICU length of stay.

The synthetic opioids (remifentanil, fentanyl, and alfent-
anil) are lipophilic compounds with a rapid onset of action 
and minimal histamine-related vasodilation. Their cardiovas-
cular responses to endotracheal intubation in morbidly obese 
patients are comparable.71 Significantly less expensive than 
the other synthetic opioids, fentanyl is often the preferred 
analgesic agent for critically ill patients with hemodynamic 
instability or morphine allergy. Similar pharmacokinetics of 
fentanyl in obese and nonobese patients was documented, 
suggesting dosing on the basis of IBW. A more recent inves-
tigation observed that the relationship between TBW and the 
fentanyl doses required to achieve and maintain postopera-
tive analgesic endpoints had a nonlinear profile72 (Table 23-2). 
In contrast, pharmacokinetic data suggest that remifentanil 
should be based on IBW.73 As for morphine dosing, a tenfold 
variation in dosing requirement was reported that was unre-
lated to age, gender, or body surface area.74,75

Neuromuscular Blockade

Atracurium and vecuronium have limited volume of dis-
tribution, but although vecuronium, rocuronium, and cisa-
tracurium dosing is based on IBW, the hyposensitivity to 
atracurium observed in obese individuals necessitates calcu-
lation of the dose on the basis of TBW.62 There are no studies 
demonstrating a reduction in neuromuscular complications 
when intermittent dosing techniques are used instead of con-
tinuous infusions. Periodic monitoring with the train of four 
should be conducted routinely to adjust the rate of infusion. 
However, increased adiposity around the wrist may require 
more milliamperes to produce the desired result.

Table 23-1 Evidence of Efficacy of VTE Prophylaxis in Hospitalized Obese Patients—cont’d

Author, Year Study Design Intervention Outcome

Borkgren-
Okonek, 2008

Prospective open trial 223 undergoing Roux-en-Y gastric bypass  
assigned to receive enoxaparin 40 mg  
(BMI < 50 kg/m2) or 60 mg (BMI > 50 kg/m2) 
every 12 hours during hospitalization and 
once daily for 10 days after discharge.

One patient had nonfatal venous thrombo-
embolism (0.45%). Four patients required 
transfusion (1.79%).

Wang, 2014 Retrospective cohort 9241 inpatients with weight > 100 kg compar-
ing high-dose thromboprophylaxis (heparin 
7500 U three times daily or enoxaparin 40 
mg twice daily) to standard doses (heparin 
5000 U two or three times daily or enoxapa-
rin 40 mg once daily).

The rate of VTE was 1.48% of those who 
received standard doses compared with 
0.77% in those who received high doses. 
High-dose thromboprophylaxis did not 
increase bleeding (OR, 0.84; 95% CI,  
0.66-1.07; P = 0.15).

aPTT, activated partial thromboplastin time; BMI, body mass index; CI, confidence interval; DVT, deep vein thrombosis; LDUH, low-dose unfractionated heparin; 
OR, odds ratio; PE, pulmonary embolism; PT, prothrombin time; RR, relative risk; SC, subcutaneous; SCD, sequential compression device; TT, thrombin time; UH, 
unfractionated heparin; VTE, venous thromboembolic disease.
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Anticoagulants

MO has little to no effect on the weight-based heparin dos-
ing protocols that use TBW in systemic anticoagulation.76 
As alluded to previously, large studies evaluating the 
safety and efficacy of using weight-based dosing of low 
molecular weight heparins (LMWHs) for the treatment of 
venous thromboembolism in these critically ill morbidly 
obese patients are limited. Pharmacokinetic studies sug-
gest that body mass does not appear to have a significant 
effect on the response to LMWHs in obese patients with 
normal renal function.77 Nonetheless, monitoring of anti–
factor Xa activity (anti-Xa) should be considered. Although 
the timing of the blood sampling in relation to the dose and 
the optimal range of values has yet to be clearly defined, 
a peak anti-Xa level drawn 4 hours after a dose is given is 
considered the most useful.78 For twice-daily administra-
tion, a target of anti-Xa level of 0.6 to 1.0 IU/mL has been 
recommended. The range at 4 hours for those treated with 
a once-daily dose is less certain, but a level of 1.0 to 2.0 IU/
mL is suggested.

Anticoagulant treatment options have been signifi-
cantly expanded by the addition of an oral direct throm-
bin inhibitor and two Xa-inhibitors. Unfortunately, there 
are few data focusing on dosing in obesity. Dabigatran is 
approved in the United States for prevention of stroke and 
systemic embolism in nonvalvular atrial fibrillation (AF).79 
The RE-LY (Randomized Evaluation of Long-term Antico-
agulation Therapy) trial noted a 20% decrease in trough 

concentrations in patients weighing more than 100 kg; 
however, dose adjustments have not been recommended.80 
Rivaroxaban is approved for prevention of stroke and sys-
temic embolism in nonvalvular AF, treatment of deep vein 
thrombosis (DVT) and pulmonary embolism (PE), and 
DVT prophylaxis after knee and hip surgery.81-83 A Phase 
II study demonstrated that a TBW more than 120 kg was 
not associated with clinically significant changes in phar-
macokinetic or pharmacodynamics parameters; thus dose 
adjustments are not warranted.84 Studies with rivaroxaban 
have included a small proportion of patients with a BMI 
of 28 kg/m2 or more or weights exceeding 100 kg; sub-
group analyses have shown that dose modifications are  
unnecessary.81,85

Apixaban is the most recent agent to be approved for 
prevention of stroke and systemic embolism in nonvalvu-
lar AF.86 One study found that a 10-mg dose of apixaban 
yielded a 20% decrease in peak concentration in patients 
weighing more than 120 kg. The authors concluded that 
these alterations were not clinically significant and no dose 
alteration is needed.87

Nutritional Care

There is a paucity of data for any specific feeding strat-
egy of critically ill morbidly obese patients. In general, 
the energy expenditure of morbidly obese patients is 
increased because of an increase in lean body mass.88 
Inadequate nutritional intake combined with elevated 
basal insulin concentrations suppresses lipid mobilization 
from body stores, causing accelerated proteolysis, which 
in turn forces rapid loss of muscle mass and early decon-
ditioning. Conversely, aggressively high caloric formulas 
have been associated with increased CO2 production,89 
which increases the work of breathing and may prolong 
the need for MV. It is wrong to assume that morbidly 
obese patients can tolerate prolonged periods of fasting; if 
tolerated, then enteral nutritional support should be com-
menced within 48 hours after admission to an ICU.90

The most challenging question is how to assess the 
energy requirements of morbidly obese patients. Several 
predictive equations have been developed to estimate 
energy requirements, but adapting these formulas for mor-
bidly obese patients is problematic. Estimates of energy 
expenditure in the critically ill have been derived tradi-
tionally from the Harris-Benedict equation, but clinicians 
and investigators are unclear whether IBW or actual body 
weight should be used.91 In morbidly obese individuals, 
indirect calorimetry is considered the method of choice to 
determine energy expenditure if the inspired oxygen is less 
than 60%.90 Whether any of these measures translate into 
improved outcome cannot be determined in the absence of 
randomized clinical trials.92

Hypocaloric, high-protein enteral or parenteral nutri-
tion is thought to achieve net protein anabolism and avoid 
overfeeding complications such as hyperglycemia. This 
involves the administration of no more than 60% to 70% 
of requirements or administration of 11 to 14 kcal/kg cur-
rent body weight/day or 22 to 25 kcal/kg ideal weight/
day, with 2 to 2.5 g/kg ideal weight/day of proteins.93 Sev-
eral studies evaluated the use of hypocaloric high-protein 
nutritional support in critically ill obese patients.94 Overall, 

Table 23-2 Proposed Dosing of Commonly Used 
Drugs in Obese Patients

Drug Initial Maintenance

Lidocaine TBW IBW

Digoxin IBW IBW

Beta-blockers IBW IBW

Aminoglycosides AW AW

Vancomycin AW AW

Atracurium TBW TBW

Vencuronium IBW IBW

Fentanyl 52/(1 + [196.4 × e−0.025TBW − 53.66]/100)

Phenytoin TBW IBW

Corticosteroids IBW IBW

Cyclosporine IBW IBW

Aminophylline IBW IBW

Heparin* ABW –

Enoxaparin* TBW TBW

Drotrecogin alfa ABW ABW

*Dosing for treatment of venous thromboembolism.
Male: IBW = 50 kg + 2.3 kg per inch of height >5 ft.
Female: IBW = 45.5 kg + 2.3 kg per inch of height >5 ft.
AW = IBW + 0.4 (TBW – IBW).
ABW, adjusted body weight, AW, adjusted weight; IBW, ideal body weight, 

TBW, total body weight.
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these studies showed a preserved nitrogen balance and 
decreased morbidity, but studies were small, and there was 
no mortality benefit. The hypocaloric high-protein diet has 
not been evaluated in patients with renal or liver disease; 
therefore the use of hypocaloric nutritional support in obese 
patients should be used with caution in patients with these 
 conditions.

Diagnostic Imaging

Diagnostic imaging is a core component of diagnosis and 
response to therapeutics in modern medicine. However, 
studies that are readily available to normal weight patients 
may prove difficult and hazardous to morbidly obese criti-
cally ill patients.

Radiography can be limited by X-ray beam attenuation, 
which results in decreased image contrast and amplifica-
tion of noise and an increase in exposure time resulting in 
motion artifacts. Raising kilovolt (peak) and milliampere-
second helps in improving the image quality.95 The use of 
multiple cassettes may be needed to cover the entire chest 
or abdomen.

Ultrasound image quality is affected by fat to a greater 
degree than any other imaging modality.95 The ultra-
sound beam is attenuated by fat at a rate of 0.63 dB/cm. 
Use of the lowest frequency transducer (1.5 to 2.0 MHz) 
may partially overcome the increased image attenua-
tion. For fluoroscopy, computed tomography, and mag-
netic resonance imaging (MRI), the weight and aperture 
diameter limitations of the imaging modality should be 
obtained before these patients are transported out of 
the ICU (Table 23-3). MRI scanners with a high signal- 
to-noise ratio and strong gradients (≥1.5 T) cannot accom-
modate patients weighing 350 lb (159 kg). A vertical-field 
open MRI system is needed for patients who weigh up to 
550 lb (250 kg) and can offer a range of vertical apertures 
from 40 to 55 cm.

Intravenous Access

MO poses a particular challenge for intravenous access. 
Possible explanations for complications related to cen-
tral venous catheter placement in obese patients include 
loss of anatomic landmarks, increased depth of inser-
tion, need for multiple needle passes, increased dura-
tion of cannulation, and difficulty in maintaining proper 
angle during insertion. An increased risk of blood stream 
infection has also been suggested when femoral place-
ment was attempted in this population.96 The use of 

two-dimensional ultrasound guidance for cannulation of 
the internal jugular veins unequivocally decreases the risk 
of failed catheter placement, improves first-pass success, 
and facilitates faster placement compared with the land-
mark method.97

Outcomes of Critically Ill Obese Patients

Since 2001, there have been numerous reports trying to 
elucidate the relationship between BMI and critical care 
outcome. Earlier studies of morbidly obese patients in the 
critical care setting (BMI > 40 kg/m2) reported higher mean 
length of stay in the ICU and longer duration of MV com-
pared with nonobese patients (BMI < 30 kg/m2).98-100 There 
was also a higher in-hospital mortality of the obese versus 
the nonobese patients.

Recently, these dire prognostications for critically obese 
patients have been subsequently challenged by paral-
lel investigations.101-103 More contemporary studies have 
demonstrated that the relation between BMI and mortal-
ity appears to reflect a U-shaped curve, with underweight 
and severely obese patients having significantly higher 
adjusted mortality across all age groups and moderately 
overweight and less severely obese patients having com-
paratively improved mortality.104 The NIH ARDS-Net 
study databases are a useful source of outcome data on 
different types of critically ill patients. A secondary anal-
ysis of pooled data from three studies revealed that the 
unadjusted outcomes across BMI groups did not differ 
significantly for any of the dependent variables (28-day 
mortality, achievement of unassisted ventilation, 180-day 
mortality rate, or ventilator-free days).102 The authors 
acknowledged that improved outcomes in the study pop-
ulation could have been the result of increased intensity 
of care of the study population and standardized wean-
ing procedures that were used. In line with these find-
ings, three systematic reviews concluded that obesity was 
associated with comparable or lower risk of death com-
pared with normal weight.105-107 Potential hypotheses 
have been advanced to explain this “obesity paradox.” 
It is important to note that patients with a BMI less than 
40 kg/m2 appeared to have better than expected out-
comes in the ICU; as such, overweight and obesity may 
represent enhanced physiologic reserve. Alternatively, 
specific hormonal mechanisms could play a role in the 
relation between obesity and mortality. Bornstein and col-
leagues108 reported a positive association between leptin 
concentrations and survival of septic patients, suggesting 
that leptin could play a role in the adaptive response to 
critical illness.

Against this improved outlook of obesity outcome in 
predominantly medical ICUs, morbidly obese patients 
requiring admission to surgical or trauma units had more 
adverse events than their counterparts. MO was reported 
as an independent risk factor for death in surgical patients 
who required 4 days or more of ICU stay, indicating that 
complications of health-care processes may be the key to 
improved outcomes in this cohort. The increased mortality 
was attributed to organ failures, need of more vasopressors, 
and failed extubation.109 However, these complications 
were not higher in obese cardiac patients who required 
bypass graft surgery than nonobese, although the risks of 

Table 23-3 Weight and Aperture Diameter 
Limitations per Imaging Modality

Imaging Modality
Maximum Aperture 
Diameter (cm)

Weight Limit 
(lb)

Fluoroscopy 63 700

Vertical-field MRI 55 550

Cylindrical-bore MRI 70 550

MRI, magnetic resonance imaging.
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sternal wound infection were substantially increased in the 
obese and severely obese.110,111

In trauma patients, obesity seems to be associated with 
poorer outcomes.112-114 In blunt trauma, obese patients 
sustain different types of injuries than lean patients, with 
higher frequency of thoracoabdominal wounds and less 
traumatic brain injuries. Moreover, obese trauma patients 
had a more than twofold increase in risk of acquiring a 
bloodstream, urinary tract, or respiratory tract infection 
after hospital admission,115 including sepsis, ventilator-
associated pneumonia, and catheter-associated bactere-
mia.116 Further studies are needed to clarify whether obesity 
is deleterious in this population or not and to assess the 
possible differences in outcome between various surgical 
interventions.

CONCLUSION

The treatment of the critically ill morbidly obese patient 
remains a daunting task for critical care practitioners. 
Despite the growing global obesity epidemic, the manage-
ment approach for the morbidly obese in intensive care 
settings is based mostly on expert opinion. Future random-
ized controlled trials are needed to guide clinicians in pro-
viding care to this unique population.
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How Do I Transport the Critically 
Ill Patient?

David Cosgrave, John Chandler, John Bates

The provision of intensive care during transport to and 
from the intensive care unit (ICU) presents a major chal-
lenge. Available data1,2 suggest that critical care trans-
port is becoming increasingly common, driven by the 
centralization of specialties and an expanding number 
of diagnostic and therapeutic options outside of the 
ICU. The bulk of critical care transports happen within 
the hospital itself. Observational data1,3,4 suggest that  
critical care transport is a high-risk but worthwhile 
activity and that this risk can be minimized by ade-
quate planning, proper equipment, and appropriate  
staffing. Prehospital transport of the critically ill patient 
presents more problems because prior planning is more 
difficult.

Clinical data on transport of the critically ill patient 
are derived mainly from cohort trials and can provide 
guidelines in terms of personnel (physicians, nurses, and 
paramedics), mode of transport (air or road), and specific 
treatments (prehospital tracheal intubation and advanced 
life support).

INTRAHOSPITAL TRANSPORT OF  
THE CRITICALLY ILL

Adverse Effects

Several observational studies suggest that significant 
physiologic disturbances (large variations in heart rate, 
blood pressure [BP], or oxygen saturation) occur during 
53% to 68% of intrahospital transports.5-7 Physiologic vari-
ability is also common in stationary critically ill patients, 
occurring in 60% of such patients in a study by Hurst and 
colleagues6 compared with 66% in transported patients. 
Many of these physiologic changes can be safely managed 
by an appropriately trained transport team, but serious 
adverse events do occur. Prospective observational stud-
ies have found an adverse event rate of 36% to 45.8%.8,9 
A large multicenter cohort study showed an odds ratio 
(OR) for the occurrence of adverse events in intrahospi-
tal transports of 1.9. These events included pneumotho-
rax, ventilator-associated pneumonia, and atelectasis. 
Increased length of stay was noted in the same study but 
not a difference in mortality10 Damm and colleagues11 
found a cardiac arrest rate of 1.6% in a prospective obser-
vational study of 123 intrahospital transports. Waydhas 

and colleagues12 found that a reduction in the Pao2/Fio2 
(partial pressure of oxygen, arterial/fraction of inspired 
oxygen) ratio occurred in 83.7% of patients when trans-
ported with a transport ventilator and that this was severe 
(>20% reduction from baseline) in 42.8%. Furthermore, 
the changes persisted for more than 24 hours in 20.4% 
of transports. Two large cohort studies in which logis-
tic regression analysis13,14 was used found out-of-unit 
transport to be an independent risk factor for ventilator-
associated pneumonia (ORs of 3.113 and 3.814). Intrahos-
pital transport is also one of the factors associated with 
unplanned extubation.15

When compared with APACHE (Acute Physiology and 
Chronic Health Evaluation) II and III matched controls, 
patients requiring intrahospital transport were found 
to have a higher mortality (28.6% vs 11.4%) and a longer 
ICU length of stay.16 None of the excess mortality was 
directly attributable to complications of the transport, and 
the authors concluded that the findings reflected a higher 
severity of illness in patients who required transporta-
tion. However, serious adverse events did occur in 5.9% of 
transports.

PREDICTING ADVERSE EVENTS DURING 
INTRAHOSPITAL TRANSPORT

Factors associated with an increased risk for adverse events 
during transport include pretransport secondary insults 
in head-injured patients, high injury severity score,17 and 
high Therapeutic Interventions Severity Score (TISS) but 
not APACHE II score.18 Age older than 43 years and an Fio2 
higher than 0.5 are predictive of respiratory deterioration 
on transport.19

The number of intravenous pumps and infusions, as 
well as the time spent outside of the unit, has been shown 
to correlate with the number of technical mishaps.20 The 
Australian ICU Incident Monitoring study21 found that 
39% of transport problems were related to equipment, with 
61% relating to patient or staff management issues. Factors 
limiting harm were rechecking of the patient and equip-
ment, skilled assistance, and prior experience.

Hemodynamic variability is more frequent in patients 
being transferred to the ICU from the operating room 
than in those transported for diagnostic procedures 
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outside of the ICU. This is probably related to emergence 
from anesthesia.22

RISK-TO-BENEFIT RATIO OF 
INTRAHOSPITAL TRANSPORT

Observational studies suggest that the therapeutic yield 
for intrahospital transport is high. Hurst and colleagues6 
found that the results of diagnostic testing facilitated by 
the transport resulted in a change in treatment in 39% of 
patients. Out-of-unit radiologic studies in ICU patients 
tend to be high yield. For instance, computed tomogra-
phy scanning of the thorax has been shown in observa-
tional studies to change the clinical course in 26% to 57% 
of cases.23,24

MANAGEMENT OF THE TRANSPORT

A cohort study has found that transport ventilators reduce 
variability in blood gas parameters when compared with 
manual bagging.25 Although several older studies found 
manual ventilation to be as good or better than use of a 
transport ventilator,26-28 the performance characteristics 
of transport ventilators has improved significantly over 
time,29-31 and the performance of many modern trans-
port ventilators is comparable to that of ICU ventilators.32 
Changes in blood gas parameters have been shown to 
correlate with hemodynamic disturbances (arrhythmias, 
hypotension).25

Capnometry (end tidal carbon dioxide [ETCO2]) moni-
toring reduces the variability Paco2 (partial pressure of 
CO2, arterial) in adults.33 In children, manual ventilation 
without ETCO2 monitoring resulted in only 31% of read-
ings falling within the intended range.34

A single randomized controlled trial (RCT) found that 
hypothermia was common in trauma patients undergoing 
intrahospital transport (average temperature on return to 
the unit was 34.7° C) and that this was prevented by active 
warming during transport.35

Who should accompany the critically ill patient dur-
ing transport? Specialized transport teams have been 
found to have a lower rate of complications than historic 
controls.36,37 Interestingly, physician attendance was not 
clearly correlated with a reduced risk for mishap in an 
observational study of 125 transports.18 The implementa-
tion of a pretransport checklist has been found to reduce 
the rate of serious adverse events from 9.1% to 5.2%38

INTERHOSPITAL TRANSFER

The number of interhospital transfers of critically ill 
patients is increasing1,2 because of a reduction in the 
number of hospitals, centralization of specialist services, 
and reconfiguration of health-care services between acute 
and elective medicine.4 Approximately 4.5% of criti-
cal care stays are associated with an interhospital trans-
fer.39 The benefits of transport to the patient need to be 
weighed against the not inconsiderable risks of the trans-
port process.3,19,40-44 There are few RCTs on this subject, 

and conclusions have to be drawn from nonrandomized, 
cohort, or uncontrolled studies.

ADVERSE EFFECTS

Various published audits and descriptive studies have 
shown that the interhospital transport of critically ill 
patients is associated with an increased morbidity and 
mortality during and after the journey.3,19,40-43,45 Even with 
specialist mobile intensive care teams, mortality before 
and during transport is substantial (2.5%) despite a low 
incidence of preventable deaths during transport (0.02% 
to 0.04%).45 Singh and colleagues46 reported an in-transit 
mortality of 0.1% among 19,228 interhospital transfers in 
Canada. Other authors have reported higher interhospital 
transport mortality and have found that 24% to 70% of inci-
dents are avoidable.40,43

Critical events occur in 4% to 17.1% of interhospital trans-
fers.2,44,46 In adults, these events are mainly cardiovascular 
(e.g., new hypotension, arrhythmia, hypertension) or respi-
ratory (e.g., arterial desaturation, inadvertent extubation, 
respiratory arrest).2,44,46 The most common complications 
observed during pediatric and neonatal transportation are 
hypothermia, respiratory complications, and loss of intrave-
nous access.41,42

DOES INTERHOSPITAL TRANSPORT 
CONTRIBUTE TO MORTALITY?

The long-term outlook for critically ill patients who require 
interhospital transport is worse than for those who do not 
require transport. Four cohort studies have found that 
transported patients have a higher ICU mortality and lon-
ger ICU stays than controls.47-50 In three of these four stud-
ies, this difference in mortality was not significant after 
adjustment for severity of illness.47,49,50 A systematic review 
of the impact of transfer on outcome for trauma patients 
found no significant association between transfer status 
and in-hospital mortality.51

PREDICTION OF ADVERSE EVENTS

The APACHE II, TISS, and Rapid Acute Physiology scoring 
systems do not correlate with critical events during transport 
in adults,18,19,52 and the PRISM (Pediatric Risk of Mortality) 
score has proved to be similarly unreliable in children.53 
Independent predictors of critical events during transport 
include female sex, older age, higher Fio2, multiple injury, 
assisted ventilation, hemodynamic instability, inadequate 
stabilization before transport, transport in a fixed-wing 
aircraft, and increased duration of transport.19,46,54 Patients 
undergoing interhospital transport after cardiac arrest have 
a re-arrest rate of 6% during the transfer.55

PLANNING OF THE TRANSPORT

The importance of planning and preparing for interhospital 
transport cannot be overstated because poor planning has 
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been shown to lead to an increased incidence of adverse 
events and mortality.54 In an audit of transfers to a neuro-
surgical center, 43% were found to have inadequate injury 
assessment, and 24% received inadequate resuscitation. 
Deficiencies in assessment and resuscitation before trans-
fer were identified in all patients who died.54 Guidelines 
have been developed to address this issue in many jurisdic-
tions, but inadequate assessment and resuscitation remain 
as problems. Price and colleagues56 found that the develop-
ment of national guidelines led to only modest improve-
ments in patient care.

SELECTION OF PERSONNEL

It is recommended that a minimum of two people, in addi-
tion to the vehicle operators, accompany a critically ill 
patient during transport. The team leader can be a nurse 
or physician depending on clinical and local circum-
stances. It is imperative that the team leader has adequate 
training in transport medicine and advanced life sup-
port. Adequately trained nurses have been shown to be 
as safe at transporting critically ill children as doctors.57,58 
Appropriately staffed and equipped specialist retrieval 
teams have been shown to be superior to occasional teams 
at transferring critically ill adults59 and children.60 In an 
observational study, Vos and colleagues60 demonstrated 
an 80% reduction in critical incidents during pediatric 
interhospital transport undertaken by a specialist retrieval 
team.

In a cohort study, Orr and colleagues61 found an increase 
in mortality (23% vs 9%) among children transported by a 
nonspecialized team. This difference remained after adjust-
ment for severity of illness.

MODE OF TRANSPORT

The choice between the three options of road, helicopter, 
and fixed-wing transport are affected by three main fac-
tors: distance, patient status, and weather conditions. 
Three observational studies have addressed the effect of air 
versus road transfer on mortality. A retrospective review 
of 1234 adult transfers has shown no difference in mortal-
ity or morbidity between patients transferred by air versus 
road,62 whereas the other two studies found an increase 
in survival in patients transported by air.63,64 Brown and 
colleagues64 conducted a logistic regression analysis on 
74,779 patient transfers and found an OR for survival of 
1.09 among patients with a TISS greater than 15 who were 
transferred by air. A prospective cohort study has demon-
strated that air transport is faster than ground transport, 
and for transfers of less than 225 km, helicopter transport is 
faster than fixed-wing transport.65

EQUIPMENT AND MONITORING

Comprehensive lists of equipment and medications 
needed for transport of critically ill patients are available 
elsewhere and are beyond the scope of this chapter.66 It 
is generally accepted that the standard of organ support 

and monitoring available in the ICU should be contin-
ued during the transport to the greatest extent possible. 
An RCT of near-continuous noninvasive BP monitoring 
compared with intermittent BP monitoring during inter-
hospital transport of critically ill children found less organ 
dysfunction and a shorter ICU stay in the intervention 
group.67 Uncontrolled observational studies have shown 
that point-of-care blood gas analysis during interhospi-
tal transfer allows early identification and treatment of 
changes in gas exchange and metabolic parameters.68,69 
Interfacility transport of patients receiving extracorporeal 
membrane oxygenation has been shown to be feasible and 
safe with good survival outcomes.70 A retrospective study 
of transports of infants being transferred for therapeutic 
hypothermia has found that the use of a purpose-built 
cooling machine was associated with better temperature 
control and faster time to achieving target temperature 
than passive cooling.71

PREHOSPITAL TRANSPORT

Most research in the area of prehospital transport has 
focused on trauma patients because of the potential for 
early appropriate intervention to improve outcome.

RETRIEVAL SYSTEMS

The following are the four main infrastructural factors that 
have been addressed in clinical studies:
 1.  Mode of transport
 2.  Prehospital personnel
 3.  Prehospital time
 4.  Receiving care facility

Mode of Transport

The comparison between road and helicopter transport 
has been the focus of several large cohort studies in recent 
years.72-77 Four of these five studies demonstrated a sur-
vival advantage for severely injured patients transported 
by helicopter72,74-77 with an OR of death of 0.41 to 0.68.72,74,76 
The reason for the survival advantage is less clear. In one 
study, a survival advantage was demonstrated despite lon-
ger transport times in the helicopter group,74 but patients 
in the helicopter group were more intensively managed in 
the prehospital phase. It has been suggested that patients 
retrieved by helicopter may be more likely to be brought to 
a level I or II trauma center, and this may partly explain the 
survival advantage.73

Prehospital Personnel

One RCT78 and a systematic review of controlled nonran-
domized studies79 have addressed the issue of physician- 
versus paramedic-delivered prehospital care. The RCT 
found a 35% reduction in mortality in the physician-treated 
group. In the systematic review, 9 of 19 studies involving 
trauma patients and 4 of 5 studies involving patients who 
experienced out-of-hospital cardiac arrest also demon-
strated a reduction in mortality in the physician-treated 
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group.79 The largest of these controlled studies involved 
14,702 trauma patients and showed an OR for death of 0.7 
in the physician-treated group.80 The evidence indicates 
that physicians tend to treat patients more aggressively 
and have fewer prehospital tracheal intubation failures81 
than paramedics.

Prehospital Time

Severely injured patients have been shown in cohort trials 
to have an increased mortality,82 length of stay, and compli-
cations83 with prehospital times of more than 60 minutes. 
Time from injury to arrival at definitive care may not be 
as important in highly developed trauma systems with 
the capability to provide aggressive care in the prehospital 
phase.74,84

Receiving Care Facility

Several large cohort studies have found a reduction in 
mortality for severely injured trauma patients when they 
are transferred directly to a level I trauma center.85-87 The 
largest of these included more than 6000 patients from 15 
regions in the United States. Patients treated primarily in 
level I trauma centers had a lower in-hospital (OR, 0.8; con-
fidence interval [CI], 0.66 to 0.98) and 1-year mortality (OR, 
0.75; CI, 0.60 to 0.95). Subgroup analysis suggested that the 
mortality benefit was primarily confined to more severely 
injured patients.87

SPECIFIC INTERVENTIONS IN  
THE PREHOSPITAL SETTING

Whether advanced life support (ALS) measures (e.g., endo-
tracheal intubation, intravenous cannulation, and fluid and 
drug administration) delivered at the scene and in transit 
are of benefit to patients when compared with basic life 
support (BLS) is unclear.88 Three before and after studies of 
ALS compared with BLS (the Ontario Prehospital Advanced 
Life Support studies) looked at the effect of the institution 
of ALS in prehospital care in patients with out-of-hospital 
cardiac arrest,89 respiratory distress,90 and major trauma.91 
No improvement in mortality was observed among the 
patients with cardiac arrest or trauma, and among trauma 
patients with a Glasgow Coma Scale (GCS) less than 9, 
mortality was increased in the ALS phase. There was a 
small mortality benefit in patients with respiratory distress.

Similarly, a meta-analysis88 of 15 observational and 
cohort studies comparing ALS with BLS for trauma patients 
demonstrated an increased mortality in ALS patients (OR, 
2.59). The same authors subsequently published a large 
observational study comparing different prehospital sys-
tems in Canada. After correction for confounders using 
logistic regression analysis, they found a 21% increase in 
mortality for patients treated with onsite ALS (P = 0.01).92

One RCT and several observational studies have 
looked specifically at the effect of prehospital tracheal 
intubation on outcome. The RCT compared prehospi-
tal rapid sequence induction (RSI) by intensive care 
paramedics versus intubation in hospital for patients 
(n = 312) with traumatic brain injury (GCS < 9).93 The 

authors found an improvement in neurologic outcome 
at 6 months (risk ratio for good outcome of 1.28 in the 
intervention group). In contrast, several observational 
studies have found an increase in mortality with prehos-
pital intubation.94-96

A prospective observational study of 1320 trauma patients 
who underwent airway interventions by an anesthesiologist 
on arrival in a level I trauma center found that 31% of those 
who had undergone tracheal intubation met the criteria for 
failed intubation, with 12% having unrecognized esopha-
geal intubation on arrival.97 A prospective observational 
study found a decrease in the rate of unrecognized mis-
placed intubations from 9% to 0% after the introduction of 
continuous ETCO2 monitoring in the prehospital setting.98 
A meta-analysis of the success rate of prehospital tracheal 
intubation has found that physicians have a better success 
rate than nonphysicians (success rate, 0.991 vs 0.849) but that 
the success rate of nonphysicians is better (0.967) if muscle 
relaxants are available.81 Prehospital tracheal intubation is a 
complex intervention and its value is likely related to many 
factors, including the skill of the provider, patient popula-
tion, access to drugs to facilitate the intervention, and other 
aspects of the prehospital trauma system.
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Are Computerized Algorithms 
Useful in Managing the Critically 
Ill Patient?

Bruce A. McKinley, R. Matthew Sailors

In mathematics and computer science, an algorithm is 
a step-by-step procedure for solving a problem. Algo-
rithms are used for calculation, data processing, and 
automated reasoning. Expressed as a finite list of well-
defined instructions and starting from an initial state and 
initial “input,” an algorithm, when executed, proceeds 
through a finite number of well-defined successive states, 
eventually producing an “output” and terminating at a 
final end state.

Algorithms have been used to develop, describe, and 
present logical processes of patient care. Since the early 
1990s, processes of care designed as computer algorithms 
have been used to direct the care of critically ill patients. 
To be logical, a process of care needs to be described as a 
sequence of measurements, observations, or decisions. To 
be “computerized,” the process of care must be explicit and 
comprehensive.

For practical use in clinical medicine, algorithms 
have been a logical set of rules that precisely defines a 
sequence of decisions and specifies interventions. Com-
monly, the term protocol is used to refer to a specific 
clinical process of care, and a protocol may incorporate 
multiple algorithms. The concept of computerized algo-
rithms to guide bedside clinical care has been developed 
and used for critically ill patients. Implemented as com-
puterized protocols, their use has been associated with 
improved care relative to contemporaneous clinical  
standards.

Computer technology is now an integral part of the 
U.S. health-care system. Electronic medical record (EMR) 
technology is used to document patient measurements 
and interventions; to record clinician diagnoses, interpre-
tations, and bedside presence; and to associate these data 
with established codes for billing, diagnosis, and treat-
ment. Direct use by physicians is now mandatory, and 
government and commercial insurance agencies require 
computerized record submissions for reimbursement. 
How well the use of computerized medical record technol-
ogy improves the efficacy of medical care and the efficiency 
of its delivery has been a poorly analyzed and unreported 
aspect of EMR technology.

Apart from the advent of the EMR, computerized medi-
cal protocol technology has evolved during the past 25 
years. The term computerized protocol implies computer 
technology providing information to guide patient-specific 
care at bedside in real time. The problem of variability of 
patient care among clinicians derives from individual-
ized, subjective decision making in complex clinical cir-
cumstances. Computerized protocol technology has been 
successfully used to implement protocols for complex 
processes that require standardized decision making to 
decrease variability in the care of critically ill patients and 
offers a powerful method for implementing a broad range 
of evidence-based guidelines. This technology is a desir-
able option for the intensive care community to establish 
and maintain the intensivist’s essential role in specifying 
and implementing best practices.

COMPUTER TECHNOLOGY TO ADVISE 
PHYSICIANS: MEDICAL INFORMATICS 
AND DECISION SUPPORT

Fifty years ago, Ledley and Lusted1-3 hypothesized that 
medical reasoning could be mathematically modeled. In 
1964, the National Library of Medicine created the Medi-
cal Literature Analysis and Retrieval System (MEDLARS), 
and in 1971, Medical Literature Analysis and Retrieval 
System Online (Medline) was initiated.4 The National 
Library of Medicine developed searchable online libraries 
containing reference information, and the Unified Medi-
cal Language System (UMLS) research and development 
program, initiated in 1986, continues to provide national 
and international vocabularies and classifications.5 Since 
the 1970s, development of government and, more recently, 
commercial systems has led to computer technologies that 
provide information to advise physicians. These include 
online search systems, systems to provide diagnostic assis-
tance,6-17 clinical data interpretation,18-20 and expert sys-
tems to guide patient-specific care.21,22 Information search 
and reference systems are now ubiquitous by means of the 
Internet.

25
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Development of computer, communication, and net-
work technology and its use in medicine during the 
1970s initiated the development of medical informatics 
as an academic discipline and enabled optimization of 
acquisition, storage, retrieval, and application of medical 
information. Medical informatics incorporates computer 
science, clinical guidelines, medical terminologies, and 
information and communication systems with an over-
all goal of promoting patient care that is safe, effective, 
equitable, efficient, timely, and individualized. Examples 
of medical informatics include expert systems such as 
Mycin, a rule based yes/no query system to diagnose 
bacterial infections and recommend drug therapy,22 and 
Internist-I, a ranking algorithm system to diagnose dis-
ease;23 MUMPS (Massachusetts General Hospital Utility 
Multi Programming System), (http://en.wikipedia.org/
wiki/MUMPS, now also known as M), a commonly used 
language specification and programming language for 
clinical applications that is the basis of the largest enter-
prise-wide EMR, VistA (Veterans Health Information Sys-
tems and Technology Architecture) and its graphic user 
interface, CPRS (Computerized Patient Record System), 
which enable health-care providers to review and update 
a Veterans Administration (VA) patient’s electronic medi-
cal record at any VA facility (http://en.wikipedia.org/ 
wiki/VistA); and LDS Hospital’s (Intermountain Health-
care Corp, Salt Lake City, Utah) HELP (Health Evaluation 
through Logical Processing) system, one of the first EMR 
systems, designed to assist clinician decision making and 
operational for nearly 40 years.

Decision support tools to advise physicians are not 
new. For decades, physicians have used pocket editions 
of texts, antibiotic therapy guides, diagnostic algorithms, 
and protocol handbooks at the point of care (point of 
decision making). Computerized decision support tools, 
such as computerized algorithms and protocols, provide 
new attributes that include bedside application, incor-
poration of sufficient detail to be explicit, and reproduc-
ible electronic acquisition and storage of time- stamped 

patient measurements to permit identification of tempo-
ral changes, consistency, and reproducibility for use in 
algorithm logic. When explicit computerized algorithms 
or protocols are driven by patient measurements, the 
protocol output (instructions) is patient specific, at once 
providing individualized treatment and standardizing 
clinical decisions. This nonintuitive property has proved 
desirable among clinicians and has improved patient care 
outcomes.24

Currently, the principal role for computer technology 
in medicine is to record and recall data, including in-hos-
pital patient data, patient-specific medical care payment 
data, and non–patient-specific publications of medical 
science and clinical experience. Key to the advance of 
medical informatics and computer technology is widely 
available, clinically up-to-date computerized algorithms 
that can be used to effect immediate decisions for imme-
diate care.

COMPUTERIZED ALGORITHMS AS 
MODELS OF MEDICAL REASONING

The concept of models of medical reasoning advanced 50 
years ago has been successfully demonstrated in many 
computerized protocols implemented during the past 25 
years. The algorithms to specify clinical care processes 
were developed by local working groups of clinicians 
and informaticists to ensure safe, optimized care and 
to decrease variability of care (see Fig. 25-1). The rule-
based expert system, comprising explicit rules that facili-
tate decision making in a logical, workflow-compatible 
sequence, has been used most extensively to model com-
plex care processes. Rule-based expert systems have been 
used with long-term success. At patient bedside (point of 
care; point of decision making), specific, clinically cur-
rent measurements are used to derive clinical decisions 
in a sequence that directs incremental interventions as 
needed to obtain and maintain a specific, measureable 
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effect.24 This type of expert system has been applicable to 
many aspects of intensive care. Computerized protocols 
comprising multiple algorithms driven by readily avail-
able, repeatable measurements, which were originally 
devised and refined by LDS Hospital clinicians and infor-
macists.26-28 This technology has been adopted by others 
to effectively standardize clinical decision making at bed-
side and provide timely, patient-specific intervention for 
selected aspects of critical care.

COMPUTERIZED ALGORITHMS AND 
PROTOCOLS: CLINICAL EXPERIENCE

The first computerized algorithms and protocol systems to 
guide complex processes of intensive care were developed 
in the late 1980s. Computerized protocol technology has 
since been used to implement bedside protocols to direct 
care processes for durations of hours to weeks.23-32 Pro-
tocols are developed by multidisciplinary groups incor-
porating best available evidence and clinical experience  
(Fig. 25-1).

Successful implementation of a protocol for mechanical 
ventilatory support of patients with acute respiratory dis-
tress syndrome (ARDS) was reported in 1993.33 Algorithms 
were developed through local expert consensus to stan-
dardize bedside decision making. Component algorithms 
provided point-of-care instructions for adjustment of the 
fraction of inspired oxygen, positive end-expiratory pres-
sure, tidal volume (TV), and respiratory rate in response 
to threshold rules and measurement of variables directly 
affecting oxygenation and ventilation. The protocol com-
prised 30 algorithms and guided the entire process, from 
intubation through weaning and extubation.33-35 Addi-
tional algorithms were developed to enable use of pulse 
oximetry to accurately assess arterial oxygen partial pres-
sure (Pao2) with noninvasive arterial hemoglobin oxygen 
saturation (SpO2).34

Use of this first computerized protocol was associated 
with a dramatic increase in the survival of patients with 
ARDS.25 Bedside clinicians accepted more than 90% of 
ARDS management protocol generated instructions.26 
The acceptance rate of computer- generated instructions 
from most other computerized protocol systems imple-
mented since the early 1990s, nearly all in ICUs, has been 
90% or greater, indicating detailed understanding of 
care process and comprehensive design of the care pro-
cess model. This system was patient dedicated with the 
protocol logic program continuously “on” and with the 
user interface at bedside. Explicit criteria based on cur-
rent measurements to establish a diagnosis of ARDS were 
required.36 Another important principle is requirement 
for the bedside clinician’s judgment to accept or decline 
all computerized protocol instructions for therapy inter-
vention, referred to as an “open loop” control. When 
implemented continuously, a computerized protocol 
guidance system in a medical or surgical trauma inten-
sive care unit (ICU) proved to be practical and safe, pro-
viding standardized decision making and individualized 
interventions for management of mechanical ventilatory 
support of ARDS.33

This protocol system, with algorithms modified to 
enable 6 mL/kg breaths, was used in a randomized con-
trolled trial (RCT) in which conventional and “small” TVs 
were compared in the management of ARDS. The RCT, 
conducted between 1993 and 1998 at 10 different centers, 
used a bedside program with available desktop comput-
ers and user interface.37 The protocol system was used 
for 32,055 hours (15 staff person years, 3.7 patient years); 
was active for 96% of ventilator time; and generated 
38,546 instructions, 94% of which were followed. Similar 
results at a single participating center were documented in 
patients with trauma-induced ARDS (Shock Trauma ICU, 
Memorial Hermann Hospital, Houston, Tex.) in which the 
computerized system was in use 96% of the time with 95% 
compliance.38 The trial demonstrated efficacy of computer-
ized algorithms implemented as a protocol that directed 
permissive hypercapnia with small tidal volume com-
pared with then conventional large tidal volume strate-
gies. Importantly, the trial demonstrated that care that was 
used with a computerized protocol system for mechanical 
ventilatory support could be directly transferred to other 
clinical sites and significantly improve care. This comput-
erized protocol-based prospective RCT provided convinc-
ing evidence and generated new knowledge that predated 
work of the ARDS-Net.39

A Houston-based team effort followed to develop a 
computerized protocol for management of intracranial 
pressure (ICP) after traumatic brain injury. A cohort study 
demonstrated that use of the six explicit therapeutic algo-
rithms significantly improved compliance with estab-
lished guidelines,40 limiting untoward changes in ICP 
and cerebral perfusion pressure despite fewer interven-
tions.30 A prototype computerized protocol system using 
the algorithms was subsequently developed and success-
fully tested.41

Computerized protocol technology has been developed 
to guide fluid resuscitation of shocked trauma patients 
during their first ICU day.30,38,42-47 The program was based 
on management principles developed by the LDS hospital 
group,24,31 and used oxygen delivery (Do2) as a quantita-
tive measurement of hemodynamic performance.49-51 The 
oxygen delivery goal was to be greater than or equal to 600 
mL/O2/min. This “shock resuscitation protocol” was used 
to guide the treatment of more than 400 patients during 
2000-2006 and was implemented with bedside mobile com-
puter workstations. A series of protocol modifications were 
made through ongoing consensus group review (see Fig. 
25-1) and accrued data analysis.27-29 This demonstrated the 
“process control” impact of computerized algorithms in a 
clinical process previously known to be variable and often 
chaotic.30 Use of this protocol confirmed the relationship 
between the volume of resuscitation fluid administered 
and the development and timing of abdominal compart-
ment syndrome53-57 and persistent coagulopathy.58

The use of computerized protocol technology improved 
the implementation of sepsis management guidelines, when 
compared with conventional guideline approaches.59,60 
The Houston team constructed a comprehensive sep-
sis management protocol system, using Surviving Sepsis 
Campaign, other guidelines, and local expert consensus 
(see Fig. 25-2). The system standardized decision making 
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among surgical intensivists, resident physicians, and nurse 
practitioners. Antibiotic agents were administered within 1 
hour of protocol initiation and moderate volumes of intra-
venous fluid were administered (2.0 ± 0.2 L during 24-hour 
protocol). The hospital mortality rate was much lower than 
that reported by the Surviving Sepsis Campaign guideline 
initiative (14% vs. 31%).59 The acceptance rate for com-
puterized protocol-generated instructions was 90%. This 
compared favorably with the Surviving Sepsis Campaign 
“bundle” compliance rate of 36%,62 although it should be 
considered that the “bundle” at that time contained some 
highly controversial interventions (subsequently removed) 
and compliance required administration of the entire 
bundle. A similar system designed and implemented at 
a second site (University of Florida Health surgical ICUs, 
Gainesville, Fla.) had very similar results: 14% hospital 
mortality rate and 91% acceptance rate of computerized 
protocol-generated instructions.60 At the second site, rec-
ognition of sepsis occurred earlier after onset of infection 
with implementation of a computerized sepsis surveillance 
and diagnosis system, providing a start state for the com-
puterized protocol process, and analogous to specific crite-
ria that had been used to diagnose ARDS or shock due to 
major torso trauma.

Other algorithms have been developed and are being 
used to optimize care. Management of blood glucose con-
centration with insulin therapy is a process implemented 
with many protocol and guideline approaches because pre-
cise glycemic control in ICU patients is thought to improve 
outcomes.63-65 The protocols instruct clinicians to measure 
glucose concentration and administer intravenous insulin 
by infusion to maintain blood glucose concentration within 
a specified target range.66-70 A proprietary computerized 
algorithm system was commercialized in 2008 and is cur-
rently used by many U.S. hospitals.71

In 1996, Pestotnik et al. published results of implement-
ing antibiotic practice guidelines in a large community hos-
pital.72 These locally derived consensus guidelines were 
implemented as a rule based system for inpatient prophy-
lactic, empiric, and therapeutic uses of antibiotics. The use 
of these guidelines over a 7-year period demonstrated a 
23% decrease in antibiotic use, resulting in a 25% reduction 
in acquisition costs. Today, this system is now in use in over 
200 institutions, having been commercialized in 2003.

Computerized algorithms to implement guidelines for 
transfusion in medical, surgical and mixed ICUs at two 
academic medical centers resulted in improved survival 
and reduced cost.73 Burn resuscitation guided by comput-
erized algorithms was associated with a decrease in the 
volume of fluid administered and improved survival.74 On 
the basis of proprietary algorithms, the system has been 
commercially available since 2013 (http://www.arcosmed
ical.com/).
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How Do I Diagnose and Treat 
Pulmonary Embolism?

Jacob T. Gutsche, Anita K. Malhotra

Pulmonary embolism (PE) is a common clinical prob-
lem characterized by the deposition and embolization of 
a venous clot. Collectively, deep vein thrombosis (DVT) 
and PE are referred to as venous thromboembolism (VTE). 
Patients with PE typically have symptoms related to venti-
lation-perfusion mismatch and increased pulmonary artery 
pressures. These abnormalities can lead to hypoxemia and 
right ventricular strain/failure. Because of the high poten-
tial for associated mortality, the diagnosis of PE should be 
considered by the intensivist confronted with acute pulmo-
nary or cardiovascular failure.

EPIDEMIOLOGY AND NATURAL HISTORY

The annual estimated incidence of PE in the United States 
is 112 per 100,000 adults.1 The incidence is significantly 
higher in men, and incidence and mortality increase with 
advancing age.2 Mortality rates for PE remain high; data 
from the International Cooperative Pulmonary Embolism 
Registry indicate a mortality rate approaching 15% among 
hemodynamically stable patients and 60% in hemodynam-
ically unstable patients.3

Most often, PE arises from DVTs that embolize after 3 
to 7 days. In approximately 70% of patients with PE, DVT 
can be found in the lower limbs.4,5 The initial studies on the 
natural history of VTE were intraoperative assessment dur-
ing orthopedic surgery. In this setting, DVT of the calf or 
more proximal venous system was found in approximately 
30% of patients. DVT resolved spontaneously after a few 
days in approximately one third of patients and did not 
extend in approximately 40%. However, in 25%, the clot  
evolved into proximal DVT and PE.6 Major risk factors 
for the development of VTE are listed in Table 26-1. Even 
temporary immobilization for 1 to 2 days will significantly 
increase the risk of DVT.

PE presents with shock or hypotension in 5% to 10% of 
patients. In some patients without shock, there are signs of 
right ventricular dysfunction or injury. This abnormality is 
associated with poorer prognosis.

PE is difficult to diagnose because of the nonspecific 
clinical presentation or complete lack of symptoms. Among 
patients with proximal DVT who have lung scans, approxi-
mately 50% will have associated, usually clinically asymp-
tomatic, PE.

PATHOPHYSIOLOGY

The initial clinical consequences of acute PE are primarily 
hemodynamic and become apparent when more than 30% 
to 50% of the pulmonary arterial bed is occluded by throm-
boemboli.7 Large or multiple emboli can acutely increase 
pulmonary vascular resistance. The resultant increased 
afterload often cannot be overcome by the right ventricle 
(RV) because a nonpreconditioned, thin-walled RV can-
not generate mean pulmonary arterial pressures exceeding 
approximately 40 mm Hg.7 Resultant underfilling of the 
left ventricle (LV) decreases blood pressure and coronary 
blood flow. The combination of increased RV myocardial 
workload and a decreased RV coronary perfusion gradient 
(decreased systemic diastolic pressure – increased intra-
ventricular pressure) contributes to RV ischemia. This isch-
emia worsens RV dysfunction and may initiate a vicious 
cycle that can ultimately result in pulseless electrical activ-
ity and sudden cardiac death.8

In up to one third of patients, right-to-left shunt through 
a patent foramen ovale may contribute to severe hypox-
emia and will also increase the risk for systemic emboliza-
tion. Ventilation-perfusion mismatch occurs in most cases. 
Vasoactive mediators such as serotonin released from isch-
emic lung tissue may exacerbate ventilation perfusion mis-
match.

Diagnosis

Evaluating the likelihood of PE in an individual patient on 
the basis of the clinical presentation is the first and most 
important step to select an appropriate diagnostic strategy 
and interpret diagnostic test results.

CLINICAL PRESENTATION

Suspicion of PE should accompany clinical symptoms such 
as dyspnea, chest pain, or syncope. These abnormalities are 
present in more than 90% of patients with PE.9,10 The likeli-
hood of PE increases with the number of risk factors pres-
ent. However, in approximately 30% of cases, PE occurs in 
the absence of any risk factor. Individual clinical signs and 
symptoms are not usually helpful because they are neither 
sensitive nor specific.

26
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Other symptoms include cough and blood-tinged spu-
tum. Signs include fever, tachycardia, tachypnea, cyanosis, 
and coarse breath sounds. PE is generally associated with 
hypoxemia. However, up to 20% of patients with PE have 
a normal arterial oxygen pressure (Pao2 [partial pressure of 
oxygen, arterial) and a normal alveolar-arterial oxygen gra-
dient.11 Auscultation may reveal a new fourth heart sound 
or accentuation of the pulmonic component of the second 
heart sound.

Electrocardiography may reveal new evidence of right 
ventricular strain, tachycardia, or atrial fibrillation. Elec-
trocardiographic signs of RV strain include inversion of T 
waves in leads V1 to V4, a QR pattern of the classic S1Q3T3 
type in the lead V1, and an incomplete or complete right 
bundle-branch block.12 Electrocardiographic changes are 
generally associated with the more severe forms of PE, and 
lack of electrocardiographic changes does not exclude PE.

The chest radiograph is usually abnormal, with the 
most frequently encountered findings (platelike atelectasis, 
pleural effusion, or elevation of a hemidiaphragm) being 
nonspecific.12 However, the chest radiograph is useful in 
excluding other causes of dyspnea and chest pain.

On the basis of clinical presentation or lack thereof, 
PE can be divided into three groups: hemodynamically 
unstable, hemodynamically stable and symptomatic, and 
asymptomatic and silent with incidental finding.

Hemodynamically Unstable Group

This group includes patients with shock or severe hypo-
tension associated with RV dysfunction and injury. These 
patients require rapid, specific diagnosis and therapy 
because of the high mortality risk (short-term mortality 
>15%).3,13

Any intensive care unit (ICU) patient who is at risk for 
PE and is hemodynamically unstable should be evaluated 
for acute right ventricle failure and thrombus in the right 
ventricle or main pulmonary artery. Acute heart failure is 
not specific for PE; therefore other causes must be consid-
ered. The main therapeutic goal is to rapidly restore flow 
through the pulmonary circulation.

Hemodynamically Stable and Symptomatic 
Group

This group of patients can be divided into intermediate- 
and low-risk subgroups. Intermediate-risk PE is diagnosed 
when the patient has either RV dysfunction or myocardial 

injury. Indicators of RV dysfunction include (1) elevated 
right ventricular pressures and RV dilation, (2) hypokine-
sis, or (3) pressure overload on echocardiography. Eleva-
tions of cardiac troponin T or I indicate RV injury. Initial 
therapy is aimed at the prevention of further pulmonary 
thromboembolism.

Asymptomatic and Silent Group with  
Incidental Finding

Mild, untreated PEs carry a lower immediate mortality 
than recurrent PEs. Because of the intrinsic fibrinolytic 
activity of the lung, small PEs usually resolve spontane-
ously. Withholding anticoagulation treatment in nonmas-
sive PE is an acceptable strategy for patients who have 
an indeterminate ventilation-perfusion study, negative 
serial lower extremity venous examination results, ade-
quate cardiopulmonary reserve, and relative-to-absolute 
contraindications to anticoagulation treatment.11 The 
rationale for this approach is based on synthesis of the 
results of several studies. The optimal management of 
patients with asymptomatic PE has not been prospec-
tively studied.

DIAGNOSIS

Clinical prediction scores have been widely used, but 
they do not have the necessary sensitivity and specific-
ity to be used without diagnostic tools.14 Several modali-
ties are available for confirmation or exclusion of the 
diagnosis of PE. Laboratory studies, including arterial 
blood gas measurements, are nonspecific and generally 
unreliable.15 Often, but not always, the arterial blood gas 
will demonstrate hypoxemia and respiratory alkalosis. 
In one study, the average Pao2 in patients with PE was 
72 ± 16 mm Hg, as opposed to patients without PE, for 
whom the Pao2 was 70 ± 18 mm Hg.11 In addition, up to 
20% of patients with PE had a Pao2 in the normal range, 
and the alveolar to arterial oxygen gradient was not 
found to be helpful because there was an average differ-
ence of only 2 mm Hg.11

Although a negative serum d dimer may be used to rule 
out PE, the results of this test are often of limited utility 
in the intensive care population. Patients with malignancy, 
those who are hospitalized, and pregnant women demon-
strate reduced specificity with d-dimer testing.16 Patients 
with either low or moderate pretest probability and a neg-
ative d dimer have no need to undergo any further test-
ing.17,18 However, those with positive tests or high clinical 
probability will require further investigation because a 
negative d dimer does not exclude PE in more than 15% 
of patients with high clinical probability.17,18 Furthermore,  
d dimer is neither sensitive nor specific in the  postoperative 
period.

The use of troponins and brain natriuretic peptide 
(BNP), often elevated in moderate or large PE, may be use-
ful prognostic tests. In one study, normal levels of BNP had 
a 100% negative predictive value for hemodynamically 
stable patients.19 Elevation of troponins are generally asso-
ciated with right ventricular dysfunction and ischemia; 
therefore they are associated with worse outcome.

Table 26-1 Major Risk Factors for VTE

 •  Spinal cord injury
 •  Major general surgery
 •  Major trauma
 •  Major orthopedic surgery
 •  Pelvis, hip, and long-bone fracture
 •  Malignancy
 •  Myocardial infarction
 •  Congestive heart or respiratory failure

Modified from Anderson FA Jr., Spencer FA. Risk factors for venous thrombo-
embolism. Circulation. 2003;107(suppl 1):9-16.
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Diagnostic Tools

Because chest radiography is neither sensitive nor specific, 
the literature describes two modalities used in the diagno-
sis of PE: perfusion lung scans (V/Q scans) and computed 
tomography (CT) pulmonary angiography. The ease and 
speed of acquiring a CT scan make it the most widely used 
diagnostic tool for patients with suspected PE.

V/Q scans have been used to detect the presence of 
perfusion defects within the patient’s pulmonary circula-
tion. The major advantage of V/Q scans is the avoidance 
of nephrotoxic radiographic contrast. In the PIOPED (Pro-
spective Investigation of Pulmonary Embolism Diagnosis) 
study, 755 patients underwent V/Q scans and selective pul-
monary angiography within 24 hours of the symptoms that 
suggested PE.20 Thirty-three percent of the patients had 
angiographic evidence of PE.20 Almost all patients with PE 
(98%) had abnormal V/Q scan findings. Thus, V/Q scans 
are highly sensitive for acute PE. However, although PE 
was documented by angiography in 88%, only 41% of the 
patients with PE had a high-probability scan. Most patients 
with PE (75%) had an intermediate- or low-probability 
scan. Thus, specificity was low. In postoperative patients 
with significant atelectasis, consolidation, or PE, the nega-
tive predictive value is low. The V/Q scan is the study of 
choice for pregnant patients to avoid unnecessary radiation 
exposure.

High-resolution multidetector computed tomogra-
phy (MDCT) has replaced the V/Q scan as the study of 
choice to diagnose PE. CT scanning is widely available, 
can be performed rapidly, and provides clear anatomic and 
pathologic lung images (so that the clinician often obtains 
a diagnosis despite negative results from an angiographic 
examination) and the ability to concurrently evaluate 
potential embolic sources in the legs or pelvis. Four-slice 
MDCT scans have an increased sensitivity for subseg-
mental PE. In two studies comprising approximately 100 
patients, sensitivities for the detection of PE with four-slice 
CT angiography were reported to be 96%21 and 100%,22 
with respective specificities of 98% and 89%. The combina-
tion of arterial-phase and venous-phase CT angiography 
appears more sensitive (90%) and specific (96%) than the 
arterial phase alone.22 Postoperative patients with high 
clinical suspicion of PE and a negative MDCT scan should 
undergo lower extremity ultrasonography. Patients with 
impaired renal function should undergo hydration before 
administration of contrast and preferably receive nonionic 
contrast. Alternatively, these patients may undergo pulmo-
nary scintigraphy, venous ultrasound, or magnetic reso-
nance imaging.

However, if hemodynamic instability is present, echo-
cardiography should be performed to evaluate right 
ventricular function. Right ventricular dysfunction is 
associated with increased mortality, especially in patients 
with hemodynamic instability.23,24 During the diagnostic 
and treatment phase, echocardiography may assist clini-
cal decision-making, although only 30% to 40% of patients 
have any echocardiographic abnormalities.25 Evidence of 
right ventricular failure, such as severe hypokinesis, dila-
tation, or the McConnell sign (severe hypokinesis of the 
free wall with preserved apical function), may prompt 
an immediate surgical or catheter-based thrombectomy. 

Increased tricuspid regurgitation, chamber dilatation, and 
septal shift are suggestive of volume-pressure overload. If 
transesophageal echo is performed, then emboli may be 
seen in the main pulmonary arteries.

TREATMENT

The immediate priority is stabilization of the patient who 
is compromised by hemodynamic or respiratory insta-
bility. In some cases, severe hypoxemia and respiratory 
failure may require supplemental oxygen or mechanical 
ventilation.

Without treatment, mortality from hemodynamically 
unstable PE approaches 30%.26 In treated patients, the 
overall mortality decreases to 15%.3 The treatment of PE 
in the postoperative patient is complicated by the inher-
ent potential for bleeding with therapeutic anticoagulation 
(TAC) and thrombolytics.

For acute PE, the options for treatment include TAC, infe-
rior vena cava (IVC) filter placement to prevent continued 
embolization from the lower extremities, clot thromboly-
sis, and surgical or catheter embolectomy. Hemodynami-
cally stable patients diagnosed with PE should receive 
TAC with intravenous unfractionated heparin (UFH) or 
subcutaneous low-molecular-weight heparin (LMWH). 
The risk of major bleeding from initiation of TAC is less 
than 3%.27 Meta-analyses have shown that LMWH treat-
ment, when adjusted to body weight, is at least as effective 
and safe as dose-adjusted UFH.28 However, in postopera-
tive and critically ill patients and in patients in whom epi-
dural catheters have been placed, the shorter half-life and 
reversibility of intravenous UFH provides a safety buffer 
over LMWH. Furthermore, LMWH should be avoided in  
patients with a creatinine clearance less than 30 mL/min 
because of renal excretion. Therefore, despite the absence 
of randomized prospective trials, when there is a risk 
for clinically significant bleeding, UFH may be safer. In 
patients with moderate clinical suspicion, TAC should be 
started if the diagnostic evaluation is expected to exceed 
4 hours; if suspicion is low, then TAC should be started if 
evaluation delay is greater than 24 hours.27 As described 
previously, heparin should be adjusted to the goal acti-
vated partial thromboplastin time (aPTT), and anti–factor 
Xa levels should be checked if the patient requires large 
doses of UFH without achieving therapeutic aPTT. Treat-
ment duration with anticoagulation is often a minimum of 
3 months ranging to indefinite depending on the risk fac-
tors. Patients who have had PE are at high risk of recur-
rence, especially those with hypercoagulable states such as 
malignancy or inherited thrombophilic disorders such as 
protein C and S deficiency. Traditionally, patients with VTE 
have been transitioned to vitamin K antagonists, but newer 
anticoagulants, such as direct thrombin inhibitors and fac-
tor Xa inhibitors, are currently under investigation for use 
in long-term anticoagulation. The safety of these agents in 
the immediate postoperative period is unclear. The advan-
tage of these agents includes a stable dosing regimen with 
reliable anticoagulation.

Patients who cannot undergo anticoagulation (such 
as those with intracranial bleeding) commonly have an 
IVC filter placed as soon as possible to prevent further 
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embolization. Again, although this approach is logical, IVC 
filters have not been shown to increase overall survival.29

After the success of thrombolytics in the management of 
acute myocardial infarction, thrombolysis has been proposed 
as therapy for massive PE. Commonly used thrombolytic 
agents include tissue plasminogen activator, streptokinase, 
and urokinase. Alternative thrombolytic agents include 
lanoteplase, tenecteplase, and reteplase. These agents all 
convert plasminogen to plasmin, which in turn breaks 
down fibrin and promotes clot lysis. A recent meta-analysis 
comprising 16 randomized trials including 2115 patients  
reported a lower mortality in patients treated with throm-
bolytics (2.2% vs 3.9%).30 Unfortunately, major bleeding 
rates (9.2% vs 3.4%) and intracranial hemorrhage (1.5% vs 
0.2%) were significantly higher in patients receiving throm-
bolytic therapy when compared with TAC. Unfortunately, 
this meta-analysis pooled trials with different thrombolytic 
agents and dosing regimens, making it difficult to conclude 
which agent or dose should be used. Almost half of the 
patients in the meta-analysis came from a large multicenter 
trial (PEITHO [Pulmonary Embolism Thrombolysis]) com-
paring thrombolytics and heparin with placebo and heparin 
for intermediate-risk PE in normotensive patients with evi-
dence of RV dysfunction. Despite a reduction in 7-day mor-
tality in the thrombolytics group, the difference in 30-day 
mortality did not reach statistical significance.31 Further-
more, the incidence of intracranial and major hemorrhage 
(11.5% vs 2.4%) was significantly higher in patients receiv-
ing thrombolysis. Until further evidence emerges, throm-
bolytics should be reserved for hemodynamically unstable 
patients who will not tolerate thrombectomy. Moreover, 
thrombolysis cannot be recommended for patients with 
recent major surgery, intracranial lesions, or traumatic 
injury. Relative contraindications include recent major 
bleeding, pregnancy, and uncontrolled hypertension.27

Pulmonary embolectomy has been performed in patients 
with massive PE, in those who are hemodynamically unsta-
ble despite heparin and fluid resuscitation, and in poor can-
didates for thrombolysis. Patients with life-threatening PEs 
may be placed on extracorporeal membrane oxygenation 
for stabilization and taken to the operating room for open 
thrombus extraction. No prospective clinical trials have eval-
uated outcomes from surgical embolectomy. All available 
data consist of case report and case series. The largest series 
of pulmonary embolectomies at one institution was reported 
by Meyer and colleagues in Paris in 1991.32 During a 20-year 
period from 1968 to 1998, 96 (3%) of 3000 patients with con-
firmed PE underwent pulmonary embolectomy under car-
diopulmonary bypass. The overall hospital mortality rate 
was 37.5%. A recent series comparing surgical thrombectomy 
to thrombolytics reported an early mortality rate of 3.6% in 
28 surgical patients, but patients undergoing surgical embo-
lectomy after failed thrombolysis had a mortality rate of 27%. 
In general, embolectomy is considered a therapy of last resort 
and should not be considered for most patients with PE.

Several catheter-based embolectomy techniques are 
available and can be categorized as thrombus fragmenta-
tion with pigtail or balloon catheter, rheolytic embolec-
tomy with a hydrodynamic catheter, suction embolectomy 
with an aspiration catheter, and rotational thrombectomy. 
None of these techniques have been compared in random-
ized controlled trials (RCTs) to surgical thrombectomy or 

thrombolytics. Catheter-based embolectomy should be 
considered in patients failing thrombolysis as an alterna-
tive to surgical thrombectomy as dictated by experience 
and available expertise.

ACUTE RIGHT VENTRICULAR 
DYSFUNCTION MANAGEMENT

RV systolic function is determined by contractility, after-
load, preload, rhythm, synchrony of ventricular contrac-
tion, and ventricular interdependence in the setting of 
acute pressure and volume overload. Acute dilation of the 
RV shifts the interventricular septum toward the left, alters 
LV geometry and function, and contributes to low cardiac 
output state.

Volume loading should be carefully performed. The 
absence of hemodynamic improvement with an initial 
fluid challenge suggests ventricular interdependence phys-
iology. Logic would mandate cessation of fluid administra-
tion. Bedside echocardiography may be indicated in this 
case. Aggressive treatment of arrhythmias, atrioventricu-
lar dyssynchrony, and high-degree atrioventricular block 
in the acutely dilated RV are required to prevent further 
decomposition.

Every effort should be made to avoid hypotension, 
which may lead to a vicious cycle of RV subendocardial 
ischemia and further hypotension.33 This may require the 
use of multiple vasogenic amine or phosphodiesterase 
inhibitor infusions. There are no data to support the use of 
any one medication or specific combinations.

The RV is much more sensitive to increased afterload 
than the LV. This may make pulmonary vascular dilators 
useful and may limit the value of agents that constrict.

Inhaled pulmonary vasodilators, inhaled nitric oxide, 
inhaled prostacyclin, iloprost, and milrinone may help to 
decrease pulmonary vascular resistance and improve RV 
function. Echocardiography is helpful in the diagnosis and 
management of acute RV dysfunction. In patients in low-
flow states, the absence of echocardiographic evidence of 
pressure-overloaded RV most likely eliminates PE as a cause. 
Conversely, severe hypokinesis of the RV mid-free wall, 
with preserved contraction of the apical segment (McCon-
nell sign), may be specific for PE.34 RV dilation with tricus-
pid regurgitation and septal shift suggest volume-pressure 
overload, and further volume loading should be avoided.

PROPHYLAXIS

Data clearly indicate that critically ill patients are at high 
risk for developing DVTs,35 and the consequences of a PE 
in patients with cerebrovascular compromise are severe.36 
Therefore prophylaxis is important, especially given that pre-
vention is usually effective, as documented by nine placebo-
controlled RCTs and several meta-analyses.37-47 It is less clear 
how prophylaxis should be provided. A comparison of UFH 
(5000 IU twice daily) to LMWH (dalteparin, 5000 IU once per 
day and a second placebo injection to ensure parallel-group 
equivalence) was conducted by the Canadian Critical Care 
Trials Group.48 The study did not demonstrate a statistically 
significant difference in asymptomatic DVTs between the two 
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groups (hazard ratio, 0.92; 95% confidence interval [CI], 0.68 
to 1.23; P = 0.57), but LMWH was more effective in preventing 
PE (hazard ratio, 0.51; 95% CI, 0.30 to 0.88; P = 0.01). Unfortu-
nately, other LMWHs and the use of UFH 3 times daily were 
not assessed. Likewise, a meta-analysis of acutely ill, gen-
eral medical patients comparing UFH twice and thrice daily 
demonstrated that the latter regimen was more effective at 
preventing VTE, but twice-daily dosing produced less bleed-
ing.49 Thus, given that there are no data comparing LMWH 
to thrice-daily UFH, LMWH (dalteparin) would seem to be 
the prophylactic regimen of choice. When anticoagulation is 
contraindicated, mechanical methods such as intermittent 
compression devices and graduated compression stockings 
may be used.50-52 The Cochrane library used meta-analysis 
to assess 11 studies in patients who were not critically ill. 
The analysis included six RCTs and concluded that combin-
ing pharmacologic and mechanical prophylaxis provided 
the most effective prophylaxis.53 LMWH is preferred over 
UFH.48 These recommendations are consistent with those 
developed by the American College of Chest Physicians.54 
Finally, a study by the Canadian Critical Care Trials Group 
indicates that, in patients with renal impairment, dalteparin, 
which has minimal accumulation, should be used.55
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CHRONIC OBSTRUCTIVE PULMONARY 
DISEASE PREVALENCE

It is estimated that 80 million people worldwide and up 
to 10% of the U.S. population have chronic obstructive 
pulmonary disease (COPD) (World Health Organization 
[WHO]1). It is the fifth leading cause of death and chronic 
morbidity in the United States and accounted for 5% of 
total deaths worldwide in 2005 (WHO). Prevalence and 
mortality are increasing and are likely to continue to do 
so because of continued high smoking prevalence. Sig-
nificantly, COPD is the only leading cause of death that is 
rising, and it is predicted to be the third leading cause of 
mortality by 2030.

Acute episodes of respiratory failure in patients with 
COPD are estimated to account for between 5% and 10% 
of acute emergency hospital admissions. Failure of first-
line medical treatment is a common source of intensive 
care unit (ICU) referrals, accounting for 2% to 3% of non-
surgical ICU admissions.2 In a cohort of 1016 patients who 
were hospitalized for acute exacerbations, half of whom 
required intensive care, the in-hospital mortality was 11%.3 
The 6-month and 1-year mortality were 33% and 43%, 
respectively. Those who survived the first hospitalization 
had a 50% rate of rehospitalization within 6 months after 
discharge.

RESPIRATORY FAILURE

The pathophysiology of acute respiratory failure in COPD 
is incompletely understood, but it may be precipitated by 
any condition that increases the work of breathing or, less 
commonly, decreases the respiratory drive. Respiratory 
failure may be predominantly hypoxic (type 1) or hyper-
capnic (type 2). The mechanism of hypercapnea in COPD 
is not clear, but it is no longer thought to reflect problems 
with respiratory drive as suggested by the concept of “pink 
puffer/blue bloaters.” Gas exchange abnormalities appear 
to predominantly reflect ventilation-perfusion mismatch-
ing due to airflow limitation, and progressive respiratory 
failure reflects a combination of severe airflow obstruction, 

hyperinflation, and respiratory muscle fatigue. Regardless 
of the cause, hypercapnea and the need to assist ventilation 
identify patients with high initial (up to 27%) and 12-month 
mortality (up to 50%).4

Clinical Precipitants of Respiratory Failure

It has been shown that viral and bacterial infections 
account for between 50% and 70% of acute exacerbations 
and by inference a large proportion of cases of acute respi-
ratory failure in COPD.5,6 Numerous viral and bacterial 
agents have been implicated, but rhinoviruses, respira-
tory syncytial virus, Haemophilus influenzae, Moraxella 
catarrhalis, and Streptococcus pneumoniae are the frequent 
pathogens.7-9 Pseudomonas aeruginosa, Enterobacteriaceae 
spp., and Stenotrophomonas spp. are also isolated, particu-
larly from patients with severe COPD and those requiring 
mechanical ventilation.10 Therefore, although still uncom-
mon, clinicians should consider more resistant gram- 
negative organisms in patients requiring ICU care with 
COPD exacerbations. The prevalence of atypical organ-
isms such as Mycoplasma and Chlamydia is less well defined.

Up to 10% of COPD flares are caused by environmen-
tal pollution and airway irritants such as smoke or fumes. 
For the remainder of cases, the etiology is not always clear. 
Medical conditions can mimic or cause COPD exacerba-
tions, and patients with COPD have higher rates of comor-
bid illnesses, in part reflecting exposure to cigarette smoke. 
This is supported by results from the Toward a Revolution 
in COPD Health (TORCH) trial11; only 35% of deaths were 
adjudicated as due to pulmonary causes, with cardiovascu-
lar disease being the other major cause of death at 27% and 
cancer third at 21%.

Important differential diagnoses for patients with COPD 
who have increased respiratory symptoms and decreased 
lung function include the following:
  

 •  Cardiovascular disease: myocardial ischemia, heart fail-
ure, pulmonary embolism

 •  Central nervous system depression: head trauma or injudi-
cious use of sedatives, opioids, tranquilizers, or oxygen 
(O2) therapy

27
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 •  Endocrine and metabolic disorders: myxedema or metabolic  
alkalosis

 •  Thoracic abnormalities: chest trauma, pneumothorax, or 
thoracic or abdominal surgery

  

Pulmonary embolism can be an occult cause of acute 
respiratory failure in COPD. A prospective cohort study 
in 2006 reported that 22% of patients with a severe COPD 
exacerbation of unknown etiology had coexisting pulmo-
nary emboli.12 A subsequent study of all patients in the 
emergency department with COPD exacerbations found 
the overall prevalence of clinically unsuspected pulmo-
nary embolism to be relatively low at 1.3%,13 suggesting 
that systematic examination for those with uncomplicated 
presentations is probably not useful but that a high index 
of suspicion is warranted in those without other apparent 
precipitants.

Prognostic Indicators in Patients with Acute 
Exacerbations of COPD

There are several potential prognostic indicators that should 
be considered when admitting a patient to the ICU with 
an acute exacerbation of COPD. The DECAF score has 
been developed to predict mortality. It is based on the five 
strongest predictors of mortality in a study from the United 
Kingdom in 2012: Dyspnea, Eosinophilia, Consolidation, 
Acidemia, and Atrial Fibrillation.14 As a combined score, this 
has been shown to be a stronger predictor of mortality than 
the CURB-65 (Confusion of new onset, blood Urea nitrogen, 
Respiratory rate, Blood pressure, age 65 or older) score in 
patients with COPD and pneumonia, and as such it is a use-
ful triage tool. Other factors commonly cited in literature 
would include a patient’s age, the patient’s forced expira-
tory volume in 1 second (FEV1), the degree of hypoxemia 
or hypercapnea, the presence of other comorbidities such 
as cardiovascular disease, or a history of prior or frequent 
exacerbations. Frequent exacerbations accelerate disease 
progression and mortality, leading to a faster decline in lung 
function and quality of life.15 The 2-year mortality after a 
COPD exacerbation is approximately 50%. Finally, a patient 
who has failed adequate treatment for a COPD exacerbation 
over 3 to 5 days (“late failure”) has a very poor prognosis in 
the setting of escalation to mechanical ventilation.

Patients with chronic hypercapneic respiratory failure 
are particularly high risk, and, as a result, noninvasive 
ventilation (NIV) at home is being increasingly used. Base 
excess, which represents a metabolic response to chronic 
hypercapnea (increased bicarbonate, reduced chloride) 
was found to be one of the strongest prognostic indicators 
in this setting, as reported in a study published in 2007 
by Budweiser and colleagues.16 They also found that in a 
cohort of COPD patients sent home from the hospital and 
undergoing NIV, the 5-year survival rate was 26.4%, with 
deaths predominantly from respiratory causes (73.8%).

MANAGEMENT OF COPD

The treatment guidelines for management of acute exac-
erbations of COPD requiring admission to the ICU are 
broadly similar to those principles used in patients without 

respiratory failure, although significantly more attention 
must be paid to safe and appropriate gas exchange. Address-
ing the issue of poor respiratory mechanics due to dynamic 
hyperinflation, loss of alveolar volume, and impaired ven-
tilation is fundamental to COPD management. Clinically 
compensated chronic respiratory failure can rapidly become 
decompensated respiratory failure because of poor chest wall 
mechanics, suboptimal respiratory muscle function, malnu-
trition, obesity, and myopathy. Reducing the work of breath-
ing with noninvasive positive pressure ventilation (NIPPV) 
to improve oxygenation, improve rest muscles, and manage 
hyperinflation has become key in the management of COPD.

Indications for referral to ICU include dyspnea that does 
not respond to emergency treatment; changes in mental 
status (e.g., confusion, drowsiness, or coma); persistent or 
worsening hypoxemia; and/or severe or worsening hyper-
capnia, acidosis, or hemodynamic instability.1

Corticosteroids

Several randomized controlled trials have shown that for 
patients hospitalized with acute exacerbations of COPD, 
systemic corticosteroids administered for up to 2 weeks are 
helpful.17 Treatment of an exacerbation of COPD with oral 
or parenteral corticosteroids increases the rate of improve-
ment in lung function and dyspnea over the first 72 hours.18 
Corticosteroids also reduce the duration of hospital stay.19 
The optimal dose and need for tapering, route of adminis-
tration, and length of treatment are uncertain.

Most recent guidelines suggest that intravenous cortico-
steroids should be given to patients who have a severe exac-
erbation, including all those requiring ICU  admission or 
those who may have impaired absorption due to decreased 
splanchnic perfusion (e.g., patients in shock or congestive 
heart failure). Nonetheless, if tolerated, oral corticosteroid 
administration is equally effective as intravenous adminis-
tration.20 There appears to be no benefit to prolonged treat-
ment beyond 2 weeks.21 There is a significant side effect 
profile, the most common being hyperglycemia occurring 
in approximately 15%.21 Studies have shown that nebu-
lized steroid therapy is superior to placebo but not better 
than parenteral therapy.22

Bronchodilators

Inhaled short-acting β-adrenergic agonists are the main-
stay of therapy for an acute exacerbation of COPD because 
of their rapid onset of action and efficacy in producing 
bronchodilation. Several randomized control trials have 
consistently demonstrated their efficacy.17 Parenteral or 
subcutaneous injection of short-acting β-adrenergic ago-
nists is reserved for situations in which inhaled administra-
tion is not possible. Parenteral use of these agents results in 
greater inotropic and chronotropic effects, which may cause 
arrhythmias or myocardial ischemia in susceptible individ-
uals and is not generally recommended. These medications 
may be administered with a nebulizer or a metered dose 
inhaler with a spacer device; however, despite evidence 
that neither method has been shown to be superior, physi-
cians tend to favor the nebulized route because of the ease 
of administration. Patients should revert to appropriate 
inhaled preparations as soon as possible.
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Anticholinergic bronchodilators, such as ipratropium, 
are equally efficacious,23 and some studies have found that 
combination therapy with inhaled beta agonists provides 
better bronchodilation than either alone.24 The array of 
inhalers available for use in stable COPD patients is wid-
ening, and newer combination inhalers include a long-
acting beta agonist with a long-acting anticholinergic, such 
as indacaterol and glycopyrronium. These dual broncho-
dilators have been shown to improve symptoms and lung 
function in COPD patients in which single bronchodilators 
may be insufficient,25 but there is no proven efficacy for 
their use in acute exacerbations.

Methylxanthines have a long history in the treatment 
of COPD; however, despite widespread clinical use, their 
role in the acute setting is controversial. Current guidelines 
based on a meta-analysis of four randomized control tri-
als recommend that theophylline should not be used in 
the acute setting because efficacy beyond that induced by 
an inhaled bronchodilator and glucocorticoid therapy has 
not been demonstrated. In addition to a lack of efficacy, 
methylxanthines caused significantly more nausea and 
vomiting than placebo and trended toward more frequent 
tremors, palpitations, and arrhythmias.26

Antibiotics

In patients with severe exacerbations requiring mechani-
cal ventilation, antibiotic therapy is beneficial and has been 
shown to significantly decrease mortality (4% vs. 22%), the 
need for additional courses of antibiotics, the duration of 
mechanical ventilation, and the duration of hospital stay.27 
This does not suggest that bacterial etiology is actually 
present, and the clinical decision to withhold antibiotics is 
difficult in hospitalized patients. Early investigations using 
inflammatory markers, such as procalcitonin, to distinguish 
bacterial infections from other causes are encouraging.8

Current guidelines suggest use of antimicrobials with 
a spectrum of activity to cover β-lactamase–producing 
organisms. Although choice is somewhat dependent on 
the local streptococcal resistance patterns, amoxicillin– 
clavulanic acid, second-generation cephalosporin, or mac-
rolides are all acceptable. Three to seven days of treatment 
is recommended (Global Initiative for Chronic Obstruc-
tive Lung Disease [GOLD]).27 Wider spectrum antibiotics 
such as fluoroquinolones or β-lactam with antipseudo-
monal activity should be used in those at risk of resistant 
gram-negative infections such as Pseudomonas (e.g., recent 
hospitalization, previous colonization, previous severe 
exacerbation, or >4 exacerbations per year).

OXYGEN THERAPY

Adequate oxygenation can be achieved in most patients 
with acute exacerbations of COPD. Ventilation-perfusion 
mismatch is usually improved by 24% to 28% oxygen. 
There appears to be a tendency to develop CO2 retention 
at a fraction of inspired oxygen (Fio2) greater than 30%. 
The mechanism is more likely to reflect a combination of 
ventilation-perfusion mismatching and the Haldane effect 
rather than any effect on hypoxic drive for ventilation. 
Nevertheless, controlled oxygen therapy is recommended. 

In critical care, the use of high-flow facemasks or nasal 
devices provides better titration of oxygen therapy com-
pared with simple facemasks or nasal cannulae, venture 
masks, or other variable performance devices.

ASSISTED VENTILATION

Recognition of the need for assisted ventilation is often 
a clinical judgment as patients fail to improve on initial 
treatment. NIV is indicated after initial treatment if the pH 
remains less than 7.32. Studies have shown that pH and 
degree of hypercapnia are better predictors of need for 
mechanical ventilation than hypoxia.28 The following are 
several absolute and relative contraindications to NIPPV:
  

 •  Respiratory arrest
 •  Impaired level of consciousness
 •  Cardiovascular collapse
 •  Profound hypoxemia (acute respiratory distress syn-

drome)
 •  Vomiting or very high aspiration risk due to excessive 

secretions
 •  Uncooperative patient
 •  Extreme obesity
 •  Recent facial surgery
 •  Burns
  

Several randomized control trials have validated the use 
of NIV in the setting of acute hypercapnic respiratory failure 
in COPD29; indeed, several studies have demonstrated the 
superiority of NIV over tracheal intubation and mechani-
cal ventilation. NIV reduces intubation by up to 42%10 and 
appears to reduce nosocomial complications and mortal-
ity.30,31 Some studies have also found that patients with 
COPD who were randomly assigned to NIV had a shorter 
stay in the ICU. Use of NIV has certainly improved care for 
many patients with COPD and allowed some to undergo 
a more intense level of treatment than perhaps may have 
been previously available to them.

NIV on respiratory care wards and intermediate care 
settings is highly efficacious, with a reported failure rate 
of 5% to 20%. However, when patients are admitted to 
intensive care, presumably in a worse clinical condition, 
the failure rate is up to 60%.32,33 This is particularly prob-
lematic in patients who present late with advanced respi-
ratory failure, and mortality is higher than in patients who 
receive NIV at an earlier stage.3 There are a medley of 
reasons for failing NIV, which include patient intolerance, 
inadequate augmentation of tidal volume, and problems 
with triggering.

The response to NIV treatment needs to be closely moni-
tored with arterial blood gases, respiratory rate, hemody-
namics, and overall degree of respiratory distress. Those 
who respond within 1 to 4 hours are consistently shown to 
have better outcomes.32 An initial reduction in respiratory 
rate is generally a good indicator of a positive response to 
NIV. Failure of NIV, contraindications, or imminent cardio-
respiratory arrest should prompt endotracheal intubation 
and mechanical ventilation. This should ideally be per-
formed in the controlled setting of an ICU because intuba-
tion can precipitate a cardiovascular collapse.2
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Once intubation has been performed, hypoxemia can 
be corrected, usually with modest Fio2. After this, respira-
tory acidosis is corrected slowly with low rates and tidal 
volumes guided by air pressures and the expiratory phase. 
This approach is to limit auto-positive end-expiratory pres-
sure (auto-PEEP) from air trapping, which can result in sig-
nificant hemodynamic compromise and can be difficult to 
detect.34

In the first 12 to 24 hours, paralysis may be required to 
prevent ventilator dyssynchrony, which can increase air-
way resistance and decrease alveolar ventilation. Airway 
resistance and hyperinflation can both contribute to a need 
for high inflation pressures to achieve tidal volume. High 
mean airway pressures may lead to several serious prob-
lems, including circulatory collapse, pneumothorax, or 
barotrauma. It is unclear whether pressure-controlled or 
pressure-limited ventilation is safer than volume control. 
Irrespective efforts should be made to minimize auto-PEEP 
and end inspiratory stretch.34

Weaning can pose problems in ventilated COPD patients, 
with 20% to 30% of those meeting the traditional extubation 
criteria failing a trial of weaning.2 Failure to wean raises the 
risks of the complications associated with prolonged ventila-
tion. There is some evidence that expiratory flow limitation 
may predict successful extubation.35 Nava and colleagues 
randomly assigned patients with COPD who were intu-
bated for 48 hours to extubation and NIV or to continued 
invasive ventilation and conventional liberation after an 
unsuccessful initial spontaneous breathing trial.36 The study 
demonstrated improved outcomes as measured by the per-
centage of patients in whom assisted ventilation could be 
discontinued, the duration of assisted ventilation, survival, 
the length of stay in the ICU, and the incidence of ventilator-
associated pneumonia. More recently, this was validated by 
Ornico et al.,37 who showed a significant reduction of re-
intubation rates and in-hospital mortality when nasal NIV 
was commenced after planned extubation as compared with 
continuous oxygen therapy. Risk factors for postextubation 
respiratory failure include an age older than 65, cardiac fail-
ure as a cause for respiratory distress, an APACHE (Acute 
Physiology and Chronic Health Evaluation) score of 12 or 
greater at the time of extubation, the diagnosis of an acute 
exacerbation of COPD, or the presence of chronic respira-
tory disease with more than 48 hours of mechanical ventila-
tion and hypercapnea during a spontaneous breathing trial. 
If patients do have postextubation respiratory distress, then 
they should undergo reintubation because persisting with 
NIV in this setting may worsen outcomes.38

PROGNOSIS AND OUTCOMES

Despite reasonable survival to hospital discharge, the deci-
sion to admit to the ICU in advanced cases is difficult, 
and there is no consensus. One has to take into account 
expected prognosis and comorbidities and estimate likely 
quality of life assuming survival to hospital discharge. Fac-
tors affecting the decision to ventilate include cultural atti-
tudes toward disability, the perceived effect of treatment, 
financial resources, the availability of ICU and long-term 
ventilator beds, local medical practice, and patient wishes.

Past perception has been that survival after ICU admis-
sion was poor, especially in those deemed to have severe 

or end-stage disease. However, short-term survival after 
invasive mechanical ventilation ranges from 63% to 
86%, more than would be expected in unplanned medi-
cal admissions.33,39 In addition, survival after mechanical 
ventilation has been shown to be better in the absence of a 
major precipitating cause for acute deterioration, perhaps 
because shorter periods of assisted ventilation are required 
and thus length of ICU stay and associated complications 
are lessened.40

However, a difficulty still remains in identifying those 
patients most likely to derive benefit from aggressive man-
agement. Long-term survival rates are not as encouraging 
as survival-to-discharge figures. Rates of 52%, 42%, and 
37% at 1, 2, and 3 years, respectively, were reported in one 
U.K. study,40 and similar numbers have been reported from 
other centers.

Poor prognostic indicators include the following:
  

 •  Increased age
 •  Presence of severe respiratory disease
 •  Increased length of stay in hospital before ICU admission
 •  Cardiopulmonary resuscitation within 24 hours before 

admission
 •  Intubation status in the first 24 hours in the CMP (Case 

Mix Programme) unit
 •  Low pH
 •  Low partial pressure of arterial oxygen/Fio2 gradient
 •  Hypercapnea
 •  Low serum albumin
 •  Low body mass index
 •  Cardiovascular, neurologic, and renal organ failure
  

Although all of these factors have been associated with 
increased in-hospital mortality4 (SUPPORT [Surfactant, 
Positive Pressure, and Oxygenation Randomized Trial]), 
there is currently no reliable or definitive method for iden-
tifying patients at high risk of inpatient or 6-month mor-
tality. Therefore these parameters should not influence 
decisions about instituting, continuing, or withdrawing 
life-sustaining treatment.

A small 2001 study of 166 COPD patients requiring 
mechanical ventilation found that absence of comorbid 
condition more than halved the in-hospital mortality rate 
(28% vs. 12%).33 A higher mortality among those patients 
who required more than 72 hours of mechanical ventilation 
(37% vs. 16%), those without previous episodes of mechan-
ical ventilation (33% vs. 11%), and those with a failed extu-
bation attempt (36% vs. 11%) was also noted. Further larger 
studies would be helpful to assist in decision making.

Although the previous material can guide us in treat-
ment decisions, patient preference also represents an 
essential component of our assessment. A prospective 
cohort study performed in 92 ICUs and 3 respiratory high- 
dependency units in the United Kingdom examined out-
comes in patients with COPD admitted to the ICU for 
decompensated type 2 respiratory failure, including sur-
vival and quality of life at 180 days.41 Of the survivors, 
73% considered their quality of life to be the same as or 
better than it had been in the stable period before they were 
admitted, and 96% would choose similar treatment again.

Taking all of this into account, current treatment guidelines 
suggest that failure of NIV in most cases should be followed 
by a short trial of mechanical ventilation. Early reevaluation 
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is then recommended. Patient wishes play an important role 
in this decision, and advanced directives based on discussion, 
ideally occurring during a medically stable period, regarding 
risks and complications of invasive ventilation are advocated.

End-of-Life Decisions in Severe COPD

In the severe and end-stage COPD patient population, 
decisions regarding end-of-life care and palliation should 
be addressed. Factors that may lead to an end-of-life dis-
cussion include the following42:
  

 •  FEV1 below 30% predicted
 •  Oxygen dependence
 •  Requirement of domiciliary NIPPV
 •  One or more hospital admissions in the past year with 

an acute exacerbation of COPD
 •  Weight loss or cachexia
 •  Decreased functional status/decreased independence
 •  Age older than 70 years
 •  Patients receiving maximal medical management
  

A retrospective study performed in the Mayo Clinic43 
involving 591 patients admitted to the ICU with an acute 
exacerbation of COPD found that the factors most associ-
ated with a poor 1-year mortality were age and length of 
hospital stay. These patients may benefit from early com-
munication regarding end of life and palliation before their 
next hospital admission.

Because COPD is a chronic progressive disease, there is 
opportunity to have the discussion early, with the knowl-
edge that in severe and end-stage COPD patients, they will 
likely require more aggressive care (e.g., ventilation), with 
a possibly fatal outcome in an unpredictably acute setting. 
Given the opportunity, the following three primary end-of-
life topics can be discussed44:
  

 •  Their disease course and likely prognosis
 •  Establishment of a ceiling of care
 •  Symptom management and control
  

Knowing their own disease course allows patients to par-
ticipate in their management strategy and provides context 
for the acute decisions made during an exacerbation. When 
discussed early in the course of the disease, it may improve 
compliance with therapy, and toward more end-stage disease 
it allows them to know what to expect and make informed 
end-of-life decisions, including establishing the ceiling of care 
and choosing to be admitted to intensive care for ventilation. 
In a French study regarding patients with COPD admitted to 
intensive care, only 56% of patients had discussed intensive 
care as a possibility with their physician.45

A ceiling of care can be established by considering the 
patients comorbidities and prognosis, but it is also impor-
tant to consider the patients’ quality of life, the functional-
ity of activities of daily living, and their wishes with regard 
to their treatment. In particular, it should be established, if 
possible, whether the patient should undergo mechanical 
ventilation in an ICU or undergo a trial of NIV. The SUP-
PORT published in 2000 compared patients who had stage 
III and IV lung cancer with patients who had severe COPD 
and found that 60% of patients in each group wanted com-
fort-focused care.46
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What Is the Clinical Definition  
of ARDS?

Jeremy R. Beitler, Andrés Esteban, José Angel Lorente, B. Taylor Thompson

Acute respiratory distress syndrome (ARDS) is an acute, 
diffuse, inflammatory injury to the alveolar epithelium 
and pulmonary vascular endothelium that leads to nonhy-
drostatic pulmonary edema and impaired pulmonary gas 
exchange.1 ARDS is difficult to define clinically because it 
represents a constellation of individually nonspecific find-
ings triggered by a wide range of precipitating insults to 
the lung.2 Still, a reproducible definition of ARDS is essen-
tial to consistently identify patients with a similar pheno-
type for research and clinical care.1

In clinical trials and other studies, a homogeneous pop-
ulation sample minimizes pathophysiologic variability; 
this minimization is important because distinct subpheno-
types may carry different prognoses and respond differ-
ently to therapies. It also allows for comparison of research 
findings and epidemiologic data across studies. For patient 
care, a standardized definition promotes evidence-based 
management and prognostication by allowing comparison 
of each patient to research study participants.

Although ARDS was first described by Ashbaugh et al. 
in 1967,3 no consensus definition existed until the 1994 
American-European Consensus Conference (AECC) on 
ARDS.4 The updated consensus Berlin definition was put 
forth in 2012.1 Although the Berlin definition performs bet-
ter in several respects, recent evidence suggests that sub-
stantial biological, pathologic, and clinical heterogeneity 
remains within this broad definition of ARDS.

FIVE DECADES OF DEFINING ARDS

Recognizing ARDS as a Clinical Entity

Five decades ago, Ashbaugh and colleagues3 first identi-
fied ARDS as a common lung injury response to various 
insults—multiple trauma, lung contusion, pancreatitis, 
toxic ingestion, and pneumonia—that did not respond 
to usual respiratory support. Their series of 12 patients 
established the salient features of ARDS that have served 
as the foundation for all subsequent definitions: the acute 
onset of hypoxemia and bilateral infiltrates on chest 
radiograph that are not entirely due to heart failure.  

Decreased respiratory system compliance (CRS) was com-
mon to all included patients. Postmortem histologic 
examination demonstrated intra-alveolar edema and hya-
line membranes in most patients who died early in their 
course and diffuse interstitial inflammation and fibrosis in 
patients who died after a protracted course.

After the seminal article by Ashbaugh et al., ARDS 
gained widespread recognition as an important clinical 
entity. However, a specific consensus definition remained 
elusive. In 1988, Murray and colleagues2 proposed perhaps 
the most widely recognized diagnostic criteria for ARDS 
before a consensus definition. Their Lung Injury Score 
awards points for severity of derangement in four clini-
cal factors: hypoxemia (partial pressure of oxygen in arte-
rial blood [Pao2]/fraction of inspired oxygen [Fio2]), chest 
radiographic opacities (number of quadrants), positive 
end-expiratory pressure (PEEP) level, and CRS. A numeric 
cutoff was proposed to define ARDS. Importantly, Mur-
ray and colleagues also recommended expanding their 
score-based definition to describe the time course since 
ARDS onset (acute or chronic phase) and underlying risk 
factor(s) (e.g., aspiration, sepsis). Both additions informally 
addressed prognostic and treatment implications of differ-
ent phases and causes of ARDS.5

Achieving Consensus on Defining ARDS

The 1994 AECC definition represented the first interna-
tional consensus on how to define ARDS.4 Under the aus-
pices of the American Thoracic Society and the European 
Society of Intensive Care Medicine, an expert panel was 
convened to establish diagnostic criteria for ARDS with the 
primary stated intent of enhancing research coordination 
and collaboration to more efficiently advance therapeutic 
investigation.

The expert panel considered timing of onset, oxygen-
ation, chest radiograph findings, and absence of hydrostatic 
pulmonary edema as the defining features of ARDS.4 Spe-
cifically, they defined ARDS as the acute onset of impaired 
oxygenation with a Pao2/Fio2 of 200 mm Hg or less accom-
panied by bilateral infiltrates on frontal chest radiograph 
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and a pulmonary artery wedge pressure (PAWP) of 18 mm 
Hg or less (if measured) or no clinical evidence of left atrial 
hypertension. The AECC separately defined acute lung 
injury (ALI) as having a Pao2/Fio2 of 300 mm Hg or less 
while meeting all other criteria for ARDS. That is, ALI rep-
resented a broader spectrum of lung injury that included 
ARDS on the severe end of the spectrum. The decision to 
distinguish ARDS as the severe form of ALI stemmed from 
concern that processes other than ARDS that are associated 
with impaired gas exchange were likelier to be included 
under a more liberal threshold.

In addition to the benefits of consensus per se, the 
AECC definition offered several strengths. The definition 
was applicable to the research, epidemiology, and indi-
vidual patient care settings, aiding cross-study compari-
son and translation of study findings to clinical practice. 
In addition, specific criteria for oxygenation (Pao2/Fio2) 
and radiographic findings were established, attempting to 
address substantial sources of heterogeneity in the litera-
ture at the time. The expert panel also recognized that lung 
injury occurs on a continuum of oxygenation and chest 
radiographic abnormalities, acknowledging that the spe-
cific thresholds chosen were in a sense arbitrary.

However, important limitations to the AECC definition 
became increasingly evident on its widespread adoption. 
Acuity of onset was not explicitly defined.6 Oxygenation 
criteria did not address the impact of PEEP, Fio2, and 
other ventilator settings on Pao2/Fio2.7-11 Even among 
expert intensivists and radiologists, poor interobserver 
agreement in applying the AECC radiographic criteria for 
ARDS was demonstrated.12,13 Finally, without account-
ing for the substantial variation in duration and intensity 
of exposure to lung injury triggers, the resultant hetero-
geneous patient population may exhibit a range of prog-
noses and responses to therapy. Perhaps because of these 
issues, clinical diagnosis of ARDS applying the AECC def-
inition was shown to have only moderate sensitivity and 
specificity in the identification of diffuse alveolar damage 
on pathologic examination.14 An updated definition was 
sought so that these limitations could be addressed and an 
advanced understanding of ARDS pathophysiology could 
be incorporated.

2012 BERLIN DEFINITION

The European Society of Intensive Care Medicine, with the 
endorsement of the American Thoracic Society and Society 
of Critical Care Medicine, convened an international expert 
panel to revise the previous AECC definition by incorpo-
rating the wealth of evidence that accumulated after the 
AECC definition (Table 28-1). The Berlin consensus confer-
ence updated each of the elements included from the AECC 
definition: timing, chest radiographic findings, origin of 
edema, and oxygenation. It also systematically evaluated 
other variables proposed to predict clinical outcomes in 
ARDS in an attempt to establish predictive validity. Indi-
vidual patient-level meta-analysis of 4188 patients pooled 
from four multicenter and three single-center datasets of 
patients with ARDS was used to consider ancillary vari-
ables for inclusion in the updated definition to determine if 
these variables enhanced predictive validity without add-
ing unnecessary complexity or jeopardizing feasibility.

Acuity of Onset

The AECC definition lacked specific criteria to describe 
acuity of onset. Several epidemiologic studies have shown 
that most cases of ARDS develop within the first 72 hours 
of hospitalization when a predisposing condition is present 
on admission.15-19 In a 22-hospital cohort of 5584 patients at 
risk of ARDS on hospital admission, Gajic et al.16 found that 
ARDS developed a median of 2 days after hospitalization 
(interquartile range, 1 to 4 days). Other studies have found 
that over half of ARDS cases occur within 24 hours of hos-
pitalization when a risk factor is present on admission.17,18 
Virtually all cases occur within 7 days after an identifi-
able risk factor occurs, regardless of the mechanism.15,16 
To incorporate these findings, the Berlin definition newly 
requires that timing of onset be within 1 week of a known 
clinical insult or new or worsening respiratory symptoms.1

Oxygenation

For the confusion around the related AECC definitions of 
ALI and ARDS to be addressed, the term ALI was removed 
from the updated Berlin definition.1 In turn, ARDS was 
classified into three categories depending on severity of 
impaired oxygenation: mild (Pao2/Fio2 201 to 300 mm Hg 
with PEEP or continuous positive airway pressure [CPAP] 
≥5 cm H2O), moderate (Pao2/Fio2 101 to 200 mm Hg with 
PEEP ≥5 cm H2O), and severe (Pao2/Fio2 ≤ 100 mm Hg 
with PEEP ≥5 cm H2O). The inclusion of a separate cate-
gory for severe ARDS was influenced by recent clinical tri-
als that tested interventions only in the subset of patients 
with more severe ARDS.20,21 The prognostic utility of Pao2/
Fio2 thresholds for mild, moderate, and severe ARDS was 
confirmed by individual patient-level meta-analysis: mor-
tality was 27% (95% confidence interval [CI], 24% to 30%) 
for mild, 32% (95% CI, 29% to 34%) for moderate, and 45% 
(95% CI, 42% to 48%) for severe ARDS (P < 0.001).1

The oxygen saturation by pulse oximetry (SpO2)/Fio2 
correlates with Pao2/Fio2 in patients with ARDS22 and was 

Table 28-1 Berlin Definition of ARDS1

Timing Within 1 week of a known clinical insult or 
new or worsening respiratory symptoms

Chest imaging Bilateral opacities not fully explained by effu-
sions, lobar/lung collapse, or nodules

Origin of edema Respiratory failure not fully explained by 
cardiac failure or fluid overload

Need objective assessment (e.g., echocardiog-
raphy) to exclude hydrostatic edema if no 
risk factor present

OXYGENATION

Mild 200 mm Hg < Pao2/Fio2 ≤ 300 mm Hg with 
PEEP or CPAP ≥ 5 cm H2O

Moderate 100 mm Hg < Pao2/Fio2 ≤ 200 mm Hg with 
PEEP ≥ 5 cm H2O

Severe Pao2/Fio2 ≤ 100 mm Hg with PEEP ≥ 5 cm H2O

CPAP, continuous positive airway pressure; Fio2, fraction of inspired oxygen; 
Pao2, partial pressure of oxygen in arterial blood; PEEP, positive end- 
expiratory pressure.

Reproduced from The ARDS Definition Task Force1 with permission.
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considered as an alternative for oxygenation criteria in the 
revised definition. Concerns regarding misclassification of 
ARDS severity when SpO2 was 100% led its exclusion from 
the revised definition.23

The inclusion of minimum PEEP levels in the Berlin 
definition was intended to address concerns regarding 
the influence of PEEP titration on Pao2/Fio2. Severity of 
oxygenation impairment, important for the diagnosis of 
ARDS and classification of disease severity, may fluctu-
ate with PEEP and Fio2 titration.7-9,11 Moreover, PEEP- 
responsive patients appear to have a more favorable prog-
nosis.24 The Berlin expert panel evaluated whether a higher 
PEEP threshold of 10 cm H2O or greater for severe ARDS 
improved prognostic performance with an individual 
patient-level meta-analysis. No change in prognostic per-
formance was found; thus a PEEP threshold of 5 cm H2O 
was retained irrespective of ARDS severity in the final defi-
nition.1,23 However, PEEP titration was not standardized, 
and oxygenation responsiveness to PEEP titration was not 
assessed in the cohort used to examine the Berlin Pao2/
Fio2 thresholds. Both may have prognostic utility24 and are 
discussed in greater detail later in this chapter.

Chest Radiographic Findings

Interobserver agreement on radiographic interpretation 
with the AECC definition was remarkably poor. In a sample 
of 21 experts reviewing 28 randomly selected chest radio-
graphs from patients with a Pao2/Fio2 less than 300 mm 
Hg, the percentage of radiographs interpreted as consistent 
with ARDS ranged from 36% to 71%.12 Fewer than half of 
radiographs (43%) had near-complete agreement (agree-
ment by 20 of 21 experts), and fully one third had at least 
five dissenting interpretations. A subsequent study evalu-
ating whether consensus training improved interobserver 
agreement demonstrated improved agreement on radio-
graphic diagnosis when two interpreters received training 
(88% to 94% of all pairwise interpretations).13 However, 
when one of the two interpreters did not receive training, 
interobserver agreement remained moderately poor (68% 
to 78% of all pairwise interpretations). To address this 
issue, the Berlin definition explicitly requires that opacities 
on chest imaging not be fully explained by effusions, lobar 
collapse, or nodules. In addition, the Berlin expert panel 
provided 12 sample radiographs with accompanying inter-
pretations as consistent, inconsistent, or equivocal for diag-
nosis of ARDS.23

The Berlin expert panel also considered quantifying 
radiographic opacities by number of involved quadrants. 
In a study of organ donors whose lungs were not used for 
transplantation, Ware and colleagues25 compared excised 
lung weight with a score quantifying the degree of pulmo-
nary edema within each quadrant on frontal radiograph. 
They found good correlation between radiographic assess-
ment and lung weight (r = 0.61, P < 0.0001) that improved 
when radiographs with atelectasis were excluded (r = 0.79, 
P < 0.0001). Likewise, detailed assessment of chest com-
puted tomography found that increased lung attenuation 
and the proportion of nonaerated lung predict mortality in 
patients with ARDS.26 In an individual patient-level meta-
analysis by the Berlin expert panel, prognostic perfor-
mance of the severe ARDS classification was not improved 
with the additional requirement of three or more involved 

quadrants; thus the number of quadrants with radio-
graphic infiltrates was not included in the final definition. 
Still, detailed radiographic interpretation better quantify-
ing the extent of pulmonary edema may yield additional 
prognostic information if interobserver agreement can be 
improved.

Origin of Edema

The AECC definition required a PAWP of 18 mm Hg or less 
when measured or that there be no clinical evidence of left 
atrial hypertension. This aspect of the definition, as for def-
initions that preceded it, precluded the diagnosis of ARDS 
in patients with coincident ARDS and left atrial hyperten-
sion. Subsequent to the AECC definition, a multicenter 
study of 71 patients with ARDS and pulmonary artery 
catheters found that 82% of patients had at least one PAWP 
greater than 18 mm Hg when measured serially every 8 
hours for the duration of catheter placement.27 In more 
than half of patients, PAWP exceeded 18 mm Hg on at least 
30% of measurements. In the National Heart, Lung, and 
Blood Institute (NHLBI) ARDS Network Fluid and Cath-
eter Treatment Trial,28 29% of 513 enrolled ARDS patients 
randomized to receive a pulmonary artery catheter had an 
initial PAWP greater than 18 mm Hg, 97% of whom also 
had a normal or high cardiac index that made systolic heart 
failure an unlikely explanation for the high PAWP.

Recognizing that patients with heart failure are also vul-
nerable to lung injury and the development of ARDS, the 
Berlin definition explicitly allows for both hydrostatic and 
nonhydrostatic pulmonary edema to be present, requiring 
only that hydrostatic edema not be the primary cause of 
respiratory failure. Because pulmonary artery catheter use 
has substantially declined29 and judgment is necessary to 
determine the primary cause of respiratory failure, illustra-
tive clinical vignettes were provided in the supplementary 
material for the Berlin definition. In addition, the Berlin 
definition stipulates that if no ARDS risk factor can be iden-
tified, objective assessment to exclude hydrostatic edema, 
such as by echocardiography, is required.1

Ancillary Variables Considered

Static CRS and dead-space fraction were thought by the 
Berlin expert panel to have sufficient supporting data to 
warrant consideration in the definition. Decreased CRS has 
been recognized as a key feature since the original descrip-
tion of ARDS by Ashbaugh and colleagues.3 However, 
chest wall mechanics independent of lung injury often 
contribute substantially and unpredictably to global respi-
ratory system mechanics,30 potentially limiting the prog-
nostic utility of CRS in ARDS. In an individual patient-level 
meta-analysis, the Berlin expert panel found that includ-
ing CRS of 40 mL/cm H2O or less in the diagnostic criteria 
for severe ARDS did not improve prognostic performance; 
thus it was excluded from the final definition.23

Pulmonary dead-space fraction has been identified 
repeatedly as an independent predictor of mortality in 
epidemiologic studies of ARDS.31-34 However, dead-
space fraction may fluctuate with changes in ventilator 
settings35,36 analogous to issues surrounding Pao2/Fio2. 
Because the dead-space fraction is not routinely measured 
in most ARDS clinical trials or in clinical practice, the Berlin 
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expert panel considered corrected minute ventilation (min-
ute ventilation × partial pressure of carbon dioxide in arte-
rial blood [Paco2]/40) as a surrogate.37 Including corrected 
minute ventilation greater than 10 L/min as a criterion for 
severe ARDS did not improve prognostic performance in 
the Berlin individual patient-level meta-analysis1; thus it 
was also excluded from the final definition. However, cor-
rected minute ventilation has not previously been validated 
as a surrogate for dead-space fraction. Other thresholds for 
CRS and corrected minute ventilation were not considered 
in formulating the Berlin definition.

PERFORMANCE OF THE BERLIN 
DEFINITION

The 2012 Berlin definition addresses several issues from 
the AECC definition: (1) establishing an explicit timing 
of onset, (2) removing the term ALI in favor of mutually 
exclusive categories of ARDS severity to avoid confusion, 
(3) facilitating interobserver agreement on chest imaging 
interpretation through sample radiographs, (4) allowing 
for the coexistence of hydrostatic and nonhydrostatic pul-
monary edema, and (5) incorporating ARDS risk factors to 
improve reliability and face and content validity.

Thille and colleagues38 found that increasing ARDS 
severity under the Berlin definition correlated with dif-
fuse alveolar damage on postmortem examination.  
In an autopsy study of 356 patients with clinical diagno-
sis of ARDS, diffuse alveolar damage was found in 45% of 
patients. In those with mild, moderate, and severe ARDS, 
diffuse alveolar damage was found in 12%, 40%, and 58% 
of patients, respectively. In patients who met clinical crite-
ria for severe ARDS for at least 72 hours, diffuse alveolar 
damage was found in 69% of cases. Pneumonia was the 
most common finding (49% of cases) on histopathologic 
examination among patients who met clinical criteria for 
ARDS but did not have diffuse alveolar damage.

Thus the Berlin definition fails to identify patients 
with what many consider to be the pathologic hallmark 
of the syndrome (i.e., diffuse alveolar damage). However, 
whether patients with diffuse alveolar damage at histo-
logic examination have a different clinical phenotype than 
patients with other pathologic changes is not yet known.

Despite these improvements, the Berlin definition had 
only slightly better predictive validity for mortality than 
the AECC definition (c-statistic 0.577 vs. 0.536, P < 0.001).1 
Key residual issues in the Berlin definition may contribute 
to this limited gain in prognostic performance and are dis-
cussed in Table 28-2.

Table 28-2 Limitations and Redressals in the AECC and Berlin Definitions

AECC Definition AECC Limitations Berlin Definition Redressal Berlin Definition Limitations

Timing Acute onset Acute time frame not 
specified

Acute time frame specified as 
1 week

Onset typically more rapid than  
1 week,16-18 potentially increasing  
the risk of false-positive diagnosis

Chest  
imaging

Bilateral infiltrates Poor interobserver agree-
ment on radiograph  
interpretation12,13

Imaging criteria more ex-
plicit; sample radiographs 
provided

Interobserver agreement may remain 
problematic12,13; fails to capture prog-
nostic information that may exist in 
imaging with better quantification of 
edema severity25,26

Origin of 
edema

Excludes patients 
with left atrial 
hypertension

Many patients incidental-
ly found to have high 
PAWP27,28

Allows coincident ARDS and 
hydrostatic edema if risk 
factor present and latter 
is not primary cause of 
respiratory failure

Primary cause of respiratory failure 
remains subjective, and the physical 
examination is unreliable

Oxygenation Pao2/Fio2 ≤ 200 
(ARDS) or ≤300 
(ALI) regardless 
of PEEP

Ignores effects of PEEP, 
Fio2, and other ventila-
tor settings on Pao2/
Fio2

7,9,11

Minimum PEEP levels added 
to subgroups

Changes to PEEP, Fio2, and other settings 
still may influence Pao2/Fio2 and 
change severity classification; no stan-
dardized assessment (e.g., standardized 
ventilator settings or use of OI); no 
stabilization period to exclude transient 
Pao2/Fio2 changes

ALI category for 
Pao2/Fio2 ≤  300

Confusion regarding ALI 
versus ARDS

Three mutually exclusive 
subgroups; ALI term 
removed

Recent major clinical trials20,21 defined 
severe ARDS as Pao2/Fio2 < 150, risk-
ing further confusion

Subpheno-
types

Classify by risk fac-
tor according to 
direct vs. indirect 
injury

Prognostic utility not well 
validated; many pa-
tients have both direct 
and indirect risk factors

Removed from consensus 
document

Biologically distinct subphenotypes may 
exist46 and may respond differently 
to particular therapies and/or hold 
different prognoses; ignores risk fac-
tors proven to have more favorable 
prognosis (e.g., trauma, TRALI)44

AECC, American-European Consensus Conference; ALI, acute lung injury; ARDS, acute respiratory distress syndrome; Fio2, fraction of inspired oxygen; Pao2, partial 
pressure of oxygen in arterial blood; PAWP, pulmonary artery wedge pressure; PEEP, positive end-expiratory pressure; TRALI, transfusion-related acute lung injury.
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Standardized Assessment of Oxygenation

Lack of standardized assessment of oxygenation almost 
certainly contributes to heterogeneity among patients 
diagnosed clinically with ARDS. Pao2/Fio2 varies with 
key ventilator settings, including tidal volume, PEEP, and 
Fio2.7-9,11,39 Two potential remedies have been proposed 
that were not considered in formulating the Berlin defini-
tion: standardized ventilator settings and the oxygenation 
index (OI).

Several studies have confirmed that standardized ven-
tilator settings affect Pao2/Fio2 criteria in evaluating for 
ARDS. Ferguson and colleagues7 placed 41 patients who 
initially met criteria for moderate-severe ARDS on stan-
dardized ventilator settings (tidal volume, 7 to 8 mL/kg 
predicted body weight; PEEP, 10 cm H2O; and Fio2, 1.0). 
After just 30 minutes, 59% of patients no longer met Pao2/
Fio2 for moderate-severe ARDS, and those same patients 
had substantially lower mortality (12.5% vs 52.9% for 
transient vs. persistent Pao2/Fio2 ≤ 200 mm Hg). Villar 
and colleagues have shown in several studies8,9,11 that a 
24-hour trial of standardized ventilator settings reclassi-
fies ARDS severity and results in some patients no lon-
ger meeting diagnostic criteria for ARDS. They similarly 
found lower mortality for patients only transiently meet-
ing oxygenation criteria for ARDS. With these findings 
incorporated,, investigators involved in recent multi-
center clinical trials studying high-frequency oscillatory 
ventilation40 and prone positioning20 required standard-
ized ventilator settings and a stabilization period before 
randomization.

However, reclassification after a 24-hour waiting period 
conflates the effects of standardized settings with disease 
progression (or rapid resolution) and makes early interven-
tion trials difficult if not impossible. A stabilization period 
may help identify a subset of patients with ARDS who 
are not rapidly improving and have higher mortality, for 
whom treatments with a marginal risk-benefit profile may 
still offer net benefit. Furthermore, the optimal standard-
ized ventilator settings for diagnostic assessment and inter-
val time on those settings before reassessment remain to 
be determined. Requiring standardized ventilator settings 
would hinder observational studies by requiring changes 
from usual care settings and may make comparison with 
existing literature difficult.

The OI (= mean airway pressure × Fio2 × 100 ÷ Pao2) 
is routinely used to assess disease severity in neonatal 
and pediatric respiratory failure41 and has been used in 
adults with ARDS. Inclusion of mean airway pressure 
may account for oxygenation effects attributable to tidal 
volume and PEEP, in addition to Fio2. Monchi et al.42 and 
Seeley et al.,43 in separate ARDS studies involving 259 and 
149 patients, respectively, found that the OI was superior 
to Pao2/Fio2 in predicting mortality. Mean airway pres-
sure is typically reported on the display of most modern 
ventilators, supporting widespread feasibility of adoption. 
With OI, concerns regarding the feasibility of standard-
ized ventilator settings would be avoided, although vari-
able documentation of OI in existing datasets and medical 
records may limit retrospective and epidemiologic studies. 
Still, the OI warrants further consideration as a potentially 
better-performing prognostic assessment of oxygenation.

Recognition of ARDS Subphenotypes

ARDS by definition is a clinical phenotype triggered by a 
diverse array of underlying precipitants of lung injury. Dif-
ferences in insults precipitating ARDS and how each indi-
vidual responds to these insults inevitably contribute to a 
diversity of biology within the patient population labeled 
as having ARDS. Different subphenotypes may carry dis-
tinct prognoses and respond uniquely to therapeutic inter-
ventions. For instance, even the original description of 
ARDS by Ashbaugh and colleagues3 suggested that ARDS 
due to trauma may carry a more favorable prognosis com-
pared with other causes. This finding was subsequently 
confirmed by Calfee and coworkers,44 who also observed 
lower concentrations of lung epithelial and endothelial 
biomarkers of injury in patients with ARDS due to trauma 
compared with nontraumatic causes.

The AECC expert panel proposed classifying ARDS 
according to direct (alveolar epithelial) or indirect (pul-
monary vascular endothelial) injury to the lung.4 Recent 
evidence suggests that this classification identifies two 
biologically distinct subphenotypes, which may prove 
useful for clinical trial enrichment when testing thera-
pies that target alveolar epithelial or vascular endothe-
lial mechanisms.45 Prognostic utility of this approach 
has not been well validated, in part because of differ-
ences in both the magnitude and duration of the insult 
to the lungs that are not adequately captured by this 
approach.2 For instance, such risk factors as lung contu-
sion (direct) and transfusion (indirect) are both transient 
insults that carry comparatively favorable prognoses 
with faster resolution of lung injury. By contrast, pneu-
monia (direct) and sepsis (indirect) occur in a sustained 
fashion over several days, resulting in prolonged expo-
sure to the proinjurious event and consequently carrying 
a less favorable prognosis.

In the most concerted effort to date to identify biologi-
cally distinct subphenotypes of ARDS, Calfee and col-
leagues46 performed latent subclass analyses of clinical 
data and biomarkers collected in the NHLBI ARDS Net-
work low tidal volume and PEEP titration trials.39,47 They 
identified two distinct subphenotypes of ARDS and repli-
cated this finding in a second cohort. One subphenotype 
was characterized by high concentrations of inflammatory 
biomarkers (IL-6 and IL-8, tumor necrosis factor α), meta-
bolic acidosis, and shock, whereas the other phenotype had 
less severe inflammation and shock. In both clinical trial 
cohorts, the proinflammatory subphenotype had roughly 
double the mortality rate of the other phenotype. Impor-
tantly, the PEEP strategy assigned had opposite effects on 
mortality in the two subphenotypes: the proinflammatory 
subphenotype exhibited a favorable response to higher 
PEEP (42% mortality with higher PEEP vs. 51% with lower 
PEEP), whereas the less inflamed subphenotype had an 
unfavorable response (24% mortality with higher PEEP 
vs. 16% with lower PEEP; P = 0.049 for interaction). These 
hypothesis-generating results encourage further investiga-
tion into identification of clinical-biological subphenotypes 
that may predict response to therapy. Identification of 
biomarkers or biomarker panels with better performance 
characteristics will aid in further distinguishing between 
subphenotypes.
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CONCLUSION

The Berlin definition of ARDS applies to the clinical and 
research settings and offers several advances over the 1994 
AECC definition. However, remaining issues surrounding 
nonstandardized assessment of oxygenation and hetero-
geneity of patients included in the Berlin definition limit 
improvement in prognostic performance over the AECC 
definition. In addition, the Berlin definition fails to identify 
patients with diffuse alveolar damage. Additional work is 
needed to define biologically distinct subphenotypes meet-
ing the clinical diagnosis of ARDS to improve prognostic 
assessment and identify subgroups more likely to respond 
to therapies, new and old.
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What Are the Pathologic and 
Pathophysiologic Changes That 
Accompany Acute Lung Injury 
and ARDS?

Michael Lava, Greg S. Martin

Diverse inciting events lead to acute respiratory distress 
syndrome (ARDS), including pneumonia, sepsis, pan-
creatitis, and trauma.1-3 These are generally divided into 
events that directly injure the lung (e.g., pneumonia) or 
those that indirectly injury the lung (e.g., pancreatitis).1,4,5 
Although the method of injury varies, there is a complex 
and interrelated series of physiologic responses that follow 
a common pathway to underpin this disease. Inflamma-
tory mediators5 and direct injury to the alveolar capillary 
unit lead to increased vascular permeability and protein-
rich pulmonary edema, the central finding of ARDS.1,3,6

PATHOPHYSIOLOGIC CHANGES

Inflammatory Injury

The role of the neutrophil is essential in the pathogenesis 
of ARDS. The centrality of neutrophils in the pathogenesis 
of ARDS is suggested in multiple ways. Biopsy and bron-
choalveolar lavage (BAL) fluid studies show a significant 
increase in the volume of neutrophils, and labeled neutro-
phils transfused into an ARDS patient show a predilection 
for the lung.6,7 The mechanism for neutrophil sequestra-
tion in the lung is subject to debate. Only limited evidence 
supports a significant role for interaction between the 
neutrophil and the endothelium that is mediated by cell 
surface adhesion molecules.8 An alternative theory holds 
that neutrophil deformability is central. Under normal cir-
cumstances, the neutrophil must change shape to transit 
the pulmonary capillaries and exit the lung vasculature. 
In ARDS the local inflammatory milieu stiffens the neutro-
phil, leaving it unable to pass through the vasculature. This 
physical structural change is thought to be the primary 
cause of sequestration.8

In addition to neutrophil sequestration and inflamma-
tory mediator release in the lung during ARDS, there is 
evidence that activity is effectively prolonged in ARDS. 
Normally, the effect of neutrophils is limited by apoptosis. 
In ARDS, however, BAL fluid studies have demonstrated 

decreased apoptosis.9,10 Further, BAL fluid from ARDS 
patients can actually inhibit neutrophil apoptosis ex vivo.9

The neutrophil acts on both the epithelium and the 
endothelium, creating a vicious inflammatory cycle. After 
either direct injury to the lung or systemic inflammation, 
neutrophils in the pulmonary capillaries are activated.11 
The cells then release proteases, various cytokines, and 
reactive oxygen species that are cytotoxic. The resultant 
endothelial damage leads to the breakdown in the capillary 
wall, allowing adherent platelets to interact directly with 
neutrophils,11-13 further exacerbating cytokine release14 and 
recruiting additional neutrophils, thus initiating inflamma-
tory lung injury.11 Furthermore, platelet activation leads to 
release of additional inflammatory cytokines and promotes 
fibrin formation.5

It is important to note, however, that while neutrophils 
play a significant role in ARDS, they are not necessarily 
essential.15 The inflammatory cycle of ARDS is complex, 
with multiple interrelated signalers. Among the hallmarks 
of ARDS is an early increase in the appearance of imma-
ture alveolar macrophages whose influx, in turn, correlates 
with the severity of ARDS.16 Stressed fibroblasts, epithelial 
cells, endothelial cells, and local inflammatory cells release 
an array of inflammatory products.17 Both direct and indi-
rect insults to the lung lead monocytes and macrophages to 
produce tumor necrosis factor α (TNF-α) and interleukin-1 
(IL-1) (75).6 These cytokines act locally and lead to produc-
tion of IL-8. This leads to both neutrophil recruitment and 
propagation of a local inflammatory environment.18 In 
addition, stressed macrophages, as well as endothelial and 
epithelial cells, release reactive oxygen and nitrogen spe-
cies that can directly injure lung tissue. Another precipi-
tant in the cycle of inflammation is the coagulation cascade. 
In ARDS, activation of this process is enhanced, while the 
fibrinolytic cascade is downregulated.19-21 As a result, an 
intravascular clot forms, precipitating microthrombosis.6 
Both thrombin and fibrin production independently lead 
to further exacerbation of the neutrophil-mediated inflam-
matory cascade.22

29
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Alveolar-Capillary Barrier Dysfunction

Injury to both the alveolar epithelium and the capillary 
endothelium are necessary in ARDS.6,11 The result is dys-
function in the alveolar-capillary barrier, leading to move-
ment of intravascular proteins into the alveolar space. This 
“leakage” is the defining pathophysiologic feature of ARDS.

The alveolar-capillary membrane has the essential role 
of regulating the volume and movement of proteins and 
fluid into and out of the alveolar space and thus maintain-
ing surface area for gas transport. Individual type I pul-
monary epithelial cells are connected by tight junctions 
and form a barrier that opposes the movement of proteins 
into the alveolus. These cells have a characteristic NA,K-
ATPase (sodium-potassium adenosine triphosphatase) 
transporter on their basolateral surface that removes fluid 
from the alveolus.23 The inflammatory mediators released 
by neutrophils11 damage endothelial cells, disrupt tight 
junctions, and accelerate apoptosis of both type 1 and type 
2 pneumocytes.11,24 Reactive oxygen species and elastases 
are expressed, leading to the formation of paracellular gaps 
that further impair already tenuous epithelial membranes.25 
In experimental models, these gaps form within minutes to 
hours of the initiating insult.6 The damage allows protein-
rich fluid to enter the alveolar space.26 The destruction of 
types 1 and 2 pneumocytes occurs through both apoptosis 
and necrosis.23 The loss of the Na,K-ATPase on type 1 cells, 
as well as a reduction in surfactant production by type 2 
cells, contributes to the progressive damage.11

Experimentally, BAL fluid from ARDS patients induces 
apoptosis in cultured epithelial cells.23 In addition, radio-
tracer studies show an increase in the flux of protein across 
the capillary6 and in the protein concentration within the 
alveolar space.27

Other inflammatory mediators also damage the alve-
olar-capillary membrane. Production of reactive oxygen 
species leads to fatty acid damage on the endothelial and 
epithelial wall, leading to increased permeability edema.7,28

Permeability Pulmonary Edema

Movement of fluid into and out of the alveolus is primarily 
determined by Starling’s law. In essence, the net movement 
of fluid through a semipermeable membrane is dependent 
on hydrostatic pressure, colloid osmotic pressure (COP), 
and the permeability of the membrane.29,30

The capillary endothelium is relatively permeable, 
allowing protein-rich fluid into the interstitium under 
physiologic conditions. The density of fluid in the inter-
stitium, however, is only two thirds of that normally con-
tained in the capillary. This high COP favors movement of 
fluid out of the interstitium and into the capillary, an essen-
tial mechanism to protect against the pulmonary edema.

Alveolar epithelium, on the other hand, is impermeable 
to large molecules. Type 1 pneumocytes, which compose 
90% of the cells of the epithelium, facilitate gas exchange 
and are sensitive to damage.6 They are interconnected via 
tight junctions that support this impermeable membrane.31 
When fluid does enter the alveolar space, it is removed 
with a basolateral Na,K-ATPase–dependent pump on the 
surface of pneumocytes. An osmotic gradient is created, 
and water flows into the interstitium.11

In ARDS, COP is diminished by the increased permeabil-
ity of the endothelium, allowing egress of plasma proteins 
from the capillary to the interstitium. The effect of this dimi-
nution in COP is dramatic: a 50% decrease in COP increases 
lymphatic fluid removal fourfold.32 In addition, for any given 
hydrostatic pressure gradient change, a similar decrease in 
COP leads to a doubling in fluid flux away from the capil-
lary.29 Even with increased permeability of the endothelial 
membrane, this decreased gradient is central to initiating 
and maintaining permeability pulmonary edema.29,32,33 This 
state is exacerbated by the low oncotic pressure common 
to the critically ill.29,33,34 Experimentally, pulmonary edema 
is found to develop more rapidly in low protein states and 
becomes especially pronounced with administration of crys-
talloid.32 Under normal conditions, the pulmonary lymphat-
ics drain fluid from the interstitium via the right lymphatic 
duct, preventing the development of pulmonary edema.30 In 
ARDS, the lymphatic flow can increase tenfold but may still 
remove only 25% of the edema fluid.29

The combination of increased permeability and diminu-
tion of the protective clearance mechanisms may lead to 
overwhelming permeability pulmonary edema. At the same 
time, the ability of the lung to remove this fluid is ham-
pered. When the removal mechanisms of the lung are over-
whelmed, clinically apparent pulmonary edema develops.

Iatrogenic Injury

In ARDS, positive pressure ventilation is almost universally 
employed. Although lifesaving and necessary, this form of 
support both worsens preexisting lung injury and creates 
new injury in healthy lungs.35 The mechanism of injury, in 
the end, is very similar to the inflammatory cascade induced 
by any other form of damage causing ARDS.36 During 
ARDS, lung aeration is heterogeneous. Some alveoli are 
collapsed and do not participate in air exchange, whereas 
other segments are patent and receive more volume than 
intended.35 This dichotomy allows multiple mechanisms of 
lung injury to occur with mechanical ventilation.

Volutrauma is damage caused by ventilation with large 
tidal volumes that may induce pulmonary edema and 
hypoxia via alveolar rupture.35 Several experiments sug-
gest that it is the volume, which was initially thought to 
be an effect of pressure, and not the pressure that causes 
these changes.37 Atelectrauma is an effect of ventilating at 
low lung volumes or insufficient end expiratory pressure 
and is caused by the repeated opening of collapsed alveoli. 
Pathologically, this process leads to epithelial sloughing, 
hyaline membrane formation, and pulmonary edema.35 
Atelectrauma causes further diminution in surfactant38,39 
and creates regional hypoxia.35 This effect is magnified by 
the regional differences in alveolar collapse.35

Both volutrauma and atelectrauma cause biotrauma, the 
release of inflammatory mediators. Implicated mediators 
include neutrophils, IL-6 and IL-8, and TNF.35,40 In addition, 
the damage to the epithelial wall by the aforementioned 
mechanical forces may lead to bacterial translocation41 into 
the capillary space and from there into the circulation.42 It 
was once thought that translocation was an important pre-
cipitant of systemic inflammation and the multiple organ 
dysfunction syndrome,40 but this theory is evoked only 
rarely in current discussions of pathophysiology.
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PATHOPHYSIOLOGIC CONSEQUENCES

Clinically, ARDS manifests as refractory hypoxia, difficulty 
in ventilation caused by pulmonary hypertension (PH), 
and a significant reduction in pulmonary compliance.

Ventilation-Perfusion Mismatch and Shunt

Hypoxemia results from several important physiologic 
derangements: ventilation-perfusion (V̇/Q̇) mismatch caus-
ing shunt and decreased diffusion of gas across the alveolar 
membrane. V̇/Q̇ mismatch occurs because of the deposi-
tion of fibrous tissue and the development of infiltrate in 
the alveolus (discussed later in the pathology section), 
pulmonary edema, and significant regional atelectasis.43 
Atelectasis is in part due to the destruction of surfactant-
producing type 2 pneumocytes in the alveolar epithelium 
and atelectotrauma.11,38,39 Surfactant is responsible for 
decreasing surface tension of the alveoli, thus contributing 
to patent alveoli. BAL studies show that the composition of 
surfactant changes early in ARDS, contributing to increased 
surface tension and atelectasis. Evidence implicates the 
destruction of type 2 pneumocytes, decreased biosynthesis 
of surfactant and surfactant proteins by injured but intact 
type 2 cells, and flooding of the alveoli with protein-rich 
edema fluid. Atelectasis leads to a decrease in compliance, 
increased hypoxia, and edema that further impairs the abil-
ity of type 2 pneumocytes to produce functional surfac-
tant44 and increases the shunt fraction.45

Decreased diffusion develops because of a widened 
alveolar septum, widened alveolar epithelium, and as a 
consequence, increased distance between the alveolar and 
the epithelial membranes.43

Decreased Compliance

The alveolar capillary injury with rampant acute inflamma-
tion and accumulation of proteinaceous edema fluid in the 
alveolar spaces results in very stiff, noncompliant lungs. In 
the early stages of ARDS, pulmonary edema also contrib-
utes. As the syndrome progresses, however, fibrosis devel-
ops, and compliance may decrease even in the absence of 
pulmonary edema or active inflammation.43 Fibrosis will 
be discussed more fully later.

Dead Space/Pulmonary Hypertension

The development of PH is common in ARDS and contrib-
utes to pulmonary insufficiency by increasing dead space 
ventilation and hypercarbia.43 In the era preceding lung 
protective ventilation, 61% of ARDS patients had evidence 
of cor pulmonale by transthoracic echocardiography,46 and 
nearly all patients had elevated pulmonary artery pres-
sures by pulmonary artery catheter measurement.47

Early on in ARDS, PH develops due to hypoxic pulmo-
nary vasoconstriction, VTE, and edema.43,47 Edema con-
tributes to PH by compressing vessels, thus increasing 
resistance.47 Local production of vasoconstrictors, such as 
endothelin-1 and thromboxane a2, has also been impli-
cated.47,48 ARDS also leads to subacute arterial, venous, and 
lymphatic remodeling, with intima being replaced by colla-
gen and fibrin. This process decreases the cross section of the 
lumen and contributes to PH.47 As ARDS progresses, fibrous 

replacement of the microcirculation is seen, and increased 
muscularization of arterioles develops. As a result, PH wors-
ens and pathologic changes become more pronounced. In 
addition, both microthrombi and macrothrombi are common 
during ARDS and have been reported to be present in 95% 
and 86%, respectively, of autopsy specimens.43 It is unclear if 
these thrombi result from local coagulation abnormalities or 
embolic phenomena. Regardless, they lead to further vascu-
lar remodeling and worsening PH.43,47

The resulting PH causes right ventricular dysfunction 
and thus reduced cardiac output (CO). The development of 
cor pulmonale and decreased CO leads to end organ hypo-
perfusion and further hypoxia.47

PATHOLOGIC CHANGES

The classic pathologic characteristic of clinical ARDS is diffuse 
alveolar damage (DAD).43,49 Three phases of evolution have 
been described: exudative, organizing, and fibrotic.43,49 These 
stages are nearly universal and occur independent of the 
inciting cause of lung injury.43 Although these changes occur 
sequentially, there is significant overlap between phases.50 In 
fact, multiple stages can be seen in the same biopsy specimen, 
and although the stages are unique, the timing or progression 
between phases is not clinically predictable.51 Thus, although 
these stages provide a useful pathologic construct, they do not 
represent clinical evolution.

In the exudative phase, the pathologic changes tend to 
be uniform.49 The predominant finding is a hyaline mem-
brane lining the alveolar surface. Hyaline membranes 
consist of cellular debris from destruction of type 1 pneu-
mocytes,51 plasma proteins, and surfactant.

During the exudative phase, inflammatory cell involve-
ment reflects the accumulation and activation of lympho-
cytes, plasma cells, and macrophages.50 Microthrombi, 
found throughout the evolution of DAD, first appear in the 
exudative phase.49 The alveolar septa are thickened by pro-
tein-rich edema, and fibroblast/myofibroblast formation 
begins. Early in this phase, a significant loss of the epithe-
lial coverage of much of the alveolar basement membrane 
contributes to hypoxia. Toward the end of this phase, epi-
thelial regeneration is seen, with cell hyperplasia, atypia, 
and mitosis that can be mistaken for malignancy on open 
biopsy and BAL (Fig. 29-1, A).52-54

In the organizing stage (Fig. 29-1, B), granulation tissue 
begins to form in the alveolar space. During this time, the 
intra-alveolar and interstitial exudates begin to organize.43 
The hyaline membrane starts to disappear and is incorpo-
rated into the alveolar septum.43,49,50 The defining feature of 
this stage is the evolution of organized granulation tissue, 
an attempt at repair. Fibroblasts and myofibroblasts migrate 
via breaks in the alveolar basement membrane, forming 
granulation tissue in the alveolar space. Type 2 pneumo-
cytes proliferate and follow, transforming this intra-alveolar 
granulation tissue into septal granulation tissue. This pro-
cess, the beginning of the reparative process, is termed fibro-
sis by accretion.43,49 The end result is dense septal deposits of 
granulation tissue, leading to the fibrosis seen on imaging, 
along with dilated alveoli and alveolar ducts. During this 
period, there is hyperplasia of type 2 pneumocytes, as well 
as cytologic changes, which again can easily be mistaken for 
malignancy.43,49,55 In nearly all samples, thrombi are seen on 
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gross examination and microscopically.49 Although some 
cases of DAD go on to histologic recovery at this stage, in 
many, more extensive damage occurs.50

The final stage in the evolution of DAD is the fibrotic 
stage. It is generally seen only after several weeks of syn-
drome progression and mechanical ventilation.43 Sub-
stantial fibrosis has occurred at this point as the dense 
granulation tissue seen in the organizing stage has been 
transformed into collagen. Fibrosis is relatively uniform, 
although with varying degrees of honeycombing.49

Although about two thirds of ARDS patients have DAD 
on biopsy, other patterns are common.56 Abnormalities 
include acute fibrinous and/or organizing pneumonia, in 
which the alveolar space is filled with fibrin instead of the 
classic hyaline membrane, eosinophilic pneumonia, and 
diffuse alveolar hemorrhage.50
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AUTHORS’ RECOMMENDATIONS

 •  The inflammatory cycle of ARDS is complex, with multiple interre-
lated signalers that include neutrophils, macrophages, fibroblasts, 
epithelial cells, endothelial cells, and local inflammatory cells.

 •  These release an array of inflammatory products of which 
TNF-α, IL-1, and IL-8 are the most important.

 •  There is activation of coagulation, with microvascular thrombo-
sis that results in further inflammation.

 •  The alveolar capillary interface breaks down, and protein rich 
exudate enters the interstitium and alveolar space. There is 
overwhelming permeability pulmonary edema whose clear-
ance is hampered by reduced lymphatic clearance.

 •  Profound hypoxemia results in pulmonary hypertension, right 
ventricular dysfunction, and reduced cardiac output.

 •  The classic pathologic characteristic of clinical ARDS is diffuse 
alveolar damage (DAD).

 •  Three phases of evolution have been described: exudative, 
organizing, and fibrotic.  
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What Is the Best Mechanical 
Ventilation Strategy in ARDS?

Margaret Doherty, Andrew C. Steel, Niall D. Ferguson

The term acute respiratory distress syndrome (ARDS) 
describes acute inflammatory lung injury caused by a wide 
variety of insults, resulting in severe hypoxemic respira-
tory failure. ARDS has been recognized as a clinical entity 
in adults for 50 years1 and affects more than 100,000 adults 
in the United States each year.2 Reported mortality rates in  
observational studies persist at between 30% and 60%—
depending on severity of illness and organ function. In 
survivors, long-term disability is a major problem.3,4 Data 
accumulated since the early 1990s have confirmed that a 
careful approach to mechanical ventilation can signifi-
cantly improve outcomes and shorten the duration of ill-
ness. This chapter reviews current mechanical ventilation 
strategies and proven supportive interventions in ARDS.

STRATEGIES FOR THE MANAGEMENT  
OF ARDS

Although ARDS arises from a wide variety of injuries and 
differing pathophysiology, mechanical ventilation is usu-
ally required to sustain life. Poor application of mechanical 
ventilation may worsen lung injury and increase mortal-
ity. There is no specific therapy for ARDS beyond treating 
the underlying disease process (e.g., infection) and sup-
portive care. Therefore the focus of respiratory support by 
mechanical ventilation in patients with ARDS is to provide 
acceptable gas exchange while simultaneously minimizing 
further injury to the lung.

VENTILATOR-INDUCED LUNG INJURY

Until the 1990s mechanical ventilation (MV) strategy 
involved the use of relatively high tidal volumes (to reduce 
atelectasis) in the range of 10 to 15 mL per kilogram of 
body weight, which was usually estimated. Depending on 
local preference this could be delivered by volume assist-
control, synchronized intermittent mechanical ventilation, 
or pressure assist-control. The application of positive end-
expiratory pressure (PEEP) was variable, and there were 
periods where both high and low levels of PEEP were fash-
ionable. MV as a therapy targeted normalized blood gases. 

An end-inspiratory airway pressure of less than 50 cm H2O 
was considered acceptable in the absence of pneumothorax 
or surgical emphysema.23

In the 1970s, Webb and Tierney published data demon-
strating that high peak inflation pressures severely damaged 
the lung in rats, revealing the existence of ventilator-induced 
lung injury (VILI), a process that could be attenuated by judi-
cious use of PEEP.24 In the 1980s computed tomography (CT) 
showed that consolidation in lungs affected by ARDS was 
not as uniform as suggested by the plain radiograph,25 and 
that a multilayered topography of pathology was present 
(Fig. 30-1). Effectively the lung is divided into three zones: a 
nonrecruitable zone, in the bases, an injured but recruitable 
midzone, and a spared though potentially overdistended 
zone in the apices. In the acutely injured lung, less than 50% 
of the lung may contribute to gas exchange. The anterior 
apical segments of the lungs are relatively disease free and, 
being more compliant, are vulnerable to stretch injury. These 
observations led to the description of the “baby lung” as a 
functional entity.26 The concept conveniently illustrates that 
healthy regions of lung parenchyma bear more stress and 
strain than the collapsed and consolidated regions. Repeated 
overdistension of this smaller and vulnerable lung tissue 
during tidal ventilation results in VILI. Key developments in 
the field of ARDS ventilation are summarized in Table 30-1.

Modern mechanical ventilation strategy is as focused 
to preventing VILI as it is to normalization of blood gases. 
This involves the following:
 •  Lung protection: Ventilation with low tidal volume (Vt) 

and low airway plateau pressure (Pplat; surrogate of al-
veolar pressure), using “permissive hypercapnia” where 
necessary.

 •  Lung recruitment: The use of appropriate levels of end-
expiratory pressures (PEEP) to recruit collapsed alveo-
lar units and avoid further injury to the lung associated 
with high alveolar volume swings (volutrauma) and 
shearing injury associated with recurrent opening and 
closing of collapsed lung units (atelectrauma). This gen-
eral concept is known as the “open lung” approach to 
mechanical ventilation. Application of very high levels 
of PEEP for short periods of time has been proposed as 
a method for achieving further recruitment (recruitment 
maneuvers [RMs]).

30
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“LOW STRETCH” APPROACH

Mechanical ventilation with tidal volumes restricted to  
6 mL/kg predicted body weight, resulting in limited trans-
pulmonary pressure, is associated with a decrease in mor-
tality compared with higher tidal volumes and airway 
pressures.

Clinical research studies conducted in the mid-1990s 
into VILI by Brochard et al.,9 Stewart et al.,10 and Brower 
et al.11 were underpowered, suffered design flaws, and 
failed to deliver anticipated outcome benefits for low 
stretch strategies. In an “open lung” study, Amato12 did, 
however, demonstrate staggering outcome benefits (mor-
tality rate 30% intervention group compared with 71% con-
ventional group, P < .001), albeit with higher than expected 
mortality in the control group. The NIH/ARDSnet ARMA 
trial, published in 2000, eventually resolved the issue. The 
study overcame the problems of the previous trials by 
comparing patients who received tidal volumes of 6 mL/
kg and plateau pressures (Pplat) less than 30 cm H2O with 
12 mL/kg and Pplat <50 cm H2O.13 Patients received vol-
ume assist-control ventilation, and oxygen therapy and 
PEEP were adjusted with a stepped protocol. Tidal volume 
was based on predicted (derived from height), rather than 
actual, body weight.

The intervention group had a mortality rate of 31%, 
compared with 39.8% in the high tidal volume group, abso-
lute risk reduction (ARR) 8.8%, number needed to treat 
(NNT) 11 (P < .05). Volumes could be adjusted between 4 
and 8 mL/kg to maintain the plateau pressure below 30 cm 
H2O, and hypercapnia could ensue, although a pH above 
7.30 was targeted. A number of issues remain unresolved 
from this study, in particular: (1) As minute ventilation was 
the same in each group, did the patients in the intervention 
group have more auto-PEEP as a consequence of a more 
rapid respiratory rate? (2) Is there a difference between 6 
and 8 mL/kg if the Pplat is <30 cm H2O?

Table 30-2 summarizes the data from the original low 
stretch studies. Although many studies have been per-
formed subsequently, the ARMA trial remains the only 
large multicenter randomized controlled trial that has 
demonstrated a mortality benefit from a specific mechani-
cal ventilator maneuver in ARDS.13

In conclusion, the current standard for mechanical ven-
tilation care for most patients with ARDS involves setting 
tidal volumes at <6 mL/kg and plateau pressure below  
30 cm H2O.

OPEN LUNG APPROACH

Four mechanisms have been proposed to explain the ben-
eficial effect of PEEP in the injured lung: (1) increased end-
expiratory lung volume, thereby improving gas exchange; 
(2) redistribution of alveolar lung water; (3) improved venti-
lation-perfusion matching; and (4) stabilization of recruited 
lung. The use of PEEP is also thought to be protective in 
preventing the cyclical collapse of alveoli with tidal ven-
tilation, splinting open alveoli throughout the respiratory 
cycle and avoiding atelectrauma. Although there is general 
agreement among experts that some amount of PEEP is 
beneficial, an assertion supported by observational data,14 

Table 30-1 Key Research Landmarks in Acute 
Respiratory Distress Syndrome

Study Key Development

Ashbaugh et al. 
(1967)1

The “original description” of ARDS sug-
gesting a common pathway of lung injury 
irrespective of the initial injury.

Webb and Tierney 
(1974)6

An animal study illustrating the relation-
ship among inflation pressure, PEEP, lung 
histology, and gas exchange. Confirmed the 
existence of ventilator-induced lung injury.

Gattinoni et al. 
(1987)7

The use of CT scanning in ARDS patients 
showed the heterogenicity of the lung 
injury.

Dreyfuss et al. 
(1988)40

Illustrated that inflation volume in mechani-
cal ventilation may cause greater damage 
than airway pressure in itself.

Hickling et al. 
(1990)47

Advocated adopting pressure-limited ventila-
tion and permissive hypercapnia strategies 
in ARDS management.

Bernard et al. 
(1994)14

American European consensus conference on 
ARDS. Publication of the current definition 
of ARDS and ALI.

Tremblay et al. 
(1997)38

Introduction of the concept of biotrauma: 
High tidal volume ventilation without 
PEEP releases proinflammatory cytokines 
from lung tissue.

Amato et al. 
(1998)12

Small RCT showing a decrease in mortality 
associated with low tidal volume ventila-
tion and PEEP.

NIH/ARDSnet 
(2000)13

Large trial confirming reduced mortality in 
ARDS patients ventilated with low tidal 
volumes. It concluded the debate raised by 
earlier conflicting smaller trials.

ALI, acute lung injury; ARDS, acute respiratory distress syndrome; CT, com-
puted tomography; PEEP, positive end-expiration pressure; RCT, random-
ized controlled trial.

Figure 30-1. Computerized tomography scanning image of a patient 
with acute respiratory distress syndrome showing regional differences 
in lung parenchyma involvement.
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exactly what level of PEEP should be used has remained a 
contentious issue for decades.

Open lung studies by Amato et al.12 and Villar et al.15 
used the lower inflection point of the volume–pressure 
curve to estimate the critical opening pressure of the 
lung; this point was used to determine the best PEEP 
(Table 30-3). Although higher PEEP was administered in 
their study groups than in their controls (13.2 vs. 9.3 cm  
H2O, and 14.1 vs. 9.0 cm H2O, respectively), there was 
also significant variance in tidal volumes, and outcome 
benefits may have derived from low stretch rather than 
higher PEEP. Three large multicenter randomized con-
trolled trials (RCTs) addressed the question of high ver-
sus low PEEP in the setting of a low stretch ventilation 
strategy (Table 30-3).16-18 In both the ALVEOLI (Assess-
ment of Low Tidal Volume and Elevated End-Expiratory 
Volume to Obviate Lung Injury) trial16 and the Lung 
Open Ventilation Study (LOVS),17 PEEP was determined 
according to higher and lower PEEP-Fio2 (fraction of 
inspired oxygen) tables, whereas the ExPress trial com-
pared lower levels of PEEP (5 to 9 cm H2O) with higher 
levels set to achieve a plateau pressure of 28 cm H2O.18 In 
keeping with the original open-lung approach, the LOVS 
trial also used RMs.

The ALVEOLI and ExPress trials were stopped early 
because of a perceived low likelihood of achieving nomi-
nal statistical significance (futility). Outcomes in ALVE-
OLI were significantly better than expected, and it is likely 
that overrecruitment of patients with less severe ARDS (or 
atelectasis) may have resulted in an underpowered study. 
Although there were no mortality benefits reported, prin-
cipally because rescue therapy was used in refractory 
hypoxemia in LOVS and ExPress, secondary data—such 
as number of ventilator-free days and duration of hospital 
stay—favored the high PEEP approach. These data were 

subsequently systematically reviewed by Briel and col-
leagues,19 who showed that, among patients with “mod-
erate to severe ARDS,” higher PEEP was associated with 
a clinically and statistically significant reduction in mor-
tality (hazard ratio [95% confidence interval] of 0.85 [0.73 
to 99], P = .03). Rates of pneumothorax and vasopressor 
use were similar. Although the numbers were too small 
to achieve statistical significance, higher PEEP in patients 
without ARDS (n = 404) may have resulted in excess hos-
pital deaths.

A Cochrane Collaborative Systematic Review19a evalu-
ated seven studies that compared high versus low levels of 
PEEP (2565 patients). In five of the studies, in most patients 
(2417), high versus low PEEP levels were used with the 
same tidal volumes. Only three studies were considered 
suitable for meta-analysis. There was no difference in hos-
pital mortality outcomes (relative risk [RR] 0.9; confidence 
interval [CI], 0.81 to 1.01), barotrauma, or the number of 
ventilator-free days. Oxygenation was better in patients 
with higher levels of PEEP.

In conclusion, PEEP is an essential component of a 
mechanical ventilation strategy in ARDS. There is no 
widely accepted method of achieving optimal PEEP. Stud-
ies to date have used a Fio2-PEEP stepladder or the super-
syringe method to set PEEP. To date, no large randomized 
controlled trial that compared high versus low PEEP with 
a low stretch tidal volume approach has demonstrated 
improved outcomes. We recommend a conservative (low 
to moderate) PEEP strategy in ARDS.

LUNG RECRUITMENT MANEUVERS

An RM refers to the dynamic process of reopening col-
lapsed alveoli through an intentional transient increase 

Table 30-2 Overview of Study Design and Findings of Major Randomized Controlled Trials Involving 
Comparison of Mechanical Ventilation with Low versus High Tidal Volume in ARDS/ALI

Authors n Tidal Volume (mL/kg PBW) PEEP (cm H2O) Mortality (%) P Value

Amato et al. (1998)12

Conventional 24 12 8.7 ± 0.4 72 ––
Protective 29 <6 16.4 ± 0.4 38 <.001

Stewart et al. (1998)10

Conventional 60 10.7 ± 1.4 7.2 ± 3.3 47 ––
Protective 60 7.0 ± 0.7 8.6 ± 3.0 50 n.s.

Brochard et al. (1998)9

Conventional 58 10.3 ± 7.7 10.7 ± 2.3 38 ––
Protective 58 7.1 ± 1.3 10.7 ± 2.9 47 n.s.

Brower et al. (1999)11

Conventional 26 10.2 ± 0.1 –– 46 ––
Protective 26 7.3 ± 0.1 –– 50 n.s.

ARDS network (2000)13

Conventional 429 11.8 ± 0.8 8.6 ± 3.6 40 ––
Protective 432 6.2 ± 0.9 9.4 ± 3.6 31 0.007

ALI, acute lung injury; ARDS, acute respiratory distress syndrome; conventional study group receiving mechanical ventilation with higher tidal volume; protective, 
study group receiving mechanical ventilation with low tidal volume; n.s., differences not statistically significant; PEEP, positive end-expiratory pressure; PBW, 
predicted body weight.
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Table 30-3 Randomized Trials of Open Lung Strategies (No Confounding Interventions)

A. SUMMARY OF STUDY PATIENTS AND INTERVENTIONS

Study n Patients PEEP Mode RMs Pplat

ALVEOLI16 549 Pao2/Fio2<300

Open lung High (PEEP/Fio2 chart) AC No ≤30 cm H2O

Control low (PEEP/Fio2 chart) AC No ≤30 cm H2O

LOVS35 983 Pao2/Fio2<250

Open lung High (PEEP/Fio2 chart) PC Yes ≤40 cm H2O

Control low (PEEP/Fio2 chart) AC No ≤30 cm H2O

ExPress36 767 Pao2/Fio2<300

Open lung To keep Pplat 30 cm H2O AC No 28-32 cm H2O

Control 5-12 cm H2O AC No ≤32 cm H2O

B. SUMMARY OF METHODOLOGICAL FEATURES

Random Baseline SIMILARITY IN OTHER

Study Intentionization Stopped Differences Aspects of Care To Treat Early

ALVEOLI Central Age, by 5.5 years Vt 6 mL/kg PBW Yes Yes

Automated (Lower control group) Weaning

LOVS Central Age, by 2 years Vt 6 mL/kg PBW Yes No

Automated (Higher control group) Weaning

ExPress Central None Vt 6 mL/kg PBW Yes Yes

Automated Weaning

C. MORTALITY

Group Unadjusted RR Adjusted RR

Study Timing Rates (95% CI) (95% CI)

ALVEOLI

Open lung Hospital 27.5% 1.11 0.91

Control 24.9% (0.84-1.46) (0.69-1.20)

LOVS

Open lung Hospital 36.4% 0.90 0,97

Control 40.4% (0.77-1.05) (0.84-1.12)

EXPRESS

Open lung 28 days 27.8% 0.89 N/A

Control 31.2% (0.72-111)

AC, assist control; CI, cardiac index; Fio2, fraction of inspired oxygen; N/A, not applicable; Pao2, partial pressure of arterial oxygen; PBW, predicted body weight; 
PC, pressure control; PEEP, positive end-expiratory pressure; Pplat, plateau pressure; RM, recruitment maneuver; RR, relative risk; Vt, low tidal volume.

in transpulmonary pressure. This recruitment effect can 
be achieved through a variety of methods, the most com-
mon of which is probably the sustained inspiratory hold 
at 30 to 45 cm H2O for 30 to 40 seconds. An RM may also 
be performed with a stepwise increase in PEEP with low 
levels of controlled ventilation in a sedated and paralyzed 
patient. Decreasing PEEP in a titrated fashion can main-
tain lung opening and identify the point of derecruitment 

by the change in compliance or oxygenation. RMs appear 
to improve oxygenation at least in the short term in most 
patients and are regarded as an essential part of rescue 
strategies for refractory hypoxemia. However the optimal 
pressure, duration, and frequency of such RMs are yet to be 
determined.20-22 It is important to note that adverse events 
such as transient hypotension, barotrauma, and dysrrhyth-
mia are well described, and care should be taken in patients 
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with unilateral lung injury.27 A Cochrane Systematic Review, 
in 200926 showed no difference in outcomes, either positive 
or negative, associated with RMs.

No clinical trial has demonstrated that routine use of 
RMs, independent of mechanical ventilation strategy, 
improves outcomes. However, in specific patients, whose 
lungs may derecruit after, for example, ventilator discon-
nection, airway plugging, and coughing, RMs improve 
oxygenation and ventilation.28-30 Indeed, in moderate to 
severe ARDS meta-analysis has suggested a reduction in 
hospital mortality of 6% in patients who received routine 
RMs.29 There are currently no data that RMs reduce the 
duration of mechanical ventilation, length of stay, or rate 
of barotrauma. A number of trials are currently under-
way that may resolve the issue of the use of RMs. The 
PHARLAP (Permissive Hypercapnia, Alveolar Recruit-
ment and Limited Airway Pressure) trial has published a 
pilot study of its first 20 patients.31 This study combines 
an open lung strategy with staircase recruitment maneu-
vers. PEEP is adjusted to a maximum of 40 cm H2O dur-
ing pressure-controlled ventilation. After recruitment, 
PEEP is slowly lowered by 2.5 cm H2O decrements from  
25 cm H2O. This decreasing PEEP trial is performed to 
determine optimal PEEP—with the derecruitment point 
being identified by the surrogate: a decrease of SpO2 (oxy-
gen saturation by pulse oximetry). The lung is then rere-
cruited with a pressure of 40 cm H2O, and the PEEP is set 
at the identified optimum. Hypercapnia is tolerated to a 
pH of 7.15. This pilot study has demonstrated a reduction 
in the amount of systemic cytokines and an increase in 
lung compliance using this strategy. A larger phase 2 trial 
is now underway (http://clinicaltrials.gov/ct2/show/ 
NCT01667146).

Another trial in progress is the ART trial, which also uses 
a method of stepwise alveolar recruitment.32 The maxi-
mum target PEEP is 40 cm H2O and maximum peak airway 
pressure is 60 cm H2O. The optimal PEEP is determined 
by static compliance measurement during decreasing PEEP 
titration. The control arm is managed with the protective 
ventilation strategy and PEEP table of the original ARDS 
Network trial.13 Preliminary findings report that the strat-
egy is feasible, and both groups have similar adverse event 
profiles. The results of these studies may determine the use 
of ARM in the future and influence the way we determine 
PEEP settings.

In conclusion, the routine use of RMs is not supported 
by clinical evidence. RMs should only be used in situations 
of potentially catastrophic hypoxemia.

PRESSURE VERSUS VOLUME-CONTROLLED 
VENTILATION IN ARDS

To date, most multicenter trials that have addressed 
mechanical ventilation strategies in ARDS have used 
volume-controlled (though pressure limited) ventilation 
(VCV). Outside of randomized trials, many centers use 
pressure-controlled ventilation (PCV) or one of its off-
shoots, such as bilevel CPAP (continuous positive airway 
pressure) (with or without spontaneous breathing), inverse 
ratio ventilation, or pressure-regulated volume control.30,31 
The choice of mechanical ventilation mode is physician 

dependent, and the literature offers us little guidance as  
to which mode, if any, is superior. It is known that lower 
driving pressures (ΔP) are associated with better out-
comes in ARDS; the onus on the clinician, using pressure 
control, is to reduce the ΔP as compliance improves.32 
This is not required in VCV. A 2015 Cochrane collabora-
tion systematic review33 of VCV versus PCV included only 
three RCTs that included a total of 1089 patients.33 Data 
on barotrauma and mortality were included. One study 
looked at 28-day mortality, and there was no evidence any 
specific ventilatory mode reduced mortality at 28 days  
(RR, 0.88; 95% CI, 0.73 to 1.06; 983 participants; moderate-
quality evidence). With regard to in hospital mortality, the 
RR with PCV compared with VCV was 0.83 (95% CI, 0.67  
to 1.02; not significant). Where intensive care unit (ICU) 
mortality was reported (two trials, 1062 patients), the RR 
with PCV compared with VCV was 0.84 (95% CI, 0.71 to 
0.99; not significant).

It is unlikely that a difference exists in outcomes between 
PCV and VCV. It is essential that clinicians understand that 
a low stretch mechanical ventilation strategy involves both 
volume and pressure limitations. Volume-limited modes 
risk excessive plateau pressure; pressure-limited modes 
risk excessive tidal volumes. It is likely that rigorous atten-
tion to detail is more important than the mode of ventilation 
used. For example, two trials, conducted principally in the 
United Kingdom more than a decade after the publication 
of the ARDSNet ARMA trial, revealed baseline tidal vol-
umes of >8 mL/kg in both treatment groups.34,36 Failure to 
adhere to tidal volume targets appears to be endemic, even 
in the best academic medical centers. A prospective cohort 
trial of 520 patients with acute hypoxic respiratory failure 
at 12 ICUs in four University Medical Centers in Baltimore, 
between 2004 and 2007, evaluated mechanical ventilation 
strategy twice daily during the acute phase and followed 
up patients for 2 years .35 In total, 485 patients contributed 
data. Of these patients, 311 (64%) died within 2 years. After 
several adjustments were made, each additional ventilator 
setting adherent to lung protective ventilation was associ-
ated with a 3% decrease in the risk of mortality over 2 years 
(hazard ratio, 0.97, 95% confidence interval, 0.95 to 0.99, 
P = .002). Thirty-seven percent of patients never received 
low tidal volume ventilation. Compared with these non-
adherent patients, the estimated absolute risk reduction 
in 2 year mortality for a prototypical patient with 50% 
adherence to lung protective ventilation was 4.0% (0.8% to 
7.2%; P = .012) and with 100% adherence was 7.8% (1.6% to 
14.0%; P = .011).

In conclusion there are no published data to support the 
superiority of VCV over PCV or vice versa. Noncompli-
ance with tidal volume standards is alarmingly common 
and arguably more likely with PCV.

HIGH FREQUENCY VENTILATION

High frequency ventilation is defined as mechanical ven-
tilation with higher than normal breathing frequencies: in 
practice, between 100 and 600 breaths per minute. There 
are two types of high frequency ventilators used in clinical 
practice: jet ventilators, used in airway surgery, and oscil-
lators, used in ICUs.

http://clinicaltrials.gov/ct2/show/NCT01667146
http://clinicaltrials.gov/ct2/show/NCT01667146
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There has been considerable interest in the past 15 years 
in the use of high frequency oscillation ventilation (HFOV) 
in the management of ARDS, as part of the open lung 
approach. HFOV is unique in mechanical ventilation in that 
expiration and inspiration are active, as an oscillating dia-
phragm produces a sinusoidal airflow from a continuous 
pressurized circuit. Tidal volumes generated with HFOV 
are typically 1 to 2 mL/kg and are delivered at rates of  
3 to 15 Hz (180 to 900 breaths per minute).37 Theoretically, 
HFOV is ideal for lung protection as incremental alveo-
lar stretch during inspiration is minimal, and clinicians 
can set the mean airway pressure on HFOV significantly 
higher than they are able to set PEEP on conventional ven-
tilation. Hypothetically, this can minimize cyclical collapse 
(atelectrauma), while simultaneously avoiding very high 
inspiratory pressures (barotrauma) and lung stretch (volu-
trauma). HFOV represents full vital capacity mechanical 
ventilation—on the expiratory limb of the volume-pressure 
curve. Once HFOV is commenced, ventilation-perfusion 
mismatch and shunt typically improve. One would expect 
that these apparent advantages would facilitate ventilation 
within the “safe window” of lung protection.

On the basis of impressive anecdotal reports and posi-
tive outcomes in neonates, HFOV became widely used in 
the 2000s, when it was used principally as rescue therapy 
in severe ARDS. Two small RCTs appeared to demonstrate 
the safety of HFOV but were underpowered to detect out-
come differences.25,38

Two major multicenter trials investigating the role of 
HFOV in moderate to severe ARDS have now been pub-
lished. The OSCILLATE trial, an international study led 
by members of the Canadian Critical Care Trials Group,39 
studied the use of HFOV in early, moderate to severe ARDS 
Pao2/Fio2 ratio ≤200 mm Hg) compared with conven-
tional, protective ventilation management. Patients were  
randomized to HFOV or pressure-controlled ventilation (at 
6 mL/kg, although volume control and pressure support 
could also be used). The HFOV patients received a recruit-
ment maneuver and then underwent HFOV at a mean air-
way pressure of 30 cm H2O, which was adjusted to keep 
the Pao2 (partial pressure of arterial oxygen) between 55 
and 80 mm Hg. The study was terminated early, follow-
ing interim analysis. Of the originally planned 1200 patient 
cohort, 548 patients were recruited. In-hospital mortality 
was 47% in the HFOV group versus 35% in the conven-
tional ventilation (CV)—an absolute risk increase of 12% 
(number needed to injure 8, P = .005). The 28 day mortality 
rate was 40% versus 29% (HFOV vs. CV) (RR, 1.41 [1.12 
to 1.79]; P = .004). Patients who received HFOV were more 
likely treated with neuromuscular blockade and vasopres-
sors and received higher doses of sedatives compared with 
controls. Of note, 12% of patients in the CV group were 
treated with HFOV.

The OSCAR study (n = 798) was conducted simultane-
ously in the United Kingdom,36 and involved a similar 
population of patients. Patients receiving HFOV in this 
study were started at a mean airway pressure 5 cm H2O 
above their baseline. Patients in the CV group were admin-
istered PCV at targeted tidal volumes of <6 mL/kg. The 
investigators reported a 30 day mortality rate of 41.7% in 
the HFOV group and 41.1% in the conventional ventilation 
group (P = .85 by the chi-square test). Mortality increased to 

48.4% (HFOV) and 48.4% (CV) (not significant) at first hos-
pital discharge. There did not appear to be any differences 
between the groups in terms of vasopressor support or 
fluid administration. Although equipoise may be apparent 
from these data, it is unclear whether the “conventional” 
group truly had a lung protective ventilator strategy (6 
mL/kg, Pplat<30 cm H2O) because baseline tidal volumes 
were >8 mL/kg in both groups and the plateau pressure in 
the CV group was the same on days 1 to 3. The PROSEVA 
trial,40 published subsequently, looked at conventional  
low stretch ventilation with or without prone positioning. 
The 28 day mortality was 16.0% in the prone group and 
32.8% in the conventional group (P < .001). The severity of 
illness and oxygenation index was comparable to the con-
trol group in the OSCAR trial, with substantially better out-
comes.

It is unclear why the HFOV trials failed. The relatively 
high mean airway pressures may have been associated 
with increased regional overdistension and VILI. Alterna-
tively, increased intrathoracic pressures may have resulted 
in hypotension, right ventricular dysfunction, fluid over-
load, hypoperfusion, and multiple organ dysfunction syn-
drome (MODS).

In the intermediate term, we cannot recommend the 
use of HFOV in early ARDS. Alternative strategies such as 
neuromuscular blockade41 and prone positioning40 should 
be used first. HFOV may have a role as a rescue therapy 
or as a bridge to extracorporeal membrane oxygenation 
(ECMO), but this is based on anecdote (improved oxygen-
ation), rather than evidence.

In conclusion, on the basis of current evidence, HFOV 
should not be used as a primary mechanical ventilation 
mode in ARDS, and its use as rescue therapy should be 
reserved until after proven strategies have been exhausted.

PRONE POSITIONING

Patient positioning, in addition to careful mechanical ven-
tilation, results in better outcomes in patients with severe 
ARDS. It has been observed that in a significant propor-
tion of patients with ARDS, ventilating in the prone posi-
tion can induce transient or sustained improvement in 
oxygenation by 20% to 30%. Prone positioning is attractive 
because it requires no special equipment—only a coordi-
nated ICU team. Initial multicentered trials involving more 
than a thousand patients with ARDS tested the hypoth-
esis that prone positioning for 610 or 8 hours9 per day for  
10 days would enhance survival. Both trials demonstrated 
that prone positioning significantly improved oxygen ten-
sion each day, but there was no difference in mortality at 
ICU days 10 and 28, or after 6 months. A 2006 meta-anal-
ysis suggested a survival benefit for prone positioning in 
patients with more severe lung injury.42 This prompted the 
PROSEVA investigators,40 in France, to undertake a mul-
ticenter trial of prone positioning for 16 hours per day in 
severely hypoxemic patients (PF ratio, 100 mm Hg ± 30). 
Patients received VCV with constant inspiratory flow, 
with tidal volume targeted at 6 mL per kilogram of pre-
dicted body weight and the PEEP level selected from a 
PEEP-Fio2 table. Members of the intervention group were 
turned prone, if tolerated, for 16 hours per day; on average  
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4 times in total. There was a substantial 28 day mortal-
ity benefit (16% vs. 33%; ARR, 17%; NNT, 6; P < .001) for 
patients undergoing this intervention. These data provide 
the lowest reported mortality rate at 28 days in ARDS. 
Patients in the prone group were less likely to receive res-
cue therapy with inhaled nitric oxide, required less oxygen 
and PEEP, and had lower airway pressures than patients 
kept supine. Proned patients were more likely to be suc-
cessfully extubated and had significantly fewer cardiac 
arrests, overall. These benefits likely resulted from reduced 
incidence of VILI.

In conclusion, prone positioning should be considered 
a “standard of care” in patients with severe (PF ratio of 
<150 mm Hg) ARDS. Currently no data exist to support 
prone positioning in patients with mild to moderate 
hypoxemia.

NEUROMUSCULAR BLOCKADE

Spontaneous ventilation in the early acute phase of ARDS 
may improve overall oxygenation but results in greater 
transpulmonary pressure and, potentially, higher end-
inspiratory lung volumes despite apparently “safe” levels 
of plateau pressure. Deep sedation and neuromuscular 
blockade, early in ARDS, ensure tighter control of tidal ven-
tilation and airway pressure. Papazian and colleagues,42 
demonstrated that early, short-term use of neuromuscular 
blockade in severe ARDS (PF ratio, <150 mm Hg) reduced 
adjusted 90-day mortality (hazard ratio for death at 90 days 
was 0.68; CI, 0.48 to 0.98; P = .04) and mechanical ventila-
tion days, without an associated increase in ICU-acquired 
weakness.43 These data were confirmed by a subsequent 
systematic review.58 In conclusion, in addition to a low 
stretch mechanical ventilation strategy, early and limited 
duration use of neuromuscular blockade may improve out-
comes in ARDS.

AIRWAY PRESSURE RELEASE 
VENTILATION IN ARDS

Airway pressure release ventilation (APRV) is a form of 
extreme inverse ratio ventilation that inverts the respira-
tory cycle such that the baseline airway pressure (high 
CPAP) is set at a high level: typically 25 to 40 cm H2O. A 
very short expiratory time (usually <0.8 seconds) is used 
to “release” pressure, tidally ventilate, and expel carbon 
dioxide. On modern mechanical ventilators, an active expi-
ratory “flutter” valve is used to facilitate spontaneous ven-
tilation, even at high lung volumes. Used in this manner, 
APRV is analogous to CPAP, albeit at a high pressure level, 
with occasional (6 to 8 per minute) pressure releases. APRV 
is widely used as a rescue therapy in ARDS,30,46 although 
its use is not supported by randomized controlled trials.

Mandatory breaths during mechanical ventilation 
preferentially ventilate the anterior apical segments of 
the lung, and this may lead to progressive derecruitment 
of the posterior dorsal segments. Spontaneous breath-
ing during APRV redistributes ventilation and aeration 
to dependent, usually well-perfused, juxtadiaphragmatic 
lung regions, resulting in improved arterial oxygenation.47 

Putensen and colleagues48 randomized 24 patients to 
receive APRV and PSV with equal airway pressure limits 
(Paw) (n = 12) or minute ventilation (VE) (n = 12). In both 
groups spontaneous breathing during APRV was asso-
ciated with increases (P < .05) in right ventricular end- 
diastolic volume, stroke volume, CI, Pao2, oxygen delivery 
(DO2), and mixed venous oxygen tension (PvO2) and 
with reductions (P < .05) in pulmonary vascular resistance 
and oxygen extraction. Subsequently, Putensen and col-
leagues49 studied 30 trauma patients who were random-
ized either to breathe spontaneously with APRV (APRV 
group) (n = 15) or to receive PCV for 72hours followed by 
weaning with APRV (PCV group) (n = 15). Absence of spon-
taneous breathing (PCV group) was induced with sufent-
anil and midazolam (Ramsay sedation score [RSS] of 5) and 
neuromuscular blockade. Primary use of APRV was asso-
ciated with increased (P < .05) respiratory system compli-
ance, arterial oxygen tension (Pao2), CI, and DO2, and with 
reductions (P < .05) in right to left shunt venous admixture 
(QVA/QT), and oxygen extraction. Primary use of APRV 
was also associated with a shorter duration of ventilatory 
support, reduced sedation, and length of ICU stay.

Is APRV the optimal mode of mechanical ventilation 
in ARDS? It is important to stress that APRV has not been 
subjected to large scale randomized controlled investiga-
tion. Most of the clinical and experimental data have come 
from a single group in Germany. The scientific rationale for 
APRV is similar to that of HFOV, enthusiasm for which has 
cooled significantly since the OSCILLATE (Oscillation for 
ARDS Treated Early) trial.49 Similar to HFOV, oxygenation 
improves, sometimes spectacularly, with APRV, but no  
data exist that demonstrate a mortality benefit. End-inspi-
ratory lung volumes, when augmented with spontaneous 
breaths, cannot be measured or estimated. Release vol-
umes frequently exceed 6 mL/kg and, if expiratory times 
are too long, atelectrauma may be an issue. Many of the 
potential benefits of APRV with spontaneous ventilation 
can be achieved with prone positioning, at lower mean air-
way pressures, with compelling outcome data.40 Moreover, 
spontaneous breathing, in early ARDS, is not currently 
recommended, on the basis of the data from the ACURY-
SYS study.41 It is unclear whether any real benefit exists 
if a patient ventilated with APRV is given neuromuscular 
blockade. Sedation regimens have improved significantly 
since the late 1990s/early 2000s, when these studies were 
performed.

In conclusion, we would recommend against using 
APRV as primary mechanical ventilation strategy in ARDS 
until outcomes data become available. Like HFOV, APRV 
continues to have a role as rescue therapy (after prone posi-
tioning) or as a bridge to ECMO.

SUMMARY

Ventilatory strategies that minimize damage to the lung 
are essential for reducing the morbidity and mortal-
ity from acute respiratory distress syndrome. There is 
strong evidence that the manner in which ARDS patients 
undergo ventilation has a large impact on their mortal-
ity. Limiting tidal volumes and inspiratory pressures are 
fundamental tenets of lung protection, along with at least 
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low-moderate levels of PEEP. Attempts to open the lung 
with higher levels of PEEP with or without recruitment 
maneuvers may be beneficial in patients with moderate-
severe ARDS. Neuromuscular blockade, early in ARDS, 
and prone positioning for severe hypoxemia appear to 
improve outcomes. There is likely no difference in out-
come between VCV and PCV, but alternative modes, such 
as HFOV and APRV, should be used with caution, and 
only as rescue therapy.
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Is Permissive Hypercapnia  
Useful in ARDS?

Maya Contreras, Claire Masterson, John G. Laffey

Traditional approaches to the carbon dioxide (CO2) man-
agement of adults with acute respiratory failure have 
focused on the potential for hypercapnia to exert deleteri-
ous effects. Support for this paradigm is derived from the 
association between hypercapnia and adverse outcome in 
diverse clinical contexts, including cardiac arrest, sepsis, 
and neonatal asphyxia. However, this approach has been 
increasingly questioned, particularly in the setting of acute 
severe respiratory failure. Accumulating evidence from 
experimental1,2 and clinical3-6 studies clearly demonstrates 
that high-stretch mechanical ventilation can directly injure 
the lungs, a phenomenon termed ventilator-induced lung 
injury. Mechanical ventilation strategies that reduce the 
intensity of mechanical ventilation, resulting in a respira-
tory acidosis termed permissive hypercapnia (PHC), improve 
outcome.3,4 Consequently, PHC has been progressively 
accepted in critical care for patients requiring mechanical 
ventilation. Conventionally, the protective effect of ven-
tilatory strategies incorporating PHC is considered to be 
due solely to reduction in lung stretch, with hypercapnia 
“permitted” to achieve this goal. However, CO2 is a potent 
biologic agent with the potential to exert beneficial and 
harmful effects. Furthermore, it is possible to minimize 
the potential for hypercapnia in the context of low-stretch 
ventilatory strategies by manipulating the respiratory fre-
quency or by incorporating extracorporeal CO2 removal 
(ECCO2R) technologies.7,8 Therefore it is important to fully 
understand the biologic effects of hypercapnia in the criti-
cally ill.9 To address these issues, we examine the physi-
ologic effects of hypercapnia, insights that have emerged 
from studies of hypercapnic acidosis (HCA) in preclinical 
models, and data from clinical studies.

PHYSIOLOGY AND MOLECULAR BIOLOGY 
OF HYPERCAPNIA

Respiratory System

HCA improves oxygenation by reducing ventilation- 
perfusion (V̇/Q̇) heterogeneity.10-12 HCA increases paren-
chymal lung compliance by enhancing alveolar surfactant 
secretion and function13 and by inhibiting actin-myosin 
interactions.14 Although, HCA can increase pulmonary 
vascular resistance and worsen pulmonary hyperten-
sion (PH), recent laboratory data suggest that moderate 
hypercapnia attenuates structural and functional changes 

in the pulmonary vasculature and reverses impaired right 
ventricular function in preclinical models.15-19 In acute 
respiratory distress syndrome (ARDS), PHC appears to 
increase shunt fraction because of a reduction in tidal vol-
ume (Vt) and airway closure rather than to hypercapnia 
per se.20 Hypercapnia directly dilates small airways but 
also stimulates vagal-mediated large airway constriction 
with an overall minor net effect on airway resistance.21,22 
The impact of HCA on diaphragmatic function is con-
troversial. HCA impairs diaphragmatic contractility and 
increases diaphragmatic fatigue in spontaneously breath-
ing subjects.23,24 In contrast, it restores diaphragmatic dys-
function induced by prolonged mechanical ventilation 
in experimental models when minute ventilation is con-
trolled.25 HCA also prevents myosin loss and inflammation 
in diaphragmatic tissue after prolonged ventilation.26 The 
clinical impact of hypercapnia on diaphragmatic function, 
especially with regard to weaning from mechanical ventila-
tion, has yet to be elucidated.

Cardiovascular System

The direct depressive effects of HCA on the cardiovascu-
lar system are counterbalanced by its stimulatory effects 
on the sympathetic nervous system. HCA directly reduces 
the contractility of cardiac27 and vascular smooth muscle.21 
However, hypercapnia-mediated sympathoadrenal effects, 
including increased preload and heart rate, increased myo-
cardial contractility, and decreased afterload, lead to a net 
increase in cardiac output.21,28 Hypercapnia also results in 
a net increase in the partial pressure of oxygen in arterial 
blood (Pao2) and increases global O2 delivery by elevating 
cardiac output. Hypercapnia and acidosis shift the hemoglo-
bin-O2 dissociation curve rightward, reducing the O2 affin-
ity of hemoglobin, and may cause an elevation in hematocrit 
level,29 further increasing tissue O2 delivery. The concurrent 
reduced cellular respiration and O2 consumption observed 
during acidosis may further improve O2 supply-demand 
balance, particularly in the setting of compromised supply.30

Tissue Oxygenation

CO2 increases the cardiac index by 10% to 15% by each 10 mm  
Hg of partial pressure of oxygen in arterial blood (Pao2) 
increase31,32 and consequently improves subcutaneous tissue 
O2 tension and muscle tissue O2 saturation.31-35 In contrast, 

31
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even a short period of hypocapnic alkalosis significantly 
reduces cardiac output, portal blood flow, gut perfusion, and 
O2 delivery.32,36 Although a small randomized study (n = 30), 
suggested that mild intraoperative hypercapnia improves 
colon tissue oxygenation in nonselected34 and morbidly obese 
surgical patients,35 this effect did not reduce surgical site 
infection in a large recent multicenter randomized controlled 
trial (RCT) (n = 1206) of patients undergoing colon surgery.37

Central Nervous System

Hypercapnia is a potent ventilatory stimulant. HCA 
improves cerebral tissue oxygenation by augmenting Pao2 
and cerebral blood flow (CBF).38 HCA dilatates precapillary 
cerebral arterioles, a function attributed to acidosis rather 
than hypercapnia per se.39 Indeed, cerebral vascular reac-
tivity to CO2 measured by transcranial Doppler ultrasound 
may be used as a risk predictor for ischemic stroke.40 HCA-
mediated increases in CBF are a clear concern in the setting of 
reduced intracranial compliance in which increased global 
CBF may critically elevate intracranial pressure. Therefore 
traditional management of traumatic brain injury recom-
mended sustained hypocapnia to reduce cerebral blood 
volume.41 However, this technique has fallen out of favor 
as a result of concerns over hypocapnia-induced hypoper-
fusion, resulting in cerebral tissue ischemia, increased risk 
of vasospasm, neuronal excitability, and seizures.42

INTRACELLULAR MECHANISMS  
OF ACTION OF CARBON DIOXIDE

The molecular effects of hypercapnia—both beneficial and 
harmful—are increasingly well understood. Hypercapnia 
inhibits nuclear factor-κB (NF-κB), a key transcriptional 
protein regulating gene transcription in lung injury, inflam-
mation, and repair via mechanisms that include reduced 
degradation of its cytosolic inhibitor, IκBα.43 This mecha-
nism protects the lung in the setting of ventilator-induced 
and ischemia-reperfusion–induced injury,44,45 but it also 
delays pulmonary epithelial wound repair after injury.46 
Hypercapnia-mediated NF-κB inhibition may contribute to 
its immunosuppressive effects,47,48 by decreasing NF-κB–
dependent antimicrobial peptide gene expression in Dro-
sophila,49 and it decreases macrophage phagocytic activity 
and cytokine production.50 These effects may reduce injury 
in early pulmonary51-53 and systemic54,55 sepsis but worsen 
injury in prolonged untreated pneumonia47,48 in preclinical 
models.

Alveolar fluid clearance is an important step for the reso-
lution of ARDS.56 Recent data indicate that CO2 may facilitate 
Na+/K+-ATPase (sodium-potassium adenosine triphospha-
tase) pump endocytosis—a key ion pump responsible for Na+ 
and fluid shift across alveolar epithelial cells—and delays 
fluid absorption by activation of protein kinases C and A 
and extracellular signal-regulated kinase (ERK)– mediated 
 mitogen-activated protein (MAP)–kinase pathways.57-59

Mechanical stretch has been shown to activate “shed-
ding” of endogenous ligands, such as tumor necrosis factor 
receptor (TNFR), by metalloproteases (ADAM-17)60 that 
upregulate the epidermal growth factor receptor (EGFR) 
pathway61 and drive the inflammatory response. HCA 

inhibits shedding in stretch-induced lung injury, resulting 
in reduced activation of EGFR and P44/42 MAP-kinase 
pathways62 (Fig. 31-1).

ROLE OF PERMISSIVE HYPERCAPNIA  
IN ADULT CRITICAL CARE

Acute Respiratory Distress Syndrome

The only therapeutic intervention to convincingly demon-
strate a significant reduction in mortality in patients with 
ARDS and acute lung injury is lung-protective mechanical 
ventilation. The potential for protective lung  ventilation 
strategies incorporating PHC to improve survival in 
patients with ARDS was suggested initially by Hickling 
and colleagues.5,6 Of the subsequent five prospective ran-
domized controlled trials of protective ventilatory strate-
gies, two demonstrated an impact of ventilator strategy on 
mortality,3,4 although three did not.63-65 Although to some 
extent PHC developed in all of the trials, there was much 
variability (Table 31-1). Therefore, although it is clear that 
ventilation strategy can definitely affect mortality—in the 
positive trials—there is no discernible relationship between 
levels of CO2 and survival among these data.

The database of the largest of these studies (ARMA)3 has 
been subsequently analyzed to determine whether, in addi-
tion to the effect of Vt, there might also be an independent 
effect of HCA.66 Mortality was examined as a function of 
PHC on the day of enrollment using multivariate analy-
sis and controlling for other comorbidities and severity of 
lung injury. It was found that PHC reduced 28-day mor-
tality in patients randomized to the higher Vt but not in 
those receiving lower Vt.66 A recent pilot study including 20 
ARDS patients compared the effectiveness of a new open 
lung ventilation strategy—a combination of PHC, staircase 
recruitment maneuvers, positive end-expiratory pressure 
(PEEP) titration, and targeted low plateau pressure—with 
lung-protective ventilation applied in the ARMA trial.67 
During the 7-day observation period of lung compliance, 
the Pao2/Fio2 (fraction of inspired oxygen) ratio was sig-
nificantly better with the new open lung strategy. Of note, 
both ventilation strategies resulted in similar arterial CO2 
and pH values, suggesting that the observed benefits were 
more likely related to better lung recruitment than to PHC 
per se. Overall, although these clinical studies suggest that 
PHC may be beneficial in ARDS, they do not confirm it. Fur-
ther appropriately designed randomized clinical studies are 
needed to elucidate the direct effect of PHC on acute lung 
injury.

Acute Severe Asthma

Controlled hypoventilation with PHC was first described 
in severe asthma by Darioli and Perret in 1984,68 predat-
ing its described use in ARDS. PHC facilitates a reduction 
of dynamic hyperinflation during mechanical ventilation 
in acute severe asthma by increasing the expiratory time, 
reducing inspiratory flow rates and Vt.69 Multiple reports 
exist of the successful use of PHC in severe asthma,70 and 
modest levels of PHC (mean highest levels 62 mm Hg) are 
routinely used for patients in Europe71 and North America72 
with acute severe asthma that requires assisted ventilation.
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Figure 31-1. Potential molecular mechanisms of hypercapnia. Hypercapnia or acidosis inhibits nuclear factor-κB (NF-κB) signal transduction 
pathways at multiple levels. Hypercapnia prevents p65 translocation to the nucleus (canonical pathway) and reduces inflammatory gene expres-
sions, whereas inhibition of RelB activation (noncanonical pathway) influences gene expressions responsible for survival, proliferation, and cell 
growth. Carbon dioxide (CO2) activates soluble adenylate cyclase (sAC) and increases intracellular cyclic adenosine monophosphate (cAMP) lev-
els, which in turn activate protein kinases (PKA and PKC). Phosphorylation of α-adductin and extracellular signal-regulated kinase (ERK 1/2) by 
PKA/C initiates the endocytosis of sodium-potassium adenosine triphosphatase (Na+/K+-ATPase), leading to reduced alveolar fluid transport. 
Mechanical stretch-induced inflammatory response and apoptosis are also inhibited by hypercapnia. Hypercapnia prevents shedding of TNFR 
by inhibiting metalloproteases (ADAM-17). This, in turn, leads to reduced activation of p44/42 mitogen-activated protein —kinase (MAPK) path-
way–dependent inflammatory gene expression. Hypercapnia reduces cell death by inhibiting apoptosis signal-regulating kinase 1 (ASK-1) and 
intracellular caspase-3 activity. EGFR, epidermal growth factor receptor

Table 31-1 Ventilatory Strategies and Management of CO2 in Clinical Trials

Trial Mortality Benefit
Control Paco2  
(mm Hg, mean ± SD)

“Protective” Paco2  
(mm Hg, mean ± SD) Buffering Permitted

ARDSnet Trial3 Yes 35.8 ± 8.0 40.0 ± 10.0 Yes

Amato et al.4 Yes 36.0 ± 1.5 58.0 ± 3.0 No

Stewart et al.65 No 46.0 ± 10.0 54.5 ± 15.0 No

Brochard et al.63 No 41.0 ± 7.5 59.5 ± 19.0 No

Brower et al.64 No 40.1 ± 1.6 50.3 ± 3.5 Yes

CO2, carbon dioxide; Paco2, partial pressure of carbon dioxide in arterial blood.
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Chronic Obstructive Pulmonary Disease

Acute exacerbations of chronic obstructive pulmonary dis-
ease (COPD) result in diffuse airway narrowing, which 
increases airway resistance and respiratory workload, 
causing muscle fatigue and respiratory failure. Although 
noninvasive ventilation is the first-line ventilation strat-
egy,73 extreme respiratory muscle fatigue may necessitate 
invasive ventilation. The rationale for the use of PHC in 
COPD is similar to that for acute severe asthma (i.e., it can 
reduce dynamic hyperinflation).

ROLE OF PERMISSIVE HYPERCAPNIA IN 
PEDIATRIC CRITICAL CARE

Neonatal Respiratory Distress Syndrome

Acute respiratory failure in the preterm newborn is most 
commonly associated with sepsis and meconium aspira-
tion. Ventilation strategies involving PHC are well toler-
ated and may lower the risk of chronic lung disease (CLD) 
in preterm infants.74 In contrast, hypocapnia has been 
shown to be a strong prognostic factor for CLD in neo-
nates.75 Mariani et al.76 demonstrated that PHC reduces 
the duration of ventilation support and speeds weaning 
from ventilation in preterm infants. A multicenter facto-
rial trial of PHC and dexamethasone was stopped early 
because of unanticipated nonrespiratory adverse events 
related to dexamethasone therapy.77 In the trial, there was 
a trend toward a lower incidence of death and CLD in 
the PHC group, and only 1% of the PHC group patients  
required mechanical ventilation at 36 weeks’ gestational 
age compared with 16% in the normocapnia group.77 A 
Danish study demonstrated that a ventilatory strategy 
incorporating PHC, nasal continuous positive airway 
pressure, and surfactant therapy reduced the incidence of 
CLD.78 Of concern is the potential of severe hypercapnia 
to cause intracranial hemorrhage in premature infants. 
An early meta-analysis of PHC in newborn infants sug-
gested that PHC may decrease the incidence of intracranial 
hemorrhage.79 However, more severe hypercapnia (55 to 
65 mm Hg) can worsen neurologic outcomes and increase 
the incidence of combined mental impairment and death 
compared with normocapnia.80 Further research is needed 
to determine safe levels of hypercapnia to harness the ben-
eficial and reduce the potentially harmful effects of PHC in 
preterm infants.

Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia (CDH) occurs in approxi-
mately 1 in every 3000 to 4000 births. Traditional approaches 
to CDH, which advocated aggressive control of PH with 
hyperventilation and alkalinization, have been largely 
abandoned because of concerns regarding increased mor-
tality secondary to barotrauma.81 PHC (60 to 80 mm Hg) 
ventilation strategies can reduce barotrauma to the hypo-
plastic lung,82 and, in combination with delayed surgery, 
it increases survival and decreases the need for extracor-
poreal membrane oxygenation (ECMO) lower airway pres-
sure ventilation.83-87 Consequently, PHC strategies remain 
the standard of care for pediatric patients with CDH.

Persistent Pulmonary Hypertension  
of the Newborn

Persistent pulmonary hypertension (PPH) of the new-
born is a clinical syndrome of multifactorial etiology 
characterized by hypoxemia secondary to elevated 
pulmonary vascular resistance and right-to-left shunt-
ing of blood across the foramen ovale and/or ductus 
arteriosus. Traditional management strategies, which 
emphasized the use of hyperventilation to decrease 
pulmonary arterial pressure, have been superseded by 
concerns regarding adverse neurologic outcomes with 
hypocapnia.88-90 The safety of strategies limiting venti-
lator intensity, with resultant PHC, is supported by a 
number of relatively small clinical studies.81,91,92 In one 
study of 40 infants, less aggressive ventilation increased 
the survival of the sickest infants with PPH from 17% 
to 90%.91 Marron et al.92 reported 100% survival, better 
neurologic outcome with reduced sensorineural deaf-
ness, and less CLD in a case series of 34 infants with 
severe PPH and severe respiratory failure at birth man-
aged with PHC.

Congenital Heart Disease

Manipulation of arterial CO2 tension has traditionally 
played an integral role in the management of patients 
with complex congenital heart defects. Impaired neu-
rodevelopmental outcome remains the major cause of 
morbidity in survivors after heart surgery. In this regard, 
the potential of hypercapnia to improve brain and 
other systemic organ oxygenation is increasingly rec-
ognized. Licht et al.93 have demonstrated that inspired 
CO2 reverses the periventricular leukomalacia caused 
by low CBF in neonates with severe CHD. Hypercapnia 
increased cerebral oxygenation and mean arterial pres-
sure in patients with hypoplastic left heart syndrome94 
and after cavopulmonary connection.95 Hypoventila-
tion improved systemic oxygenation after bidirectional 
superior cavopulmonary shunt, potentially via a hyper-
carbia-induced decrease in cerebral vascular resistance, 
thus increasing cerebral, superior vena caval, and pul-
monary blood flow.96 Finally, inspired CO2 improved 
CBF and systemic oxygenation after cavopulmonary 
shunt.97 Taken together, these studies raise the potential 
that inhaled CO2 might have a future therapeutic role in 
this context.

CONTROVERSIES AND AREAS  
OF UNCERTAINTY

Permissive Hypercapnia and Intracranial 
Pressure Regulation

A key concern is the potential for hypercapnia to increase 
CBF and critically elevate intracranial pressure. Intra-
cranial hypertension constitutes a relative rather than an 
absolute contraindication to PHC. Consideration should be 
given to the insertion of an intracranial pressure monitor or 
a jugular venous oximetry catheter because these can facili-
tate the gradual titration—or clearly avoidance—of PHC in 
a patient with a brain injury.
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Permissive Hypercapnia and Pulmonary 
Vascular Resistance

Clinical conditions predisposing to PH are a relative rather 
than absolute contraindication to PHC. Where concerns 
exist regarding PH, a useful approach is to measure pul-
monary pressures and accordingly titrate the degree of 
hypercapnia. In this context, monitoring with transthoracic 
echocardiography or placement of a pulmonary artery 
catheter may be indicated.

Permissive Hypercapnia and  
the Role of Buffering

Buffering of the acidosis induced by hypercapnia remains a 
common, albeit controversial, clinical practice. There is some 
evidence that the protective effects of HCA in ARDS are a 
function of the acidosis rather than elevated CO2.98,99 Buff-
ering may simply ablate any protective effects of acidosis 
while not addressing the primary problem. Specific concerns 
exist regarding sodium bicarbonate (NaHCO3), the buffer 
used most frequently in the clinical setting. Although the 
physiochemical effect of NaHCO3 is to increase the strong 
ion difference, the net effect is the generation of CO2. Hence, 
NaHCO3 is an inappropriate therapy in patients with HCA. 
Tromethamine may be a better choice of buffer if available in 
situations in which buffering of HCA is considered.100

Extracorporeal Carbon Dioxide Removal

Recent advancements in technology have provided more 
widespread use of new-generation ECMO and selec-
tive ECCO2R devices in severe respiratory failure.101 The 
rationale for integrating ECCO2R into the management of 
severe ARDS is to allow more protective ventilation (i.e., 
providing very low Vt with conventional mechanical ven-
tilation while avoiding extreme levels of respiratory aci-
dosis). A recent study suggested that at least one third of 
ARDS patients ventilated with lung-protective ventilation 
still have significant lung hyperinflation.102 Terragni et al.8 
subsequently demonstrated in a small cohort of ARDS 
patients (n = 10) that application of ECCO2R can further 
reduce lung injury by allowing very low Vt ventilation 
(3.5 to 5 mL/kg). Most recently, Bein et al.7 showed that 
combining ECCO2R with a very low Vt ventilation strategy 
in patients with established ARDS was safe. Importantly, 
a subset of patients with more severe hypoxemia had sig-
nificantly more ventilator-free days when a combination of 
ECCO2R and very low Vt was used (40.9 vs. 28 days).

PERMISSIVE HYPERCAPNIA AT THE 
BEDSIDE: PRACTICAL ISSUES

Application of hypercapnia in the critically ill patient with 
severe respiratory failure requires several practical consid-
erations. First, there is considerable evidence that patients 
generally tolerate HCA to pH values of 7.2 and even 
lower very well. The reported levels of Paco2 and pH in  
the study of Hickling et al.6 reflect reasonable initial goals 
(Paco2: 67 mm Hg; mean pH, 7.2). However, a more useful 
approach is to individualize Paco2 and pH goals in each 

patient, with great care required in settings where hyper-
capnia may have deleterious effects, such as the setting of 
combined lung and head injury.

Second, rapid induction of HCA in ARDS patients can 
have profound adverse hemodynamic effects. Therefore, 
when PHC is instituted, the degree of hypercapnia should 
be gradually titrated upward over a period of at least sev-
eral hours until the ventilatory goals to minimize the poten-
tial for ventilator-induced lung injury have been achieved.

Third, in regard to altering the ventilatory strategy to 
produce PHC, the first priority in ARDS patients is to reduce 
Vt to reduce plateau pressures below 30 cm H2O where pos-
sible. Tidal volumes should be reduced to 6 mL/kg ideal 
body weight (BW) and may need to be decreased further if 
plateau pressures remain unacceptably high.3 It is impor-
tant to remember that 30% of patients ventilated with the 
ARDSnet strategy still have significant hyperinflation; these 
patients may benefit from very low Vt ventilation (3 mL/kg 
ideal BW).102 For the prevention of excessive hypercapnia 
and acidosis in these situations, or where there are specific 
concerns regarding hypercapnia, application of selective 
CO2 removal by ECCO2R is an increasingly feasible option.7

Fourth, the effect of the disease process on the optimal 
ventilatory strategy must be considered. The manage-
ment of ventilatory rate will differ in patients with ARDS 
compared with acute bronchial asthma or COPD. ARDS is 
characterized by a predominance of alveoli with short time 
constants due to low compliance with normal airway resis-
tance. Therefore, it is possible to ventilate at relatively high 
ventilatory rates and to prolong inspiration to maintain 
oxygenation. Conversely, asthma or COPD is character-
ized by a predominance of alveoli with long time constants 
because of normal or elevated compliance with high air-
way resistance. In these patients, greater time is required 
for alveolar emptying in expiration to reduce the risk of 
auto-PEEP and dynamic hyperinflation. This is achieved 
by using lower respiratory rates and by prolonging expira-
tion to allow complete alveolar emptying.

AUTHORS’ RECOMMENDATIONS

 •  PHC is a common consequence of lung-protective ventilation that 
has been associated with improved outcome in ARDS patients.

 •  Evidence also supports the use of PHC strategies in acute 
severe asthma, COPD, and in pediatric intensive care.

 •  Hypercapnia is a potent biologic agent, and there is substantial 
evidence from laboratory studies that hypercapnia attenuates 
lung and systemic organ injury. However, recent experimental 
data suggest that hypercapnia may be harmful by delaying 
wound repair and suppressing innate immune responses to 
bacterial infection.

 •  The potential for hypercapnia to exert deleterious physiologic 
effects in cases of raised intracranial pressure or PH should be 
considered.

 •  There is no clinical evidence to support the clinical practice of 
buffering HCA with bicarbonate.

 •  A clearer understanding of the effects and mechanisms of 
action of hypercapnia is central to determining its safety and 
therapeutic utility.

 •  The potential for extracorporeal CO2 removal technologies to 
facilitate even greater reductions in tidal and minute ventilation is 
clear, but this awaits definitive studies.  
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Do Patient Positioning in  
General and Prone Positioning  
in Particular Make a Difference  
in ARDS?

Alain F. Broccard, Maneesh Bhargava

Changes in posture and position invariably accompany 
activity in healthy adults, with likely salutary effects on 
physiology. Similar changes in position during illness 
have important effects on cardiovascular and pulmonary 
physiology because of interactions between gravitational 
forces and chest mechanics. Such changes can improve 
oxygenation in patients with hypoxemic respiratory fail-
ure and may reduce the risk of ventilator-associated pneu-
monia. We review the salient effects of positioning on 
respiratory physiology and outline the clinical evidence 
supporting active positioning as a therapeutic or support-
ive intervention.

EFFECTS OF POSITION ON NORMAL 
RESPIRATORY PHYSIOLOGY

Airspace Mechanics

Gravity interacts with thoracic structures and transdia-
phragmatic forces to modulate regional lung volume, 
distribution of ventilation, and ventilation-perfusion 
matching.1,2 The local transpulmonary pressure gradi-
ent (alveolar pressure–pleural pressure), in concert with 
the corresponding regional lung compliance, is the major 
determinant of regional lung volume. Under “relaxed” 
conditions, the total aerated lung volume is denoted as 
functional residual capacity (FRC). During active inspira-
tion, the transpulmonary pressure gradient determines 
the regional distribution of inspiratory flow, an important 
component of ventilation-perfusion matching and the dis-
tribution of peak alveolar strain during positive pressure 
ventilation. Conversely, at end expiration (or during the 
expiratory phase in the context of pulmonary disease), 
an unfavorable transpulmonary pressure gradient arising 
from abnormal pleural or diaphragmatic mechanics can 
promote airspace collapse, compromising oxygenation 
by increasing shunt fraction. Regardless of the position, 
regional pleural pressure tends to be less negative; there-
fore alveolar dimensions are smaller in the dependent than 
in the nondependent lung regions because of the effects of 
gravity on the adjacent abdominal structure and the heart 
on the most dependent pleural space.

Positional changes affect the gradients of regional pleu-
ral pressure and thus regional lung volume. For example, 
the heart rests on the lungs in the supine position and pri-
marily on the sternum in the prone position.3 This partially 
explains the observation that gravitational pleural pres-
sure gradients are consistently less in the prone than the 
supine position.4 In addition, the prone position reduces 
the pressure the abdominal contents exert on the dia-
phragm, a pressure that is transmitted to the pleural space. 
Consequently, when in the supine position, the dorsal lung 
regions are surrounded by a less negative pleural pressure 
(and a smaller transpulmonary pressure gradient). The 
prone position results in a more negative pleural pressure 
adjacent to the dorsal lung zones. The increased ventral 
pleural pressure in the prone position has less effect on 
FRC because there is less lung at risk of compression by the 
heart. The improved aeration of the dorsal lung regions, 
combined with the smaller effect of cardiac weight on the 
ventral lung regions, tends to increase FRC. The effect of 
position on FRC is significant. In healthy subjects, FRC is 
reduced by approximately 30% on transition from the sit-
ting to the supine, horizontal posture.5 Anesthesia or neu-
romuscular blocking agents tend to enhance this effect, 
presumably by reducing the tone of the diaphragm. When 
compared with the horizontal supine position, total FRC 
is approximately 20% greater in the lateral decubitus and 
prone positions.5,6 Not surprisingly, abdominal distension 
and obesity reduce FRC further, and prone positioning may 
help offset the consequences of reclining on lung mechan-
ics and gas exchange.7,8

In healthy, spontaneously breathing adults, ventilation 
distributes preferentially to the dependent lung regions in 
the upright, supine, prone, and lateral decubitus position. 
This effect is partially attributable to the phasic swings 
in pleural pressure that attend respiratory muscle activ-
ity.2 In contrast, elimination of the normal phasic changes 
in pleural pressure that accompany the pharmacologic 
paralysis and mechanical ventilation of healthy patients9,10 
or the altered parenchymal characteristics in the setting 
of lung injury11,12 can markedly attenuate or even reverse 
the predominantly dependent distribution of ventilation. 
The changes in the distribution of ventilation during the 
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positive pressure mechanical ventilation of nonparalyzed, 
partially assisted patients are complex. They vary with the 
specifics of the applied ventilatory support and regional 
lung mechanics. For instance, positive end-expiratory pres-
sure (PEEP) can help redistribute ventilation in the depen-
dent regions in patients with acute respiratory distress 
syndrome (ARDS) but only if those regions are recruitable 
and the level of PEEP used is sufficient to maintain alveo-
lar patency. Active diaphragmatic contraction, through its 
effects on pleural pressure, can increase transpulmonary 
pressure and help preserve alveolar patency.

Distribution of Blood Flow and Ventilation-
Perfusion Ratio

Until recently, gravity was thought to be the main determi-
nant of blood flow distribution within the lungs. It has now 
been shown that perfusion tends to distribute preferentially 
to the dorsal regions in the supine and prone positions. 
This distribution cannot be explained by gravity alone.13,14 
Regional differences in vascular development and geome-
try15 and/or vasoregulation by nitric oxide16 appear to con-
tribute to regional distribution of perfusion within the lungs.

The modulation of airspace events combined with the less 
marked effect of gravity on distribution of pulmonary blood 
flow render the overall ventilation-perfusion ratio (V̇/Q̇)  
sensitive to position.17 Overall, the ventilation perfusion 
relationship is less favorable in the supine than in the upright 
and prone positions. The effects of recumbency on oxygen-
ation are complex and depend on the interrelationship of 
closing volume, FRC, and tidal volume.18 Interindividual 
variations in the relations between these variables contribute 
to the variable effects of reclining on the partial pressure of 
oxygen in arterial blood (Pao2) between subjects.

POSITIONING IN CRITICALLY ILL 
PATIENTS WITH RESPIRATORY FAILURE: 
GENERAL OVERVIEW

Judicious positioning of critically ill patients might reduce 
atelectasis, improve gas exchange, and decrease the threat 
of ventilator-associated pneumonia. The lateral and prone 
positions have the potential to improve gas exchange in 
selected patients with respiratory failure. “Head-up” posi-
tioning (tilting the patient upright) to alleviate diaphrag-
matic compression by the abdominal contents has been 
demonstrated to have some benefits. We briefly review the 
mechanisms that account for these observations and the 
outcome studies, when available, with an emphasis on the 
prone position—the best-studied position in the intensive 
care unit (ICU).

Respiratory Effects of Frequent Posture 
Changes

In anesthetized dogs, immobility is associated with a dete-
rioration of gas exchange that can be prevented by turning 
every half hour.19 Frequent changes in position are likely 
to be similarly important in maintaining normal respira-
tory function in humans. The effect of frequent positional 
changes has been tested in the clinical arena with continuous 

oscillating beds with promising results. Such “kinetic ther-
apy” appears to be well tolerated hemodynamically and 
has been reported to improve oxygenation,20 decrease the 
risk of atelectasis and pulmonary infections,21,22 and reduce 
the duration of intubation and resource utilization in 
trauma patients.19,23 Kinetic therapy also has been used to 
treat established atelectasis.24 A reduction in the incidence 
of pneumonia and improved oxygenation was observed in 
medical ICU patients.25,26 It has been suggested that this 
modality may improve outcome in the sickest patients 
(P = 0.056 for subgroup with APACHE [Acute Physiology 
and Chronic Health Evaluation] II score >20),27 but more 
studies are needed to conclude that it does. Most available 
studies are relatively small sized and have limitations, and 
the results are not always consistent. For example, the use 
of a kinetic therapy bed has been associated with more 
frequent infectious complications, respiratory failure, and 
more ventilator support days in patients with thoraco-
lumbar spinal column injuries.28 In summary, the efficacy 
of position changes in protecting pulmonary function29 or 
improving outcome remains uncertain.

Lateral Position

Because perfusion and ventilation distribute preferentially 
to the dependent lung during active breathing, V̇/Q̇ mis-
matching and intrapulmonary shunting can be significantly 
reduced by lateral positioning of patients with unilateral 
or asymmetrical lung disease with the good lung down 
(GLD).30-32 This therapeutic adjunct may significantly 
improve Pao2 and even preclude the need for intubation 
and mechanical ventilation.30 Arterial and mixed venous 
oxygen content usually increase, without significant hemo-
dynamic changes, in the GLD position.33 On occasion, criti-
cally ill patients fail to improve with GLD (paradoxically); 
improve with the bad lung down; or develop arrhythmias, 
hypotension, or a marked reduction in mixed venous sat-
uration of O2 (SvO2),34 necessitating prompt return to the 
supine position. The slight and usually transient decre-
ments in SvO2 reported after postural changes in critically 
ill patients do not explain the occasional persistent failure 
of blood gases to improve in the lateral position with GLD. 
Atelectasis due to unusual pressure distributions generated 
by the abdominal contents or increased pressure transmis-
sion to the thorax is more likely responsible. In such circum-
stances, PEEP may prove beneficial. Fortunately, in patients 
with predominant unilateral alveolar consolidation or 
flooding, PEEP is less likely to detrimentally affect the dis-
tribution of perfusion in the lateral than when the patient is 
in the supine position. When the patient is supine, an inap-
propriately high level of PEEP may redistribute blood flow 
to the diseased lung by promoting zone 1 conditions in the 
spared lung.35 However, in unilateral pneumonia, PEEP 
may help limit contamination of the good lung by the dis-
eased lung36 and may theoretically be more effective when 
used in combination with the lateral position.

The practice of positioning of patients with the GLD has 
notable exceptions. Children, some patients with chronic 
airflow obstruction,37 and anesthetized-paralyzed patients 
share a tendency to have higher ventilation to the non-
dependent lung. In the presence of a moderate unilateral 
pleural effusion, V̇/Q̇  matching during spontaneous 
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breathing appears to be similar in the lateral position with 
the affected side up or down,31 suggesting that moderate 
pleural effusions have little effect on gas exchange. Studies 
of regional lung function in seated patients with unilateral 
pleural effusions demonstrate that although the overall 
lung volume on the side of effusion is reduced, the resid-
ual volume/total lung capacity (RV/TLC) and FRC/TLC 
ratios on both sides are very similar.38 This may explain 
the poor correlations among posture, pleural effusion size, 
and gas exchange in patients with unilateral pleural effu-
sion without marked underlying infiltrates or hypoxemia. 
Patients with whole lung collapse secondary to unilateral 
central airway obstruction may not improve or may even 
deteriorate when positioned with the spared lung down.39 
Patients with unilateral massive pulmonary embolism 
requiring mechanical ventilation have been reported to 
have better gas exchange with the diseased lung down.40 
Finally, lateral positioning with the GLD is contraindicated 
in hemoptysis and lung abscess because of the risk of spill-
age into the unaffected lung.

Elevation of the Head of the Bed

Elevating the head of the bed can improve oxygenation 
in ARDS, probably by promoting lung recruitment at the 
bases.41 In 16 patients with ARDS, vertical positioning 
(trunk elevated at 45 degrees and legs down at 45 degrees) 
significantly increased Pao2 from 94 ± 33 to 142 ± 49 mm 
Hg, with an increase higher than 40% in 11 patients. The 
semirecumbent position may also help reduce gastric 
content aspiration.42 Conversely, head position less than  
30 degrees in the first 24 hours after intubation was found 
to be an independent risk factor for development of venti-
lator-associated pneumonia.43 In a subsequent randomized 
prospective trial, the semirecumbent position was reported 
to significantly reduce the rate of ventilator-associated pneu-
monia (odds ratio [OR] 6.8 for the supine body position).44 
On the basis of this evidence, head-of-the-bed elevation has 
been endorsed by medical societies such as the Society of 
Critical Care Medicine. However, this approach has not been 
universally endorsed because of persistent questions about 
efficacy.45,46 Many queries remain unanswered, such as how 
many hours per day the head of the bed must be elevated 
and what the optimal angle of elevation is for the head of 
the bed. Nonetheless, given that head-of-the-bed elevation is 
cheap, benign, and potentially helpful, it seems a reasonable 
intervention even in the absence of definitive data.

PRONE POSITION IN ARDS

Physiology and Physiopathology of Prone 
Positioning

In 1976, Piehl and Brown47 first described improved oxy-
genation in patients with acute hypoxemic respiratory 
failure who were ventilated in the prone position. This has 
been confirmed in subsequent studies; overall, oxygenation 
improves in approximately two thirds of patients when 
placed in the prone position.48 The mechanisms underly-
ing this improvement have been most extensively studied 
in large animal models. Complex interactions between 
regional aeration and the modulation of perfusion during 
positive pressure ventilation determine the effects of prone 

positioning on gas exchange. These mechanisms have been 
reviewed by Guerin and colleagues.49

The improved oxygenation associated with prone posi-
tioning appears to be primarily related to regional differ-
ences in FRC alongside relatively unchanged distribution of 
dorsal-ventral perfusion. The largest proportion of pulmo-
nary blood flow is directed to the dorsal lung regions in the 
supine and prone positions.14 The predominance of dorsal 
perfusion is preserved when the animal is turned prone.50 
In a canine model of lung injury induced by oleic acid, 
the prone position was found to improve gas exchange by 
reducing shunt.51 In the setting of lung injury, both animals 
and patients with ARDS tend to have less aerated lung in 
the dependent regions because of the effects of gravity on 
the edematous lungs. The time constant of the dependent 
collapsed/flooded lung units is such that tidal ventilation 
distributes preferentially to the “open” nondependent lung 
units,11 namely, to ventral regions when supine and to dorsal 
regions when prone. Accordingly, the increase in FRC seen 
when an injured animal or patient is turned prone (because 
of changes in transpulmonary pressure favoring “open-
ing” of the now nondependent dorsal regions, vide supra) 
is accompanied by an increase in perfusion to aerated lung 
units, with an accompanying decrease in shunt fraction.

In addition, positive pressure ventilation tends to create 
West zone 1 or 2 conditions and can redistribute blood flow 
from the nondependent region to the dependent regions. 
Positive airway pressure decreases the vertical perfusion 
gradient when in the prone position whereas it increases 
the vertical perfusion gradient in the supine position.52 Posi-
tive pressure ventilation of regionally heterogeneous ARDS 
lungs creates opposing gradients of ventilation and perfu-
sion along the vertical axis, promoting ventilation-perfusion 
mismatch and shunting. This effect of positive pressure is 
more marked in the supine position than in the prone posi-
tion. Indeed, regional ventilation (Vr) and regional perfusion 
(Qr) assessed by single-photon emission computed tomog-
raphy showed that the prone position improved dorsal Vr to 
a greater extent than ventral Vr, whereas Qr remained essen-
tially unchanged.53 In other words, recruitment of dorsal 
lung units associated with preserved dorsal perfusion largely 
explains why prone positioning improves gas exchange in 
experimental models and why an overall increase in FRC is 
not required for prone positioning to improve V̇/Q̇ match-
ing (vide infra).54

However, additional factors may contribute to the 
improved gas exchange afforded by prone positioning. The 
pleural pressure gradient is smaller along the vertical axis4 and 
pleural pressure is more negative in the dependent regions 
in the prone than in the supine position.55 This favors lung 
recruitment and accounts for the increase in FRC sometimes 
observed after turning to the prone position.56 The effect of 
prone positioning on gas exchange during positive pressure 
ventilation of pharmacologically paralyzed subjects appears 
to be further modulated by changes in thoracicoabdominal 
compliance that accompany the prone position. Pelosi et al.56 
found that the improvement in oxygenation attending prone 
positioning correlated with a high supine thoracicoabdominal 
compliance. A very compliant anterior chest tends to redis-
tribute the tidal volume toward the nondependent, less well 
perfused lung regions, promoting V̇/Q̇ mismatching in the 
supine position. Constraint of the flexible ventral chest wall 
by contact with the bed during prone positioning “stiffens” 
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the anterior chest wall. Such stiffening redirects tidal venti-
lation toward the better perfused dorsal regions, improving 
V̇/Q̇ matching.57 These data do not suggest that minimizing 
abdominal contact, as proposed by some, is a prerequisite for 
improved gas exchange. Finally, the properties of the lung 
(e.g., cause of ARDS or phase of the disease [edema vs. fibro-
sis]) tend to alter the response to prone positioning.58 In gen-
eral, patients in the early edematous phase of ARDS are more 
likely to experience improved gas exchange when turned 
prone than patients who have pulmonary fibrosis.

Which of these mechanisms prevails in individual 
patients and best accounts for the improved Pao2/fraction 
of inspired oxygen (Fio2) ratio associated with prone posi-
tioning is not always clear, but it is potentially important. It 
has been suggested that a reduction in the partial pressure of 
carbon dioxide in arterial blood (Paco2) after prone position-
ing may indicate the presence of recruitment and improved 
outcome.59 Better recruitment distributes a given tidal vol-
ume to a larger number of alveoli, thereby reducing alveolar 
strain and the risk of epithelial and endothelial injury. Ment-
zelopoulos et al.60 measured tidal transpulmonary pressures 
as a function of end expiratory lung volume as a marker for 
lung mechanical stress and found this to be reduced dur-
ing prone positioning. More uniform distribution of blood 
flow may also be important given the potential importance 
of ventilation and perfusion interaction in the pathogenesis 
of ventilator-induced lung injury (VILI).61 Regardless of the 
mechanisms, prone positioning has been found to attenu-
ate VILI in large animals with normal62 or injured lungs.63 
Overall, the protective effect of prone positioning is consis-
tent with the post hoc findings of Gattinoni and colleagues,48 
who reported reduced mortality in a subset of patients who 
received excessive tidal volume (large tidal volume relative 
to the size of lung) either because of the large tidal volume 
used (largest tidal volume subgroup) or the small size of the 
lungs (severest form of ARDS subgroup).

Prone Position and Outcome

Prone ventilation improves oxygenation in most patients 
and mortality in those with severe ARDS. Multiple random-
ized trials48,64-70 addressing the effect of prone positioning 
on outcomes have been published. Patient characteristics 
and the main results of these trials are summarized in 
Table 32-1. Several initial studies demonstrated either no 
difference64-66 or only a trend toward improved mortality 
in subsets of patients with ARDS.48,67 Taken together, the 
data suggested that the prone position may improve out-
come in subgroups of patients with severe ARDS,48 and 
multivariate analysis of data from the study by Mancebo 
and colleagues67 showed that randomization to the supine 
position was an independent risk factor for mortality. This 
hypothesis has been confirmed by the landmark study by 
Guerin and colleagues.69 In this study, a standardized pro-
tocol for prolonged daily prone ventilation, neuromuscular 
blockade, and lung-protective ventilation was instituted by 
trained medical staff within 36 hours for severe ARDS. This 
study demonstrated a dramatic improvement in 28-day 
(16% vs 32.8%, OR, 0.39; confidence interval [CI], 0.25 to 
0.63) and 90-day (23.6 vs. 41%, OR, 0.44; CI, 0.29 to 0.70) 
mortality with prone ventilation.69

In addition to improving gas exchange and reducing 
mortality, the prone position has also been shown to have 

the potential to have favorable hemodynamic effects. In a 
study of 18 patients with ARDS, the prone position was 
associated with reduced right ventricular afterload and 
pulmonary vascular resistance; interestingly, only patients 
with preload reserve increased their cardiac index.71

Although early studies reported a high rate of complica-
tions, it now appears that, when carefully done by trained 
personnel, the prone position may not increase the rate 
of major complications.72-75 Many complications, such as 
pressure ulcers, which have been reported to be signifi-
cantly more common in two meta-analyses,74,75 are pre-
ventable. Indeed, in the latest multicenter randomized trial 
by Guerin et al.,69 the rate of complications was not higher 
in the prone group, which suggests that excess complica-
tions reflect inexperience with the technique.

Several meta-analyses72-76 have been published, includ-
ing one subsequent to the study by Guerin et al.69 The 
prone position clearly improves gas exchange72-76 and mor-
tality.72-75 In addition, all-cause mortality was improved 
when the daily duration of prone ventilation was pro-
longed (>16 hours per day; relative risk [RR], 0.77; CI, 0.64  
to 0.92)76 in cases with moderate and severe hypoxemia 
(RR, 0.76; CI, 0.61 to 0.94).

Overall, current randomized trials are difficult to com-
pare (e.g., patients enrolled had different cause for ARDS 
and severity, and they were at different stages in the 
course of ARDS), and prone positioning lacks standardiza-
tion in regard to its duration and to ventilatory strategy.72 
Pooled together, the data suggest that the prone position 
is not needed in all and is unlikely to benefit mild ARDS. 
Although the prone position significantly improved the 
Pao2/Fio2 ratio and reduced the mortality in patients with 
severe ARDS, the observed improvement in gas exchange 
was not found to be a predictor of improved survival. 
This suggests that prone ventilation improves survival 
by decreasing VILI77 and that protecting the lungs may 
be more important than achieving the best possible blood 
gas, a lesson learned in patients with status asthmaticus 
decades ago with permissive hypercapnia.

The evidence has clearly evolved to strongly support 
the use of prone ventilation in severe ARDS. The prone 
position is best implemented by trained personnel as a 
carefully planned lung-protective strategy for ARDS. Such 
a protocol should include specific directions regarding 
indications and contraindications to initiating the prone 
position as well as the duration (dose) and rationale for 
discontinuation based on the risk for VILI as opposed to 
gas exchange alone. Close attention to preventable com-
plications during turning and throughout the duration 
of prone ventilation is essential. The optimal duration of 
prone ventilation remains unknown, but a minimum of  
16 hours per day appears reasonable given that such 
duration has been associated with improved outcome. 
Careful considerations also need to be given to other 
lung-protective measures. It remains unknown if combin-
ing the prone position with another modality such as the 
upright position may convey additional benefits as sug-
gested in a small study.78 Finally, proning should be con-
sidered early on in patients with severe ARDS. Although 
the prone position is unlikely to be helpful in patients 
with mild ARDS, further studies are needed to determine 
which patients with moderate ARDS, if any, might benefit 
from this approach.
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STable 32-1 Summary of Randomized Controlled Trials

Study
Type of Respiratory 
Failure

Number of 
Subjects 
(Supine/
Prone)

Study 
Design

Duration of Daily 
Prone Positioning

OUTCOME COMPLICATIONS

Mortality
Results Supine/
Prone n/n (%) VAP (%)

Major Respiratory 
Complication (Extubation 
and ET Obstruction) (%)

Pressure 
Sores (%)

Gattinoni, 
2001

ALI and ARDS 152/152 MRC 7.0 ± 1.8 hr for 10 days 10-day 73/152 (48) vs. 
77/152 (51)

NA 10 vs. 8 36 vs. 28

Guerin, 2004 Acute hypoxemic respi-
ratory failure

378/413 MRC 8 hours per day for 
4.0 days (range, 
2.0-6.0)

28-day 119/378 (32) vs. 
134/413 (32)

24 vs. 21 16 vs. 20 50 vs. 42

Voggenreiter, 
2005

ALI and ARDS 
(trauma)

19/21 SR 11 ± 5 hours ICU 3/19(16) vs. 1/21 
(5)

89 vs. 62 5 vs. 5 91 vs. 63

Curley, 2005 ALI (pediatric study) 51/51 SR 18 ± 4 hours 28-day 4/50 (8) vs. 4/51 
(7.8)

NA 10 vs. 12 16 vs. 20

Mancebo, 
2006

ARDS 60/76 MR 17 hours for 10.1 days ICU 35/60 (58) vs. 
33/76 (43)

15 vs. 18 2 vs. 8 3 vs. NA

Fernandez, 
2008

ARDS 19/21 MRC Up to 20 hours per 
day

60-day 10/19 (53) vs. 
8/21 (38)

5 vs. 14 10 vs. 5 Very common 
(prone)

Taccone, 2009 Moderate and severe 
ARDS

174/168 MR At least 20 hours per 
day

28-day 57174 (32.8) vs. 
52/168 (31)

NA 61.3 vs. 38.5 NA

Guerin, 2013 Severe ARDS (PF ratio 
<150)

220/237 MR 16 hours per day 28-day 75/229 (32.8) vs. 
38/237 (16)

NA 20.7 vs. 15.3

ALI, acute lung injury; ARDS, acute respiratory distress syndrome; C, crossover allowed; ET, endotracheal tube; ICU, intensive care unit; M, metacentric; NA, not applicable; PF, Pao2/Fio2; R, randomized; S, single center; 
VAP, ventilator-associated pneumonia.
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AUTHORS’ RECOMMENDATIONS

 •  Overall, in the last few decades, significant progress in our 
understanding of the physiologic effects of positioning on the 
respiratory system has been made. Judicious use of positioning 
can improve gas exchange in ventilated critically ill patients. 
Whether positioning improves outcome in most patients with 
acute respiratory failure remains unproven and is very unlikely.

 •  Limited clinical data suggest that the semirecumbent position 
helps to reduce the risk of ventilator-associated pneumonia in 
intubated and mechanically ventilated ICU patients. Although 
many questions remain and more evidence is needed, this 
practice has been widely adopted. However, more studies are 
needed.

 •  Prone positioning significantly improves gas exchange, defined 
by improved Pao2/Fio2.

 •  There are compelling data to conclude that the mortality of 
patients with severe ARDS is reduced with the judicious use 
of prone positioning as part of a multimodal protocol that 
includes lung-protective ventilator strategy.

 •  Prone positioning should be used for 16 hours or more per day.
 •  For this approach to be kept safe and effective, training of 

bedside staff and close attention to preventable complications are 
needed.  
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Is Pulmonary Hypertension 
Important in ARDS? Should We 
Treat It?

Criona M. Walshe, Leo G. Kevin

In this chapter, we systematically examine the evidence 
linking acute respiratory distress syndrome (ARDS) with 
pulmonary hypertension, the implications of pulmonary 
hypertension and consequent right ventricular failure for 
patient outcomes, and the data related to pulmonary vaso-
dilator therapies in this patient group.

PULMONARY HYPERTENSION IN ARDS

Pulmonary hypertension in ARDS was described in the 
late 1970s and was soon accepted as a key cause of death.1 
A consistent observation in reports at the time was that 
nonsurvivors of ARDS demonstrated pulmonary artery 
pressures that continued to increase throughout the early 
phase of the illness. Later, systematic studies, such as the 
European Collaborative ARDS study,2 confirmed the prog-
nostic significance of pulmonary artery pressures for these 
patients. In that report, a logistic regression analysis that 
included multiple hemodynamic measures and other fac-
tors identified day 2 systolic pulmonary artery pressure 
(24.1 ± 6.7 mm Hg for eventual survivors compared with 
28.4 ± 8.5 mm Hg for eventual nonsurvivors) as a potent 
independent predictor of mortality. More recently, a sec-
ondary analysis3 of results from the Fluid and Catheter 
Treatment Trial4 found that pulmonary vascular resistance 
was elevated early in the course of ARDS and was statisti-
cally higher in patients who died. In multivariate predic-
tion models, pulmonary vascular resistance was a strong 
independent risk factor for 60-day mortality.

How common is pulmonary hypertension in ARDS? 
There are surprisingly few data to accurately answer this 
question. Zapol and Snider5 found that all of the 30 ARDS 
patients in their series had elevated pulmonary artery pres-
sures, even after correction of hypoxemia. Clinical trials in 
ARDS have consistently reported baseline mean pulmo-
nary pressures of 29 to 30 mm Hg.6,7 More recently, with a 
cutoff mean pulmonary artery pressure of 25 mm Hg, 92.2% 
of ARDS patients had pulmonary hypertension, although 
this was severe (defined by a mean pulmonary artery pres-
sure of >45 mm Hg) in only 7.4%.6

A combination of factors may contribute to the develop-
ment of pulmonary hypertension in patients with ARDS. 
Correlations between lung edema and pulmonary artery 

pressures have been demonstrated.7 Intravascular throm-
bosis causing microvascular occlusion was an important 
factor in pulmonary vascular resistance in a pig model,8 
and postmortem studies have demonstrated widespread 
pulmonary thromboembolism in 95% of cases of ARDS.9 
Although marked hypoxic pulmonary vasoconstriction 
has been demonstrated in nonventilated areas of the lung 
in patients with ARDS,10 the effect of this phenomenon on 
overall pulmonary hemodynamic measures is uncertain. 
For example, Sibbald and colleagues1 reported that the 
severity of pulmonary hypertension occurring in ARDS cor-
related poorly with the degree of hypoxia. Hypoxic pulmo-
nary vasoconstriction may be a weak contributor because 
it is partially or wholly inhibited by factors such as locally 
released nitric oxide (NO) or prostaglandin. Furthermore, 
pulmonary hypertension in ARDS may persist, even after 
the resolution of hypoxemia. One possible explanation is 
that pulmonary vascular smooth muscle cells proliferate 
over time. This results in a diminution in wall compliance.

Inflammatory mediators released in sepsis may increase 
vascular tone in the pulmonary circulation while decreas-
ing it in the systemic circulation. Cytokines such as tumor 
necrosis factor-α have been implicated, but their exact role 
is unclear. Endothelin-1 (ET-1) is a potent pulmonary vaso-
constrictor and activator of vascular smooth muscle pro-
liferation. ET-1 expression is upregulated in patients with 
ARDS, although there is currently no evidence directly 
implicating ET-1 in ARDS-related pulmonary hyperten-
sion.

PULMONARY HYPERTENSION, RIGHT 
HEART FAILURE, AND DEATH

The thin-walled right ventricle is accustomed to pumping 
into a low-pressure circuit; therefore it responds poorly to 
increases in afterload. In the critically ill patient, multiple 
factors, such as fluid overload, negative inotropy associ-
ated with sepsis, and elevated mean airway pressures, 
may impair right ventricular function. This is supported 
by data indicating that right ventricular failure both pre-
dicts and appears to cause the death of 30% of patients with 
ARDS.6,11 In an echocardiography-based study that evalu-
ated the right side of the heart in 23 patients with ARDS,12 
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 9 patients were found to have normal right ventricular func-
tion, whereas 9 other patients had a slightly enlarged right 
ventricle with normal systolic function. The remaining five 
patients had a severely enlarged right ventricle with con-
tractile dysfunction and reductions in left ventricular size. 
These findings suggest detrimental ventricular interdepen-
dence. Of note, all of the patients in that study had normal 
left ventricular systolic function by two-dimensional echo-
cardiography. Severe right ventricular failure was strongly 
associated with death.

Vieillard-Baron and associates13 used echocardiography 
to evaluate the right side of the heart in ARDS. Right ven-
tricular dysfunction was present in 19 (25%) of 75 patients 
on day 2. Many of these patients also had evidence of left 
ventricular diastolic dysfunction. Although mortality was 
the same as that for patients without right ventricular dys-
function, duration of respiratory support was longer. Of 
particular interest in this study, elevated partial pressure 
of carbon dioxide in arterial blood (Paco2) was identified 
as the sole independent predictor of acute right ventricular 
failure. This may reflect increased dead space, associated 
with high levels of positive end-expiratory pressure (PEEP) 
and worse outcomes with ARDS. For example, Poelaert and 
coworkers14 found incremental PEEP-induced cyclic aug-
mentation of right ventricular outflow impedance. Jardin 
and Vieillard-Baron15 illustrated that higher plateau pres-
sures were associated with marked increases in acute right 
heart failure and death. These authors recently proposed 
the concept of a “right ventricular protective approach” to 
mechanical ventilation for the patient with ARDS.16

PULMONARY VASODILATOR THERAPIES 
IN ARDS

Inhaled Nitric Oxide

NO is a free radical gas that was identified in 1987 as 
the elusive endothelium-derived relaxing factor.17 After 
native generation in the endothelium, NO enters local 
vascular smooth cells where it activates soluble guanylate 
cyclase. This enzyme stimulates the conversion of guano-
sine 5′-triphosphate to cyclic guanosine monophosphate 
(cGMP), which causes hyperpolarization and attenuates 
calcium entry to the muscle cytoplasm. The net result is 
vasodilation. Deficiencies in NO production18 and attenu-
ated responsiveness to NO19 in the pulmonary circulation 
have been identified and are now accepted as important 
factors in the pathogenesis of primary and secondary pul-
monary hypertension.

Within a year of the discovery of NO, inhaled NO 
was confirmed as an effective pulmonary vasodilator in 
patients with primary pulmonary hypertension.20 Shortly 
thereafter, several small case series describing the use of 
NO therapy for patients with ARDS and pulmonary hyper-
tension appeared in the literature.21-23 Studies reported not 
only decreases in pulmonary vascular resistance and pul-
monary artery pressures but also significant improvements 
in oxygenation. For example, in 1993, Rossaint and col-
leagues23 gave 18 ppm inhaled NO to 10 patients with ARDS. 
Pulmonary artery pressures decreased by an average of  
6 mm Hg, and pulmonary vascular resistance decreased by 
an average of 71 dyn sec cm-5 from baseline. There were no 
significant changes in systemic blood pressure or cardiac 

output. However, most compelling to clinicians at the time 
was an average increase in the partial pressure of oxygen in 
arterial blood (Pao2)/fraction of inspired oxygen (Fio2) of 
51 mm Hg. Inhaled NO was rapidly adopted for the treat-
ment of severe ARDS. Indeed, a survey of intensive care 
physicians’ practices across Europe showed that, by 1998, 
98.5% of respondents considered ARDS an indication for 
inhaled NO. Moreover, 71% considered that Pao2/Fio2 
ratios were sufficient criteria for initiating treatment.24

In these early studies, three observations were made 
that would later become contentious. The first of these 
was that the response to NO, whether based on decreased 
pulmonary artery pressures or on improved oxygenation, 
was largely predictable and almost universal. It was later 
established that, at most, 40% to 60% of ARDS patients 
responded to inhaled NO with an improvement in one or 
both of these parameters.25 Prediction of likely respond-
ers was difficult.26 The second observation was that the 
response to inhaled NO was sustained over a prolonged 
period of treatment. In contrast, later data demonstrated 
the development of tachyphylaxis within 2 to 3 days.25 The 
final observation was that although daily interruptions of 
inhaled NO were noted to cause increases in pulmonary 
artery pressures,23 these changes were not thought to be 
particularly problematic. Rebound pulmonary hyperten-
sion after withdrawal was later appreciated as a phenome-
non of real consequence, albeit one that could be overcome.

Early enthusiasm for inhaled NO was curtailed by 
negative Phase II27,28 and Phase III25,29 trials showing that 
NO did not improve overall survival in ARDS. This was 
supported by meta-analyses of trials of NO therapy in 
ARDS.30,31 In addition, NO may have an adverse effect on 
renal function31,32 In the United States, concerns about clin-
ical efficacy of NO have been reinforced by the high costs 
associated with the delivery system. The results of a Cana-
dian survey were likely representative of worldwide prac-
tice: By 2004, less than 40% of critical care physicians were 
using NO as therapy in ARDS and then only selectively.32

Prostaglandins

Prostaglandins are vasodilators that act through intracel-
lular adenylate cyclase, leading to a decrease in intracellu-
lar calcium. Various prostaglandins and their analogs have 
been shown to improve exercise capacity and quality of life 
in chronic pulmonary hypertension33 but with little effect 
on mortality.

During the late 1980s, several reports described the use 
of intravenous prostaglandin E1 (PGE1) for ARDS. PGE1 
appeared to exert its effects but as an anti-inflammatory and 
as a pulmonary vasodilator. The finding that pulmonary 
artery pressures were indeed decreased—by approximately 
15% when given in the typical dose range34—prompted 
two randomized controlled trials. The first, and the smaller 
of the two, was limited to ARDS in surgical patients and 
suggested a survival advantage.35 The subsequent, larger, 
and more inclusive trial failed to confirm this. Indeed, the 
authors reported systemic hypotension and increases in 
intrapulmonary shunting.36 As these results were emerg-
ing, reported successes with inhaled NO fueled attempts to 
find an inhaled prostaglandin. Iloprost, a synthetic analog of 
prostacyclin, emerged as a drug stable in aerosolization and 
suitable for inhalation. In 1993, Walmrath and coworkers37 
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first reported the use of aerosolized iloprost in three patients 
with ARDS. Pulmonary vascular resistance and intrapul-
monary shunt decreased and oxygenation improved, all by 
30% to 40%. These findings were confirmed 3 years later by 
2 reports, both involving rather few patients.38 In a more 
recent report, 10 mg nebulized iloprost was administered to 
a series of 20 ARDS patients with pulmonary hypertension 
identified by echocardiography. Pao2 increased by a mean of 
18 mm Hg without demonstrable adverse effects.39

Iloprost compares well with inhaled NO for the treat-
ment of pulmonary hypertension in ARDS. Prostacyclin 
and its analogs have a longer half-life (2 to 3 minutes) com-
pared with NO (seconds). Although this could increase the 
risk for systemic vasodilation and hypotension, in practice 
this does not appear to be a significant problem.40,41 Indeed, 
50 ng/kg/min, the upper end of the dose range for iloprost, 
caused no systemic hemodynamic effects in children with 
acute lung injury.40 Prostacyclin is also a potent inhibitor of 
platelet aggregation. In the absence of increased bleeding, 
this may be of benefit.

Nonetheless, comparisons of iloprost and NO are com-
plicated by the limited published data. There are several 
small studies. Van Heerden and colleagues38 showed drug 
equivalency for iloprost at 50 ng/kg/min and NO at 10 ppm 
in five hypoxemic ARDS patients. Zwissler and associates42 
compared 1, 10, and 25 ng/kg/min iloprost with NO at 1, 
4, and 8 ppm, respectively, and found that both drugs pro-
duced roughly comparable effects. This also established 
limited dose-response curves for ARDS patients. Likewise, 
in 16 ARDS patients, Walmrath and coworkers43 found that 
iloprost (average dose 7.5 ± 2.5 ng/kg/min) and inhaled 
NO (average dose 18 ppm) were equally effective. Finally, 
similar comparative studies in primary pulmonary hyper-
tension point to roughly comparable clinical effects of the 
two agents.44

NO is degraded to nitrogen dioxide, a potential toxin. 
NO also requires an expensive delivery and monitoring 
system. Iloprost does not have this problem because it 
can be delivered by simple nebulizer systems. However, 
as with inhaled NO, rebound hypertension on drug with-
drawal has been reported.45 What remains to be con-
clusively demonstrated is whether prostaglandins may 
succeed in NO-unresponsive patients and vice versa. 
Because NO and prostaglandins exert their effects by 
entirely different mechanisms, the hypothesis is an attrac-
tive one, but which patients will respond to either remains 
difficult to predict. Data from Domenighetti and col-
leagues46 suggest that patients with ARDS of pulmonary 
origin are less likely to respond than those with ARDS of 
extrapulmonary origin, but a direct comparison with NO 
was not performed. Of note, Brett and associates26 found 
no predictors of response to inhaled NO. Finally, as with 
NO, there are no data suggesting that inhaled prostacy-
clin alters outcome in ARDS.

Phosphodiesterase Inhibitors

Enoximone, amrinone, and milrinone are inhibitors of 
phosphodiesterase type 3 PDE-3, the enzyme that cata-
lyzes the breakdown of cyclic adenosine monophosphate 
in myocardium and vascular smooth muscle. Inhibition of 
this enzyme increases myocardial contractility and causes 
widespread vasodilation. Although long-term survival 

rates are not improved for patients with chronic cardiac 
failure taking oral milrinone, this class of drugs is widely 
used in the setting of acute cardiac failure in cardiac sur-
gical patients.47,48 Decreases in output impedance should 
particularly favor the failing right ventricle. In a retro-
spective comparison of milrinone and dobutamine in 329 
patients with acutely decompensated cardiac failure, mil-
rinone produced greater decreases in pulmonary vascular 
resistance with greater improvements in cardiac output.49 
Likewise, in patients with severe pulmonary hypertension 
undergoing transplantation, milrinone50 or enoximone51 
potently decreased pulmonary vascular resistance and 
increased cardiac index.

Sildenafil is an orally administered, highly selective 
inhibitor of PDE-5. This subtype of PDE is present in abun-
dance in the smooth muscle cells of the pulmonary vascula-
ture. Inhibition of PDE-5 prevents the breakdown of cGMP, 
thereby augmenting the vasodilating effects of native and 
inhaled NO.

There are some reports of sildenafil treatment for patients 
with new-onset, life-threatening pulmonary hyperten-
sion related to acute lung injury or ARDS. Giacomini and 
associates52 gave enteral vardenafil, a sildenafil analog, to 
a single patient with ARDS and pulmonary hypertension 
in whom weaning of inhaled NO had proved impossible. 
Vardenafil permitted withdrawal of the inhaled NO and 
was itself eventually tapered. However, a recent open-label 
study evaluated the effect of a single 50-mg dose of silde-
nafil in 10 patients with ARDS and pulmonary hyperten-
sion.53 Although pulmonary artery pressures decreased 
significantly, from means of 25 to 22 mm Hg, systemic arte-
rial blood pressures also decreased, whereas shunt fraction 
increased. In the absence of further evidence, sildenafil 
remains an unproven therapy for pulmonary hypertension 
in ARDS.

Levosimendan

Levosimendan is an inodilator. The inotropic effect 
occurs through sensitization of troponin C in the myo-
cardium. Contractility is improved, but this uniquely 
occurs without a concomitant increase in intracellular 
calcium or in energy consumption. Vasodilation occurs 
through activation of potassium–adenosine triphosphate 
channels in the vasculature. Activation of these channels 
may also account for the cardioprotective effect reported 
in laboratory54 and clinical studies.55 An immunomodu-
latory effect is also described, although the mechanism 
is unknown.

The LIDO (Levosimendan Infusion versus Dobutamine) 
study was a double-blind randomized controlled trial that 
compared levosimendan with dobutamine in cardiogenic 
shock.56 Not only were predetermined hemodynamic goals 
achieved more successfully with levosimendan, but there 
was also a significant survival benefit. The extreme sensi-
tivity of the right ventricle to modest changes in afterload 
suggests a particular potential for levosimendan in the 
treatment of right ventricular failure complicating pulmo-
nary hypertension.

There are several clinical studies describing the use of 
levosimendan specifically for pulmonary hypertension and 
right ventricular failure. In a small placebo-controlled trial, 
Ukkonen and associates57 reported marked decreases in 
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pulmonary vascular resistance along with improvements 
in right ventricular mechanical efficiency and cardiac out-
put in patients with severe right heart failure. Morelli and 
colleagues58 performed a randomized placebo-controlled 
trial in 35 patients with ARDS. Levosimendan decreased 
mean pulmonary artery pressures from 29 ± 3 to 25 ± 3 mm Hg 
while increasing the right ventricular ejection fraction from 
45 ± 10 to 59 ± 10%. Cardiac index and mixed venous oxygen 
saturations also significantly increased.
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AUTHORS’ RECOMMENDATIONS

 •  Pulmonary hypertension is frequently unrecognized in ARDS.
 •  Pulmonary hypertension undoubtedly contributes to poor 
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Inhaled Vasodilators in ARDS:  
Do They Make a Difference?

Francois Lamontagne, Maureen O. Meade

Inhaled vasodilators have a compelling physiologic ratio-
nale in the management of critically ill patients with acute 
respiratory distress syndrome (ARDS). A 20-year accumu-
lation of rigorous research has helped to clarify their role in 
this setting, which is significantly more limited than origi-
nal reports suggested.

PHYSIOLOGIC RATIONALE

Lung imaging studies in patients with ARDS show that 
alveoli that are poorly aerated because of exudative edema, 
hyaline membranes, and microatelectasis are not homo-
geneously distributed throughout the lung parenchyma. 
Instead, certain zones are relatively preserved and remain 
compliant, allowing them to receive disproportionately 
large fractions of the minute ventilation.1,2 The more dis-
eased lung regions, located predominantly in the depen-
dent areas of the lungs, may be poorly ventilated and yet 
receive much of the right ventricular cardiac output, result-
ing in a significant ventilation-perfusion mismatch.

Heart-lung interactions are also part of the pathology 
of ARDS. Laboratory research has shown that hypoxia-
induced vasoconstriction leads to pulmonary hyper-
tension.3,4 This is compounded by the dysregulation of 
constricting and dilating mediators, which contribute to a 
pathologic increase in the pulmonary vascular resistance.5 
In severe ARDS, these effects may lead to right ventricular 
failure, a plausible independent predictor for death.6

Theoretically, selective vasodilatation of vessels per-
fusing aerated lung tissue would redistribute blood from 
poorly ventilated regions, reducing the shunt fraction 
and at the same time correcting pulmonary hypertension. 
Improved oxygenation would reduce the mortality risk 
that is directly attributable to respiratory and right ven-
tricular failure, whereas quicker resolution of ARDS would 
reduce the complications and morbidities associated with 
prolonged mechanical ventilation.7 Unfortunately, these 
are not the effects that investigators have observed in ran-
domized clinical trials.

The following discussion focuses mainly on inhaled 
nitric oxide (NO), which is by far the most extensively 
studied inhaled vasodilator in the context of ARDS. Fewer 
data are available for nebulized prostaglandins, specifi-
cally prostaglandin I2 (PGI2; prostacyclin), prostaglandin 

E1 (PGE1; alprostadil), and prostaglandin E2 (PGE2; 
 dinoprostone).

NITRIC OXIDE

In 1993, Rossaint et al.8 demonstrated in a prospective 
cohort of 10 patients that inhaled NO, as opposed to 
intravenous prostacyclin, improved oxygenation in adult 
patients with ARDS. This report supported the potential 
benefit of selective pulmonary vasodilatation. Other pre-
clinical and clinical observational studies confirmed the 
effects of inhaled NO on arterial oxygenation.9-11 Added 
to further laboratory investigations finding additional 
benefits of NO on platelet and leukocyte function,12 these 
results inspired the conduct of several randomized clini-
cal trials.

Two systematic reviews have evaluated inhaled NO in 
ARDS.13,14 Among the included randomized trials, the study 
populations varied to some extent. Most included adults 
with moderate to severe ARDS; however, some included 
children,15-17 those with less severe ARDS,18,19 or patients 
with a demonstrated favorable physiologic response to 
inhaled NO.20 Protocols for the dose and duration of therapy 
also varied from 1 to 80 ppm and less than 1 day to 28 days, 
respectively. One trial was a “dose-finding” study.20 Lastly, 
efforts to minimize bias ranged across the studies: 10 had 
concealed allocation,15,16,18-25 5 studies blinded caregiv-
ers,16,19,21,24,25 and 6 reported on the use of alternative experi-
mental therapies for ARDS.18,19,21-23,26

Despite the nuances of study populations, therapeutic 
protocols, and methodological rigor, the results related to 
mortality were strikingly consistent. The relative similarity 
of patients, methods, and results supports the decision to 
statistically aggregate results for this outcome. With or with-
out statistical pooling, a visual review of the meta-analytical 
results provides a strong impression (Figure 34-1). The aggre-
gate results further suggest that inhaled NO does not improve 
survival despite a demonstration of improved oxygenation. 
In fact, trends were more in keeping with increased mortal-
ity (relative risk 1.06; 95% confidence interval [CI], 0.93 to 
1.22).14 Likewise, the pooled results suggest that inhaled NO 
is not beneficial in terms of duration of mechanical ventilation 
(mean difference 1.02 days; 95% CI, −2.08 to 4.12) or ventila-
tor-free-days (mean difference −0.57; 95% CI, –1.82 to 0.69).14

34
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Both systematic reviews suggest a statistically signifi-
cant increase in the risk of renal dysfunction with inhaled 
NO therapy in the four studies that evaluated this outcome 
(relative risk 1.59; 95% CI, 1.17 to 2.16).14 One unblinded 
and three blinded trials observed this effect.19-21,24

The generalizability of these results to clinical practice 
is high. The studies included patients across the spectrum 
of ARDS who clinicians commonly considered (before 
the publication of these studies) for inhaled NO therapy. 
Moreover, the treatment effects were strikingly similar 
across studies, notwithstanding the variations in popula-
tions, drug administration protocols, and methodological 
quality.

In parallel with these systematic reviews, data on the 
long-term quality of life outcomes and costs of inhaled NO 
have emerged.27 Using the dataset of a previously published 
trial of inhaled NO in ARDS,19 Angus et al.27 performed a 
cost-effectiveness analysis suggesting that inhaled NO did 
not modify long-term outcomes or posthospital discharge 
costs. In a separate retrospective analysis of the same data-
set, Dellinger et al.28 reported on the long-term pulmonary 
function of ARDS survivors who had participated in the 
trial. At 6 months, the 51 survivors treated with inhaled 
NO (compared with 41 who were not) had a greater mean 
(standard deviation [SD]) (1) total lung capacity (TLC; 5.54 
[1.42] vs. 4.81 [1.0], P = 0.026), (2) percentage of predicted 
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Figure 34-1. Inhaled nitric oxide (iNO) for acute respiratory distress syndrome (ARDS) and acute lung injury in children and adults. (Review) 
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forced expiratory volume in 1 second (FEV1; 80.2 [21.2] vs. 
69.5 [29.0], P = 0.042), (3) percentage of predicted forced 
vital capacity (FVC; 83.8 [19.4] vs. 69.8 [27.4], P = 0.02), 
(4) percentage of predicted FEV1/FVC (96.1 [13.8] vs. 
87.9 [19.8], P = 0.03), and (5) percentage of predicted TLC 
(93.3 [18.2] vs. 76.1 [21.8], P < 0.001). Most recently, Medjo 
and colleagues29 reported on a prospective observational 
study of inhaled NO in 16 children with ARDS who were 
compared with historic controls.29 Although oxygenation 
improved for up to 4 hours with inhaled NO, values had 
returned to baseline 24 hours after the onset of therapy and 
survival was not improved.

In summary, current clinical trials do not support a role 
for inhaled NO in the routine management of patients with 
acute lung injury and ARDS. In fact, meta-analyses sug-
gest this approach to patient care is more likely to cause 
harm.13,14

PROSTAGLANDINS

Bearing the same physiologic rationale as inhaled NO in 
ARDS, three vasodilating prostaglandin molecules are a 
focus of interest in ARDS research: prostaglandin I2 (PGI2), 
alprostadil (PGE1), and dinoprostone (PGE2). In addition, 
PGI2 blocks platelet aggregation and neutrophil migra-
tion, and PGE2 has anti-inflammatory properties. For these 
reasons, many investigators have hypothesized that nebu-
lized prostaglandins would serve as selective vasodilators; 
therefore, they would be useful adjuncts in the context of 
ARDS.

The body of literature evaluating a role for inhaled pros-
taglandins in the management of patients with ARDS is 
limited. Dahlem et al.30 reported that among 14 children 
with ARDS randomized to nebulized prostacyclin or pla-
cebo, oxygenation did improve with prostacyclin (median 
change in oxygen index −2.5, interquartile range −5.8 to 
−0.2), but mortality was unchanged. Other uncontrolled 
trials led to similar results. In a dose-finding study, Van 
Heerden et al.31 treated nine adult patients who had ARDS 
with inhaled prostacyclin. The partial pressure of oxygen 
in arterial blood (Pao2)/fraction of inspired oxygen (Fio2) 
increased, but prostacyclin had no effect on hemodynamic 
variables or on platelet function. Sawheny et al.32 treated 20 
patients with ARDS and elevated pulmonary arterial pres-
sures with PGI2. The mean Pao2/Fio2 ratio increased from 
177 (SD 60) to 213 (SD 67), but the partial pressure of carbon 
dioxide in arterial blod (Paco2), peak and plateau airway 
pressures, systemic blood pressure, and heart rate did not 
significantly change. Using a different prostaglandin, Meyer 
et al.33 treated 15 adult patients with acute lung injury with 
inhaled PGE2. The mean Pao2/Fio2 ratio increased from 105 
(standard error [SE] 9) to 160 (SE 17) (P < 0.05) after 4 hours 
and to 189 (SE 25) (P < 0.05) after 24 hours.

In contrast, Camamo et al.34 reviewed the charts of 
27 patients treated with PGI2 or PGE1 (alprostadil) for a 
primary or secondary diagnosis of ARDS and found no 
statistically significant improvement in oxygenation. 
Likewise, in a prospective uncontrolled trial of nebulized 
PGI2 to 15 consecutive patients with ARDS and severe 
hypoxemia, Domenighetti et al.35 found no improvement 
in oxygenation.

COMPARISONS OF INHALED NITRIC 
OXIDE AND PROSTAGLANDIN

Comparisons between nebulized PGI2 and inhaled NO sug-
gest that these agents have similar effects. Walmrath et al. 
individually titrated doses of both agents sequentially. The 
effects on pulmonary arterial pressure and distribution of 
blood flow were nearly identical.36,37 Torbic et al.38 compared 
the effects and costs of inhaled NO and PGI2 in 105 patients. 
There was no difference in the change in Pao2/Fio2, duration 
of mechanical ventilation, and intensive care unit and hospital 
lengths of stay. The authors did observe that inhaled NO was 
4.5 to 17 times more expensive than nebulized PGI2.

RECONCILING THE RATIONALE WITH 
CLINICAL RESEARCH FINDINGS

This discordance between physiologic outcomes and mor-
tality is not without precedent in critical care. In a land-
mark study of low tidal volume ventilation conducted 
by the ARDS Network, patients who underwent ventila-
tion with low tidal volumes had lower O2 levels but an 
increased survival when compared with those patients 
receiving traditionally larger tidal volumes.39 A discon-
nect between effects of inhaled NO on physiologic out-
comes and survival fits with the understanding that ARDS 
patients seldom die of respiratory failure.40 However, for 
the minority of patients with profound and refractory 
hypoxemia threatening immediate survival, the question 
remains unanswered. There are insufficient research data 
in this specific at-risk subgroup to conclude that inhaled 
NO is on balance more likely to benefit or to harm.

There are several plausible explanations for the lack of 
benefit of inhaled NO as well as, prostaglandins in most 
patients with ARDS. It is conceivable that the purported 
physiologic benefits are offset by relatively hidden delete-
rious effects on other organ systems. Contrary to common 
belief, recent experiments have shown that inhaled NO does 
not act strictly within the pulmonary vasculature; rather, it 
reacts with various molecules to produce nitrosothiol com-
pounds that share many properties of NO donors but have 
longer half-lives.41-44 In keeping with the unexpected asso-
ciation between inhaled NO administration and renal dys-
function, this evidence suggests that the pharmacodynamic 
effects of inhaled NO are likely more complex than origi-
nally understood. The data on inhaled prostaglandins are 
less clear, but the same principles may apply.

CONCLUSION

The use of inhaled vasodilators appeals to our current under-
standing of ARDS physiopathology. Caregivers expect that by 
limiting ventilation-perfusion mismatch, these medications 
will improve survival. There are also hypotheses related to 
pleiotropic effects on leukocyte migration, platelet adhesion, 
and overall inflammation. Therefore inhaled vasodilator ther-
apies have been subjected to wide and rapid dissemination.45 
However, a careful examination of randomized trials reveals 
disappointing results. In the case of NO, in which the overall 
trend is indicative of harm, there are now sufficient data—in 
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quantity and quality—to suggest that inhaled NO should not 
be used in the routine management of patients with ARDS. 
Whether this therapy can make a difference in the setting of 
severe, life-threatening refractory hypoxemia is uncertain, but 
any potential benefit should be weighed against the risk for 
extrapulmonary side effects (e.g., kidney injury) and its high 
cost. Fewer data are available to address the potential role for 
nebulized prostaglandin therapy.
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Do Nonventilatory Strategies 
for Acute Respiratory Distress 
Syndrome Work?

Rob Mac Sweeney, Danny McAuley

The inflammatory injury suffered by the alveolar epithe-
lium–endothelium complex provides multiple potential 
therapeutic targets. The inflammatory process could be 
inhibited at any stage from the genome to inflammatory 
signaling to leukocyte activation. Likewise, the various 
pathophysiologic consequences of alveolar injury could 
be amenable to pharmacologic intervention. The injurious 
process affects local alveolar ventilation, gaseous diffusion, 
and perfusion, leading to reduced compliance, ventilation-
perfusion mismatch, and respiratory failure. This chapter 
reviews the evidence for past, present, and potential future 
pharmacologic therapies for acute respiratory distress syn-
drome (ARDS). Therapies can be classified as those that 
aim to improve the pathophysiologic consequences of 
ARDS or those that are anti-inflammatory, although a large 
degree of overlap exists.

THERAPIES TO TREAT THE 
PATHOPHYSIOLOGIC CONSEQUENCES  
OF ARDS

Surfactant Deficiency

Surfactant is an endogenous mixture of phospholipids and 
proteins A-D produced by type 2 alveolar cells. It reduces 
alveolar surface tension, preventing alveolar collapse, and 
has anti-inflammatory and antimicrobial properties. Exog-
enous surfactant administration has been successfully used 
in neonatal respiratory distress syndrome, a condition of 
reduced surfactant production. Early trials in ARDS dem-
onstrated physiologic improvements1-7; however, later 
phase III trials failed to show an improvement in mortal-
ity.8-12 A meta-analysis of surfactant trials in ARDS reported 
an increase in oxygenation, without an improvement 
in duration of ventilation or mortality, at a cost of more  
frequent complications.13

Various reasons have been proposed for these results. 
Although the neonatal syndrome is due to reduced 
production, the situation is more complex in ARDS. 
Surfactant is affected by increased removal, altered 
composition, reduced efficacy, and reduced production. 

Potential limitations of these phase III studies include 
the use of suboptimal surfactant formulation, dose and 
duration of therapy, inadequate alveolar delivery, and late 
initiation of therapy. Pending new research, surfactant 
therapy is not recommended.

Limitation of Generation of Alveolar Edema

Although an increasing appreciation of the endothelial 
 glycocalyx has modified our understanding of microvas-
cular fluid fluxes, alveolar flooding had previously been 
thought to be primarily dependent on three factors: cap-
illary hydrostatic pressure, oncotic pressure, and alveolar 
capillary permeability. Capillary permeability is increased 
in ARDS. Reducing hydrostatic pressure, increasing oncotic 
pressure, or both have been tested to ameliorate the devel-
opment of pulmonary edema.

Reducing capillary hydrostatic pressure targeted to pul-
monary artery occlusion pressure (PAOP)14 and central 
venous pressure15 may be associated with improved out-
come in ARDS, although fluid management guided by a 
pulmonary artery catheter compared with a central venous 
catheter offers no advantage in ARDS.16 A positive fluid bal-
ance17-20 and increased extravascular lung water (EVLW)21 
are associated with poor outcomes in ARDS. Guiding fluid 
therapy with EVLW measurement rather than with PAOP 
may be better.22

Hydrostatic pressure may be reduced by restricting 
fluid intake, increasing fluid output with either diuretics 
or renal replacement therapy (RRT), or decreasing vasomo-
tor tone with vasodilators. The phase III FACTT (Fluid and 
Catheters Treatment Trial) study demonstrated improve-
ments in secondary outcomes such as duration of ventila-
tion and intensive care unit (ICU) stay with a restrictive 
fluid strategy. Fluid balance was dictated by a protocol of 
diuretic administration based on filling pressures.15 Total 
7-day fluid balance was approximately 0 mL compared 
with approximately 7000 mL in the liberal fluid strategy. 
Although there was no difference in mortality, importantly, 
there was no increase in renal failure or organ hypoperfu-
sion with fluid restriction.

35
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Animal models have demonstrated reduced pulmo-
nary edema through reductions in pulmonary vascular 
pressures and permeability with RRT. Two small obser-
vational studies in humans have provided mixed results. 
Ten children with ARDS after bone marrow transplanta-
tion or chemotherapy who were treated with RRT had an 
80% survival rate in contrast to a historic survival of 15%.23 
Thirty-seven adults with renal failure and acute lung injury 
(ALI)/ARDS who were treated with RRT and a zero fluid 
balance had no pulmonary improvements within the first 
24 hours of treatment.24 The role of RRT in the management 
of ARDS remains uncertain.

The choice of fluid for resuscitation in ARDS has been 
indirectly informed by recent large, multicenter randomized 
controlled trials on fluid therapy in the critically ill. 
The traditional Starling forces–based understanding of 
capillary fluid flux has been challenged,25 questioning an 
edema-sparing effect from colloid fluids. With clear signals 
of harm from hydroxyethyl starches,26,27 a lack of safety 
data for gelatins,28 and an absence of benefit from albumin 
over crystalloids,29,30 balanced crystalloid solutions31 are 
arguably the fluid of choice for all nonexsanguinating 
patients.

Hypoproteinemia is associated with the develop-
ment of lung injury and is a marker of weight gain and 
death. Two small studies have investigated the use of 
furosemide with albumin infusions in patients with 
 hypoproteinemia who have ALI. Both showed increases 
in total serum protein and more negative fluid balances 
with furosemide and albumin administration. This was 
associated with increased oxygenation but without 
improving mortality.32,33

Albumin also exerts antioxidant effects via its thiol 
group. Nonsurvivors of ALI/ARDS have reduced thiol 
values.34 The infusion of albumin is associated with 
increased plasma thiol levels in sepsis35 and ARDS36 and 
decreased markers of oxidant injury. In the recently pub-
lished ALBIOS (Albumin Italian Outcome Sepsis) study,30 
comparing albumin with crystalloid administration in 
sepsis, there was no difference in the respiratory SOFA 
(Sequential Organ Failure Assessment) score between 
groups.

Lung injury is often heralded by an increase in pulmo-
nary vascular resistance, with an imbalance between pul-
monary vasoconstrictors and vasodilators seen in animal 
endotoxin shock models. Intravenous adenosine reduces 
EVLW, whereas intravenous nitroprusside and nitroglyc-
erin also reduce pulmonary edema generation but at the 
expense of increasing ventilation-perfusion mismatch. To 
date, there is no clear evidence to support the role of vaso-
dilator treatment in ARDS.

MAXIMIZING ALVEOLAR FLUID CLEARANCE

Alveolar fluid clearance (AFC) is impaired in more 
than 50% of those with ARDS, with this group having 
higher mortality rates.37 Beta agonists upregulate AFC 
by increasing sodium ion transport from the alveolar 
space. A  clinical trial of intravenous salbutamol in ARDS 
 demonstrated reduced EVLW and a trend toward increased 
 survival.38 A retrospective study of salbutamol exposure  

in ARDS suggested an association between higher expo-
sure and improved outcome.39 Beta-2 agonists may 
cause several other beneficial effects in ARDS, including 
increased surfactant secretion, decreased lung endothelial 
permeability, decreased airway resistance, and decreased 
airway pressures. Unfortunately, despite a wealth of 
lower level evidence, two large beta-2 agonist multicenter 
studies in the United States (ALTA [Albuterol to Treat 
Acute Lung Injury] study,40 investigating aerosolized alb-
uterol in ARDS) and the United Kingdom (BALTI-2 [Beta 
Agonist Lung Injury Trial-2] study,41 investigating intra-
venous salbutamol in ARDS) were stopped early for futil-
ity and harm, respectively.

Another future potential treatment is gene therapy to 
increase the expression of the ion channels and pumps 
needed for AFC. An animal study investigating overex-
pression of the beta-1 subunit of the sodium-potassium 
adenosine triphosphatase (Na+,K+-ATPase) pump dem-
onstrated increased rates of AFC and improved survival.42 
If the alveolar epithelium is severely injured, then cellular 
regeneration may be required before a functioning epithe-
lial layer can be manipulated.

Epithelial and Endothelial Repair

Stem cells have the capacity for limitless self-renewal and 
differentiation. Embryonic stem cells are pluripotent and 
have the ability to differentiate into any cell type in the 
body. Adult stem cells are multipotent and have the ability 
to differentiate into several cell types, including cell types 
of other organ systems.

Stem cells provide three therapeutic opportunities.43 
First, endogenous stem cells may be stimulated via 
exogenously administered growth factors. Keratinocyte 
growth factor (KGF), hepatocyte growth factor, and 
transforming growth factor-α (TGF-α) have all been shown 
to reduce the effects of ALI in animal models. Epidermal 
growth factor, TGF-α, and KGF can all upregulate AFC. 
KGF has other potentially useful effects, including 
cytoprotection, augmented surfactant secretion, and an 
antioxidant effect. A randomized, controlled phase II study 
of intravenous KGF (palifermin) in ARDS (KARE study) 
has recently completed with publication imminent.44 
Vascular endothelial growth factor (VEGF) promotes 
angiogenesis and regulates vascular permeability. Genetic 
polymorphisms of the VEGF gene are associated with 
lower levels of VEGF and increased mortality in ARDS.45 
Although VEGF increases alveolar permeability in ARDS,46 
its administration enhances alveolar repair in vitro and in 
animal models. The role of VEGF in ARDS is currently 
being studied (NCT00319631).

Second, administration of exogenous stem cells, either 
embryonic or adult, can provide repair to an injured 
alveolus. Animal studies have been promising. In a 
lipopolysaccharide (LPS)–induced ARDS model, bone 
marrow progenitor cells localized to the site of injury 
and differentiated into endothelial and epithelial cells. 
Autologous transplantation of endothelial progenitor cells 
preserves endothelial function and maintains the integrity 
of the pulmonary alveolar-capillary barrier, whereas 
administration of mesenchymal stem cells reduces the 
severity of ARDS in mice.47 Patients with pneumonia48 and 
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ARDS49 have higher levels of endothelial progenitor cells, 
and this higher level correlates with improved outcome. 
Mesenchymal stem cells were originally thought to act as 
a source of regenerative cells by differentiating into, and 
locally replacing, lethally injured cells. However, their 
primary mechanism of action may be through the secretion 
of growth factors, cytokines, and other signaling molecules 
causing trophic modulation of inflammation, cell death, 
fibrosis, and tissue repair.50

The third role of stem cells is their ability to deliver 
gene therapy to the injured lung. Endothelial progenitor 
cells have been used to deliver vasodilatory genes to 
the pulmonary vasculature with resultant decreases in 
pulmonary artery pressures in experimental pulmonary 
hypertension. In one study, nontransfected mesenchymal 
stem cells reduced the severity of ARDS in a mouse LPS 
model, whereas administration of mesenchymal stem 
cells transfected with the human angiopoietin-1 gene only 
demonstrated a small additional improvement.47 Human 
studies are awaited.

Vasodilators

Nitric oxide (NO) is an endogenous vasodilator produced 
by the endothelium. When administered by inhalation, it 
vasodilates the circulation of ventilated alveoli, thus poten-
tially reducing shunt and pulmonary hypertension. Early 
studies demonstrated physiologic improvements with NO 
in ARDS51-55; however, mortality remained unchanged. 
Two meta-analyses showed no mortality benefit56,57 and 
reported possible harm due to methemoglobinemia, 
toxic nitrogen compounds, increased pulmonary edema, 
rebound pulmonary hypertension, and renal failure. 
Because NO is expensive, possibly harmful, and without 
a mortality benefit, its routine use is not recommended. 
It may have a place as salvage therapy for severe hypox-
emia given its ability to increase oxygenation,58 although 
a recent meta-analysis failed to show a benefit in the most 
hypoxic patient group.59

Prostacylins are derivatives of arachidonic acid and 
have potentially beneficial effects, including vasodilation, 
inhibition of platelet aggregation, reduction of neutrophil 
adhesion, and inhibition of macrophage and neutrophil 
activation. Inhaled prostaglandin I2 (PGI2, or prostacyclin) 
has been compared with inhaled NO in ARDS.60-62 PGI2 
has similar efficacy, and some advantages including mini-
mal systemic effects, absence of platelet dysfunction, easy 
administration, harmless metabolites, and no requirement 
for monitoring. A small study published in 2013 showed 
nebulized PGI2 (iloprost) selectively decreases pulmonary 
hypertension and improves myocardial diastolic dysfunc-
tion but without a significant effect on oxygenation in 
ARDS.63

Intravenous prostacyclin in the form of prostaglandin E1 
(PGE1) has also been investigated in ARDS. Although vaso-
dilatory effects can cause hypotension and increase pul-
monary shunting, prostacyclin is anti-inflammatory and 
can increase both cardiac output and oxygen delivery and 
improve oxygen extraction during reduced oxygen deliv-
ery. Early studies64-66 in ARDS showed no significant ben-
efit, although the dose delivered was questioned.67 PGE1 
was reformulated as liposomal PGE1 to increase pulmonary 

drug delivery and minimize side effects. Again, despite a 
promising preclinical study,68 results of subsequent studies 
were negative.69,70

Endothelin-1 is a potent vasoconstrictor that has 
been implicated in the pathophysiology of lung injury. 
Tezosentan, an endothelin receptor antagonist, has been 
investigated in animal models of lung injury with mixed 
results thus far.

Vasoconstrictors

Almitrine is a pulmonary vasoconstrictor that may increase 
hypoxic pulmonary vasoconstriction and reduce shunt. In 
a small ARDS study, oxygenation was improved with mini-
mal increase in pulmonary vascular pressures.71 The com-
bination of intravenous almitrine to decrease blood flow to 
hypoxic lung units and inhaled NO to increase blood flow 
to ventilated lung units has been investigated in experi-
mental lung injury and a small clinical study.72 Both found 
the combination superior to either therapy alone at increas-
ing the partial pressure of oxygen in arterial blood (Pao2) 
with minimal increase in pulmonary artery pressure. Fur-
ther research is required.

Coagulation

An imbalance between fibrinogenesis and fibrinolysis 
in ARDS results in widespread fibrin deposition 
in the alveolar airspace, interstitium, and blood 
vessels. Pulmonary intravascular thrombosis and 
vasoconstriction can lead to the development of increased 
pulmonary vascular dead space, an independent 
predictor of mortality in ARDS. Several anticoagulants 
have been proposed as potential therapies in ARDS 
and have undergone investigation in animal models. 
Tissue factor pathway inhibitor (TFPI), factor VIIai, 
heparin, antithrombin III, activated protein C (APC), and 
thrombomodulin have all been shown to have beneficial 
effects at this level of investigation.73

Protein C levels are lower in patients with ARDS than 
in normal controls, and the level of protein C correlates 
with clinical outcome.74 However, a small randomized 
controlled trial of APC in ARDS did not reduce either 
duration of ventilation or mortality, although pulmonary 
vascular dead space was decreased.75 A further small 
study investigating APC in inflammatory and infectious 
ARDS also failed to demonstrate benefit.76 After 
the disappointing results of the PROWESS-SHOCK 
(Prospective Recombinant Human Activated Protein C 
Worldwide Evaluation in Severe Sepsis and Septic Shock) 
study,77 recombinant APC (Xigris) has been withdrawn 
from the market. A phase II trial of recombinant TFPI 
demonstrated improvements in lung dysfunction score 
and survival.78

The pathophysiologic role played by platelets, as both 
proinflammatory and prothrombotic effectors, could 
potentially allow for a therapeutic effect for antiplatelet 
agents. Aspirin is currently being examined in a human 
preclinical ARDS model (NCT01659307) and an ARDS 
prevention clinical study (NCT01504867). Therapeutic 
modulation of the hemostatic system is not currently 
recommended in ARDS.
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Neuromuscular Blockade

Ventilator-induced lung injury can be a significant problem 
for patients with ARDS, with levels of mechanical venti-
lation required for maintenance of adequate gas exchange 
producing volutrauma, barotrauma, and biotrauma. Inhi-
bition of skeletal muscle activity attenuates numerous 
pathophysiologic mechanisms, such as elevated airway 
pressures, regional hyperventilation, reduced compliance, 
and patient-ventilator dyssynchrony. Two small random-
ized controlled trials demonstrated improved oxygen-
ation79 and decreased pulmonary inflammation,80 leading 
to a large multicenter randomized controlled trial in  
340 patients with severe ARDS investigating early paral-
ysis for 48 hours with cisatracurium. Neuromuscular 
blockade was associated with improved adjusted 90-day 
mortality, with no difference in rates of ICU-acquired 
weakness.81

ANTI-INFLAMMATORY THERAPY

Glucocorticoids

Steroids possess a myriad of anti-inflammatory proper-
ties, stretching from the genome to the macrophage. In 
the 1980s, several trials unsuccessfully examined the role 
of short-course, high-dose methylprednisolone in prevent-
ing the development of ARDS in high-risk patients.82-85 A 
trial of high-dose steroids early in the course of ARDS had 
negative results,86 but a recent study in 91 patients with 
prolonged low-dose methylprednisolone showed reduced 
inflammation and organ dysfunction, plus reduced dura-
tion of mechanical ventilation and ICU stay.87

Excessive alveolar fibrosis is a feature of established 
ARDS, and the antifibrotic properties of steroids have 
been investigated in this setting. Observational studies88-90 
showed promising results and were followed by a small 
randomized controlled trial that suggested a beneficial 
effect on outcome.91 However, the ARDSnet Late Steroid 
Rescue Study demonstrated no overall effect on mortality, 
with increased mortality when steroids were commenced 
7 days after the onset of ARDS.92 A meta-analysis93 and 
systematic review94 concluded that steroids have no role in 
preventing ARDS but that they may have a role in treating 
ARDS. Further studies are required to definitively answer 
this question.

Proinflammatory Mediator Inhibition

Eicosanoids are derivatives of arachidonic acid and act as 
proinflammatory mediators. They are produced via the 
activity of either 5-lipoxygenase to produce the leukotri-
enes or cyclooxygenase to produce prostanoids.

Ketoconazole is an imidazole antifungal agent with 
anti-inflammatory properties, specifically an ability to 
block leukotriene and thromboxane A2 synthesis, and an 
antimacrophage effect by which proinflammatory cytokine 
secretion is reduced. Small studies reported positive results 
for the prevention of ARDS in high-risk patients.95-97 A 
large subsequent study by the ARDSnet group of ketocon-
azole in 234 patients with ARDS demonstrated no benefi-
cial effects.98

Ibuprofen is a nonsteroidal anti-inflammatory agent 
that inhibits cyclooxygenase. In a large sepsis study of 448 
patients, ibuprofen diminished prostanoid production and 
was associated with a trend toward decreased duration of 
pulmonary dysfunction and ARDS, but this did not reach 
statistical significance.99 Modulation of other inflammatory 
mediators has also been investigated, but to date no treat-
ment has been shown to effectively reduce mortality.

Complement can contribute to ARDS by the generation 
of C3a and C5a, which attract neutrophils to the lungs and 
activate them. Complement can also cause cellular injury 
through the production of the membrane attack complex, 
C5b-9. Complement receptor 1 is a cell surface receptor on 
erythrocytes and leukocytes that can inhibit classic and 
alternative complement pathways. Animal studies have 
provided a basis for further investigation, and a human 
phase I study in 24 patients with ARDS has demonstrated 
the safety of recombinant soluble cytokine receptor 1 and 
its ability to inhibit the complement cascade.100 Further 
studies are awaited.

Interferon β-1a may reduce lung endothelial bar-
rier dysfunction and minimize lung edema through the 
generation of adenosine, which reduces vascular perme-
ability. An open-label phase II study investigating this 
intervention reported increased lung CD73 expression, 
which produces adenosine, and lessened mortality in 
ARDS.101 Anti-inflammatory therapy for ARDS is not rec-
ommended pending further research.

Immunonutrition

Nutrition has been suggested to play various roles in the 
management of ARDS. The use of a feed high in fat and low 
in carbohydrate can reduce carbon dioxide (CO2) produc-
tion and thus ventilatory requirements.102 Enteral nutrition 
can stimulate gut and lung immunoglobulin A defense 
mechanisms.103 The omega-3 polyunsaturated fatty acids 
found in fish oil, eicosapentaenoic acid, γ-linolenic acid, and 
docosahexaenoic acid can reduce the production of arachi-
donic acid from membrane phospholipids, with potential 
effects on inflammation. On the basis of these findings, sev-
eral recent studies in ARDS and general ICU populations 
have investigated various elements of nutrition such as 
intensity, feeding route, and formulation, including phar-
maconutrition. The EDEN (Early vs. Delayed Enteral Feed-
ing) study compared early enteral trophic feeding with 
full enteral feeding in 1000 patients with ARDS and found 
that trophic feeding was associated with reduced gastroin-
testinal intolerance but no improvement in ventilator-free 
days, infections, or 60-day mortality.104 The very recently 
completed CALORIES trial demonstrated no difference in 
duration of advanced respiratory support in 2388 critically 
ill patients randomized to either early enteral or paren-
teral nutrition.105 Three major pharmaconutrition studies 
(OMEGA106 in an ARDS population, as well as REDOX107 
[Reducing Deaths due to Oxidative Stress] and METAP-
LUS108 in non-ARDS, mechanically ventilated populations) 
all reported harm from a range of interventions.

Despite various purported physiologic advantages, 
including reductions in pulmonary neutrophil infiltration, 
microvascular permeability, and pulmonary vascular resis-
tance, numerous clinical studies of omega-3 fatty acids in 
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ARDS have failed to clearly show benefit from this inter-
vention, a finding confirmed in separate meta-analyses of 
enteral109 and parenteral110 administration studies.

Antiadhesion Molecule Therapy

The adhesion of immune cells to the endothelium to facili-
tate diapedesis is a vital step in the accumulation of neutro-
phils in the alveolus. The blockage of adhesion molecules is 
a potential therapeutic target in ARDS. Blockage of CD18, 
a neutrophil adhesion molecule, has been shown to attenu-
ate the development of experimental lung injury. To date, 
there are no human studies.

Effector Cell Inhibition

Pentoxifylline is a phosphodiesterase inhibitor with anti-
inflammatory effects, acting against neutrophils and mac-
rophages. A small phase I study of pentoxifylline in six 
ARDS patients did not show any advantage in either gas 
exchange or hemodynamic parameters.111

Lisofylline is a pentoxifylline derivative with slightly 
differing anti-inflammatory mechanisms. Although it also 
inhibits neutrophil accumulation and downregulates pro-
inflammatory cytokines, it additionally has an effect on 
reducing levels of oxidized free fatty acids. Animal studies 
of lisofylline in the treatment of ARDS were promising, but 
again a large multicenter study by the ARDSnet group in 
235 patients with ARDS had negative results.112

Granulocyte-macrophage colony stimulating factor 
(GM-CSF) is involved in the development and homeo-
stasis of alveolar macrophages. It also plays a role in the 
prevention of alveolar epithelial apoptosis. A small study 
of 10 patients with ALI demonstrated an improvement in 
oxygenation with GM-CSF over a 5-day period.113 A fur-
ther study of GM-CSF in 130 patients with ARDS failed to 
demonstrate benefit, although it was underpowered, with 
nonsignificant signals of benefit evident.114

Activated neutrophils release neutrophil elastase, which 
plays a key role in alveolar injury leading to increased vascu-
lar permeability and alveolar flooding. EPI-hNE-4 is a neutro-
phil elastase inhibitor that improved pulmonary compliance 
without affecting immune function during Pseudomonas aeru-
ginosa–induced pneumonia in rats. A phase III multicenter 
trial of depelestat (EPI-hNE-4) in ARDS has completed and 
is awaiting publication (NCT 00455767). Sivelestat is a revers-
ible, competitive inhibitor of neutrophil elastase. After prom-
ising animal studies, sivelestat underwent a phase III study 
in which it improved pulmonary function and reduced dura-
tion of ICU stay, with trends toward a reduction in duration of 
mechanical ventilation and mortality.115 However, the inter-
national STRIVE (Sivelestat Trial in ALI Patients Requiring 
Mechanical Ventilation) study in 492 ALI patients was prema-
turely stopped after an increase in 180-day all-cause mortal-
ity was noted.116 No pulmonary improvements occurred, and 
28-day mortality was not reduced.

Antioxidant Therapy

Activated neutrophils and macrophages partly exert their 
injurious effects through the generation of reactive oxygen 
species. Pulmonary glutathione, an antioxidant, is reduced 

in ARDS. N-acetylcysteine and procysteine are precursors 
for glutathione, and their administration can replete 
pulmonary glutathione levels in ARDS. Small studies of 
N-acetylcysteine in ARDS reported mixed results,117-120 
whereas a study of procysteine in ARDS was halted in 
1998 because of increased mortality (unpublished data). 
N-acetylcysteine can also downregulate nuclear factor-κB 
with resultant reduction in neutrophil chemoattractant 
mRNA and alveolitis in a rat model of lung injury.

In a study of critically ill surgical patients, vitamin C 
and E administration reduced the duration of mechanical 
ventilation and ICU stay without decreasing the incidence 
of ARDS.121 The more recent REDOX study reported no 
efficacy from antioxidant administration in a general ICU 
population,107 whereas a high-protein enteral diet enriched 
with pharmaconutrients including antioxidants also failed 
to demonstrate efficacy.

Statins

Statins were introduced into clinical practice as cholesterol-
lowering agents through the inhibition of 3-hydroxy-3- 
methylglutaryl-coenzyme A (HMG CoA) reductase and have 
since been shown to possess pleotropic actions both depen-
dent and independent of HMG CoA reductase inhibition. 
Statins exert beneficial effects on inflammation and coagula-
tion as well as epithelial, endothelial, and immune cell func-
tion.122 Several retrospective studies have demonstrated that 
prior statin therapy is associated with improved survival in 
sepsis, including pneumonia.123-127 In a healthy-volunteer, 
inhaled LPS-induced model of lung injury, pretreatment 
with a statin reduced pulmonary markers of inflamma-
tion128 Despite this promising background, two large, mul-
ticenter randomized controlled trials published in 2014 did 
not demonstrate any advantage to statin therapy in ARDS. 
The American SAILS (Statins for Acutely Injured Lungs 
from Sepsis) study,129 investigating rosuvastatin, reported 
no mortality benefit and possible renal harm, whereas the 
Irish Critical Care Trials Group HARP-2 (Hydroxymethyl-
glutaryl-CoA reductase inhibition with simvastatin in Acute 
lung injury to Reduce Pulmonary dysfunction) study,130 
examining simvastatin, showed no statistically significant 
improvement in ventilator-free days, although it was poten-
tially underpowered to detect a small difference in mortality.

Angiotensin-Converting Enzyme Inhibitors

The severe acute respiratory syndrome epidemic led to the 
discovery of a novel coronavirus, the receptor for which is a 
variant of the angiotensin-converting enzyme (ACE), impli-
cating the renin-angiotensin system (RAS) in ARDS. ACE 
converts angiotensin I into angiotensin II, and angiotensin 
II, acting through the angiotensin-1 receptor (AT1R), medi-
ates vasoconstriction, alveolar permeability, and lung injury. 
ACE2 degrades angiotensin II; therefore excessive ACE activ-
ity or ACE2 deletion is associated with worse lung injury.

Genetic observational studies in humans have supported 
the concept that the RAS is important in the development and 
outcome of ARDS. The ACE DD genotype is associated with 
increased ACE activity and worse outcome in ARDS.131-133  
A retrospective study has shown that prior treatment with 
an ACE inhibitor was associated with decreased mortality in 
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patients requiring hospitalization for community-acquired 
pneumonia.127 Therapeutic modulation of the RAS with 
recombinant ACE2, ACE inhibition, and AT1R blockade with 
losartan attenuate pulmonary inflammation in rodent mod-
els of LPS-induced ARDS and ventilator-induced lung injury. 
Human studies are awaited.

Induced Hypothermia

Hypothermia decreases metabolism by 25% at 33° C, 
reducing oxygen consumption and CO2 production and 
thus ventilatory demand. It also decreases proinflamma-
tory gene transcription and exerts an anti-inflammatory 
effect. In  animal models, induced hypothermia reduces 
the expression of intracellular adhesion molecule-1, 
interleukin-1β levels, the pulmonary accumulation of neu-
trophils, and histologic lung damage. Several case reports 

have documented the successful use of hypothermia (33 
to 34° C) for severe ARDS.134-136 To date, there has been 
only one small study of 19 patients with sepsis-associated 
severe ARDS treated with induced hypothermia.137 Mortal-
ity was reduced by 33% at a mean temperature of 33.7° C. 
The reduction in body temperature was associated with a 
reduction in alveolar-arterial oxygen gradient, heart rate, 
and cardiac index and an increase in oxygen extraction, 
although oxygen consumption interestingly remained 
unchanged. Further research is required.

REASONS WHY PHARMACOLOGIC 
THERAPY IS INEFFECTIVE IN ALI/ARDS

Despite repeated promising preclinical and clinical phase 
I and II studies of therapies for ARDS, no nonventilatory 

Table 35-1 Summary of Nonventilatory Strategies for ALI/ARDS

Recommended Not Recommended as Routine Therapy Investigational

Restrictive fluid strategy Intravenous vasodilators Guided fluid strategy

Diuretics Pulmonary artery catheter guided management Lung ultrasound

Neutral to negative fluid balance — EVLW

Neuromuscular blockade in severe ARDS — RRT

— — Albumin

— — Beta-2 agonists

— Inhaled NO Inhaled prostacyclin

— APC Almitrine

— Antithrombin III TFPI

— — Factor VIIai

— — Heparin

— — Thrombomodulin

— — Aspirin

— Steroids (for established ARDS) Steroids (for early ARDS)

— Ketoconazole Complement antagonism

— Ibuprofen Anti-CD14 antibody

— N-Acetylcysteine Anti-CD18 antibody

— Procysteine Pentoxifylline

— Lisofylline GM-CSF

— Silvelestat Depelestat

— Statins Vitamins C and E

— Omega-3 fatty acids RAS modulation

— Glutamine Induced hypothermia

— Artificial colloid solutions —

— — —

Therapies with mixed results in clinical studies (e.g., steroids) require further evaluation before a specific recommendation can be made.
ALI, acute lung injury; APC, activated protein C; ARDS, acute respiratory distress syndrome; EVLW, extravascular lung water; GM-CSF, granulocyte-macrophage 

colony stimulating factor; NO, nitric oxide; RRT, renal replacement therapy; TFPI, tissue factor pathway inhibitor.
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strategy has yet convincingly been shown to improve out-
come, with the possible exception of early neuromuscular 
blockade. There are many reasons for the scientific failure of 
translation from bench to bedside. These include limitations 
of animal models, poorly understood human factors, study 
methodological flaws, and the use of oxygenation as an out-
come measure in a condition in which only a small minority 
die from refractory hypoxemia.138,139 The use of pharmaco-
logic agents as adjuncts to increase oxygenation allowing 
the limitation of injurious ventilation may be  associated 
with improved outcomes, but this remains to be tested  
(Table 35-1).
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Are Anti-inflammatory Therapies 
in ARDS Effective?

Tom Doris, B. Messer, S.V. Baudouin

The acute respiratory distress syndrome (ARDS) is a syn-
drome of acute lung injury (ALI) caused by direct or indirect 
damage to the lung parenchyma. It is characterized clini-
cally by acute onset of hypoxemic respiratory failure that 
cannot be explained by heart failure or volume overload 
and by bilateral infiltrative changes on chest radiographs 
not explained by other pulmonary disease. Pathologically, 
the findings include diffuse alveolar damage, with neutro-
phil and macrophage infiltration and protein-rich edema 
fluid in the alveolar spaces. This is associated with both 
capillary injury and disruption of the alveolar epithelium.

ARDS is an inflammatory condition. Lung biopsy dem-
onstrates an intense cellular infiltrate in the airspaces, 
consisting of granulocytes and mononuclear cells. Bron-
choalveolar lavage (BAL) confirms the inflammatory nature 
of the lung injury with the presence of neutrophils, mono-
cytes, and several pro- and anti-inflammatory mediators 
detected in lavage fluid. In addition, reactive oxygen spe-
cies, their by-products, and changes in oxidant/ antioxidant 
balance have also been frequently reported. Similar pro- and 
anti-inflammatory changes can also be found systemically 
in patients with ARDS and mirror those found in the lung. 
In parallel with these inflammatory changes, a potentially 
fibrotic healing process is also initiated at an early stage of 
lung injury. Ultimately, ARDS may completely resolve with 
little evidence of permanent lung damage or evolve into a 
stage of irreversible lung fibrosis. The factors that govern 
these transitions are poorly understood.1

The basic science of ARDS therefore suggests that anti-
inflammatory agents should be effective in preventing the 
initiation and progression of lung injury. In this chapter, 
we review the evidence for the use of anti-inflammatory 
therapies in ARDS. We particularly concentrate on the 
role of corticosteroids in the treatment of ARDS because 
these have been widely studied and have generated much 
debate. We limit the review to anti-inflammatory therapies 
and exclude other pharmacologic strategies, such as the 
use of anticoagulants in ARDS and the use of physiologic 
antagonists of other parts of the pathologic process such 
as nitric oxide and surfactant administration. However, it 
should be acknowledged that these agents have multiple 
actions, which, in many cases, include significant effects on 
the inflammatory process.

STEROIDS

Steroids in Early ARDS

The long-established anti-inflammatory actions of corti-
costeroids have made these drugs the most well studied 
of potential therapies for ARDS. Initial studies examined 
the use of high dose methylprednisolone in early ARDS. 
In 1987, Bernard and colleagues2 published a placebo- 
controlled trial of four doses of 30 mg/kg of methylprednis-
olone (Table 36-1). Ninety-nine patients were randomized 
within 3 days of having ARDS. At 45 days, there were no 
differences in mortality, pulmonary compliance, or severity 
of ARDS as determined by arterial blood gas analysis or 
chest X-ray appearance. Similar results had been observed 
with high-dose steroids in patients with septic shock who 
commonly have ARDS.3

Further trials of corticosteroids in ARDS followed this 
initial study. These trials have used lower steroid doses 
than the original study, but these remain significantly 
greater than normal physiologic levels, even under stress. 
In 2006, a retrospective subgroup analysis of patients with 
ARDS in a study of corticosteroids in sepsis found that in 
early ARDS patients there was a reduction in mortality in 
those patients treated with 7 days of low-dose corticoste-
roids and mineralosteroids.4 This effect was only seen in 
the patients who did not show a response to a short Synac-
then (ACTH) test.5

In 2007, Meduri and colleagues6 reexamined the use 
of corticosteroids in early ARDS with patients recruited 
within 72 hours of onset of ARDS. Ninety-one patients 
were randomized with a ratio of two patients in the treat-
ment group for each one in the placebo group. The dose of 
methylprednisolone was 1 mg/kg/day for 2 weeks, which 
was tapered over a further 2 weeks. Compared with pla-
cebo, there was a significant improvement in intensive care 
unit (ICU) survival and a trend toward an increased hospi-
tal survival in the steroid group. At day 7, there were also 
improvements in length of ICU stay, ventilator-free days, 
Pao2/Fio2 (partial pressure of oxygen in arterial blood/
fraction of inspired oxygen) ratio, lung injury score, and 
multiorgan dysfunction score in the treatment arm of the 
study compared with placebo.

36
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At longer term follow-up (up to 12 months), there was 
no significant mortality benefit but a trend to improved 
survival in the steroid-treated patients. The significantly 
higher baseline incidence of shock in the placebo group 
may have contributed to this trend. There were signifi-
cantly fewer infectious complications in the methylpred-
nisolone group but a nonsignificant trend toward more 
ventilator-associated pneumonia in this group.

Steroids in Late ARDS

The lack of efficacy of steroid therapy in preventing the 
development of ARDS prompted researchers to investigate 
their potential in the later, so-called fibroproliferative stage 
of lung injury. Steroid therapy has an established, if some-
what controversial, role in the treatment of other causes 
of pulmonary fibrosis. Meduri and colleagues7 reported a 
case series of nine patients with ARDS and fibrotic changes 
on open lung biopsy. The use of 2 to 3 mg/kg/day of meth-
ylprednisolone resulted in improvement in lung injury 
scores, chest X-ray appearance, and oxygenation in all 
patients. A reduction in neutrophil levels in BAL speci-
mens was also noted. A larger case series of 25 patients was 
published by the same author in 1994 using similar doses 
of methylprednisolone followed by a tapering dose over 6 
weeks, resulting in marked improvement in most indices 
of lung function.8

In a further randomized placebo-controlled trial of 24 
patients (with 2:1 randomization to the methylpredniso-
lone group), low-dose methylprednisolone, of at least a 
7-day duration, improved hospital mortality and indices 

of lung function.9 Mortality in the control group was due 
to unresolved ARDS, with four of five deaths associated 
with hypercapnic respiratory failure. There was, however, 
a nonsignificant trend toward increased ventilator-associ-
ated pneumonia in the treatment group.

These small studies and case series prompted a larger 
trial into the use of steroids in late, nonresolving ARDS 
that was conducted by the ARDS Clinical Trials Network 
and published in 2006.10 This was a 25 center trial of meth-
ylprednisolone in patients recruited 7 to 28 days after the 
diagnosis of ARDS. ARDS was due to direct causes of lung 
injury in 55% of patients. Patients were followed up until 
death, discharge, or 180 days. Of 4123 patients screened 
for the trial, only 180 patients were randomized to receive  
2 mg/kg/day methylprednisolone or placebo. Major causes 
of exclusion were due to previous steroids or immunosup-
pression (22%), chronic lung disease (15%), and physician  
refusal (8%). The steroids were tapered over a 3 week 
period unless the patient remained ventilated at 21 days 
when the steroids were tapered over 4 days.

At 60 days, mortality was 28.6% in the placebo group 
and 29.2% in the treatment group (nonsignificant differ-
ence). Patients who had had ARDS for more than 13 days 
and received steroids had a statistically significant increased 
60-day mortality compared with the placebo group. Patients 
with a raised procollagen type III in BAL specimens (a bio-
logic marker of collagen synthesis and thus pulmonary fibro-
sis) showed an improvement in mortality in the treatment 
group.

A number of secondary endpoints were significantly bet-
ter in the treatment group. These included ventilator-free 

Table 36-1 Summary of Major Clinical Trials of Steroid Therapy in ARDS

Trial Design
Number of 
Patients

Timing of 
Steroids

Duration of 
Therapy (days) Dose of Steroids

Taper 
(Yes/No) Results

Bernard 
19872

Randomized, 
placebo  
controlled

99 Early (3 days) 1 120 mg/kg/day  
methylprednisolone

No No mortality  
difference

Meduri 
19917

Case series 9 Medium 
(more than 
3 days)

Variable 2 to 3 mg/kg/day  
methylprednisolone

Yes Improved indices of 
lung function

Meduri 
19948

Case series 25 Late Until extubation 2 to 3 mg/kg/day  
methylprednisolone

Yes Improved indices of 
lung function

Meduri 
19989

Randomized, pla-
cebo controlled 
with crossover

24 Late 14 2 mg/kg/day  
methylprednisolone

Yes Improved ICU and 
hospital  
mortality

Annane 
20065

Post hoc analysis 
of random-
ized, placebo 
controlled

177 Early 7 200 mg/day hydro-
cortisone 50 μg/day 
fludrocortisone

No Improved mortality 
in nonresponders 
to short Synacthen 
test

ARDSnet 
200610

Randomized, 
placebo  
controlled

180 Late 14 2 mg/kg/day  
methylprednisolone

Yes No mortality  
difference

Meduri 
20076

Randomized, 
placebo  
controlled

91 Early (within 
72 hours)

14 1 mg/kg/day  
methylprednisolone

Yes Improved ICU 
survival

ARDS, acute respiratory stress disorder; ICU, intensive care unit.
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days during the first 28 days as well as at 180 days. Patients 
in the treatment group were able to breathe without assis-
tance earlier than patients given placebo. Compared with 
the placebo group, the methylprednisolone group had sig-
nificantly fewer days in the ICU during the first 28 days. 
Indices of oxygenation and respiratory mechanics were 
improved in the patients receiving steroids. However, 
more patients in the treatment group required resumption 
of ventilatory support, and these patients were more likely 
to be shocked. There was no increase in infectious compli-
cations in the steroid group; in fact, there were fewer cases 
of pneumonia and fewer incidences of septic shock.

The main conclusions drawn from this trial were that 
administration of methylprednisolone in late ARDS did 
not result in any survival improvement, and when patients 
were treated with steroids at later than 13 days into their 
illness, there was an increase in mortality. It should, how-
ever, be noted that there was a high exclusion rate for 
patients, raising the question of the wider applicability of 
these data to clinical practice. Second, the rapid tapering of 
steroids after extubation may have been a factor in causing 
the higher levels of reintubation in the steroid group.

STEROID TRIALS APPRAISAL

The use of steroids in ARDS still remains controversial with 
some polarization of views occurring.11,12 One evidence-
based approach is to use the techniques of systematic 
review and meta-analysis to reach a robust recommenda-
tion. There have been a number of such reviews published. 
One such study, which included published studies to 
December 2013, identified five cohort and four randomized 
controlled trial (RCTs).13 Meta-analysis of RCT and cohort 
studies both reported “trends” to improved outcome with 
steroids but confidence intervals both crossed the no effect 
line. No excess adverse events were found. Marked het-
erogeneity was noted in the studies reviewed. A further 
systematic review and meta-analysis reached similar con-
clusions on the basis of pooled data from eight RCTs and 10 
cohort studies.14 Again, there was no significant benefit of 
steroids and possible worse outcome in influenza-related 
ARDS.

A key to understanding these differences is a critical 
examination of several aspects of the trial designs. The 
studies show marked heterogeneity including in the timing 
of the administration of steroids, the length of the course of 
steroids, the dose of steroids, the patients to whom steroids 
are administered, and the cause of ARDS. A discussion of 
these topics follows.

Timing of Doses

Experimental studies of anti-inflammatory agents in lung 
injury emphasize that the timing of the intervention is 
important. Anti-inflammatories are often effective if given 
before or during the initiation of the injury-inducing agent. 
Given at a later period, they are commonly ineffective. 
These studies suggest that earlier intervention is more 
likely to prevent the progression of ALI. Evidence that 
lung fibrosis begins at a very early stage of ALI would also 
support the earliest possible use of anti-inflammatories. 

Clinical data in ARDS also support this. Inflammatory cyto-
kines are present in the plasma and in the BAL specimens 
of patients with ARDS from the outset of their illness,15 
and their presence may predate the clinical manifestation 
of ALI. For example, Park and coworkers16 found that in 
patients at risk of ARDS (patients with sepsis or trauma), 
levels of tumor necrosis factor α (TNF-α) and interleukin 1 
(IL-1) β were elevated in BAL specimens before the onset of 
clinical lung injury.

The timing of steroid dose differed significantly in two 
major studies.6,10 The ARDS net study recruited patients 
at least 7 days into the course of their disease, whereas 
Meduri’s group recruited patients within 3 days of diag-
nosis. One interpretation of these trials is that steroids may 
only be effective if given early in lung injury, before the 
inflammatory process has caused irreversible damage to 
the alveoli.

Duration of Treatment

Proinflammatory and anti-inflammatory cytokines are 
present at raised levels in BAL specimens until at least  
21 days into the course of ARDS.16 If the rationale for treat-
ment is to reduce inflammation in the lungs, then a pro-
longed course is more likely to be of benefit. However, 
steroid-related side effects will increase with duration of 
therapy and could negate any potential benefits.

Steroid Dose

Very little is known about steroid dose/response relation-
ships in the critically ill. Metabolism and tissue  distribution 
of steroids will change in this population. In addition, the 
principal target of anti-inflammatories remains uncertain 
with both local (lung) and systemic actions of possible 
importance. Furthermore, the inflammatory response is 
extremely complex and multifaceted. Overlapping and 
redundant pathways are common, and it may be naive to 
presume that a “one-dose-fits-all strategy” of anti-inflam-
matory treatment will be successful.

Physiologic Response

In the retrospective analysis of ARDS patients from the 
sepsis trial conducted by Annane in 2002,4 there was a dif-
ference in outcome from steroid treatment in subgroups 
depending on their response to a corticotrophin test.5 
Furthermore, the ARDSnet study found different results 
depending on whether patients had greater than or less 
than median levels of procollagen type III in BAL speci-
mens.10 Selection of patients dependent on inflammatory 
cytokine levels or other biomarkers of inflammation may 
in the future help predict response to steroids in ARDS.

Direct and Indirect Lung Injury

ARDS is a heterogeneous syndrome with outcome deter-
mined by multiple factors including the nature of the ini-
tial insult. The mortality of patients with direct lung injury 
(e.g., pneumonia) may be greater than those with indirect 
injury (e.g., sepsis). This suggests that different inflamma-
tory pathways may be involved in the pathogenesis of lung 
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injury. The trials differ, to some extent, in recruitment in 
terms of the cause of lung injury. There is a slightly higher 
proportion of direct lung injury in one positive study of ste-
roids in ARDS.6 It may be that the two causes of lung injury 
behave differently in their response to steroids and other 
treatments. For example, there are data to suggest that dif-
ferent patterns of lung injury respond differently to lung 
recruitment strategies.17

OTHER ANTI-INFLAMMATORY AGENTS

Statins

The mechanism of action of statins is the inhibition of 
hydroxyl methylglutaryl coenzyme A reductase. They have 
been shown in animal models to modify the inflammatory 
processes involved in ARDS. The HARP-2 trial was a mul-
ticenter RCT of simvastatin (80 mg once daily) versus pla-
cebo within 48 hours of a diagnosis of ALI or ARDS.18 The 
study recruited 540 patients, with 259 patients assigned to 
simvastatin and 281 to placebo. There was no significant 
difference between the study groups in the mean (±SD) 
number of ventilator-free days (12.6 ± 9.9 with simvas-
tatin and 11.5 ± 10.4 with placebo, P = .21) or days free of 
nonpulmonary organ failure (19.4 ± 11.1 and 17.8 ± 11.7, 
respectively; P = .11) or in mortality at 28 days (22.0% and 
26.8%, respectively; P = .23). There was no significant dif-
ference between the two groups in the incidence of serious 
adverse events related to the study drug.

A similar study comparing rosuvastatin with placebo in 
sepsis-associated ARDS was conducted with the primary 
outcome of hospital mortality or mortality within 60 days 
if the patient remained in a health-care facility.19 Patients 
were randomized to receive rosuvastatin 20 mg per day 
(following a 40-mg loading dose) or placebo. The trial 
was terminated after recruitment of 745 patients because 
of futility. It showed no improvement in mortality or  
ventilator-free days, but the patients in the rosuvastatin 
group did show a trend toward fewer days free of renal and 
hepatic failure. The lack of improvement in outcomes was 
also seen in the post hoc subgroup of patients who were 
already receiving a statin before enrollment in the study. 
The study conclusion was that the data do not support the 
initiation or continuation of statin therapy in patients with 
sepsis-associated ARDS.

Prostaglandin E1

Prostaglandin E1 (PGE1) has been found in experimental  
trials to modulate neutrophil function.20,21 The neutrophil 
has previously been implicated in the pathogenesis of 
ARDS, and modulation of neutrophil function is an attrac-
tive therapeutic strategy. In 1989, a multicenter trial of 
PGE1 versus placebo in ARDS following trauma was car-
ried out. At 6 months there was no significant difference 
in survival between the two groups, though the patients 
in the PGE1 group were older, had a greater incidence of 
sepsis, and had more severe derangements of oxygenation 
than the placebo group.20

In 1999, a randomized double-blind trial was conducted 
of liposomal PGE1 versus placebo in ARDS of less than  
24 hours’ duration. No difference in mortality was seen at 

28 days.22 No difference in time to cessation of respiratory 
support and no difference in pulmonary compliance were 
seen between the groups. The treatment group attained a 
Pao2/Fio2 ratio of greater than 300 in significantly fewer 
days than the placebo group. This study was well pow-
ered, achieving its target of 350 patients randomized (348 
analyzed), which gave an 80% power to detect a 26% dif-
ference in time to discontinuation of mechanical ventila-
tion for 24 hours. It was not powered to detect a mortality 
 difference.

Ketoconazole

Ketoconazole has anti-inflammatory actions including 
inhibition of thromboxane synthase and lipoxygenase and 
decreases procoagulant activity.23 In 2000, the ARDSnet 
group recruited 234 patients with ARDS into an RCT, in a 
2 × 2 trial design, that also examined the effect of low tidal 
volumes in ALI.24 Patients were recruited early (within 36 
hours) in the course of ALI. Treatment, which was double-
blinded, was randomized to 400 mg orally of ketoconazole 
or placebo. Treatment was for 21 days or until the patient 
was no longer ventilator dependent. In-hospital mortality, 
ventilator-free days, and indices of lung injury were not 
significantly different between the two groups. In terms of 
adverse effects, there was a nonsignificant trend toward an 
increase in cardiovascular complications in the treatment 
group.

Antioxidants

The proposed role of oxygen free radical species in the 
pathogenesis of ARDS25 prompted interest in the use of 
N-acetylcysteine (NAC) and procysteine in the treatment 
of ARDS to increase intracellular glutathione and reduce 
the load of free radicals. A placebo-controlled trial of NAC 
that recruited 66 patients was conducted in 1992, and no 
60-day mortality benefit of NAC was found.26 Similarly,  
in 1997, NAC was trialled against procysteine and placebo 
without an improvement in mortality, though there was a 
trend toward less organ failure, sepsis, ventilator depen-
dency, and ICU stay in the treatment groups.27

Lisofylline

Circulating free fatty acids (FFA) have been shown to cause 
lung damage and may predict the development of ARDS.28 
Lisofylline reduces levels of FFA and also decreases levels 
of some inflammatory cytokines.28 A placebo-controlled 
trial of 235 patients was carried out in 2002 by the ARDSnet 
group that failed to show any benefit in mortality, organ 
failure, ventilator-free days, or infections in the lisofylline 
group.29 Interestingly, there was no change in FFA levels in 
the trial, suggesting that the dose of lisofylline used may 
have been too low. However, the authors stated that higher 
doses of the study drug could be associated with gastroin-
testinal and cardiovascular toxicity.

Macrolides

Macrolide antibiotics are thought to have anti-inflamma-
tory actions on the lung because of inhibition of chemokine 
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production. A secondary analysis of the ARDSnet LARMA 
(Lisofylline and Respiratory Management of Acute Lung 
Injury) trial database looked at those that had received a 
macrolide antibiotic within the first 24 hours of trial enroll-
ment.30 There was a significant mortality reduction in the 
macrolide group only after adjusting for covariates. The 
macrolide recipients also had a shorter time to successful 
discontinuation of mechanical ventilation. Those receiving 
fluoroquinolones did not have such differences, suggesting 
that it is not simply the antimicrobial action of macrolides 
that results in this potential benefit.

Activated Protein C

As well as its anticoagulant effect, activated protein C 
(APC) also has anti-inflammatory properties, and its effect 
in sepsis has been extensively studied.31-33 It has not been 
trialled specifically in ARDS, nor were ARDS patients sub-
jected to any detailed subgroup analysis in any of the trials 
of APC. In PROWESS, the absolute risk reduction of death 
in APC-treated patients who were ventilated was greater 
than that seen in all patients (7.4% reduction vs. 6.1% 
reduction overall).31 However, the subsequent PROWESS-
SHOCK32 trial showed that there were no benefits to the 
use of activated protein C, and the product was voluntarily 
withdrawn by the manufacturer.

Neutrophil Elastase Inhibitors

Neutrophil elastase is an important mediator in ALI. 
Sivelestat is a small molecular weight inhibitor of neu-
trophil elastase. The STRIVE study34 compared the use of 
sivelestat to placebo for use in patients within 48 hours 
of diagnosis of ALI. The study was terminated early due 
to an increased longer term mortality in the treatment 
group. There was no difference in mortality between the 
groups before day 28.

Beta-2 Adrenoreceptor Agonists

Preclinical studies had suggested that beta-2 agonists 
may decrease the degree of pulmonary edema seen in 
ALI, possibly because of the drug’s action on cyclic 
adenosine monophosphate (AMP). Several studies had 
aimed to show an outcome benefit associated with their 
use in ARDS. A multicenter RCT comparing nebulized 
albuterol and saline for used in patients with ARDS 
did not show any improvement in hospital mortality 
or in ventilator-free days in the albuterol group.35 The 
BALTI (Beta-Agonist Lung Injury Trial) was a single-
center study comparing intravenous salbutamol to pla-
cebo for use in early ARDS.36 The treatment group had 
significantly lower lung water, a lower plateau airway 
pressure at day 7, and a nonsignificant trend toward 
lower Murray scores, but also had a higher incidence of 
supraventricular tachycardias. Following these initially 
promising findings, a multicenter trial was conducted. 
BALTI-2 investigated the effect of intravenous salbuta-
mol on 28-day mortality in early ARDS.37 The trial was 
terminated after the recruitment of 326 patients due to a 
10.9% absolute mortality increase at day 28 in the treat-
ment group on interim analysis. Significantly increased 

adverse effects of salbutamol treatment were tachycardia, 
dysrhythmia, and lactic acidosis.

BALTI-Prevention also suggested that the use of inhaled 
salmeterol in patients undergoing esophagectomy did not 
reduce the risk of the development of early ALI postopera-
tively.38 It did suggest that there was a lower rate of adverse 
effects in the treatment group, largely due to a reduction in 
postoperative pneumonias.

In summary, beta-2 agonists have not been shown to be 
helpful in the treatment or prevention of ARDS. Table 36-2 
is a summary of the major trials of nonsteroid anti-inflam-
matories.

DISCUSSION

Despite significant experimental evidence that anti-inflam-
matories are effective in ALI, no clinical trial has produced 
unequivocal evidence for a therapeutic effect in man. There 
are several possible explanations for these disappointing 
results:

 1.  The hypothesis is wrong. Inflammation is not causal 
in lung injury, but just an “innocent bystander.” An ex-
treme view would emphasize the role of inflammation 
in lung repair and regeneration and suggest that anti-
inflammatories could be harmful in ALI.

 2.  Inflammation is too complex a process to be manipu-
lated successfully by single agents. In this view, there is 
no final common pathway that can be simply targeted 
by a single agent.

 3.  ARDS is a syndrome not a disease. Clinical definitions 
of ARDS are useful for trial recruitment but may not 
define a specific disease entity. The comparison with 
acute myocardial infarction is useful. Here, a uniform 
pathophysiologic process (thrombotic artery occlusion) 
is easily identified by a simple, reliable test (electrocar-
diogram [ECG]).

 4.  Interventions are given at an irreversible stage of illness. 
Inflammation occurs at an early preclinical stage of the 
disease. Even “early” ARDS trials start treatment at a 
relatively late stage of disease evolution. In this scenario,  
better markers of early, subclinical lung injury are need-
ed to guide therapy.

 5.  Side effects of anti-inflammatories outweigh benefits. 
Most anti-inflammatory agents have immunosuppressive 
effects. It is possible that any potential benefits, in terms 
of reducing the severity of lung injury, are offset by infec-
tion and other side effects. Although most studies have 
not reported excessive infections in the treatment group, 
more subtle complications cannot be fully excluded.

 6.  The extent of lung injury is not the main determinant 
of outcome in ARDS. Multiorgan failure is common in 
ARDS, and outcome is heavily determined by the in-
volvement of other organs. In this situation, a reduction 
in lung injury may have only minimal effects on survival.

The inflammatory response appears to be an attractive 
target in the treatment of ALI. However, the translation of 
approaches developed in basic science laboratories into bet-
ter clinical outcomes remains elusive. The possibility that 
anti-inflammatory strategies in ARDS are ineffective needs 
to be seriously considered by the research community.
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What Is Sepsis? What Is Septic 
Shock? What Are MODS and 
Persistent Critical Illness?

Clifford S. Deutschman

“I can’t define pornography, but I know it when I see it.”
Potter Stewart, Associate Justice of the U.S. Supreme Court

Jacobellis vs. Ohio, 1964

Sepsis is part of every critical care practice. Care for septic 
patients is provided by internists, anesthesiologists, surgeons, 
pediatricians, neurologists, neurosurgeons, emergency phy-
sicians, nurses, respiratory therapists, and pharmacists. The 
disorder effects patients of all ages—babies, children, ado-
lescents, young adults, older adults, and geriatric patients. 
It presents in every type of intensive care unit (ICU)—medi-
cal ICUs (MICUs), surgical ICUs (SICUs), pediatric ICUs 
(PICUs), trauma ICUs, coronary care and cardiac surgical 
ICUs, mixed (Med/Surg) ICUs, and neonatal ICUs (NICUs). 
Caring for septic patients is expensive. In 2011, managing 
septic patients in hospitals in the United States cost more 
than $20 billion, 5.2% of total hospital costs.1 Sepsis is com-
mon, but it is difficult to determine just how common. Four 
large U.S. population studies reported that the incidence of 
sepsis rose an average of 13% per year between 2004 and 
2009.2 Iwashyna et al. determined that, over a 12-year period 
beginning in 1996, the incidence of sepsis increased three-
fold among patients receiving Medicare; by 2008, there were 
nearly 1,000,000 new cases each year in the United States2 
and untold numbers worldwide.3 However, Gaieski et al. 
reported that, depending on the method of database abstrac-
tion used, the incidence of sepsis varied 3.5-fold, from 300 to 
1031/100,000 population, and in-hospital mortality varied 
twofold, from 14.7% to 29.9%.4 Nonetheless, even conserva-
tive estimates indicate that sepsis is a major cause of mor-
tality and morbidity worldwide.5,6 In the United States, the 
annual number of sepsis-associated deaths likely rivals that 
for coronary heart disease (375,000)7 and may exceed the 
mortality attributable to the four deadliest forms of cancer 
combined.8 It is also now recognized that sepsis survivors 
are plagued by functional, cognitive, and emotional disabili-
ties9-11 that constitute an additional burden on the health 
care system.12 In short, “sepsis” identifies a syndrome that 
constitutes an increasingly important public health concern.

If asked to define sepsis, however, most ICU providers 
would struggle. They would likely invoke some combina-
tion of infection and inflammatory markers—temperature, 
heart rate, respiratory rate, and white blood cell count—the 
so-called SIRS (systemic inflammatory response syndrome) 

criteria. Most would also acknowledge that this definition, 
first articulated in a 1992 paper,13 identifies a large number 
of patients who are not septic. A more detailed discussion 
is clearly in order.

The term sepsis is generically used to describe a set of 
clinical, pathologic, and biochemical changes that may 
accompany infection. The root of the word is derived 
from the ancient Greek for “to decay” or “to putrefy.” 
Over the years, sepsis has been used to describe a wide 
and often bewildering array of medical conditions. Con-
sensus conferences convened in 199113 and 200114 to pro-
vide structure and clarity focused on the then-accepted 
view that sepsis represented a generalized inflammatory 
host response to infection. The emphasis of the initial 
consensus conference13 on deriving a clinically useful 
construct resulted in the creation of SIRS. Sepsis was 
defined as “the systemic response to infection,” that is, 
SIRS in a patient with suspected, presumed, or identi-
fied infection. Sepsis could progress until patients had 
organ dysfunction or “organ failure.” When organ dys-
function was present, the syndrome was termed severe 
sepsis. Severe sepsis could continue to progress across a 
continuum to septic shock, defined as “sepsis-induced 
hypotension persisting despite adequate fluid resusci-
tation.” Finally, patients with sepsis could progress to 
develop a disorder where most organ systems function 
abnormally, the multiple organ dysfunction syndrome 
(MODS). Issues with these definitions, in particular with 
the nonspecific nature of SIRS, arose almost immedi-
ately. Indeed, soon after their publication, the primary 
architect of the 1991 definitions, Roger Bone, proposed 
the existence of a compensatory anti-inflammatory 
response syndrome (CARS),15 while others noted that 
changes in organ function corrected with survival, a 
finding not thought to be consistent with organ failure. 
Ongoing concerns ultimately led to the 2001 consensus 
conference. The participants noted that SIRS was pres-
ent in the great majority of critically ill patients—indeed, 
93% fulfill criteria on admission as part of the host 
response to any critical illness.16 The identified limita-
tions in SIRS were addressed by expanding the list of 
defining criteria used. The determinants of severe sepsis 
were left unchanged, whereas criteria to characterize the 
“state of acute circulatory failure” of septic shock were 
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expanded incrementally. Despite a number of devel-
opments suggesting that reassessment was needed, 
no formal attempt to revisit the definitions was subse-
quently undertaken. In effect, the definitions of sepsis, 
septic shock, and organ dysfunction remained largely 
unchanged for two decades.

Because of these inherent concerns, a Task Force of 
intensivists, infectious disease experts, and pulmonologists 
was convened in January 2014. The group was provided 
unrestricted support by the Society of Critical Care Medi-
cine (SCCM) and the European Society of Intensive Care 
Medicine (ESICM), and was charged to reexamine and, as 
deemed appropriate, revise existing definitions of sepsis, 
severe sepsis, septic shock, and organ dysfunction. Pro-
posed changes were to reflect a deeper understanding of 
the pathophysiology of sepsis and the availability of large 
electronic health records, clinical databases, and patient 
registries. Endorsement of the document from major inter-
national societies focused on intensive care and other rele-
vant disciplines was then obtained, and the document was 
published in 2016.17

WHY IS REASSESSING THE DEFINITIONS 
OF SEPSIS AND SEPSIS-RELATED 
CONDITIONS SO ESSENTIAL—AND  
SO DIFFICULT?

Variability in Terminology

Sepsis. A patient is currently defined as having sepsis if she 
or he has presumed or demonstrated infection in the pres-
ence of two or more SIRS criteria. This approach is prob-
lematic. SIRS reflects inflammation, a normal response to 
“danger,” and thus is neither pathologic nor necessarily 
infection driven. Further, the current reliance on SIRS has 
led to inconsistencies in hospital reporting and in accru-
ing epidemiologic data. As noted, Giaeiski et al. found a 
3.5-fold variation in the incidence of sepsis and a twofold 
variation in hospital mortality when different abstraction 
methods were applied to the same patient population.4 In 
addition, a recent study showed that a significant number 
of patients admitted to critical care units with infection and 
organ failure did not meet SIRS criteria.18 Thus, current 
definitions impede diagnosis, assessment of outcome, and 
the gathering of epidemiologic data.

Organ Dysfunction. Although identifying sepsis-induced 
organ-specific abnormalities as “failure” has become infre-
quent, several issues arise when considering organ dysfunc-
tion. Perhaps most important is a lack of reliable criteria to 
identify “dysfunction” that is evident when one examines 
the selected clinical findings, laboratory data, or therapeu-
tic interventions in current use. Many abnormalities are 
nonspecific, and basing assessment of severity on interven-
tion is subject to a host of concerns, especially when thera-
peutic approaches are changing and their application is not 
subject to uniform guidelines. It has also become common 
practice to combine organ-based abnormalities into scoring 
systems. Perhaps the most frequently used system is the 
Sequential Organ Failure Assessment Score (SOFA), which 
was originally called the Sepsis-related Organ Failure 
Assessment Score.19 SOFA, however, illustrates many of 
the concerns with current approaches to organ dysfunction. 

For example, an elevation in serum bilirubin levels, which 
in SOFA is used to demonstrate hepatic dysfunction, can 
arise from hemolysis. Coagulation abnormalities are noted 
by a decrease in platelet counts, which is just as likely to 
reflect an effect on bone marrow, especially when noted in 
conjunction with anemia or neutropenia. The progression 
of cardiovascular dysfunction is based on escalating doses 
of vasopressors, which may be managed in different ways 
according to local custom. Indeed, the reliance of the SOFA 
cardiovascular score is based on the dose of dopamine, a 
drug that is no longer routinely administered. Finally, most 
indices, and SOFA in particular, were not derived based on 
data but rather reflected consensus, especially with regard 
to variable selection and cutoff values. That said, a higher 
SOFA score does seem to indicate an increasing probability 
of mortality.20

Septic Shock. Problems with the existing definitions are 
particularly evident when septic shock is examined. As 
part of the Task Force effort, Shankar-Hari et al.21 under-
took a systemic review of the literature. The results indi-
cate that septic shock is defined by the presence of infection 
(presumed or confirmed) in conjunction with combinations 
of terms that are themselves defined with distressing vari-
ability, namely:
 •  Hypotension (SBP [systolic blood pressure] <90 mm Hg  

or MAP [mean arterial pressure] <60 or <70 mm Hg or 
fall in SAP pressure >40 mm Hg from baseline or >2 
standard deviations from the norm for age despite “ad-
equate fluid resuscitation”)

 •  The presence of abnormal biochemical variables (e.g., 
lactate >2 or >4 mmol/L or base deficit >5 mmol/L)

 •  The use of inotropes or vasopressors (not necessarily 
above a prespecified dose)

 •  New onset organ dysfunction (defined variably with 
various scoring systems such as APACHE [Acute Physi-
ology and Chronic Health Evaluation] II, APACHE III, 
or the cardiovascular component of the SOFA score)

Further complicating matters are the following:
 •  Variable endpoints of adequacy of fluid resuscitation 

(rarely defined or reported)
 •  Variable durations of hypotension or vasopressor therapy
 •  Failure to account for the underlying blood pressure of 

the patient or other comorbidities
 •  Failure to account for the hypotensive effect of cointer-

ventions such as vasodilating and/or cardiodepressant 
sedative agents.

In effect, issues with terminology are even more prob-
lematic for septic shock than for sepsis.

Improved Understanding of Sepsis 
Pathobiology

There are inherent challenges in defining sepsis. First and 
foremost, the term sepsis describes a complex and poorly 
understood process. There are no simple or unambiguous 
clinical criteria or biological characteristics that differenti-
ate patients who are “septic” from those who are not. That 
is, clinical features or current animal models poorly delin-
eate the complexity, variability, and time dependence of the 
sepsis phenotype.22
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The original conceptualization of sepsis as infec-
tion with SIRS focused solely on immune excess. Recent 
advances have demonstrated that sepsis involves early 
activation of both proinflammatory and anti-inflammatory 
responses,23 of nonimmunologic pathways such as cardio-
vascular, neuronal, autonomic, hormonal, bioenergetic, 
metabolic, and coagulation,22-25 all of which carry prognos-
tic significance. Modulation of septic response involves not 
only the immune system but also the endocrine and cen-
tral nervous systems.26,27 Organ dysfunction, even when 
severe, is not necessarily associated with significant cell 
damage,28 whereas a sepsislike biological response may be 
triggered by noninfectious host factors (damage-associated 
molecular patterns).29 In short, criteria currently in use are 
no longer consistent with what we understand about the 
pathobiologic of sepsis.

A Need for Sepsis Definitions for the Lay 
Public and for Health-care Practitioners

Despite its prevalence, associated morbidity, contribution 
to the rising cost of health care, worldwide importance,5,6 
and recent high-profile cases,30 public awareness of sepsis 
is poor,31 and limited resources are directed toward sepsis-
associated research.32 Furthermore, recognition of clinical 
sepsis is difficult for trained medical personnel and can be 
entirely obscure to the populace at large. There is thus a 
glaring need for a description of sepsis that can be appreci-
ated by the nonmedical public.

In addition, the diagnosis of sepsis is problematic even 
for experienced practitioners. A recent high-profile death of a 
12-year-old boy (Rory Staunton) from sepsis30 at least in part 
reflects this difficulty—sepsis is a condition that can confound 
the most experienced practitioners, especially at times of the 
year when other conditions that present with similar protean 
signs and symptoms are common (e.g., during flu season). 
Thus, health-care practitioners would benefit greatly from a 
simple, validated set of bedside criteria that directs them to 
consider sepsis when presented with infected patients.

Availability of Patient Data

Although there have been a number of important clinical 
trials regarding therapy for sepsis, a great deal of the mate-
rial on which the definitions of sepsis are based reflects find-
ings from small studies or expert opinion. By their nature, 
it is difficult to validate such studies. However, there are 
now in existence a number of large electronic health record 
(EHR) databases and patient registries that either relate 
directly to sepsis itself (e.g., the Surviving Sepsis Campaign 
[SSC] database33) or contain general information that could 
be leveraged to study patients with sepsis. These datasets 
enable the derivation and validation of variables that bet-
ter capture the incidence, severity, and trajectory of sepsis.

Nature of the Problem: What Is a “Definition”?

Per the Merriam-Webster dictionary, a definition is “a 
statement expressing the essential nature of something.” In 
effect, a definition is the “gold standard” to be compared 
with any other descriptions or collection of signs and 
symptoms used to identify something. There is no such 

gold standard for sepsis. In contrast to “cancer,” there is no 
tissue specimen that, if examined under a microscope or 
in some other manner, can be unambiguously identified as 
sepsis. Unlike cystic fibrosis, there is no specific, character-
istic genetic abnormality. Sepsis even differs from infection, 
where a culture can identify the offending microorganism. 
Thus, by its very nature, any current definition of sepsis 
cannot be validated in the clinical realm. The best that can 
be hoped for is to delineate characteristics or criteria to 
identify patients with some proxy for sepsis, and who are 
thus highly likely to have sepsis.

UPDATED DEFINITIONS OF SEPSIS, 
SEPTIC SHOCK, AND ORGAN 
DYSFUNCTION IN ADULTS: FINDINGS  
OF THE SCCM/ESICM SEPSIS 
DEFINITIONS TASK FORCE

Sepsis: A Life-Threatening Organ Dysfunction Due to a 
Dysregulated Host Response to Infection.

On the basis of improving the understanding of the 
pathobiology of sepsis, the Task Force shifted the focus 
from infection and inflammation to aberrant or dysregu-
lated host responses. It was recognized that inflammation, 
as identified by the SIRS criteria, is an adaptive response 
not only to infection but also to a myriad of other threats 
to the viability of the organism. In contrast, sepsis reflects 
a more complex and threatening state; in effect, sepsis is 
“maladaptive inflammation.” The biological underpin-
nings of this difference are unknown but represent an 
active area of investigation. The septic response may be 
influenced by the nature of the pathogen and the genet-
ics and age of the host as well as preexisting acute and 
chronic conditions and comorbidities. Interventions such 
as administration of medications and procedures can alter 
the clinical presentation. Finally, the septic response fol-
lows a time course that can, in some instances, be predicted 
and modified. The clinical course can thus also reflect the 
trajectory of the response.

Importantly, the old term severe sepsis has been 
replaced by sepsis in the new definitions and should no 
longer be used.

Sepsis is the primary cause of death from infection and 
is especially deadly if not recognized and treated promptly. 
Data from the SSC database indicate that mortality from 
sepsis increases for each 30-minute delay in the initiation of 
broad-spectrum antibiotics.34 Although three recent stud-
ies that focused on patients with septic shock failed to con-
firm the value of a fluid replacement strategy called early 
goal-directed therapy, 35-37 this outcome should probably be 
applied only when the complete management protocol is 
used. The treatment of the control groups reflected admin-
istration of a substantial amount of fluid. Thus, as with 
antibiotics, timely fluid resuscitation is essential.

A patient who receives a diagnosis of sepsis in general 
warrants an escalating level of monitoring and interven-
tion, including referral/admission to critical care/high 
dependency facilities. Importantly, there may be occult, 
early organ dysfunction in any patient presenting with 
infection. Therefore, assessment of organ function should 
be considered in patients with suspected infection because 
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the presence of dysfunction would fulfill the criteria for 
sepsis. Conversely, unrecognized infection may underlie 
new-onset organ dysfunction, and therefore unexplained 
organ dysfunction might prompt a search for infection.

qSOFA: Clinical Criteria to Aid in the 
Identification of Patients Likely to Have Sepsis

The revised definition of sepsis detailed above may indeed 
encompass the “essential nature” of sepsis, but its utility 
in the clinical arena is limited. It is impossible to apply the 
definition because a “dysregulated host response” cannot 
be identified clinically—at this time. However, it is essen-
tial that clinicians be able to identify sepsis from among all 
infected patients as early as possible.34 To circumvent this 
problem, the Task Force members first identified 21 vari-
ables that had been associated with sepsis in prior studies. 
They further reasoned that patients with sepsis could, after 
the fact, be distinguished from patients who merely had 
infection by a number of adverse outcomes: hospital mor-
tality, mortality, ICU stay of 3 days or longer, or an admin-
istrative discharge code explicit for severe sepsis. Seymour 
et al.38 queried a large EHR, identified all patients with 
suspected infection (i.e., patients who, on hospital admis-
sion, were cultured and received broad-spectrum antibiot-
ics), and used these proxy outcomes to identify those most 
likely to have sepsis. They applied receiver-operator curve 
analysis to combinations of the 21 variables and deter-
mined what combinations best indicated risk of death or an 
ICU stay of longer than 3 days. The performance of these 
combinations was compared with background risk, reflect-
ing age, gender, and comorbidities, and with a number 
of other constructs such as SIRS or the SOFA score. High 
performing combinations were then tested in several other 
datasets, including one compiled in Germany. A combina-
tion of three simple bedside measures—systolic blood pres-
sure (SBP) of 100 mm Hg or less, respiratory rate of 22 or 
more breaths/min, and Glasgow Coma Score (GCS) of 13 
or less—robustly identified patients with suspected infec-
tion who were most likely to die or to require an ICU stay 
of more than 3 days. Additional applications of multiple 
sensitivity analyses indicated that a GCS less than15—that 
is, any alteration in mental status—provided equivalent 
discrimination.

This combination—otherwise unexplained altered men-
tation, SBP of 100 mm Hg or less, and respiratory rate of 
22 or fewer breaths/min—was designated as qSOFA (for 
quick SOFA). qSOFA was equivalent to the full SOFA score, 
which requires additional measurements and laboratory 
data, and outperformed SIRS. qSOFA is particularly accu-
rate when applied to patients in the emergency department 
or the wards; it was less robust and was surpassed by the 
full SOFA when used in the ICU itself, in part because of 
the use of interventions such as vasopressors, sedation, and 
mechanical ventilation that alter SBP, GCS, and respiratory 
rate. Interestingly, adding lactate concentration (or substi-
tuting it for one of the other elements) did not improve the 
performance of qSOFA.

Thus qSOFA, which consists of three simple measures 
easily obtained at the bedside, can be used to identify 
infected patients who are at risk of significant clinical dete-
rioration and thus are highly likely to be septic. The qSOFA 

model offers considerable advantages over the full SOFA 
score; it consists of fewer variables and does not require 
laboratory results. qSOFA is not, however, a stand-alone 
definition of sepsis or of organ dysfunction. The measure is 
probably best used to alert practitioners about the potential 
for organ dysfunction or a source of infection, to identify 
the need for appropriate therapy, and to consider that a 
higher level of care might be appropriate.

Organ Dysfunction (and MODS) Can,  
for the Moment, Be Approximated  
with the SOFA Score

The emphasis on organ dysfunction is the most important 
conceptual change in the new definition of sepsis. This 
change reflects the Task Force view that underlying cellular 
defects are the source of the physiologic and biochemical 
abnormalities that develop within specific organ systems. 
At present, definitions of dysfunction in individual organ 
systems are lacking, and clinical criteria to identify patients 
with organ dysfunction are problematic and badly need 
updating. In contrast to sepsis, there are aspects of organ 
dysfunction that are directly demonstrable. In particular, 
lung dysfunction, in the form of acute respiratory distress 
syndrome (ARDS), produces a characteristic pathologic 
picture: neutrophil infiltration, macrophage activation, 
apoptosis and necrosis of type I pulmonary epithelial cells 
with patchy denuding of the underlying basement mem-
brane, overexuberant proliferation of type II cells to cover 
the defect, and the accumulation of cellular debris into a 
“hyaline membrane.” However, ARDS develops in settings 
other than sepsis, and there are truly no other organ-spe-
cific lesions in sepsis. Indeed, recovery from sepsis is often 
associated with a pathologic and pathophysiologic picture 
that appears, for all intents and purposes, normal.

It is tempting to apply the tools developed in identify-
ing clinical criteria most likely to identify patients with sep-
sis to each individual organ system. Use of that approach 
is hampered by uncertainty about putative “biomarkers” 
and a lack of robust validation data. Simply put, there are 
no viable proxies for dysfunction in organs such as the 
heart, liver, kidney, and gut. Currently used biomarkers 
are important components of SOFA, but they suffer from 
lack of specificity (e.g., platelet count = coagulation dys-
function), lack of sensitivity (elevations in bilirubin = liver 
dysfunction), reliance on support modalities whose use 
differs from practitioner to practitioner (Pao2/Fio2 [partial 
pressure of oxygen in arterial blood/fraction of inspired 
oxygen] ratio = lung injury) or on therapeutic interven-
tions that are rarely used at all (dopamine infusion at a  
rate <5 μg/kg/min = cardiovascular dysfunction), or use of 
biochemical abnormalities that change only when function 
is severely disturbed (creatinine elevation = renal dysfunc-
tion). Potentially more useful alternatives, for example, 
neutrophil gelatinase-associated lipocalin, have not been 
incorporated into routine practice. Finally, most large EHRs 
and clinical registries lack the specific data that would be 
needed to validate improved definitions for dysfunction in 
individual organ systems.

Therefore the Task Force recommended that a change 
in baseline of the total SOFA score of 2 points or more be 
taken as the clinical criterion needed to identify a high 
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likelihood19,20 of “life-threatening organ dysfunction.” This 
decision was not entirely without controversy. A number 
of Task Force members, including me, thought that a SOFA 
score of 2 or less for an individual organ system could be 
used as a surrogate for dysfunction within that system alone 
but were uncomfortable with the decision that a composite 
score of 2 or more was indicative of some sort of “global” 
organ dysfunction. Nevertheless, SOFA’s strengths offset 
the previously noted issues, as well as concerns that opti-
mal variable selection, cutoff values, and weighting have 
not been formally validated.

In the aggregate, dysfunction in more than one organ 
system constitutes MODS. The term was first coined in the 
1991 consensus definitions, replacing a number of terms: 
sequential organ failure, multiple organ failure, multiple 
systems organ failure, and others.13 The term failure was 
abandoned because it connoted a dichotomous event, 
either present or absent, as opposed to a continuum of 
abnormalities, but the authors explicitly declined to enu-
merate characteristics that could be used to identify dys-
function in individual organ systems. The participants 
in the 2001 consensus conference provided a short list of 
“organ dysfunction variables” that could be nominally 
applied to individual organ systems (e.g., hypoxemia, oli-
guria, hyperbilirubinemia). In reality, these variables were 
derived from either the SOFA14 or the multiple organ dys-
function score (a different but related MODS).39 Since that 
time, SOFA has become the more commonly used approach, 
and its constituent abnormalities have been used both to 
define dysfunction in individual organ systems and to pro-
vide an index of global organ dysfunction. As previously 
discussed, SOFA has a number of drawbacks and deficien-
cies, and although it remains the best available method for 
identifying individual and global organ dysfunction, it is 
far from sufficient. Addressing these issues and developing 
and validating a more robust set of definitions and clinical 
criteria for organ dysfunction should be undertaken in the 
very near future.

Definition of Septic Shock

Septic shock is defined as a subset of sepsis where under-
lying circulatory and cellular abnormalities are profound 
enough to substantially increase mortality.

The definition of septic shock contained in the 2001 
consensus statement described septic shock as “a state 
of acute circulatory failure.”14 However, insight into the 
pathobiology of sepsis suggests that limiting the con-
cept of “shock” to circulatory abnormalities is problem-
atic. This topic was discussed in depth during the Task 
Force deliberations. A number of members, including 
me, favored a view that emphasized cellular dysfunction 
alone, reasoning that cardiovascular dysfunction is sim-
ply cell dysfunction where the cells in question are part 
of the circulatory system. Thus, hypotension, rather than 
specifically characterizing cardiovascular dysfunction, 
reflects how a global cellular defect specifically alters 
vascular smooth muscle, endothelial cells, and cardio-
myocytes. This conceptualization reflects trends in cel-
lular biology (e.g., heat shock) and is consistent with the 
recognition that shock in some clinical situations does 
not involve the circulation (e.g., insulin shock) Similarly, 

a sepsis-induced rise in blood lactate level reflects dys-
function in a number of different types of cells: limited 
oxygen uptake by pulmonary endothelial cells, altered 
oxygen-carrying capacity in red blood cells, impaired 
aerobic respiration and accelerated aerobic glycolysis in 
virtually all cells, reduced lactate biotransformation in the 
liver, altered renal clearance for substrate, etc.40 That said, 
an elevation in serum lactate is a marker of illness severity 
that parallels mortality.41

Clinical Criteria to Aid in the Identification  
of Patients with Septic Shock

As with sepsis, the revised definition of septic shock may 
have limited practical utility because it invokes abnormali-
ties that cannot be measured clinically, in particular the 
concept of cellular dysfunction. Therefore, as noted previ-
ously, Shankar-Hari et al. used a slightly different approach 
to develop clinically useful criteria to identify the septic 
patients most likely to have septic shock.21 Some elements 
of the systematic review of current use of the term septic 
shock were detailed earlier in this chapter. In addition, this 
review highlighted the overwhelming need for a revised 
definition. The variable meaning attached to terminology 
identifying patients with septic shock is reflected in large 
disparities in reported outcomes. To illustrate, the 2012 
mortality rate for septic shock patients admitted to inten-
sive care units in Australia and New Zealand (171 ICUs; 
n = 6757) was 22%.18 Similar data from Italy (190 ICUs; 
n = 3596) and Germany revealed a fatal outcome in 57.4% 
and 60.5%, respectively.42

The systematic review was followed by use of a modi-
fied Delphi process among Task Force members. It was 
agreed that, as reflected in the revised definition, mortal-
ity from septic shock should be substantially higher than 
from sepsis and that the ability of clinical findings such as 
“hypotension,” “need for vasopressor therapy,” “raised 
lactate,” and “adequate fluid resuscitation” to identify sep-
tic patients with a particularly high risk of death should be 
tested. Furthermore, there was consensus to use a MAP of 
less than 65 mm Hg but that the volume of resuscitative 
fluid or dose of vasopressor would not be specified. Quan-
tification was thought to be highly user dependent, relying 
on variable application of different monitors, inconsistent 
hemodynamic targets, and unspecified approaches to other 
support measures (e.g., sedation volume status assessment, 
PEEP [positive end-expiratory pressure] level). It was also 
agreed that, in the databases examined, an attempt be made 
to identify an optimal threshold to identify an elevation in 
serum lactate levels.

Interrogation of the SSC international multicenter data-
base, where all 28,150 patients had infection, two or more 
SIRS criteria, and at least one dysfunctional organ system, 
identified about 19,000 patients with some combination 
of hypotension (MAP <65 mm Hg, the only available cut-
off), ongoing vasopressor therapy, and/or hyperlactatemia  
(>2 mmol/L) after volume resuscitation. Analysis revealed 
that mortality in patients who had both fluid-resistant 
hypotension (i.e., who required vasopressors to  maintain 
a MAP >65 mm Hg) and elevated lactate levels was 42.3%, 
significantly higher than in patients who had either isolated 
hyperlactatemia or fluid-resistant hypotension requiring 
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vasopressors without an elevated serum lactate level. This 
difference (fluid-resistant hypotension requiring vasopres-
sors and hyperlactatemia vs. either alone) also identified 
patients with a higher mortality when we isolated data 
from the EHRs from two health systems perused to iden-
tify patients carrying a diagnosis of sepsis (University of 
Pittsburgh Medical Center, 54% vs. 20%; Kaiser Perman-
ente Northern California, 34% vs. 8%).

Many members of the Task Force opined that either 
hypotension or hyperlactatemia should be used to iden-
tify patients with septic shock (hyperlactatemia alone was 
said to identify “cryptic” shock). However, application of 
the one easily measured element in the new definition—
substantially increased mortality—did not support these 
positions. The Task Force recognized that blood lactate is 
commonly, but not universally, available. Nonetheless, the 
decision to limit the clinical criteria to the combination was 
preferred by only a small majority of Task Force members, 
and the issue should be readdressed in the future.

Persistent Critical Illness

The final syndrome that requires description is the most 
recently identified and the most poorly described. It has 
been noted that sepsis is the most common cause of death 
from infection. However, the most common cause of death 
in critically ill patients is not sepsis, or septic shock, or respi-
ratory failure, or any of a number of other specific mala-
dies. Critically ill patients may die with ARDS, or infection, 
or sepsis, but they do not appear to die from them. Rather, 
in the most common scenario, a patient is admitted to the 
ICU with sepsis, or, perhaps, with something else (e.g., 
polytrauma, respiratory failure, GI bleeding), and support 
is initiated. The patient undergoes intubation and mechan-
ical ventilation and is perhaps supported with vasopres-
sors and almost certainly intravenous (IV) fluids. Sedation 
is provided at variable doses (certainly far less than was 
used when previous consensus conferences compiled their 
definitions). Nutrition is delivered by feeding tube or intra-
venously. A number of different infections are suspected, 
and confirmation is sought. In the meantime, different 
antibiotics are started and discontinued. Renal function 
may decline, and dialysis for acidosis, fluid overload, elec-
trolyte abnormalities, or “uremia” may be initiated. Prob-
lems and complications related to preexisting conditions 
and comorbidities arise and are managed. And so it goes: 
the patient settles into a remarkably stable yet remark-
ably abnormal state in which she or he may remain for 
weeks, not getting worse but certainly not getting better. 
The patients can remain in this condition for weeks, even 
months. Ultimately, the patient recovers sufficiently to be 
transferred to a skilled nursing facility or a chronic respira-
tory unit, where ventilators can be managed or someone in 
the patient’s family decides that it is time to stop, and life-
supporting interventions such as mechanical ventilation 
and dialysis are stopped. Thus, the most common cause of 
death in ICUs is discontinuation of exogenous support. The 
syndrome afflicting these patients is persistent critical illness.

Persistent critical illness is poorly defined. Data on 
incidence, outcomes, and consequences have yet to be col-
lected. Just as improved treatment in previous eras, when 
patients with once fatal conditions could be kept alive, led 

to the emergence of new disorders (e.g., fluid resuscitation, 
acute renal failure, mechanical ventilation, ARDS, cardio-
pulmonary resuscitation [CPR], myocardial “stunning” 
and anoxic brain injury, massive resuscitation, and coagu-
lopathy), our ability to acutely manage sepsis, septic shock, 
and other related disorders has given rise to persistent 
critical illness. The pathogenesis and pathophysiology are 
poorly understood and meaningful therapy is unknown, 
but understanding and treating this condition represent 
the next challenge in intensive care medicine.
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Is There Immune Suppression in 
the Critically Ill Patient?

Isaiah R. Turnbull, Richard S. Hotchkiss

In his seminal 1876 work defining germ theory, Dr. 
 Robert Koch described experiments in which he estab-
lished the causative role of infecting microorganisms 
in septic shock.1 Infection was accepted as the cause of 
 sepsis until 1957, when bacterial endotoxin was discov-
ered and demonstrated to recapitulate the pathophysiol-
ogy of septic shock in the absence of a live replicating 
 bacterial infection.2 The link between septic shock and 
the immune system was established 30 years later when 
Cerami and colleagues demonstrated that endotoxin 
activated macrophages to release the inflammatory cyto-
kine tumor necrosis factor α (TNF-α), later found to be 
a primary endogenous mediator of endotoxic shock.3 
 Subsequent studies established elevated levels of inflam-
matory cytokines in the blood of patients with sepsis. 
The prevailing theory regarding the pathogenesis of sep-
sis at that time was that bacterial infection induced an 
inflammatory cytokine storm that caused septic shock.4 
 Subsequently, sepsis researchers sought to treat sepsis by 
attenuating the inflammatory response. Unfortunately, 
in numerous clinical trials, anti-inflammatory strate-
gies have failed to improve sepsis survival, and in some 
cases treatment with anti-inflammatory agents increased 
 sepsis  mortality.5-10

The failure of anti-inflammatory strategies alone to 
improve sepsis survival led to a reevaluation of the role 
of the immune system in the pathogenesis of sepsis.11 
 Mounting evidence suggests that suppression is the 
 primary immune derangement in the septic patient and 
that the pathophysiology of sepsis results as much or more 
from an immunocompromised state than from a systemic 
inflammatory response.12,13

A wealth of evidence supports a role for immune 
 dysfunction in sepsis, with data demonstrating exagger-
ated and suppressed immune responses. The state of the 
immune system in sepsis, though, remains incompletely 
understood. This chapter reviews the available basic and 
clinical evidence indicating that immunosuppression is the 
overriding immunologic derangement septic patients. We 
also highlight potential methods to monitor the immune 
status of a critically ill patient. We review potential thera-
pies aimed at stimulating the immune system of the septic 
patient.

IMMUNE SYSTEM IN SEPSIS: SYSTEMIC 
INFLAMMATORY RESPONSE SYNDROME 
TO COMPENSATORY ANTI-INFLAMMATORY 
RESPONSE SYNDROME

The host response to infection is complex and varies 
depending on the type of infection, bacterial load, and 
host genetic factors.11 Cells of the innate immune system, 
including granulocytes, macrophages, dendritic cells, and 
innate lymphoid cells such as natural killer cells express 
germ-line-encoded receptors that recognize pathogen-
associated molecular patterns and host-derived molecules 
associated with tissue damage (damage-associated molec-
ular patterns).14 These innate immune cells are tasked with 
the early recognition of microbial infection and the tissue 
damage associated with infection or injury.14 Activation of 
the innate immune system causes release of a diverse range 
of inflammatory mediators including those canonically 
associated with sepsis: TNF-α and interleukin 6 (IL-6).15 
The proximal signaling mechanisms of the innate immune 
system form a positive feedback loop that serves to amplify 
the response to minor injuries and infections to facilitate 
early clearance of infecting organisms and damaged tissue. 
This innate inflammatory response activates the adaptive 
immune system, inducing proliferation of antigen-specific 
T cells and B cells that acutely combat infection and pro-
vide long-term memory cells, improving future immu-
nity.15 Under normal physiologic conditions, progression of 
the immune response leads to activation of negative feed-
back pathways that downregulate inflammation. Innate 
immune cells switch from production of inflammatory 
cytokines to production of anti-inflammatory cytokines 
such as IL-10 and transforming growth factor β (TGF-β).16 
Innate immune cells, including antigen-presenting cells, 
undergo programmed cell death through apoptosis, which 
removes the stimulation to the adaptive immune cells.17 
Without activation, T and B cells become less responsive. A 
subset of these cells transition to a memory phenotype, and 
effector B and T cells, no longer required to fight infection, 
undergo apoptosis.

With the discovery that TNF-α can induce a syndrome 
similar to endotoxic shock, a theory of sepsis as an over-
exuberant inflammatory reaction developed.4 It was 
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hypothesized that in response to severe infections or sig-
nificant tissue damage, the positive feedback loops of the 
innate immune response drove activation of the inflamma-
tory response beyond the local environment. This change 
led to a pathologic organism-wide activation of innate 
immunity, termed the systemic inflammatory response 
syndrome (SIRS).18 Inflammatory cytokines that normally 
function in the local environment were systemically dis-
seminated, causing fever, leukocytosis, and tachycardia 
while contributing to capillary leak, vasogenic shock, and 
remote organ damage.4 To explain the persistence of SIRS 
in sepsis, Bone hypothesized that, under normal condi-
tions, inflammation was followed by immune downregu-
lation that limited the inflammatory response. Just as SIRS 
represented exaggeration of normal, adaptive, proinflam-
matory pathways, a new syndrome, the compensatory 
anti-inflammatory response syndrome (CARS), reflected a 
pathologic downregulation of immune function.19

Since the development of the SIRS-CARS model, ongo-
ing research has clarified the relationship among the severe 
infections that cause sepsis, the state of the immune system, 
and the clinical course of septic patients. Clinically, septic 
patients exhibit clear evidence of immune dysfunction. 
The signs include a loss of delayed hypersensitivity, an 

inability to clear microorganisms, and a predisposition to 
secondary infections.20-22 Postmortem studies demonstrate 
that 80% of patients who die with sepsis have a persistent 
focus of infection.23 With ongoing sepsis, infectious burden 
increases, with increased frequency of positive blood cul-
tures and increased infections with opportunistic organ-
isms.24 Septic patients also demonstrate viral DNAemia; 
viral DNA from latent herpes family viruses (presumably 
reactivated during sepsis-induced immunosuppression) 
are recovered in the blood of 42% of sepsis patients, as 
compared with 5% of critically ill nonseptic controls.25 
The immune state of the septic patient is characterized by 
impairment of neutrophil functions, increased lymphocyte 
and dendritic cell apoptosis, a shift from a TH1 (T helper 
cell type 1) to a TH2 (T helper cell type 2) cytokine profile, 
an increase in the proportion of T regulatory cells, a release 
of anti-inflammatory mediators, lymphocyte anergy, and 
monocyte deactivation (Table 38-1).12,13 Most deaths in 
sepsis occur late in the course of the syndrome, well after 
resuscitation. Those patients who survive show evidence 
of immune function recovery.20

MECHANISMS OF IMMUNE DYSFUNCTION

In animal and human studies, sepsis induces  apoptosis 
in lymphocytes and gastrointestinal epithelial cells  
(Fig. 38-1).26-28 Examination of the spleen of patients who 
died from sepsis reveals a profound depletion of B cells, 
CD4 T cells, and follicular dendritic cells from the innate 
and adaptive immune systems that is not observed in the 
spleen of patients who died after trauma.28 Septic patients 
also have absolute lymphocyte counts well below normal. 
This lymphopenia is associated with poor outcome and 
the degree of lymphocyte apoptosis correlates with the 
severity of sepsis.29 Loss of these cells impairs antibody 
production, macrophage activation, and antigen presen-
tation. Apoptosis also impairs innate immunity by dis-
rupting the crosstalk between the innate and adaptive 

Table 38-1 Mechanisms of Immunosuppression  
in Sepsis

Lymphocyte (CD4 T cells, B cells) and dendritic cell apoptosis

Switch to TH2, or immunosuppressive, cytokine profile and 
release of anti-inflammatory mediators

Lymphocyte anergy increased proportion of regulatory T cells

Monocyte deactivation evidenced by decreased expression of 
mHLA-DR

Impairment of neutrophil functions

Expansion of immature myeloid suppressor cell populations

mHLA-DR, monocyte human leukocyte antigen type DR.

↓ T-cell help
↓ Macrophage
   activation
↓ B-cell
   activation

↓ CTL function
↓ Killing of
   intracellular
   pathogens

↓ Antibody
   production
↓ CD4+ T-cell
   activation

↓ Presentation
   of antigen to
   B cells
↓ B-cell
   activation

↓ Presentation
   of antigen to
   T cells
↓ T-cell
   activation

• Anergy
• TH2-cell generation
• Immunosuppression

Macrophage

CD4+ T cell CD8+ T cell B cell

Apoptosis

FDC Interdigitating
DC

Apoptotic
cell

Figure 38-1. Apoptosis of immune effector cells leads to a defective immune response to infection. CTL, cytotoxic T lymphocyte; DC,  dendritic 
cell; FDC, follicular dendritic cell. (From Hotchkiss RS, Nicholson DW. Apoptosis and caspases regulate death and inflammation in sepsis. Nat Rev 
 Immunol. 2006; 6:813-822.)
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immune systems. As a result, sepsis is associated with T 
cell anergy.30 Macrophages and dendritic cells that take up 
and eliminate apoptotic cells release anti- inflammatory 
cytokines such as IL-10 and TGF-β while suppressing 
 proinflammatory cytokines.31 T cells that come into con-
tact with these macrophages and dendritic cells become 
anergic or undergo apoptosis. T cells of patients with 
peritonitis also have decreased TH1 function even in the 
absence of TH2 cytokines. These T cells fail to proliferate. 
These T cell findings positively correlate with mortality.32 
Studies in a clinically relevant mouse model of  sepsis 
confirm the significance of lymphocyte apoptosis to 
 sepsis pathophysiology.33 Mice were injected with either 
apoptotic or necrotic cells before induction of sepsis and 
survival was recorded. Mice adopting transferred apop-
totic cells had greater mortality compared with mice that 
received necrotic cells. Significantly, mice that received 
apoptotic as opposed to necrotic cells also exhibited 
TH2 cytokine profiles and decreased interferon γ (IFN-
γ) production by spleen cells. In several animal studies, 
apoptosis was reversed.34-36 In such investigations, mice 
that overexpressed BCL-2, an antiapoptotic protein, in 
lymphocytes had lower mortality rates in pneumonia 
and cecal ligation and puncture models of sepsis.36,37 
Similar data were reported in mice that overexpressed 
BCL-2 (B cell lymphoma 2) in gut epithelia.28,35 The cel-
lular mechanisms of apoptosis in sepsis are incompletely 
understood, but there is evidence that the extrinsic death 
receptor and the intrinsic, or mitochondrial, pathways are 
being activated.38 Death receptors activated by circulat-
ing TNF and CD95 (FasL) activate caspase-8, which then 
sets off an apoptotic cascade.30 The mitochondrial path-
way can be stimulated by several different agents. These 
include reactive oxygen species, radiation, chemothera-
peutic agents, cytochrome c, and cytokine withdrawal. It 
appears that there is significant crosstalk between the two 
pathways and that sepsis acts through multiple mecha-
nisms to induce cell apoptosis.

Although controversial, some investigators have 
reported that T regulatory (CD4+ and CD25+) cells play 
an important role in the immunosuppression that occurs 
during sepsis. T regulatory cells modulate the immune 
response to pathogens by acting on other T cells and 
antigen-presenting cells.39 T regulatory cells release cyto-
kines such as IL-10, TGF-β, and IL-4 and thereby mediate 
responses in CD4 and CD8 T cells. One study revealed that 
the proportion of T regulatory cells was increased in the 
blood of septic patients immediately after diagnosis and 
persisted only in nonsurvivors.40 This increase in T regula-
tory cells also has been shown in clinically relevant animal 
models of sepsis.41-44 T regulatory cells may be important 
in the switch from a hyperinflammatory state to immune 
dysfunction in sepsis. A study demonstrated improved 
survival in septic mice given an antibody to the glucocor-
ticoid-induced TNF receptor that is highly expressed on 
T regulatory cells.44 This antibody restored CD4+ T cell 
proliferation and increased TH1 and TH2 cytokines. This 
approach reversed the adaptive immune dysfunction seen 
in sepsis. T regulatory cells may prove to play a crucial role 
in the development and treatment of immune dysfunction 
in severe sepsis. Our group performed functional studies on 
leukocytes isolated from immediate postmortem autopsies 

of critically ill patients.45 As compared with noncritically 
ill control patients, splenocytes from septic patients were 
 profoundly anergic. When stimulated ex vivo, cytokine 
elaborated by cells from septic patients was generally less 
than 10% of that produced by cells isolated from noncriti-
cally ill controls. These differences included proinflamma-
tory and anti-inflammatory cytokines, demonstrating that 
these lymphocytes are globally suppressed and not simply 
skewed to a pro- or anti-inflammatory phenotype. This 
phenotype has been hypothesized to result from either 
T cell exhaustion or from a global slow-down in cellular 
function and is termed hibernation. Phenotypic evaluation 
of cells from septic patients found increased expression of 
the inhibitory receptor  programmed cell death protein-1 
(PD-1), suggesting that sepsis results in a lymphocyte 
cohort that suppresses cellular activation. Administra-
tion of antibodies designed to block PD-1 activity restored 
adaptive immune function, suggesting that PD-1 inhibited 
lymphocyte activation. These data are consistent with a T 
cell “exhaustion” phenotype and provide a possible means 
to reverse T cell dysfunction in patients using anti–PD-1 
antibodies.

In addition to the demonstrated effects of sepsis on 
splenocytes, recent studies have found expansion of imma-
ture myeloid suppressor cells (Gr-1+, CD11b+ cells) in the 
spleen, lymph nodes, and bone marrow in prolonged 
sepsis. Studies of lung tissue from septic patients demon-
strated increased numbers of myeloid-derived suppressor 
cells (MDSCs) in the lung as compared with healthy con-
trols. Depletion of these cells in septic mice challenged with 
T-cell-dependent antigens blocked a TH2 response. This 
evidence suggests a role for immature myeloid suppressor 
cells in sepsis-induced immune suppression.46

Monocytes from septic patients also are dramatically 
affected. In patients with postoperative sepsis, there 
is an immediate suppression of proinflammatory and 
anti-inflammatory cytokines after lipopolysaccharide 
stimulation.47 Survival among these patients correlated 
with a recovery of the proinflammatory, but not the anti-
inflammatory, response. Monocytes from septic patients 
have decreased cell surface markers, notably monocyte 
human leukocyte antigen type DR (mHLA-DR).48 These 
monocytes produce only small amounts of TNF-α and 
IL-1 in response to bacterial challenges.49 T cells from 
septic patients also have decreased human leukocyte 
antigen type DR (HLA-DR) expression, and ex vivo stud-
ies demonstrate that these cells are defective for antigen 
presentation.49 Numerous characteristics of immune 
suppression in sepsis have been identified. Nonethe-
less, researchers have yet to find diagnostic tests that can 
inform clinicians about the state of the immune system 
in septic patients. There are no discrete clinical signs or 
symptoms of immune dysfunction, and there is no gold 
standard available that can identify a patient in a state of 
immune suppression.12

Identifying Immune Dysfunction in the  
Septic Patient

The host immune response to sepsis is complex and 
involves many circulating mediators and cells. Various 
cytokines and their correlation with mortality have been 
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studied. Baseline circulating IL-6 and soluble TNF recep-
tor have been shown to correlate with disease severity and 
28-day all-cause mortality,50 and they may help in determin-
ing when an anti-inflammatory therapy may be of benefit. 
Levels of anti-inflammatory cytokines such as IL-10 may 
be more helpful in determining whether a patient is immu-
nosuppressed (Table 38-2). Elevated and sustained levels 
of IL-1051,52 and high IL-10/TNF-α ratios were predictive 
of poor outcome.53 IL-10 correlated with the decreased 
expression of mHLA-DR in septic patients (another marker 
of sepsis-induced immunosuppression; see following para-
graph) and may have mediated this finding.54 IL-10 may 
prove to be a useful marker of immune dysfunction, but it 
needs to be evaluated in larger clinical trials. For both pro- 
and anti-inflammatory cytokines, changes in circulating 
mediator levels may not correlate with biological activity. 
Sepsis is associated with changes in cytokine receptor lev-
els45 and alterations in intracellular signaling pathways55 
that make the biological consequence of circulating cyto-
kine levels difficult to interpret.

Another possibility for evaluating the robustness of 
the immune response is quantitation of the mHLA-DR 
cell surface expression in the septic patient. mHLA-DR 
expression was reduced in patients who develop nosoco-
mial infections after trauma, surgery, and pancreatitis.56 
Patients who recovered from these complications also 
recovered mHLA-DR expression.56 This finding became 
apparent only 48 hours after the onset of sepsis.57 Therefore 
sequentially measuring mHLA-DR expression in critically 
ill patients with concern for sepsis over time may help to 
identify patients in the early phases of sepsis, but moni-
toring mHLA-DR is difficult because there is no reliable, 
standardized testing system at this time.

Procalcitonin has been widely investigated as a serum 
marker to differentiate SIRS from sepsis. Several small 
 trials indicate that procalcitonin predicts mortality in criti-
cally ill patients.58-60 A recent meta-analysis reviewed the 
available clinical data and concluded that procalcitonin 
cannot be used to distinguish sepsis from SIRS and that 
more studies are needed.58

Some investigators have advocated a genomic approach 
to monitoring immune function. Preliminary studies 
involving small cohorts of patients indicate that 95% of 
patients with the same outcome show similar change in 
the messenger RNA expression of 10 specific genes.61 Gene 
chip analysis allows for the comparison of thousands of 
genes and may eventually reveal sepsis-associated differ-
ences in gene expression related to immune dysfunction. 
This direction may be limited by genetic variability and 
heterogeneity. This technology is still under development, 
but it may prove useful in the future.

POTENTIAL THERAPIES AIMED AT 
SEPSIS-INDUCED IMMUNOSUPPRESSION

Anti-inflammatory therapies, including TNF-α antago-
nists, IL-1 receptor antagonists, antiendotoxin antibod-
ies, and corticosteroids, have not been shown to decrease 
overall mortality in patients with sepsis. It is possible 
that new approaches aimed at stimulating the immune 
 system may succeed where interventions based on inhib-
iting the immune response have failed. In septic patients 
demonstrated to be immunocompromised based on 
decreased expression of HLA-DR, treatment with granu-
locyte  macrophage colony-stimulating factor (GM-CSF) 
was associated with a decrease in the number of ICU days 
and decreased APACHE (Acute Physiology and Chronic 
Health  Evaluation) II score.62 On the basis of these encour-
aging results, a large multicenter trial of GM-CSF is begin-
ning in 2015, assessing restoration of immune function 
and improvement in clinical outcomes from sepsis (Does 
GM-CSF Restore Neutrophil Phagocytosis in Critical Illness 
In: ClinicalTrials.gov [Internet]. Bethesda [MD]: National 
Library of Medicine [US]. 2000- [cited 2015 Jan 6]. Available 
from: http://clinicaltrials.gov/show/NCT01653665 NLM 
Identifier: NCT01653665). Treatment with IFN-γ improved 
mHLA-DR expression and mortality in a small group of 
septic patients, but this has not been studied in a large clini-
cal trial.63 A case report suggests that IFN-γ can be effective 
in treating staphylococcal sepsis.64 The potential for IFN-
γ treatment to improve outcomes from sepsis is currently 
being evaluated in a large RCT.65

Blockade of the interaction between the inhibitory recep-
tor PD-1 and its cognate receptor PD-L1 is also being evalu-
ated as a potential therapeutic avenue in sepsis.13 PD-1 is an 
inhibitory costimulatory molecule expressed by T cells. PD-1 
is expressed after persistent antigenic stimulation of a T cell 
and ligation of PD-1 by its cognate ligand results in T cell 
anergy with abrogation of proliferation and cytokine secre-
tion.13 An increased proportion of splenocytes from septic 
patients express PD-1, and its ligand PD-L1 is upregulated 
on antigen-presenting cells and macrophages isolated from 
septic patients.45 Blockade of PD-1/PD-L1 interactions has 
been demonstrated by several groups to improve survival in 
animal models of sepsis.66-68 Antibodies blocking the PD-1/
PD-L1 interaction have been used successfully as an immuno-
stimulant in cancer patients.69 Clinical studies to evaluate the 
efficacy of PD-1 modulation in sepsis are under development.

Researchers are also initiating clinical trials of the 
cytokine IL-7 as an immunomodulator in sepsis. IL-7 
acts broadly on cells of the adaptive immune system, 
driving proliferation and survival of T cells, B cells, and 
innate lymphoid cells, including natural killer cells. IL-7 
has been demonstrated to increase lymphocyte counts in 
cancer patients and in HIV-positive patients with persis-
tently low CD4+ T cell counts. Therapeutic exogenous IL-7 
leads to a predominate increase in CD4+ and CD8+ T cells 
with no significant increase in B cell numbers.70 Ex vivo 
studies have demonstrated that IL-7 can reverse sepsis-
induced lymphocyte hyporesponsiveness. Ex vivo treat-
ment of lymphocytes isolated from septic patients with 
IL-7 increased levels of the anti-apoptotic molecule BCL-2 
to that seen in healthy controls.71 Ex vivo treatment with 
IL-7 also improved sepsis-induced deficits in lymphocyte 

Table 38-2 Possible Diagnostic Markers of  
Sepsis-Induced Immunosuppression

Increased initial and sustained IL-10 levels

High IL-10/TNF-α ratios

Decreased mHLA-DR expression

IL-10, interleukin-10; mHLA-DR, monocyte human leukocyte antigen type DR; 
TNF-α, tumor necrosis factor α.

http://ClinicalTrials.gov
http://clinicaltrials.gov/show/
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IFN-γ production.71 IL-7 treatment has been demonstrated 
to improve sepsis survival and improve lymphocyte func-
tion in a clinically relevant animal model of sepsis.72

IL-7 therapy has been efficacious in the treatment of 
chronic viral infections, including hepatitis, HIV, and 
JC virus–induced progressive multifocal encephalopa-
thy.73 IL-7 is also being evaluated as a treatment for che-
motherapy-induced lymphopenia and as a treatment of 
 aging-induced immunosenescence.73 These early studies 
have suggested that IL-7 is safe and effective in reversing 
a wide range of immunosuppressive conditions. Taken 
together, these data make IL-7 a promising candidate for 
the treatment of sepsis-induced immunosuppression.

CONCLUSION

Previous theories regarding the pathophysiology of  sepsis 
failed to appropriately characterize sepsis-associated 
immune dysfunction. Most deaths in sepsis occur after the 
initial hyperdynamic, proinflammatory phase when patients 
are unable to clear either primary infection or develop 
 secondary, nosocomial infections. This period of immuno-
suppression is an important cause of mortality, and patients 
who recover immune function tend to resolve their infec-
tions and ultimately survive. Lymphocyte apoptosis, T cell 
anergy, increased proportion of T regulatory cells, monocyte 
deactivation, decreased HLA-DR expression, a TH2 cyto-
kine profile, and neutrophil impairment are all hallmarks 
of immunosuppression in sepsis.  Diagnostic modalities that 
will enable the physician to track a patient’s immune  status 
and accordingly tailor treatment need to be developed. 
The goal is to be able to administer  immune-stimulating 
 therapies during periods of immune suppression and sev-
eral promising candidates under development.
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What Is the Role of Empirical 
Antibiotic Therapy in Sepsis?

Fiona Kiernan, Gerard F. Curley

The annual prevalence of sepsis, the systemic inflamma-
tory response to infection, is estimated at 19 million cases 
worldwide. Over the last 30 years, reported mortality rates 
in severe sepsis, defined as sepsis plus organ dysfunction, 
have dropped from over 80% to 20% to 30% because of 
advances in training, better surveillance and monitoring, 
prompt initiation of therapy, and organ support.1

The timely and correct identification of infection 
followed by appropriate treatment with antibiotics is 
crucial to the management of critically ill and injured 
patients. Antibiotic therapy is founded on principles of 
appropriate drug selection based on (suspected) suscep-
tibility patterns of the causative pathogen. The goal of 
antimicrobial administration is to achieve drug concen-
trations sufficiently effective to exert maximum killing 
at the infection site and to prevent the emergence of 
antimicrobial resistance.2 Selection of empirical antibi-
otics should be based on the suspected source, such as 
community-acquired infection or nosocomial infection, 
medical and culture history, and local microbial suscep-
tibility results.

The latest guidelines for the management of severe 
sepsis and septic shock provided by the Surviving Sepsis 
Campaign (SSC) consortium recommend to begin timely 
appropriate intravenous (IV) broad-spectrum antibiotics 
after forming a probable diagnosis and obtaining cultures 
(1B/1C grade recommendations to administer antibiot-
ics within 1 hour after diagnosis of either sepsis or septic 
shock).3

However, accurate infection diagnosis in critically 
ill patients is confounded by the systemic inflamma-
tory response syndrome (SIRS). Intensivists must use 
the same criteria (e.g., fever, leukocytosis, tachycardia, 
tachypnea) supplemented by clinical judgment to dis-
tinguish patients with infections from those with SIRS. 
Because of the devastating consequences of missing a 
true infection, empirical antibiotic therapy often is initi-
ated when patients are critically ill and physicians are 
unable to distinguish SIRS from infection. The result is 
probable overuse of antibiotics.4,5

Incorrect use of broad-spectrum antibiotics has poten-
tially serious consequences, including Clostridium dif-
ficile infection,6 renal toxicity,7,8 and encouragement of 
multidrug-resistant organisms.9 These events can lead to 
longer intensive care unit (ICU) stays, greater health-care 
costs, and a higher mortality rate.10,11 The full extent of 
these effects in ICU patients has not been well reported, 

and antibiotic overuse is inevitable. There currently is no 
consensus or benchmark for an acceptable rate of over-
treatment or for the use of empirical antibiotics in the ICU.

DIAGNOSTIC ISSUES

Clinical Features

Establishing a definitive diagnosis of infection is para-
mount to the appropriate selection and use of antimi-
crobials. Once infection is suspected in the ICU patient, 
a comprehensive workup must be performed to identify 
the site of infection. The microbial causes of various ICU 
infections are reasonably predictable once the actual site of 
infection is known; thus appropriate drug selection prop-
erly begins with identification of a known or suspected 
site of infection. Unfortunately, the site of infection is often 
unable to be identified with any certainty; studies in septic 
patients have shown that no source of infection is identi-
fied in up to 30% to 40% of patients.12,13 The clinical mani-
festations of sepsis are highly variable, depending on the 
initial site of infection, the causative organism, the pattern 
of acute organ dysfunction, the underlying health status of 
the patient, and the interval before initiation of treatment. 
The signs of both infection and organ dysfunction may be 
subtle; thus the most recent international consensus guide-
lines provide a long list of warning signs of incipient sep-
sis.14 In particular, clinicians must keep in mind that there 
are numerous sources of fever in critically ill patients that 
are not associated with infection. The occurrence of new 
fever in an ICU patient should prompt a thorough evalua-
tion of noninfectious sources for the fever before initiation 
of antimicrobial therapy. Patients who have begun receiv-
ing antimicrobial therapy and have persistent fever despite 
the resolution of other signs and symptoms of infection 
should also be evaluated for noninfectious sources of fever.

Acute organ dysfunction in sepsis most commonly 
affects the respiratory and cardiovascular systems. Respi-
ratory compromise is classically manifested as the acute 
respiratory distress syndrome (ARDS), of which sepsis is 
the most common cause.15 Cardiovascular compromise 
may manifest primarily as hypotension or an elevated 
serum lactate. After adequate volume expansion, hypo-
tension frequently persists, requiring the use of vasopres-
sors, and myocardial dysfunction may occur.16 Other organ 
 systems are commonly affected. Central nervous system 
dysfunction is typically manifested as confusion, delirium, 

39
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or coma. Imaging studies generally show no focal lesions, 
and findings on electroencephalography are usually con-
sistent with nonfocal encephalopathy.17 Critical illness 
polyneuropathy and myopathy are also common, espe-
cially in patients with a prolonged ICU stay.18 Acute kid-
ney injury is manifested as decreasing urine output and an 
increasing serum creatinine level and frequently requires 
treatment with renal replacement therapy.19 Paralytic ileus, 
elevated bilirubin/aminotransferase levels, altered glyce-
mic control, thrombocytopenia and disseminated intravas-
cular coagulation, adrenal dysfunction, and the nonthyroid 
illness syndrome are all relatively common in patients with 
severe sepsis.20

Gram Stain and Culture as an Aid  
to Empirical Therapy

Microbiologists have access to a wide range of invasive 
and noninvasive diagnostic techniques, and these should 
be used when appropriate. The institution of antimicrobial 
therapy should not be delayed for the sake of perform-
ing exhaustive diagnostic tests. Gram stain of appropriate 
specimens from potential sites of infection should be used 
to help determine appropriate empirical or antimicrobial 
therapy. Although the yield of useful information from 
Gram stains is usually not high in critically ill patients, per-
forming this test is nevertheless of value for those patients 
in whom causative pathogens are identified.21-23 Gram 
stains from specimens obtained from certain sites such as 
the respiratory tract and wounds should be interpreted 
with caution because of high rates of colonization with 
nonpathogenic organisms, particularly in patients who 
have already been hospitalized for several days. Studies 
have clearly demonstrated the high frequency and rapid 
time course of microbial colonization of ICU patients.24-26 
Classic studies demonstrated that rates of colonization of 
the oropharynx and bronchi of critically ill patients with 
gram-negative organisms reached 45% and 65% within 
5 days after ICU admission, respectively, and more than 
90% at both sites by day 10.27 These patients also become 
highly colonized with gram-positive cocci and particu-
larly yeast soon after ICU admission.

Great care must be taken to differentiate colonizing 
organisms from true pathogens when evaluating Gram 
stain and culture results from nonsterile areas of the body 
or areas that may become colonized after the placement of 
foreign devices such as catheters (e.g., the urinary tract and 
respiratory tract). Colonization is often distinguished on 
the basis of Gram stain results showing multiple morpho-
logic types of bacteria or the absence of clinically relevant 
signs and symptoms of infection despite the presence of 
microbial growth. However, in critically ill patients, coloni-
zation is often extremely difficult to distinguish from true 
infection, and antimicrobials are initiated based on a pre-
sumptive diagnosis.

Blood Cultures

The role of blood cultures is crucial for the correct fine- 
tuning of antibiotic therapy in sepsis.3 Blood cultures are the 
current “gold standard” of bloodstream infection diagnosis 
and are based on the detection of viable microorganisms 

present in blood. Blood cultures have the advantage of 
allowing for the evaluation of their antimicrobial suscepti-
bility; this characteristic has still not been paralleled by any 
other technique available to date. This aspect is important 
because several studies have shown that inadequate anti-
microbial therapy is an independent risk factor for mortal-
ity or microbiological failure for severely ill patients with 
life-threatening infections (see later).

However, several factors may still reduce the over-
all sensitivity of blood cultures. An intrinsic limitation of 
blood cultures is their low sensitivity to slow-growing and 
fastidious organisms such as Bartonella spp., Francisella tula-
rensis, Mycoplasma spp., several molds, and Nocardia spp.28 
Other uniformly uncultivable pathogens (by the usual 
bacterial culture systems) such as Rickettsia spp., Coxiella 
burnetii, Chlamydophila pneumoniae, and Tropheryma whipplei 
are better diagnosed by immunodiagnostic or molecular 
techniques.28 The presence of multiple interfering factors 
such as previous antimicrobial therapy, suboptimal sample 
collection, or incorrect preanalytic processing may deliver 
false-negative results even in septic patients with easy-to-
culture pathogens such as Staphylococci and Streptococci.29

An important factor influencing blood culture diagnos-
tic yield is blood volume.30,31 Several studies of adults32,33 
and pediatric patients34,35 confirmed that the rate of iso-
lation from blood cultures increases with the quantity of 
blood submitted. Another important variable is the time 
taken from blood withdrawal to the loading of blood cul-
ture bottles into the instrument.36 Ideally, blood cultures 
should be loaded immediately into the continuous-mon-
itoring instrument to minimize the time to detection and 
to reduce the number of false-negative samples caused by 
delays in loading. A decrease in recovery has been observed 
when bottles are held at room temperature for more than 
12 hours and even more so when they are preincubated at 
37° C before being loaded into the automatic instrument.36

Role of Rapid Microbiological Diagnostics  
to Guide Empirical Therapy

The role of the clinical microbiology laboratory in the acute 
phase of sepsis has traditionally been marginal because at 
least 24 to 72 hours are necessary for the confirmation of 
an infectious etiology, identification of the pathogen, and 
evaluation of its antimicrobial susceptibility. However, 
with the advent of rapid speciation methods, clinicians are 
encountering increasing windows of time when they are 
aware of an infecting organism’s species without yet know-
ing its susceptibilities.37,38 The most promising techniques 
are proteomic technologies, including matrix-assisted laser 
desorption-ionization time-of-flight mass spectrometry.39 
This technique is able to identify bacteria or fungi by deter-
mining their proteomic profiles.40 It has also been used 
to identify bacterial virulence factors41 or antibiotic resis-
tance markers.42 This method has the main advantage of 
allowing a definitive identification, or typing, of isolated 
microorganisms in only a few minutes. In addition, several 
pathogen-specific, broad-range, and multiplex polymerase 
chain reaction–based amplification strategies have been 
used to identify positive blood cultures, to aid in rapid 
speciation, or to diagnose sepsis directly from blood sam-
ples.43 Other molecular methods are being used, including 
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fluorescence in situ hybridization with oligonucleotide 
probes targeting bacterial or fungal genes (typically ribo-
somal RNA genes).44

With the advent of rapid speciation techniques, there 
is an opportunity to improve antimicrobial coverage with 
the added possibility of decreasing unnecessary anti-
microbial usage. This will suddenly make institutional 
species-specific antibiograms much more clinically useful. 
Moreover, clinicians may be able to more quickly discon-
tinue therapy after identification of obvious culture con-
taminants (e.g., Corynebacterium species) or more rapidly 
de-escalate therapy after identification of organisms with 
predictable susceptibilities (e.g., Listeria monocytogenes). 
In some instances, species identification will result in 
pathogen-guided escalation before susceptibility-guided  
de-escalation of empirical therapy (e.g., Enterococcus spe-
cies or Pseudomonas species).37

Despite the remarkable technical advances of nucleic 
acid testing–based approaches, their widespread use for 
the microbiological diagnosis of sepsis is still limited by 
several shortcomings. For example, the detection of cir-
culating microbial DNA (DNAemia) does not necessarily 
indicate the presence of a viable microorganism respon-
sible for a given infection. The high sensitivity needed 
for the diagnosis of sepsis may increase the risk of false-
positive results due to carryover contamination or due to 
the detection of environmental DNA contaminating the 
blood sample. Moreover, DNAemia may be the footprint 
for transient bacteremia not related to any infection,45,46 
or it may be related to the persistence of circulating DNA 
still detectable several days after successful anti-infectious 
therapy has been completed.47 Another major drawback of 
the available molecular assays for the diagnosis of sepsis is 
that they do not provide information on the antimicrobial 
susceptibility of the detected pathogen.

The rapid detection of a pathogen may allow for better 
fine-tuning of empirical therapy with possible economic 
savings, but the lack of a specific susceptibility spectrum, 
especially with multidrug-resistant pathogens on the rise, 
may limit the clinical usefulness of these assays. In cases 
in which the presence of a single gene is always associated 
with phenotypic resistance (i.e., the mecA gene for oxacillin 
resistance and van genes for vancomycin resistance), it is 
relatively simple to design molecular strategies that allow 
their detection. More troublesome are cases in which the 
phenotypic resistance is influenced by several concurrent 
factors, such as the regulatory role of distinct genes that 
modulate the levels of expression of the gene(s) determin-
ing resistance.

Other Assays to Guide Empirical  
Antibiotic Therapy

Fungi continue to be a major cause of infection-related mor-
tality principally for ICU patients and patients with hema-
tologic malignancies. However, early diagnosis remains a 
challenge, mainly because of the low specificity of clinical 
symptoms and the low sensitivity of fungal cultures. The 
development of an enzyme-linked immunosorbent assay 
for the detection of galactomannan (GM), an Aspergillus 
sp. cell wall component, has been an important advance 
for the diagnosis of invasive aspergillosis.48,49 A positive 

test confirmed with two sequential samples is considered 
to be a valid index for invasive aspergillosis diagnosis 
with European Organisation for Research and Treatment 
(EORTC) diagnostic criteria.50 Although the detection of 
GM in serum is easy to perform, a major disadvantage of 
the serodiagnosis of invasive aspergillosis is the occurrence 
of false-positive results.
β-Glucan (BG) is another component of the fungal cell 

wall present in a wider variety of fungal species, including 
Candida spp.51 For most patients with confirmed invasive 
fungal infections, BG levels were elevated several days 
before clinical diagnosis.52

The limitations of blood cultures have also fostered 
interest in the development of sensitive and rapid labo-
ratory tests aimed at detecting nonspecific biomarkers of 
sepsis. Assays for C-reactive protein, procalcitonin (PCT), 
interleukin (IL)–6, and IL-8 have been evaluated for their 
clinical usefulness. PCT is a propeptide of calcitonin that is 
ubiquitously expressed as part of the host’s inflammatory 
response to various insults.53 A growing body of evidence 
suggests that PCT is a marker of severe bacterial infection54 
and can distinguish patients who have sepsis from patients 
who have SIRS.55 In particular, PCT levels in plasma have 
been correlated with sepsis-related organ failure scores and 
may be useful in risk assessment.56 High and persistent 
elevations in PCT levels have been associated with poor 
outcomes for ICU patients.57 Although several studies sug-
gested that PCT is among the most promising biomarkers 
for sepsis, considerable controversy surrounding its clinical 
usefulness still remains. A recent meta-analysis58 indicated 
that PCT cannot reliably differentiate sepsis from other 
noninfectious causes of SIRS in critically ill adult patients.

EARLY TREATMENT: THE EVIDENCE

In a well-known study, Rivers et al.59 demonstrated an 
impressive absolute reduction of 16% in the in-hospital 
mortality rate of septic shock and severe sepsis in their 
single-center, prospective, randomized trial of early goal-
directed therapy (EGDT). This was the first study to dem-
onstrate that there was a golden hour (or 4 to 6 hours) for 
patients with severe sepsis.

The results of the Australasian Resuscitation in Sepsis 
Evaluation (ARISE) trial60 and the Protocol-Based Care for 
Early Septic Shock (ProCESS) study,61 both of which eval-
uated the use of resuscitation bundles in sepsis, seem to 
refute the findings of Rivers et al. These trials failed to show 
benefit from EGCDT versus controls. One of the criticisms 
of EGDT as described by Rivers and of other sepsis bundles 
concerns the uncertain effect that individual parts of the 
bundle have on survival.62 EGDT as a whole seems to save 
lives, but individual parts of the therapy may not be effi-
cacious (central mixed venous oxygen monitoring) or may 
even be harmful to patients with sepsis (i.e., blood trans-
fusion).62 The only consistently important factor in several 
multivariate analyses of the utility of individual elements 
of the sepsis bundle has been rapid antimicrobial initia-
tion.62 Indeed, in the ARISE and ProCESS studies, septic 
shock was recognized early in most patients. Seventy-six 
percent of the patients in ProCESS received antimicro-
bial agents by the time they underwent randomization,61 



Chapter 39 What Is the Role of Empirical Antibiotic Therapy in Sepsis?    265

which occurred a mean of 3 hours after patients’ arrival in 
the emergency department (ED). The rate of antimicrobial 
administration 6 hours after randomization was approxi-
mately 97%, which undoubtedly contributed to the higher 
rates of survival than projected in this study.

The potential influence of delayed antibiotic therapy 
was first evaluated in patients with community-acquired 
pneumonia (CAP). In a study involving 297 U.S. acute care 
hospitals, Kahn et al.63 observed a 4% point reduction in 
30-day mortality among Medicare patients who received 
antibiotics within 4 hours of admission and appropri-
ate oxygen therapy. In the early 1990s, McGarvey and 
Harper64 demonstrated that care processes that included 
antibiotic delivery within 4 hours were associated with 
lower pneumonia mortality at two community hospitals. 
Meehan and colleagues65 undertook a multicenter retro-
spective study of 14,069 patients with CAP treated in 3555 
U.S. acute care hospitals and demonstrated that adminis-
tration of antibiotics within 8 hours of hospital arrival and 
collecting blood cultures within 24 hours were associated 
with improved 30-day survival. More recently, Houck 
et al.66 described that among 13,771 patients who had not 
received outpatient antibiotic agents, antibiotic adminis-
tration within 4 hours of arrival at the hospital was asso-
ciated with reduced in-hospital mortality (6.8% vs. 7.4%; 
adjusted odds ratio [AOR], 0.85; 95% confidence interval 
[CI], 0.74 to 0.98) and mortality within 30 days of admis-
sion (11.6% vs. 12.7%; AOR, 0.85; 95% CI, 0.76 to 0.95).

In a study of 261 patients in the ED, Gaieski et al.67 con-
firmed the association with timing of antibiotic therapy 
and mortality in patients with severe sepsis or septic shock.

In addition, Kumar and colleaguers,68 in a retrospective 
cohort study of 2154 patients who received empirical antibi-
otic therapy, observed that the survival was 80% in patients 
given antibiotics within the first hour of persistent or recur-
rent hypotension. However, for each hour of delay during 
the subsequent 6 hours, the chances of survival decreased 
by 7.6%. In multivariate analysis, the strongest predictor 
of outcome was time to effective antibiotic administration. 
Only half the patients received effective antibiotics within 
6 hours of hypotension onset, and 30% had delays of more 
than 12 hours. It is important to point out that this was a ret-
rospective study over 15 years, and recruitment rates were 
relatively low, with 2154 patients included from 10 sites (14 
ICUs). Only 12% of patients had received antibiotics within 
the first hour. In addition, Kumar et al.68 focused on septic 
shock patients with appropriate antibiotic treatment.

In a prospective observational study in 77 ICUs62 based 
on propensity scores and adjusting for other treatments, 
Ferrer et al. reported that among 2796 severe sepsis/sep-
tic shock patients, empirical antibiotic treatment reduced 
mortality (treatment within 1 hour vs. no treatment within 
first 6 hours of diagnosis; odds ratio [OR] 0.67; 95% CI, 0.50 
to 0.90; P = .008).

In a more recent retrospective analysis of a large data-
set of 28,150 patients with severe sepsis and septic shock 
prospectively collected for the SSC in Europe, the United 
States, and South America, Ferrer and colleagues69 showed 
that delay in first antibiotic administration was associated 
with increased in-hospital mortality. There was a linear 
increase in mortality risk for each hour of delay in antibiotic 
administration. Reducing the time to first antibiotic from 

more than 6 hours to less than 1 hour may result in a mor-
tality reduction of 9.5% (33.1 to 24.6%). These data dem-
onstrate that the association between timing of antibiotic 
administration and mortality is true not only for patients 
with septic shock but also for patients with severe sepsis. 
Importantly, the beneficial effects of early antibiotic admin-
istration reported in this study are based on time from sep-
sis diagnosis and are not related to onset of hypotension.

On the basis of this evidence, the SSC guidelines rec-
ommend that after the recognition of severe sepsis or 
septic shock, IV broad-spectrum antibiotics should be 
administered as early as possible and always within 
1 hour (for patients identified on the general medical 
wards) or 3 hours (for patients identified in the ED).3

The relationship of prompt antibiotics and better out-
comes might represent a surrogate marker for the quality 
of care in a broader sense. Other important sepsis treat-
ments have shown time dependency, such as quantitative 
resuscitation59 or source control.70 In fact, in a systematic 
review and meta-analysis, Barochia et al.71 showed that 
the implementation of SSC bundles was followed by an 
improvement in most of the sepsis process-of-care vari-
ables, including time-to-antibiotic treatment, followed by 
a mortality reduction.

APPROPRIATE DRUG SELECTION

Initial selection of adequate or appropriate drug therapy 
also appears to be of importance in optimizing outcomes 
of antimicrobial use in critically ill patients. Few would 
argue with the initial use of broad-spectrum agents. Ini-
tial empirical anti-infective therapy should include one or 
more drugs that have activity against the likely pathogens 
(bacterial or fungal) and that penetrate into the presumed 
source of the sepsis. The choice of drugs should be guided 
by the susceptibility patterns of microorganisms in the 
community and in the hospital.

Selection of inadequate therapy has been demon-
strated in numerous clinical studies to be associated with 
increased patient mortality,4,12,21,72-78 and the risk of inad-
equate therapy is often directly related to rates of antimi-
crobial resistance in certain pathogens.4,12,73,76,77 Simply 
put, adequate therapy is more than a reflection of “sensi-
tive” or “resistant.” It needs to be governed by breakpoints 
that are relevant to the mode of action of an antibiotic and 
the probability that at any given dose, a drug will exceed 
either the concentration required for killing most strains of 
a given bacterial species (concentration-dependent killing) 
or that the concentration will remain above the minimum 
inhibitory concentration (MIC) of the strains for certain 
time periods (time-dependent killing).79

Retrospective studies conducted in the 1960s and 1970s 
have shown that appropriate antimicrobial therapy, defined 
as the use of at least one antibiotic active in vitro against the 
causative bacteria, reduced the mortality of gram-negative 
bacteremia when compared with patients receiving inap-
propriate therapy.80-83 In a landmark study of 173 patients 
with gram-negative bacteremia, who were classified in 
three categories according to the severity of the underly-
ing disease categories (i.e., rapidly fatal, ultimately fatal, 
and nonfatal), McCabe et al.83 observed that appropriate 
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antibiotic therapy reduced mortality from 48% to 22%. 
Four subsequent studies that included larger numbers of 
patients yielded similar results.80-82,84 In a more recent 
prospective study of 2124 patients with gram- negative 
 bacteremia, mortality was 34% in 670 patients who received 
inappropriate antibiotics and 18% in 1454 patients who 
received appropriate antibiotics.85 Smaller recent studies 
showed that the appropriateness of the antibiotic regimen 
favorably influenced the outcome of patients infected with 
specific gram-negative bacteria, such as Enterobacter spe-
cies,86 Pseudomonas aeruginosa,87 and ceftazidime- resistant 
Klebsiella pneumoniae or Escherichia coli.88

Fewer data have been published on the impact of appro-
priate antibiotic therapy in patients with gram-positive 
sepsis.89 Several studies evaluated the impact of appropri-
ate antimicrobials in patients with severe infections due 
to gram-negative and gram-positive bacteria.4,12,77,85,90-97 
In all but one study,97 appropriate antibiotic therapy was 
associated with a better outcome. Such studies are likely 
to involve special groups of organisms that are known to 
be less virulent: thus their role as pathogens is difficult to 
substantiate. This would include organisms such as coag-
ulase-negative staphylococci and enterococci, in which 
there is controversy concerning either the diagnosis or 
attributable mortality and which are intrinsically less viru-
lent organisms than gram-negative rods or Staphylococcus 
aureus. The study by Ibrahim et al.77 of patients with bac-
teraemia in critical care units showed those treated inad-
equately with antimicrobials fared far worse than those  
treated adequately (mortality 61.9% vs. 28.4%, P < .001), 
with almost one third receiving inadequate initial cover. 
Pathogens inadequately covered included Candida species 
in more than 8%, vancomycin-resistant enterococci, coagu-
lase-negative staphylococci, and P. aeruginosa. The presence 
of fungal infection, prior administration of antibiotics, and 
central venous catheters each independently increased risk 
of inadequate cover.77

EMPIRICAL ANTIMICROBIAL SELECTION

General Considerations

Because initial selection of adequate drug therapy is of 
vital importance in optimizing outcomes of antimicrobial 
use in critically ill patients, several factors are important 
to consider when choosing initial empirical therapy. These 
include suspected site(s) of infection (and corresponding 
potential pathogens), the patient’s immunologic status, 
therapy for a nosocomial- or community-acquired infec-
tion, rates of resistance of these pathogens to potentially 
used drugs, a patient’s prior exposure to antimicrobial 
therapy that may potentially increase the likelihood of 
antimicrobial resistance, and the results of any pertinent 
prior diagnostic tests. A reasonable understanding of the 
pharmacology, pharmacokinetics, pharmacodynamics, 
potential toxicities, potential drug interactions, and appro-
priate dosing of individual antimicrobials is also important 
in the selection of a specific agent once the antimicrobial 
has been chosen. In general, empirical antimicrobial regi-
mens for critically ill patients should be aggressive (i.e., 
sufficiently broad spectrum in pharmacologic activity to 
cover the most likely [rather than all possible] pathogens, 

initiated promptly, and given in relatively high doses when 
the presence of any significant renal or hepatic dysfunction 
is considered).

Source and Microbiology of Sepsis

In a recent meta-analysis and review, Bochud and col-
leagues98 identified the predominant sources of infection 
in patients with severe sepsis and septic shock, by decreas-
ing order of frequency, as the lungs, the bloodstream (with-
out another identifiable source), the abdomen, the urinary 
tract, and soft tissues. This is corroborated by a multicenter 
prospective cohort study by Sands and colleagues,99 in 
which, in 866 cases of sepsis syndrome, respiratory infec-
tions were the most common, accounting for 42.4% of all 
infections. This was followed by bloodstream infections of 
undetermined origin (12.0%). Likewise, in a multicenter 
prospective study in French public hospitals, the primary 
source of infection was also pleuropulmonary, with almost 
half (41%) accounting for total episodes of documented 
severe sepsis.100 However, in this cohort, intra-abdomi-
nal infections accounted for 32% of episodes of sepsis in 
which a unique source was identified, whereas primary 
bacteremia was identified in only 4% of cases. Kumar and 
colleagues68,101 similarly found that pleuropulmonary, 
intra-abdominal, and urinary tract source infection were, 
in order, the largest contributors to a large (n = 5715), multi-
institutional cohort of septic shock cases.

Data from various sources indicate that there have 
been important changes in the microbial etiology of sep-
sis over recent decades. The largest survey of sepsis epi-
demiology reviewed more than 10 million cases of sepsis 
over a 22-year period (1979 to 2000) from a nationally rep-
resentative sample of U.S. acute-care hospitals.102 From 
1979 to 1987, gram-negative bacteria were the predomi-
nant organisms causing sepsis, but they were overtaken 
by gram-positive bacteria thereafter. In 2000, among 
organisms reported to have caused sepsis, gram-positive 
bacteria accounted for 52.1% of cases, with gram-negative 
bacteria accounting for 37.6%, polymicrobial infection for 
4.7%, anaerobes for 1.0%, and fungi for 4.6%. There was 
no specific breakdown of causative organisms to species 
level. A more recent longitudinal study from Spain had 
similar findings.103 This study examined 27,419 episodes 
of significant bloodstream infection in 22,626 patients 
from a single general hospital in Madrid over a 22-year 
period (1985 to 2006). There was an increase in the overall 
incidence of bloodstream infection throughout the study 
period, from 130.3 per 100,000 population in 1985 to 269.8 
per 100,000 population in 2006. Overall, 55% of episodes 
of bloodstream infections were caused by gram-positive 
bacteria and 44% by gram-negative bacteria. In a pattern 
similar to the U.S. study, there was a similar number of 
episodes caused by both gram-positive and gram- negative 
bacteria during 1985 to 1987, but gram-positive bacteria 
became much more predominant thereafter, although 
the numbers were very similar again for 2004 to 2006. 
This relative increase in sepsis caused by gram- positive 
bacteria reflected a general increase in the incidence of 
all major gram-positive bacteria, although there were 
marked increases in the incidence of bloodstream infec-
tion associated with coagulase-negative staphylococci 
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and Streptococcus pneumoniae. The incidence of S. aureus 
bloodstream infection increased steadily throughout the 
study period, from 24.3 episodes per 100,000 population 
in 1985 to 30.8 episodes per 100,000 population in 2006. 
E. coli was the most predominant gram-negative bacte-
rial cause of bloodstream infection, with an incidence of 
23.5 episodes per 100,000 population in 1985, increasing 
to 79.1 episodes per 100,000 population in 2006. Bochud 
et al.98 identified the gram-positive organisms responsible 
for sepsis syndromes as predominantly S. aureus, coagu-
lase-negative staphylococci, enterococci, and streptococci. 
In contrast, gram-negative sepsis is commonly caused 
by members of the family Enterobacteriaceae, especially  
E. coli, K. pneumoniae, and P. aeruginosa.98

There was a 207% increase in the number of cases of 
sepsis caused by fungal organisms, from 5231 cases in 
1979 to 16,042 in 2000.103 Most causes of fungal sepsis 
were caused by Candida species, which are the fourth 
most common cause of bloodstream infection and are 
associated with high mortality.104 The Madrid study 
showed a steady increase in fungal bloodstream infec-
tions throughout the study period, with a progressive 
increase in non-albicans Candida spp.103 The overall inci-
dence of fungal bloodstream infection was 1.7 episodes 
per 100,000 population in 1985 and 12.5 episodes per 
100,000 population in 2006.

Anaerobic bacteria are a relatively uncommon cause of 
sepsis, accounting for 1.0% of cases of sepsis in the United 
States during 1979 to 2000102 and 4.1% of episodes of blood-
stream infection in Madrid during 1985 to 2006.103

Combination Therapy and Monotherapy

There are several potential advantages to using combi-
nation anti-infective therapy for serious, life-threatening 
infections105: (1) an increased likelihood that the infective 
pathogen will be susceptible to at least one of the compo-
nents of the dual regimen, thereby allowing appropriate 
initial therapy; (2) prevention of emergence of resistance 
during therapy; and (3) additive or synergistic effect 
of the antimicrobials. In contrast, the disadvantages of 
using a combination of drugs include a greater likelihood 
of adverse effects, increased cost, possible antagonism 
between specific drug combinations, and the propagation 
of antimicrobial resistance.106

Although several studies have attempted to address 
the issue of whether combination antimicrobial therapy 
improves outcomes in sepsis compared with a single 
agent, a consensus has not been reached.107,108 There are 
several reasons for this. Many studies are observational in 
nature. In these studies, factors such as selection bias and 
confounding by indication are difficult to avoid, especially 
with the use of relatively subjective criteria such as clini-
cal response rather than mortality.105 Another difficulty is 
that most randomized studies are designed to assess non-
inferiority.109 These studies are explicitly designed with a 
structural bias in favor of showing equivalence between a 
newer, more pharmacodynamically potent drug and a com-
bination of two weaker agents. In addition, randomized 
controlled trials (RCTs) often do not have sufficient num-
bers of a particular type of microorganism or a particular 
patient population (such as septic shock) to allow robust 

subgroup analyses, and as such, synergy and emergence 
of resistance cannot be rigorously assessed. Meta- analyses 
that have combined the results of individual studies 
allow for critical assessment of the literature, identifica-
tion of important gaps and limitations, and generation of 
hypotheses for future trials, but they may also suffer from 
the heterogeneity and intrinsic weaknesses/deficits of the 
included studies.108 The evidence for specific combination 
versus monotherapy is discussed later.

Community-Acquired Pneumonia

S. pneumoniae remains the most prevalent and lethal cause 
of CAP.110 However, in patients with CAP who require 
admission to the ICU, Legionella, gram-negative bacilli,  
S. aureus, and influenza are also important. Risk factors for 
CAP due to gram-negative bacilli include previous antibi-
otic therapy, prior hospitalization, immunosuppression, 
pulmonary comorbidity (e.g., cystic fibrosis, bronchiec-
tasis, or repeated exacerbations of chronic obstructive 
pulmonary disease that require frequent glucocorti-
coid or antibiotic use), probable aspiration, and medical 
comorbidities (e.g., diabetes mellitus, alcoholism).111,112 
Community-associated methicillin-resistant Staphylococ-
cus aureus (MRSA) pneumonia remains uncommon,113 but 
it typically produces a necrotizing pneumonia with high 
morbidity and mortality.

The three most frequently recommended initial anti-
biotic regimens for hospitalized patients with CAP, 
which have activity against its major causes, include (1) 
an extended spectrum β-lactam (e.g., amoxicillin/clavu-
lanic acid) with a macrolide, or (2) an extended spectrum 
β-lactam with a fluoroquinolone, or (3) an antipneumococ-
cal quinolone alone. This last option is increasingly recog-
nized as inferior to combination therapy for severe CAP. 
Several medical societies have issued guidelines for the 
treatment of CAP.111 Recommendations for antibiotic regi-
mens for CAP have been issued by a collaboration between 
the Infectious Diseases Society of America (IDSA)/Ameri-
can Thoracic Society (ATS) in 2007111 and separately by 
the British Thoracic Society (BTS) in 2009.114 For patients 
with severe CAP requiring ICU admission, the IDSA/ATS 
guidelines recommend a β-lactam (ceftriaxone, cefotaxime, 
ampicillin-sulbactam) plus either IV azithromycin or an 
antipneumococcal fluoroquinolone unless there is concern 
for Pseudomonas or MRSA infection. If Pseudomonas is a con-
cern, an antipseudomonal agent (piperacillin-tazobactam, 
imipenem, meropenem, or cefepime) plus an antipseudo-
monal fluoroquinolone (ciprofloxacin or high-dose levo-
floxacin) should be used. If MRSA is a concern, then either 
vancomycin or linezolid should be added.

Arguments against dual antibiotic therapy focus on the 
lack of robust evidence of benefit and the potential harms 
of such therapy. A recent meta-analysis of randomized 
clinical trials of antibiotic therapy for CAP failed to find 
a mortality benefit with dual therapy.115 Furthermore, the 
use of broader dual antibiotic coverage increases the risk 
of antibiotic resistance. For example, macrolide use has 
been associated with increased risk of macrolide-resistant 
and penicillin-resistant S. pneumoniae isolates in patients 
with invasive pneumococcal disease.116 Finally, more anti-
biotic therapy increases the risk of adverse drug effects. 
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For example, previous studies117 have found independent 
associations between macrolide use and the risk of cardio-
vascular morbidity.

However, as the guidelines suggest, and despite similar 
spectra of activity, emerging evidence from mostly retro-
spective studies suggests the superiority of dual therapy 
over monotherapy, particularly for patients with severe 
CAP, or bacteremic pneumococcal pneumonia.118-124

In the study by Rodriguez and colleagues,122 a secondary 
analysis of a prospective observational cohort was under-
taken for patients with CAP who developed shock. Among 
the 529 patients recruited for the original study, 51% or 270 
patients required vasoactive support and were character-
ized as having shock. Among those patients, combina-
tion antibiotic therapy was associated with a significantly 
higher 28-day adjusted in-ICU survival (hazard ratio [HR] 
1.69, CI, 1.09 to 2.6). In addition, even when monotherapy 
was appropriate in vitro, it still provided a lower 28-day 
adjusted ICU survival than an adequate antibiotic com-
bination (HR 1.64, CI, 1.01 to 2.64). Of note, combination 
regimens were further examined to determine whether the 
difference seen in survival rate with combination or mono-
therapy was secondary to a specific antibiotic or combina-
tion thereof. When compared with monotherapy, survival 
rates were higher for antibiotic combinations, including 
β-lactam plus macrolide (HR 1.73, CI, 1.08 to 2.76) and 
β-lactam plus fluoroquinolones (HR 1.77, CI, 1.01 to 3.15).

More recently, Rodrigo et al.123 used data from the BTS 
national audits to retrospectively compare the outcome of 
CAP for 3239 patients treated with dual β-lactam and mac-
rolide antibiotics with that for 2001 patients treated with 
β-lactams alone. The authors found that after adjusting 
for CURB65 scores, age, sex, comorbidities, IV administra-
tion of antibiotics, nursing home residency, and admission 
to ICU, the OR of mortality of patients treated with dual 
therapy was 0.72 (CI, 0.60 to 0.85) compared with those 
treated with β-lactams alone. Analyzing the data accord-
ing to CURB65 score indicated that the beneficial effect 
of dual therapy was mainly for patients with moderate-
severity CAP (CURB65 2) who had a startling mortality 
OR of 0.54 (CI, 0.41 to 0.72) compared with patients given 
β-lactams alone. There was also some effect for patients 
with severe CAP (CURB65 3+; OR, 0.76; CI, 0.60 to 0.96) 
but none for those with mild CAP (CURB65 0−1; OR, 0.80;  
CI, 0.56 to 1.16).

A recent meta-analysis125 of 16 observational studies 
comparing β-lactam–macrolide combination with a single 
β-lactam in more than 42,000 patients with all-cause pneu-
monia found a lower risk of death in favor of the combina-
tion treatment (OR, 0.67; 95% CI, 0.61 to 0.73).

Finally, more definitive evidence has been provided by 
an open-label, multicenter, noninferiority, randomized trial 
of 580 patients admitted to six hospitals in Switzerland for 
mildly to moderately severe CAP (Pneumonia Severity 
Index [PSI] categories I to IV).109 Patients were randomly 
allocated to receive monotherapy with a β-lactam or dual 
therapy with a β-lactam and a macrolide. Legionella pneu-
mophila infection was diagnosed with urinary antigen 
testing, and macrolide therapy was added for patients in 
the monotherapy arm who had a positive test result. The 
primary study outcome was the proportion of patients not 
reaching clinical stability at hospital day 7 with validated 

criteria. For this outcome, a predefined noninferiority 
boundary of 8% was assessed with a one-sided 90% CI. 
Secondary 30- and 90-day outcomes included mortal-
ity, readmission, recurrence of pneumonia, and adverse 
effects to antibiotics. On hospital day 7, more patients in 
the monotherapy arm compared with the dual therapy 
arm had not reached clinical stability (41.3% vs. 33.4%;  
P = .07). The upper limit of the one-sided CI for this 7.9% 
difference was 13.3%, which exceeded the predefined non-
inferiority boundary. Planned subgroup analyses found a 
significant delay in reaching clinical stability for patients 
in the monotherapy arm infected with atypical pathogens 
(HR, 0.33; 95% CI, 0.13 to 0.85) and a trend toward a delay 
in PSI category IV (HR, 0.81; 95% CI, 0.59 to 1.10). Although 
a smaller proportion of patients treated with dual therapy 
than monotherapy were readmitted at 30 days (3.1% vs. 
7.9%; P = .01), none of the other secondary outcomes var-
ied between the treatment arms. On the basis of a well-
designed noninferiority trial, the authors rejected their 
primary hypothesis that monotherapy was noninferior to 
dual therapy.

On the basis of this evidence, it appears that the bene-
fits of combination therapy for CAP may not be limited to 
those only with severe CAP (PSI category IV/V) or with 
pneumococcal bacteremia and septic shock but may extend 
to all patients hospitalized with CAP. Possible explana-
tions for the apparent beneficial effects of combination 
therapy in CAP include coverage for atypical pathogens 
(which account for up to 20% of moderate to severe CAP), 
polymicrobial infections, resistant pathogens, synergistic 
effects, and the anti-inflammatory immunomodulatory 
effects of the macrolides.126 That macrolide antibiotics 
are unique in that they not only inhibit the production 
of pneumolysin and other pneumococcal virulence fac-
tors but possess neutrophil-directed anti-inflammatory 
properties may account for the advantage of using them 
as part of combination therapy for severe CAP.

Ventilator-Associated Pneumonia

Most health-care–associated pneumonia is ventilator-asso-
ciated pneumonia (VAP), which is the most common noso-
comial infection acquired in the ICU. VAP develops in 10% 
to 20% of patients who undergo mechanical ventilation for 
longer than 24 hours127,128 and is associated with longer 
ICU stays, increased costs, and increased mortality.129,130

The type of organism that causes VAP usually depends 
on the duration of mechanical ventilation. In general, early 
VAP is caused by pathogens that are sensitive to antibiotics 
whereas late-onset VAP is caused by multidrug- resistant 
and more difficult to treat bacteria. Typically, bacteria 
causing early-onset VAP include S. pneumoniae (as well as 
other Streptococcus species), Hemophilus influenzae, methi-
cillin-sensitive S. aureus, antibiotic-sensitive enteric gram-
negative bacilli, E. coli, K. pneumonia, Enterobacter species, 
Proteus species, and Serratia marcescens.131,132 Culprits of 
late VAP are typically multidrug-resistant bacteria, such as 
MRSA, Acinetobacter, P. aeruginosa, and extended-spectrum 
β-lactamase (ESBL)–producing bacteria.131,132 Commonly 
found bacteria in the oropharynx can attain clinically signif-
icant numbers in the lower airways. These bacteria include 
Streptococcus viridans, Corynebacterium, coagulase-negative 
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Staphylococcus, and Neisseria species. VAP is frequently 
due to polymicrobial infection. VAP from fungal and viral 
causes has a very low incidence, especially in the immuno-
competent host.132

According to the ATS and IDSA treatment guidelines 
for health-care–associated pneumonia,132 recommenda-
tions for empirical treatment of early VAP are single-agent 
ceftriaxone, ampicillin/sulbactam, or a fluoroquinolone. 
In contrast, regimens for late VAP, which is more com-
monly caused by multiresistant organisms such as Pseudo-
monas spp., Acinetobacter, or MRSA, include a carbapenem 
with or without vancomycin or combination therapy 
composed of an aminoglycoside or quinolone with an 
antipseudomonal penicillin, a β-lactam/β-lactamase 
inhibitor combination, ceftazidime, or cefepime.132 Guide-
lines issued by the British Society for Antimicrobial Che-
motherapy recommend co-amoxiclav or cefuroxime for 
patients with early-onset infections who have not previ-
ously received antibiotics and have no other risk factors 
for multidrug-resistant pathogens.133 In those who have 
previously received antibiotics or who have other risk 
factors, a third-generation cephalosporin (cefotaxime or 
ceftriaxone), a fluoroquinolone, or piperacillin-tazobac-
tam would be appropriate. Acceptable treatment options 
for late-onset VAP according to these guidelines include 
ceftazidime, ciprofloxacin, meropenem, and piperacillin-
tazobactam.133 When MRSA is a possibility, vancomycin 
or linezolid should be included in the antibiotic regimen. 
Although linezolid penetrates lung tissue better than van-
comycin, a recent meta-analysis of RCTs suggest that it is 
no better than vancomycin.134

In a meta-analysis of suspected VAP by Aarts and col-
leagues135 comprising 1805 patients, a total of 11 trials com-
pared monotherapy with combination therapy. Eight of 
the 11 trials, composed of a total of 1459 patients, reported 
mortality. In a pooled analysis, there was no mortality dif-
ference for patients receiving monotherapy in comparison 
with combination therapy (relative risk [RR], 0.94, 0.76 to 
1.16). Likewise, outcomes did not change in a sensitivity 
analysis of treatment failure (RR, 0.92, 0.72 to 1.17) or in the 
five trials exclusively enrolling ventilated patients (mortal-
ity RR, 0.95, 0.68 to 1.32). The investigators concluded that 
it did not appear likely that combination therapy was clini-
cally superior to monotherapy.

It appears that the only reason to use combination ther-
apy for VAP that is currently supported by evidence is the 
increased likelihood of appropriate initial anti-infective 
therapy. Once the organism is identified, then de-escalation 
to a single drug should be used if permitted by the suscep-
tibility testing.

Sepsis

The choice of antibiotics in sepsis is largely determined by 
the source or focus of infection, the patient’s immunologic 
status, whether the infection is nosocomial or community 
acquired, and knowledge of the local microbiology and 
sensitivity patterns. Initial empirical anti-infective therapy 
should include one or more drugs that act against the likely 
pathogens and that penetrate into the presumed source of 
sepsis. However, whether the initial regimen in patients 
with severe sepsis and septic shock should include two or 

more antibiotics or an extended spectrum β-lactam antibi-
otic with the aim of treating all realistically possible micro-
bial causes remains controversial.

In the guidelines for the management of severe sepsis of 
the SSC, initial combination therapy is recommended,3 and 
combination therapy is frequently used in clinical practice. 
Narrowing the spectrum of coverage after 3 to 5 days is 
recommended, except for infections caused by P. aeruginosa 
and infections among neutropenic patients for whom con-
tinued combination treatment is advised.3

Several randomized trials of combination therapy versus 
monotherapy in serious infections, including endocarditis, 
gram-negative bacteremia, and neutropenic sepsis,136-138 
and animal models139,140 have supported the possibility of 
clinically relevant antimicrobial synergism with appropri-
ate combinations of antibiotics. In a recent large observa-
tional Spanish cohort study, Diaz-Martin and colleagues141 
described the effect of empirical combination antimicrobial 
therapy in patients with severe sepsis and septic shock. 
Patients who received combination antimicrobial therapy 
experienced a 15% relative reduction in mortality and a 
30% reduction in the odds of death when compared with 
patients who received single antibiotic therapy.141

However, two separate meta-analyses have failed to 
demonstrate any consistent benefit with combination 
therapy of β-lactams and aminoglycosides in immunocom-
petent patients with sepsis, gram-negative bacteremia, or 
both.108,142

Paul and colleagues108 performed a review and meta-
analysis comparing β-lactam–aminoglycoside combination 
therapy with β-lactam monotherapy for severe infections 
in nonimmunocompromised patients with sepsis. In this 
analysis, a total of 69 randomized and quasirandom-
ized trials were included, comprising 7863 patients, of 
which approximately 1000 had pneumonia. Paul and col-
leagues108 concluded there was no difference in all-cause 
fatality (RR, 0.97; 95% CI, 0.73 to 1.30) and that empirical 
evidence did not show the synergy effect when adding an 
aminoglycoside to a β-lactam in the clinical setting. In addi-
tion, nephrotoxicity was significantly less frequent with 
monotherapy (RR, 0.30; 95% CI, 0.23 to 0.39).

In 2004, Safdar and colleagues142 published a meta- 
analysis to determine whether a combination of two or 
more drugs would reduce mortality in patients with gram-
negative bacteria. Their study included 17 studies, of which 
five were prospective cohorts, two were RCTs, and the rest 
were retrospective. Most studies used β-lactams or amino-
glycosides alone and in combination. Overall, they did not 
observe a mortality benefit with combination therapy (OR, 
0.96, 0.7 to 1.32).142 Several subgroup analyses were also 
performed to determine whether the findings would dif-
fer if trials were separated according to date of publication 
(i.e., before or after 1990, when more potent antimicrobials 
were made available) or study design (i.e., retrospective vs. 
prospective). Regardless of subset analyses, there remained 
no added benefit to combination therapy.142 However, in 
an analysis restricted to five studies of P. aeruginosa bacte-
remia, the summary OR was 0.5 (0.32 to 0.79; P <.007), sug-
gesting a 50% relative reduction in mortality with the use 
of combination therapy. The investigators noted, though, 
that underlying populations in these studies varied con-
siderably and that a sizable proportion of patients were 
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immunocompromised, making it difficult to apply the 
results to the general population.

In contrast, a meta-regression study by Kumar et al.143 
suggested that the beneficial effect of combination therapy 
may be restricted to critically ill patients with septic shock. 
Kumar and colleagues hypothesized that any beneficial 
effect of combination (i.e., two antibiotics of different anti-
microbial classes active for the isolated pathogen) antimi-
crobial therapy on the mortality of life-threatening infection 
is restricted to patients with septic shock or otherwise high 
risk of death. This hypothesis was tested in a meta-regres-
sion study of 50 studies from which 62 evaluable datasets 
of varying monotherapy mortality were derived. Notably, 
Kumar and colleagues143 found the same absence of a sig-
nificant benefit of combination therapy overall as did Paul 
and colleagues.108 However, combination therapy demon-
strated a significant advantage over monotherapy when 
the rate of death/clinical failure exceeded 25% (pooled OR, 
0.54; 95% CI, 0.45 to 0.66; P < .0001).

Another retrospective, propensity-matched, multicenter 
cohort study of 4662 patients with culture-positive bacte-
rial septic shock, also by Kumar et al.,144 demonstrated 
that combination therapy may decrease 28-day mortality 
(36.3% vs. 29.0%; HR, 0.77 [95% CI, 0.67 to 0.88]; P < .001) 
and hospital mortality (47.8% vs. 37.4%; OR, 0.69 [95% CI, 
0.59 to 0.81]; P < .001). Combination therapy was defined 
as using two or more agents with different mechanisms of 
action for at least 24 hours after the onset of hypotension, 
or until death if the patient died in the first 24 hours, and 
the second agent had to be added within 24 hours of the 
first agent or within 24 hours of the onset of hypotension. 
To reach these conclusions, the authors used a complex, 
propensity-matched method, yielding 1223 matched pairs 
of patients for analysis. The use of combination therapy 
also was associated with increased ventilator-free and pres-
sor/inotrope–free days and significant reductions in stay 
in the ICU. The beneficial effects of combination therapy in 
the study by Kumar et al.144 applied to both gram- positive 
and gram-negative infections, but these findings were 
restricted to patients treated with β-lactams in combination 
with aminoglycosides, fluoroquinolones, or macrolides/
clindamycin. Carbapenems, extended-spectrum β-lactam 
or β-lactamase inhibitor combinations, and antipseudo-
monal cephalosporins, which tend to demonstrate optimal 
pharmacokinetic indices (with presumably maximal kill 
rates) for most septic shock pathogens, yielded the weak-
est evidence of benefit with combination therapy. Notably, 
the most potent β-lactams including carbapenems failed to 
exhibit evidence of combination therapy benefit. In this cir-
cumstance, the addition of a second drug may have little 
incremental benefit. In addition, in both groups, mortality 
was lowest if therapy was given rapidly, and the differences 
between monotherapy and combination therapy were 
minimized in the patients who received rapid  initiation of 
therapy.

It is evident from this study that β-lactam/β-lactamase 
inhibitors (BL/BLIs) and carbapenems are often considered 
for the treatment of sepsis when the main suspected patho-
gens are gram-negative bacteria because of their broad 
spectrum of coverage. Shiber et al.145 conducted a system-
atic review and meta-analysis of RCTs that compared BL/
BLIs with carbapenems for the treatment of sepsis. They 

found no differences between BL/BLIs and carbapenems 
in all-cause mortality (RR, 0.98; 95% CI, 0.79 to 1.20) or clin-
ical failure at the end of treatment (RR, 0.99; 95% CI, 0.89 
to 1.11). Subgroup analyses of patients more likely to have 
had infections caused by ESBL-producing bacteria did not 
reveal an advantage from using carbapenems. Adverse 
events requiring discontinuation were more common with 
BL/BLIs (RR, 1.36; 95% CI, 1.03 to 1.79), most probably 
related to diarrhea, which was significantly more common 
with BL/BLIs (RR, 1.46; 95% CI, 1.25 to 1.70). Seizures, 
vomiting, and Clostridium difficile–associated diarrhea 
(CDAD) were significantly more common with carbapen-
ems. The RR of 0.29 (0.10 to 0.87) for CDAD denotes a 71% 
lower incidence with BL/BLIs, with 95% CIs ranging from 
a decrease of 90% to a decrease of 13%.

Finally, in the first randomized trial of its kind, 600 
patients with severe sepsis or septic shock at 44 ICUs in 
Germany were randomized to receive either IV merope-
nem, 1 g every 8 hours, or meropenem and moxifloxacin, 
400 mg per day.146 Antibiotics were recommended to be 
provided for 7 days at least, or up to 14 days at the clini-
cian’s discretion. Primary outcome was Sequential Organ 
Failure Assessment (SOFA) score, with secondary outcomes 
of mortality at 28 and 90 days. There were no statistically 
significant differences in outcomes between groups. Use of 
combination antibiotic therapy appeared to decrease the 
emergence of resistant organisms, albeit to a small extent: 
eight patients in the meropenem monotherapy group had 
positive cultures for organisms resistant to meropenem, 
compared with one in the combination therapy group.

In summary, good quality observational data suggest 
that early empirical combination antibiotic therapy with two 
antibiotics of different mechanisms of action is associated 
with superior outcomes compared with monotherapy in 
the treatment of bacterial septic shock in patients who have 
a high baseline risk of mortality.143,144 However, beneficial 
effects of combination therapy may be limited to regimens 
that use less than maximally potent antimicrobials, such 
as extended penicillins (e.g., ampicillin, ticarcillin, pipercil-
lin); semisynthetic penicillins (e.g., cloxacillin, oxacillin); 
and first-, second-, and third-generation (nonpseudomonal) 
cephalosporins. Agents with maximal potency in terms of 
T > MIC (the time the drug concentration remains above the 
minimum inhibitory concentration) for most septic shock 
pathogens (carbapenems, ticarcillin/clavulanate, piperacil-
lin/tazobactam, ceftazidime) may not yield additional ben-
efit with the addition of a supplemental antibiotic.108,144,146 
The key issue may be the ability of combination therapy to 
augment bacterial clearance compared to monotherapy.107 If 
so, then it is likely that augmented bacterial clearance with 
combination therapy may only be clinically relevant when 
the β-lactam component of combination therapy is less 
than maximally potent. Monotherapy is recommended for 
patients who are not critically ill and at high risk of death.108 
However, further study is clearly needed to definitively 
address under what circumstances combination therapy 
may be useful in sepsis and septic shock.

Intra-abdominal Infections

Most intra-abdominal infections (IAIs) are polymicrobial 
and most commonly involve enteric gram-negative bacilli. 
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Health-care–associated IAIs, compared with community-
acquired IAIs, are significantly more likely to involve 
resistant pathogens.147 In vitro susceptibility of organisms 
isolated from IAIs is documented by the Study for Moni-
toring Antimicrobial Resistance Trends (SMART), which is 
a surveillance program that monitors resistance patterns. 
Over the course of the SMART study, the five most com-
monly isolated gram- negative pathogens from IAIs were 
E. coli, K. pneumoniae, P. aeruginosa. Enterobacter cloacae, 
and Proteus mirabilis.148 The incidence of β-lactamase pro-
duction was 8.8% and 8.9% for E. coli and K. pneumoniae, 
respectively. Overall, the most active antimicrobials were 
amikacin, piperacillin-tazobactam, imipenem, and ertape-
nem, although β-lactamase production reduced the activity 
of most agents.149 Among the ESBL- producing bacteria, the 
carbapenems retained their activity better than other anti-
microbials.150

Once adequate source control is obtained, appropriate 
initial antimicrobial therapy heavily influences outcome 
in complicated IAIs, as with other severe infections.151 
Evidence-based guidelines regarding selection of antimi-
crobial therapy for IAIs were formulated by the Surgi-
cal Infection Society, the IDSA, the American Society for 
Microbiology, and the Society of Infectious Disease Phar-
macists.152-154 In the guidelines, the use of either single-
drug regimens or combination therapy is recommended. 
Although it is stated in the guidelines that “antibiotic 
therapy for such (health-care-associated) infections may 
require the use of multi-drug regimens (e.g., an ami-
noglycoside or quinolone or a carbapenem and vanco-
mycin),”152,154 no specific recommendations are made 
regarding the use of combination therapy. Alternative 
guidelines also exist that take into account newer antimi-
crobials and the treatment of resistant gram-positive and 
gram-negative infections.155

Empirical therapy of community-acquired IAIs should 
include acylaminopenicillin/BLI or ertapenem or other car-
bapenems (imipenem/cilastatin, meropenem, doripenem). 
Alternatively, combinations of metronidazole with group 
cephalosporins, ciprofloxacin, levofloxacin, or moxifloxa-
cin monotherapy are also appropriate. Antibiotics covering 
the enterococci are usually not required in community-
acquired IAIs. Antibiotic treatment of enterococci is recom-
mended in postoperative IAI or seriously ill patients.156,157 
Microbial causes of postoperative peritonitis tend to be 
multidrug resistant, including enterococci (including 
vancomycin-resistant enterococci [VRE]), resistant gram-
negative organisms (ESBL or AmpC or carbapenemase-
producer), MRSA, and Candida species.155 Appropriate 
agents may be carbapenems, tigecycline, piperacillin/tazo-
bactam, or moxifloxacin depending on microbial findings. 
Antifungal treatment is recommended for proven fungal 
infections (see later).

Several combination regimens have been investigated  
for treatment of IAIs, including aminoglycoside-
based,153,158,159 cephalosporin-based,160 or quinolone-
based regimens.161 Some, but not all, of the trials included 
patients in severe sepsis or septic shock. The systematic 
review by Bochud and colleagues included five trials that 
evaluated the use of combination therapy versus mono-
therapy for the empirical treatment of abdominal sep-
sis.98 In all five trials, there was no significant mortality 

difference between the two treatment arms. Subsequently, 
two RCTs have examined the use of combination therapy 
in abdominal infections.162,163 Yellin and colleagues162 
found that success rates of ertapenem compared with 
combination therapy using ceftriaxone and metronida-
zole were similar at 83% (22/29) and 77% (24/31) in the 
ertapenem and comparator groups, respectively. Solom-
kin and colleagues163 compared moxifloxacin monother-
apy with ceftriaxone plus metronidazole in patients with 
complicated community-origin IAI. Moxifloxacin was 
noninferior to ceftriaxone plus metronidazole in terms of 
clinical response at test-of-cure in the per protocol pop-
ulation (clinical cure, 90.2% for moxifloxacin vs. 96.5% 
for ceftriaxone/metronidazole; 95% CI of the difference, 
−11.7 to −1.7). However, the patients included in these 
trials were not critically ill. In the study by Yellin and 
colleagues,162 94% of patients in each treatment arm had 
APACHE (Acute Physiology and Chronic Health Evalua-
tion) scores of 14 or lower, and in the study by Solomkin 
and colleagues,163 all patients had community-acquired 
abdominal infections, none of whom were in severe sep-
sis or shock. A Cochrane review of antibiotics in second-
ary peritonitis showed no difference in all-cause mortality 
between aminoglycosides plus anti-anaerobes and other 
regimens (OR, 2.03; 95% CI, 0.88 to 4.71), nor was there 
evidence of an increase in adverse events between the 
groups (OR, 1.76; 95% CI, 0.87 to 3.53). However, there 
was evidence of a faster cure rate in the other regimen 
group, and this resulted in a shorter length of stay.164 On 
the basis of limited data, the use of combination therapy 
in abdominal sepsis does not appear to be advantageous 
compared with single-drug therapy for as long as the ini-
tial antimicrobial drug is appropriate.

Empirical Antifungal Therapy

Candida infections are underrecognized. Culture mecha-
nisms lack sensitivity. This would suggest a possible role 
for empirical antifungals, particularly in patients with 
recent exposure to broad-spectrum antibiotics or immu-
nosuppression. However, the SSC recommends against 
the routine use of empirical antifungals because only a 
small proportion of septic patients have fungal infec-
tions (5% of cases), although this is likely to rise.13 In 
the EPIC (Extended Prevalence of Infection in Intensive 
Care) II study comprising 7087 infected ICU patients in 
75 countries, Candida spp. was the third most frequent 
organism cultured, accounting for 19% of all isolates, 
although it is unclear whether these were the organisms 
responsible for the sepsis.165

A large retrospective study identified delay in admin-
istration of antifungal agents as a predictor of hospital 
mortality in patients subsequently found to have posi-
tive cultures for Candida spp.72 With the relatively high 
morbidity associated with the use of antifungals, it 
would seem reasonable not to recommend their routine 
use. However, it is very likely that the timing of antifun-
gal therapy in severe infection is just as critical as that 
of antibiotic therapy. In high-risk patients, a high index 
of suspicion for primary or secondary fungal infection 
and a low threshold for the use of antifungal agents are 
required.
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Fungi are more prevalent as isolates in patients with 
 secondary or tertiary peritonitis, with Candida spp. identified 
in up to 20% of patients with gastrointestinal tract perfora-
tion.166 Risk factors include fecal soiling of the peritoneum, 
recurrent gastrointestinal perforation, immunosuppressive 
therapy, inflammatory diseases, and status after transplant. 
These patients have a high risk of mortality,167 and some 
case series suggest benefit from the empirical addition of 
agents with activity against Candida spp.167,168

The IDSA has produced guidelines recommending 
the use of amphotericin B or fluconazole in patients 
with Candida peritonitis for a period of 2 to 3 weeks as 
a supplement to surgical drainage.169 However, these 
guidelines did not offer guidance on the use of prophy-
lactic antifungal agents in patients with peritonitis with 
risk factors. However, the notion of previous Candida 
colonization is a strong argument in favor of early initia-
tion of antifungal therapy. The increase in frequency of 
Candida glabrata may prompt some units to use echino-
candins in preference to azole agents in these high-risk 
patients.170,171 In patients with septic shock and sus-
pected Candida species, it seems reasonable to promptly 
initiate treatment with an echinocandin and consider 
de-escalation as soon as identification and susceptibility 
results are available.172

ANTIBIOTIC RESISTANCE

The continuing emergence of multiresistant gram-positive 
and gram-negative pathogens as causes of sepsis is a major 
factor in the appropriate selection and use of antimicrobials 
in the critical care setting. These changes reflect the emer-
gence of antimicrobial resistance in general and apply not 
only to sepsis.

The emergence of MRSA is the most significant problem 
among gram-positive pathogens, and the prevalence of 
MRSA bloodstream infections reflects the regional preva-
lence of all MRSA infections, with considerable variation 
among countries.173 In Madrid, Spain, the proportion of S. 
aureus bloodstream infections caused by MRSA increased 
from zero in 1985 to nearly one third in 2006103 and is a 
typical pattern in many regions of Europe and in North 
America. Rates of MRSA and methicillin-resistant coag-
ulase-negative staphylococci have continued to steadily 
increase over the past decade and are most commonly 
associated with central catheter-associated bloodstream 
and wound infections.174 MRSA has also been increas-
ingly documented as a frequent pathogen in VAPs as well 
as skin/soft tissue and other infections.174 The emergence 
of community-acquired MRSA infections is a problem of 
growing concern, as is the presence of Panton-Valentine 
leukocidin–producing strains.

Other worrying trends among gram-positive pathogens 
are the emergence of vancomycin, ampicillin, and amino-
glycoside resistance in enterococci and penicillin nonsus-
ceptibility in S. pneumoniae.173

Among gram-negative bacteria, the emergence of ESBL-
producing Enterobacteriaceae and multidrug-resistant 
P. aeruginosa present major treatment challenges in some 
regions.173 In the SENTRY antimicrobial surveillance pro-
gram from 1997 to 2002, 43% of Klebsiella spp. bloodstream 

isolates from Latin America had the ESBL phenotype com-
pared with 22% in Europe and 6% in North America.173 The 
prevalence of P. aeruginosa with the multidrug-resistant 
phenotype remained relatively low (1.6% to 3.0%) in North 
America during the surveillance period but increased 
steadily in Europe (5.1% to 11.5%) and Latin America 
(12.0% to 18.7%).

Candida albicans is now the fourth most common patho-
gen associated with nosocomial infections in critically ill 
patients in the United States. Although C. albicans is asso-
ciated with approximately 7% of all nosocomial infec-
tions, it is the second most common cause of nosocomial 
urinary tract infections (15% of infections), the third most 
common cause of central-line–associated bloodstream 
infections (6% of infections), and the fourth most com-
mon cause of all nosocomial bloodstream infections.174 
Resistance to antifungal agents among Candida species 
is now a significant problem in many hospitals, with 
fluconazole resistance being reported in up to 10% of C. 
albicans isolates from bloodstream infections.175 It is also 
well documented that the relative frequency of fungal 
infections with Candida glabrata, Candida krusei, and other 
strains with decreased susceptibility to azole antifungals 
is increasing among certain populations, such as the criti-
cally ill and patients with hematologic malignancies,175 
leading to the use of nonazole-type agents such as the 
echinocandins for empirical therapy of patients at high 
risk for Candida infections.175

Infections caused by antimicrobial-resistant bacteria 
have been demonstrated to be associated with higher mor-
tality rates, longer length of ICU and hospital stays, and 
higher medical costs.176,177 However, increased mortality 
associated with infections caused by resistant bacteria may 
also be explained by the increased likelihood that patients 
will receive inadequate empirical antimicrobial treatment. 
Furthermore, it has been shown in patients with nosoco-
mial pneumonia that changing to more appropriate anti-
biotics when culture and susceptibility results became 
available (typically 48 to 72 hours after initiating therapy) 
did not significantly lower mortality rates compared with 
patients who received inadequate antibiotics for the entire 
duration of therapy.21 Thus the importance of antimicrobial 
resistance in terms of antimicrobial selection and patient 
outcomes is difficult to overstate.

Patients with risk factors and local antimicrobial resis-
tance patterns should play a role in empirical antibiotic 
selection. Previous exposure to antibiotics is also a well-
established risk factor for antimicrobial resistance.174,178 
The higher severity of illness found among ICU patients 
is also related to several other risk factors for antimicro-
bial resistance, including the presence of invasive devices 
such as endotracheal tubes and intravascular and urinary 
catheters, prolonged length of hospital stay, immune sup-
pression, and malnutrition. The increasing prevalence of 
antimicrobial-resistant pathogens among residents in long-
term care facilities is also an increasingly important source 
for resistant bacteria in ICUs.174,179 Finally, antimicrobial-
resistant pathogens are easily cross-transmitted among 
patients in ICUs because of poor adherence of hospital 
personnel to appropriate infection prevention techniques, 
contamination of equipment, and frequent overcrowding 
of patients.
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DE-ESCALATION

De-escalation of initial empirical broad-spectrum therapy 
has been advocated to prevent the emergence of resistant 
organisms, minimize the risk of drug toxicity, and reduce 
costs, and evidence from observational studies indicates 
that such an approach is safe.180 Most observational studies 
on de-escalation could not find a deleterious effect on out-
come, and some studies even suggested that de-escalation 
is beneficial.181 However, a recent study by Leone et al.,182 
and the first RCT of de-escalation as a strategy in severe 
sepsis, raises significant doubt as to whether the reduction 
of the spectrum of the antibiotic can be considered safe as a 
routine measure. In their nonblinded randomized noninfe-
riority study, the authors demonstrated that de-escalation, 
defined as narrowing the spectrum of the antibiotic, was 
inferior to continuation of the initial antibiotic therapy with 
length of stay as the primary outcome parameter. Further-
more, antibiotic use was higher in the de-escalation group, 
presumably driven by the number of superinfections in the 
de-escalation group.

The results of this study are in contrast with two recent 
observational studies of de-escalation.181,183 In a study 
investigating febrile neutropenia patients, observation was 
extended to 1 year after ICU discharge, which was the lon-
gest recorded follow-up period in the literature.183 This did 
not alter the results. Another study demonstrated a protec-
tive effect of de-escalation in terms of mortality (OR, 0.54; 
95% CI, 0.33 to 0.89).181

However, the safety of de-escalation in terms of pre-
serving outcome and reducing antibiotic use has been 
challenged in an RCT.182 Despite the limitations of this 
open-label study, de-escalation should be cautiously 
applied in patients with severe sepsis, and other strategies 
to limit antibiotic therapy should be considered.184
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What MAP Objectives Should Be 
Targeted in Septic Shock?

François Beloncle, Peter Radermacher, Pierre Asfar

Septic shock is defined by a complex association of car-
diovascular dysfunction: decreased systemic vascular 
resistance, hypovolemia, impaired microcirculation, and 
depressed myocardial function.1 This vascular impair-
ment leads to an imbalance between oxygen delivery and 
demand. Thus, the aim of initial septic shock manage-
ment is to rebalance this mismatch. Mean arterial pressure 
(MAP) is one of the hemodynamic targets used to try to 
ensure that organs are adequately perfused.2 During initial 
resuscitation, a MAP level of greater than 65 mm Hg is rec-
ommended in the Surviving Sepsis Campaign guidelines 
(grade 1C: high-grade recommendation based on low-
level evidence).3 Although this goal may be acceptable in 
a global sense, a target MAP of 65 mm Hg is unlikely to be 
appropriate for many critically ill patients. However, inter-
vention to achieve a higher MAP carries several risks. In 
septic shock, we must avoid three risks—underperfusion, 
tissue edema, and excessive vasoconstriction—that can 
lead to tissue hypoperfusion. The optimal MAP level (or 
the optimal vasopressor dose) corresponds to the optimal 
balance between these risks. The Surviving Sepsis Cam-
paign guidelines suggest that the optimal MAP should 
be individualized because it may be higher in selected 
patients such as those with atherosclerosis or previous 
hypertension.

This review discusses the physiologic rationale and the 
different clinical studies addressing the question of the 
optimal MAP in patients with sepsis.

PHYSIOLOGIC RATIONALE

The ultimate goal of septic shock resuscitation is to adapt 
oxygen (O2) delivery to each organ’s O2 demand. MAP 
is commonly considered as a surrogate of global perfu-
sion pressure. Thus, increasing MAP level in septic shock 
patients might lead to an increase in O2 delivery to the 
tissue. However, a better understanding of autoregula-
tory mechanisms and microcirculation regulation during 
sepsis is needed to address this question. In addition, 
increasing MAP level implies increasing vasopressor 
load, and this raises the question of the side effects of 
these agents.

Autoregulation

Autoregulation refers to the ability of an organ to maintain 
a constant blood flow entering the organ irrespective of the 
perfusion pressure over a range of values called the “auto-
regulation zone.”4 Below this autoregulation threshold, 
blood flow is directly dependent on perfusion pressure. 
Autoregulation is of particular importance in the brain,5 
heart,6 and kidney.7 Of note, autoregulation threshold val-
ues vary in different organs.8 The kidney has the highest 
autoregulation threshold; therefore it may be considered 
as the first resuscitation objective. Maintenance of a MAP 
within the renal autoregulatory range allows the organ to 
be perfused in times of stress. Autoregulation thresholds 
differ in accordance with patients’ age and associated 
comorbidities (e.g., chronic hypertension). It is unclear 
whether vascular reactivity impairment in septic patients 
is associated with changes in the autoregulatory range. In 
a study by Prowle et al., renal blood flow assessed by cine 
phase-contrast magnetic resonance imaging was lower in 
septic patients than in control healthy patients despite a 
MAP between 70 and 100 mm Hg. These findings suggest 
that renal autoregulation is disturbed during sepsis.9 How-
ever, in a rat model of sepsis, renal blood flow was altered 
over a large range of MAP. These findings support the con-
clusion that autoregulation may be conserved in sepsis.10 
Thus, it is unknown whether autoregulation is maintained 
during sepsis and whether the autoregulation threshold is 
unchanged.

It is worth noting that perfusion pressure and MAP 
differ. Organ perfusion pressure is equal to the differ-
ence of the pressure in the artery entering the organ (usu-
ally approximated by the MAP) minus the organ venous 
pressure. The importance of the venous pressure has been 
shown in particular in the kidney.11

Microcirculation

Sepsis is associated with microcirculatory alterations char-
acterized by increased endothelial permeability, leukocyte 
adhesion, and blood flow heterogeneity that can lead to tis-
sue hypoxia.12,13 Microcirculatory blood flow may be largely 
independent of systemic hemodynamics.14 Consequently, 
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when systemic hemodynamic objectives (in particular 
MAP target) are achieved, microcirculation abnormali-
ties may persist.13 Thus, increasing the MAP level above  
65 mm Hg may not change microvascular perfusion. How-
ever, microcirculation alteration in the early phase of sepsis 
reflects a low perfusion pressure (i.e., a failure to achieve 
macrocirculation parameter targets at the beginning of the 
shock). Thus, although adjusting hemodynamic objectives 
at the second phase of the septic shock when patients are 
“hemodynamically stable” is unlikely to improve microcir-
culation impairment, an early intervention with high MAP 
levels may prevent microcirculation dysfunction.

Specific Effect of High Vasopressor Load

Increasing the MAP target to high levels may require high 
doses of vasopressor or inotropic drugs. Norepinephrine 
is the most commonly used agent in septic patients. It 
activates both α- and β-adrenergic receptors. Although 
its main hemodynamic effect is to increase systemic vas-
cular resistance (and thus left ventricle afterload), nor-
epinephrine usually slightly increases cardiac output 
because of its β-adrenergic stimulation and its effect on 
venous return.15 The venous effect of norepinephrine 
might also affect the perfusion pressure.11 In addition 
to the consequences of excessive vasoconstriction, other 
effects should be taken into account when addressing the 
question of optimal vasopressor load. Sympathetic over-
stimulation (or adrenergic stress) may be associated with 
harmful effects such as diastolic dysfunction; tachyar-
rythmia; skeletal muscle damage (apoptosis); altered 
coagulation; or endocrinologic, immunologic, and meta-
bolic disturbances.16

OBSERVATIONAL STUDIES

Several observational clinical studies have examined opti-
mal MAP targets in patients with sepsis. Two retrospec-
tive studies used MAP recordings and examined the time 
spent below different threshold values of MAP during early 
sepsis. Data were correlated with survival and organ dys-
function. In 111 patients with septic shock, Varpula et al.17 
showed that the mean MAP for the first 6 and 48 hours 
predicted 30-day outcome. With the use of receiver opera-
tor characteristic (ROC) curves, the best predictive MAP 
threshold level for 30-day mortality was 65 mm Hg. In addi-
tion, the time spent under this value also correlated with 
mortality. However, because the MAP level is strongly asso-
ciated with disease severity, these results may only reflect 
shock severity. Dünser et al.18 performed a similar analysis 
in 274 sepsis or septic shock patients, but they adjusted for 
disease severity (as assessed by the Simplified Acute Physi-
ology Score [SAPS] II excluding systolic arterial pressure). 
The authors assessed the association between different 
arterial blood pressure levels during the first 24 hours after 
intensive care unit (ICU) admission and 28-day mortality or 
organ function. A 28-day mortality did not correlate with 
MAP drops below 60, 65, 70, and 75 mm Hg. However, an 
hourly time MAP integral that dropped below 55 mm Hg 
was associated with a significant decrease in the area under 
the 28-day mortality ROC curve. This suggests that a MAP 

level of 60 mm Hg was a sufficient target during the first 
24 hours of sepsis. However, the need for renal replace-
ment therapy was best predicted by the ROC curve for the 
hourly time integral of MAP drops below 75 mm Hg. Thus, 
a higher MAP level may be required to prevent acute kid-
ney injury (AKI).

In a post hoc analysis of data from a study investigating 
the effects on mortality of L-NMMA (N-methyl-l-arginine), 
a nitric oxide inhibitor, there was no association between 
MAP (or MAP quartiles) and mortality or occurrence of 
disease-related events in a control group that included 
290 septic shock patients.19 This study used logistic regres-
sion models and adjusted for age, the presence of chronic 
arterial hypertension, disease severity at admission (SAPS 
II), and vasopressor load.20 Of note, in this study, age and 
chronic arterial hypertension did not modify the associa-
tion between MAP and 28-day mortality or AKI. In addi-
tion, the mean vasopressor load correlated with mortality 
and the number of disease-related events. The authors con-
cluded that “MAP levels of 70 mm Hg or higher do not 
appear to be associated with improved survival in septic 
shock” and that “elevating MAP >70 mm Hg by augment-
ing vasopressor dosages may increase mortality.”

In 217 patients with shock (127 or 59% of whom had 
septic shock), enrolled and followed prospectively, Badin 
et al.21 showed that a low MAP averaged over 6 hours 
or 12 to 24 hours was associated with a high incidence 
of AKI at 72 hours only in patients with septic shock and 
AKI at 6 hours. In these patients, the best MAP threshold 
to predict AKI at 72 hours ranged from 72 to 82 mm Hg. 
No link between MAP and AKI at 72 hours in the other 
patients was found. In line with the results of Dünser et al., 
the authors concluded that a MAP of approximately 72 to  
82 mm Hg might be required to avoid AKI in patients with 
septic shock and initial renal function impairment.

Using the data from the large prospective observational 
FINNAKI study,22 Poukkanen et al. identified 423 patients 
with severe sepsis and showed that those with progression 
of AKI within the first 5 days of ICU admission (36.2%) had 
lower time-adjusted MAP than those without progression.23 
The best time-adjusted MAP value to predict progression 
of AKI was 73 mm Hg. However, as in the study by Badin 
et al.,21 the results were not adjusted for severity of disease.

These results are confounded by all of the limitations 
inherent to the observational studies, but they deserve to 
be analyzed at the MAP level from ICU admission (closer 
from the beginning of the disease process than in interven-
tional studies). Although the results are not all consistent 
and the relationship of disease severity to MAP makes 
them difficult to interpret, these studies suggest that a 
MAP target higher than 65 mm Hg may prevent AKI in 
some septic patients.

INTERVENTIONAL STUDIES

Some prospective interventional studies have attempted 
to delineate an optimal MAP target in septic patients by 
modifying the MAP level over a short period of time.  
In a small randomized controlled trial of 28 patients 
with septic shock, Bourgoin et al.24 showed that increas-
ing the MAP level from 65 to 85 mm Hg for 4 hours with 
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norepinephrine increased cardiac index in the experimen-
tal arm. However, no change in arterial lactate, oxygen 
consumption, or renal function variables (urine output, 
serum creatinine, and creatinine clearance) was detected 
in either of the groups.

In 10 patients with septic shock, LeDoux et al.25 found 
that an increase in the MAP from 65 to 75 and 85 mm Hg 
using escalating vasopressor doses for less than 2 hours 
did not significantly alter systemic oxygen metabolism, 
skin microcirculatory blood flow (assessed by skin capil-
lary blood flow and red blood cell velocity), urine output, 
or splanchnic perfusion (assessed by gastric mucosal par-
tial pressure of carbon dioxide [Pco2]). Of note, many of 
the patients received dopamine and not norepinephrine. 
In addition, in 20 patients with septic shock, targeting a 
MAP of 65, 75, or 85 mm Hg did not alter O2 delivery, con-
sumption, or serum lactate, although the increase in nor-
epinephrine infusion dose was associated with an increase 
in cardiac index.26 Furthermore, no change was observed in 
sublingual capillary microvascular flow index or the per-
centage of perfused capillaries.

Conversely, in a study including 13 patients with sep-
tic shock, Thooft et al.27 showed that, in comparison with 
65 mm Hg, targeting MAP to 85 mm Hg for 30 minutes 
by increasing norepinephrine increased cardiac output, 
improved microcirculatory function (assessed by thenar 
muscle oxygen saturation using near-infrared spectros-
copy with serial vaso-occlusive tests on the upper arm and 
sublingual microcirculation using sidestream dark-field 
imaging in six patients), and decreased arterial lactate. 
Interestingly, the microvascular response to MAP changes 
varied largely from patient to patient, suggesting that the 
optimal MAP may need to be individualized.

In another study of similar design investigating 16 
 septic shock patients, raising MAP from 60 to 70, 80, and 
90 mm Hg for 45 minutes increased oxygen delivery, cuta-
neous microvascular flow, and tissue oxygenation (using 
cutaneous tissue oxygen pressure [Pto2] measured by a 
Clark electrode, cutaneous red blood cell flux assessed 
by laser Doppler flowmetry, and sublingual microvascu-
lar flow evaluated by sidestream dark-field imaging).28 
However, as in the study conducted by Dubin et al.,26 no 
change in the sublingual microvascular flow abnormali-
ties or lactate or urine output observed at 60 mm Hg were 
detected when MAP was increased to 90 mm Hg.

In a randomized short-term study comparing the effects 
of dopamine and norepinephrine in 20 patients, patients 
were evaluated at baseline (MAP = 65 and 63 mm Hg in the 
norepinephrine and dopamine group, respectively) and  
3 hours after they achieved a MAP greater than 75 mm 
Hg.29 Oxygen delivery and consumption (determined by 
indirect calorimetry) increased in both groups. However, 
the gastric intramucosal pH (determined by gastric tonom-
etry) increased in the norepinephrine group but decreased 
in the dopamine group.

Finally, in 11 septic patients, Derrudre et al.30 showed 
that increasing MAP from 65 to 75 mm Hg for 2 hours 
increased urinary output and decreased the renal resistive 
index measured by echography. However, no changes were 
detected when MAP was increased from 75 to 85 mm Hg.  
Importantly, the interpretation of renal resistive index 
changes is complex because of its numerous determinants.31 

Nevertheless, this study suggests that for some patients, 
the optimal balance between the positive effects (i.e., 
increase in perfusion pressure) and the negative effects of 
norepinephrine (i.e., excessive vasoconstriction) could cor-
respond to a MAP target of approximately 75 mm Hg. This 
premise is supported by data from a study on 12 nonseptic, 
postcardiac surgery patients with vasodilatory shock and 
AKI.32 In these individuals, increasing MAP from 60 to 75 
mm Hg improved renal oxygen delivery, the renal oxygen 
delivery/consumption relationship, and glomerular filtra-
tion rate, but increasing from 75 to 90 mm Hg did not alter 
these parameters.

Thus, the data regarding the effects of a MAP of more 
than 65 mm Hg on organ function and microcirculation 
are divergent. In addition to the small number of patients 
and the short observation periods, these differences may 
be related to differences in cardiac preload and to the 
point in time at which data were collected. It is of criti-
cal importance to note that the inclusion time in all of 
these studies was very wide and that most of the enrolled 
patients were already hemodynamically controlled. 
These human interventional studies are summarized in 
Table 40-1.

MAP IN LARGE, CONTROLLED 
RANDOMIZED TRIALS

In clinical practice, safety limits may dictate that the 
actual MAP be higher than the originally prescribed 
target. This difference is also observed in large, pro-
spective, randomized controlled trials. In the study by 
Rivers et al.33 comparing two strategies of resuscitation 
in patients with severe sepsis or septic shock (standard 
therapy vs. early goal-directed therapy [EGDT]), the 
mean MAP reached in the EGDT group was 95 mm Hg. 
The MAP was also in excess of the recommended tar-
get in the CATS trial from Annane et al.34 comparing 
epinephrine with norepinephrine plus dobutamine, in 
the large trial from De Backer et al.35 comparing dopa-
mine with norepinephrine in patients with shock, and in 
the recent ProCESS (Protocolized Care for Early Septic 
Shock) multicenter study comparing EGDT with usual 
care.36 These studies reported any side effects that were 
suggestive of excessive vasoconstriction (e.g., digital or 
splanchnic ischemia).33-36 In the VASST (Vasopressin and 
Septic Shock Trial), comparing low-dose vasopressin and 
norepinephrine in addition with conventional catechol-
amine,37 the mean MAP level was approximately 80 mm 
Hg at 3 days in the 2 groups. Although risk factors for 
ischemic injuries were an exclusion criterion, there was 
a relatively high rate of digital ischemia (2% in the vaso-
pressin group and 0.5% in the norepinephrine group).

In the study by Lopez et al.,19 a nitric oxide synthase 
inhibitor, LNMA, when added to conventional vasopres-
sors, rapidly increased MAP (>90 mm Hg in 25% of the 
patients). This trial was stopped prematurely because of 
increased mortality in the LNMA group, primarily as a 
result of cardiovascular deaths. The association between 
MAP level and mortality cannot be analyzed in this study 
because of the very likely direct effect of the LNMA, inde-
pendent of the MAP effect.
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The large clinical trials in septic patients suggest that a 
MAP of approximately 80 mm Hg is often reached without 
overt side effects.

SEPSISPAM

To avoid the limitations described in the previous studies, 
the SEPSISPAM (Sepsis and Mean Arterial Pressure Trial) 
study, a randomized, open-label trial, was designed to enroll 
800 patients as soon as possible after admission in the ICU 
(randomization within 6 hours after the initiation of vaso-
pressors) and to target one of two MAP strategies (65 to 70 
vs. 80 to 85 mm Hg) from day 1 to day 5 (or until the patient 
was weaned from vasopressor support).38 Patients also were 
stratified to account for chronic hypertension. The high-
MAP target group received higher doses of catecholamines 
over a longer time period than the low-MAP target group. 
No significant differences in 28-day mortality, in the overall 
rates of organ dysfunction, or in death at 90 days were iden-
tified. However, in a prospectively defined group of patients 
with previous hypertension (>40% of the patients in the 
study), the incidence of AKI (defined by doubling of serum 
creatinine level) and the rate of renal replacement therapy 
were higher in the low-MAP target group. The overall rate 
of serious adverse events was not different between the two 
groups, but there were more episodes of atrial fibrillation, 
known to be independently associated with an increased 
risk of stroke, in the high-MAP target group. SEPSISPAM 
confirms that a MAP of more than 65 mm Hg may be needed 

to prevent AKI in patients with a history of arterial hyper-
tension. In addition, this study raises another question: How 
do fluids and vasopressors have to be used to achieve a tar-
get MAP? In SEPSISPAM, the hemodynamic management 
consisted of the introduction of vasopressor (norepineph-
rine except in one center where epinephrine was used) after 
adequate fluid resuscitation (defined as the administration 
of 30 mL of normal saline per kilogram of body weight or 
of colloids or determined by clinician’s assessment with the 
method of his or her choice) according to the recommenda-
tions of the French Society of Intensive Care Medicine.39 This 
strategy led to different “profiles” between fluid and vaso-
pressor loads to obtain the same MAP level in comparison 
with other large clinical randomized studies.40 For example, 
patients received less fluids and more norepinephrine in 
SEPSISPAM than in some other trials33,37 but less norepi-
nephrine and more fluids than in the large randomized con-
trolled trial conducted by De Backer et al.35

CONCLUSION

Recent studies, especially SEPSISPAM, suggest that a 
MAP target of 65 mm Hg is usually sufficient in patients 
with septic shock. However, a higher MAP level (∼75 to  
85 mm Hg) may prevent the occurrence of AKI in patients 
with chronic arterial hypertension. This point is of major 
clinical importance in view of the high prevalence of AKI 
and the subsequent morbidity of this condition in patients 
admitted in the ICU for septic shock. In addition, a delay in 

Table 40-1 Clinical Interventional Studies Comparing Different MAP Targets

Reference Patients (n) Design
MAP Titration 
(Time/Step) Main Results of Increase in MAP

Bourgoin et al.24 2 × 14 Open-label, randomized 
controlled study

65 vs. 85 mm Hg  
(4 hours)

CI ↑
Arterial lactate, Vo2, and renal function: NS

LeDoux et al.25 10 Crossover 65, 75, 85 mm Hg 
(105 minutes)

CI ↑
Arterial lactate, gastric intramucosal-arterial Pco2 differ-

ence, skin microcirculatory blood flow (skin capillary 
blood flow and red blood cell velocity), urine output: NS

Dubin et al.26 20 Crossover 65, 75, 85 mm Hg  
(30 minutes)

CI, systemic vascular resistance, left and right ventricular 
stroke work indexes ↑

Arterial lactate, DO2, Vo2, gastric intramucosal-arterial 
Pco2 difference, sublingual capillary MFI, and percent-
age of perfused capillaries (SDF imaging): NS

Thoof et al.27 13 Crossover 65, 75, 85 mm Hg  
(30 minutes)

CI, SvO2, StO2, sublingual perfused vessel density, and 
MFI (SDF imaging) ↑

Vo2: NS
Arterial lactate ↓

Jhanji et al.28 16 Crossover 60, 70, 80, 90 mm Hg 
(45 minutes)

Do2, cutaneous Pto2, cutaneous microvascular red blood 
cell flux (laser Doppler flowmetry) ↑

Sublingual capillary MFI (SDF): NS

Deruddre et al.30 11 Crossover 65, 75, 85 mm Hg 
(120 minutes)

65 to 75 mm Hg: urine output ↑, RRI ↓
75 to 85 mm Hg: urine output, RRI: NS
Creatinine clearance: NS

CI, cardiac index; Do2, oxygen delivery; MAP, mean arterial pressure; MFI, microvascular flow index; NS, not significant; Pco2, partial pressure of carbon dioxide; 
Pto2, tissue oxygen pressure; RRI; R-R interval; SDF, sidestream dark-field; StO2, thenar muscle oxygen saturation using near-infrared spectroscopy; SvO2, mixed 
venous oxygen saturation; Vo2, oxygen consumption.

↑, increase; ↓, decrease.
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achieving the target MAP may be as important as the target 
itself. Finally, the manner in which a MAP target is achieved 
(amount of fluids, association of vasopressors) requires fur-
ther investigations, especially in patients with chronic arte-
rial hypertension who may benefit from a high MAP level.
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What Vasopressor Agent Should 
Be Used in the Septic Patient?

Colm Keane, Gráinne McDermott, Patrick J. Neligan

This chapter briefly summarizes the hemodynamic 
derangement associated with sepsis and then sequentially 
evaluates the various vasopressor agents that have been 
investigated and are in current use for the treatment of sep-
tic shock.

HEMODYNAMIC DERANGEMENT  
IN SEPSIS

Early sepsis is characterized by hypoperfusion, manifest 
as cold extremities, oliguria, confusion, lactic acidosis, and 
increased oxygen extraction, measured by reduced mixed 
venous oxygen saturation (SvO2). Current conventional 
therapy involves early administration of (best-guess) anti-
biotics and empirical fluid resuscitation of 30 mL/kg.1 The 
goal of fluid therapy is to reestablish global blood flow 
and generate a mean arterial pressure (MAP) of more than  
65 mm Hg. Failure to respond to fluid therapy is an indi-
cation for vasopressor therapy. Most patients respond to 
antibiotics and fluids, and vasopressor therapy is usually 
relatively short.2,3 A minority of patients become acutely 
critically ill, consequent of septic shock, because of delayed 
therapy, failure of source control, or genetic reasons, and 
require critical care for multiorgan support.4

Established (late-stage) septic shock is a complex disease 
characterized by various cardiovascular and neurohormonal 
anomalies. Although the hemodynamic consequences are 
easily described, the underlying mechanisms are incom-
pletely understood. The major features of established septic 
shock are as follows:

 1.  Vasoplegia arises from loss of normal sympathetic tone 
associated with local vasodilator metabolites, which 
cause activation of adenosine triphosphate–sensitive 
potassium channels, leading to hyperpolarization of 
smooth muscle cells. There is increased production of in-
ducible nitric oxide synthetase/nitric oxide synthase-2, 
resulting in excessive production of nitric oxide. Finally, 
there is acute depletion of vasopressin. Vasoplegia is 
associated with relative hypovolemia. Vascular tone is 
characteristically resistant to catecholamine therapy, but 
it is very sensitive to vasopressin.

 2.  Reduced stroke volume is widely thought to be due 
to the presence of circulating myocardial depressant  

factors, although it may result from mitochondrial 
dysfunction. There is reversible biventricular failure, 
a decreased ejection fraction, myocardial edema, and 
ischemia. Cardiac output is maintained by a dramatic 
increase in heart rate.

 3.  Microcirculatory failure manifests as dysregulation and 
maldistribution of blood flow, arteriovenous shunting, 
oxygen utilization defects, and widespread capillary 
leak. This results in increased sequestration of protein-
rich fluid in the extravascular space. These abnormali-
ties are incompletely understood. In addition, there is 
initial activation of the coagulation system and deposi-
tion of intravascular clot, causing ischemia.

 4.  In mitochondrial dysfunction, the capacity of mitochon-
dria to extract oxygen is impaired. This results in ele-
vated SvO2 and elevated serum lactate despite adequate 
oxygen delivery to tissues.

Septic shock should be seen as part of a complex para-
digm of multiorgan dysfunction that characterizes acute 
critical illness. These include kidney injury, hepatic dysfunc-
tion, delirium, coagulopathy, and acute hypoxic respiratory 
failure. The goal of the Surviving Sepsis Campaign1 is to treat 
early-phase septic shock and prevent multiorgan failure 
and chronic critical illness (CCI). This has been remarkably 
effective,2,3 despite ongoing controversies regarding compo-
nents of the bundles. CCI is manifest by failure to liberate 
from mechanical ventilation, kwashiorkor-like malnutri-
tion, extensive edema, neuromuscular weakness, prolonged 
dependence on vasopressors/inotropes, and neuroen-
docrine exhaustion. No interventions currently exist to 
modulate CCI.

VASOPRESSOR THERAPY

Hypotension and tissue hypoperfusion, unresponsive to 
intravenous fluid in sepsis, are indications for vasopres-
sor therapy.4,5 It is generally agreed that fluid resuscitation 
should precede vasopressor use, although the quantity and 
type of fluid remain controversial.6 The question of which 
vasopressor(s) to use in sepsis has long been debated. Vaso-
pressors are used to target MAP, and inotropes are used 
to increase cardiac output, stroke volume, and SvO2. The 
exact MAP target in patients with septic shock is uncertain 
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because each patient autoregulates within individualized 
limits. Autoregulation in various vascular beds can be lost 
below a specific MAP, leading to perfusion becoming lin-
early dependent on pressure. Often, the patient-specific 
autoregulation range is unknown. The titration of nor-
epinephrine to a MAP of 65 mm Hg has been shown to 
preserve tissue perfusion.6 However, the patient with pre-
existing hypertension may well require a higher MAP to 
maintain perfusion. The ideal pressor agent would restore 
blood pressure while maintaining cardiac output and  
preferentially perfuse the midline structures of the body 
(brain, heart, splanchnic organs, and kidneys). Currently, 
norepinephrine is considered the agent of choice in the 
fluid-resuscitated patient.

Norepinephrine

Norepinephrine has pharmacologic effects on both α1- and 
β1-adrenergic receptors. In low dosage ranges, the β effect 
is noticeable, and there is a mild increase in cardiac out-
put. In most dosage ranges, vasoconstriction and increased 
MAP are evident. Norepinephrine does not increase heart 
rate. The main beneficial effect of norepinephrine is to 
increase organ perfusion by increasing vascular tone. 
Studies that have compared norepinephrine to dopamine 
head to head have favored the former in terms of overall 
improvements in oxygen delivery, organ perfusion, and 
oxygen consumption.7

Marik and Mohedin8 randomized 20 patients with 
vasoplegic septic shock to dopamine or norepinephrine, 
titrated to increase the MAP to greater than 75 mm Hg 
and measured oxygen delivery, oxygen consumption, and 
gastric mucosal pH (pHi, determined by gastric tonom-
etry) at baseline and after 3 hours of achieving the target 
MAP. Dopamine increased the MAP largely by increasing 
the cardiac output, principally by driving up heart rate, 
whereas norepinephrine increased the MAP by increas-
ing the peripheral vascular resistance while maintaining 
the cardiac output. Although oxygen delivery and oxygen 
consumption increased in both groups of patients, the pHi 
increased significantly in those patients treated with nor-
epinephrine, whereas the pHi decreased significantly in 
those patients receiving dopamine (P < .001, for corrected 
3-hour value). Similar data were reported by Ruokenen 
and associates.9

DeBacker and colleagues7 randomized 1679 patients 
to receive dopamine (maximum, 20 μg/kg/min) or nor-
epinephrine (maximum, 0.19 μg/kg/min) as first-line 
vasopressor therapy to restore and maintain blood pres-
sure at a MAP of greater than 65 mm Hg. The primary 
endpoint was 28-day mortality, and secondary out-
comes included organ-support-free days and adverse 
events. Although 28-day mortality was nonsignificant 
between dopamine and norepinephrine (52.5% vs. 48.5% 
respectively, P = .10), a significantly higher incidence of 
arrhythmias—principally atrial fibrillation—occurred in 
the dopamine group (24.1% vs. 12.4%, P < .001). Of note, 
subgroup analysis of patients with cardiogenic shock 
showed a significantly higher mortality in the dopamine 
versus the norepinephrine group (P = .03 for cardiogenic 
shock, P = .19 for septic shock, and P = .84 for hypovole-
mic shock).

Norepinephrine is less metabolically active than epi-
nephrine and reduces serum lactate.7 Norepinephrine 
significantly improves renal perfusion and splanchnic 
blood flow in sepsis,10,11 particularly when combined with 
dobutamine.10

Martin and colleagues12 undertook a prospective, obser-
vational cohort study of 97 patients with septic shock to 
look at outcome predictors using stepwise logistic regres-
sion analysis. The 57 patients treated with norepinephrine 
had significantly lower hospital mortality rates (62% vs. 
82%; P < .001; relative risk, 0.68; 95% confidence interval 
[CI], 0.54 to 0.87) than the 40 patients treated with vaso-
pressors other than norepinephrine (high-dose dopa-
mine, epinephrine, or both). This study was weakened by  
several factors, including observational nonblinded sta-
tus, probable selection bias, and a weak endpoint (hospital 
mortality). However, at the time, the study was significant 
because many practitioners thought that norepinephrine 
administration resulted in organ hypoperfusion in critical 
illness. These data confirmed the work by Goncalves and 
colleagues.13

Does the timing of norepinephrine administration 
make a difference? Bai and colleagues performed a 
retrospective analysis of timing of initiation of norepi-
nephrine in 213 patients with septic shock in two inten-
sive care units (ICUs).14 Patients were divided into two 
groups: If norepinephrine was started within 2 hours 
of onset of septic shock, then this was considered early 
(Early-NE); norepinephrine administered after 2 hours 
was considered late (Late-NE). The time to initial anti-
microbial therapy was not different between the groups. 
There was significantly higher 28-day mortality in the 
Late-NE group versus the Early-NE group (for >2 hours 
delay odds ratio [OR] for death = 1.86; 95% CI, 1.04–3.34; 
P = .035). Every 1-hour delay in norepinephrine initiation 
during the first 6 hours after septic shock onset was asso-
ciated with a 5.3% increase in mortality. The duration of 
hypotension and norepinephrine administration was 
significantly shorter and the quantity of norepineph-
rine administered in a 24-hour period was significantly 
less for the Early-NE group compared with the Late-NE 
group.

How is this outcome difference explained? Early 
administration of norepinephrine likely reflects the pres-
ence of greater expertise at the bedside. Patients likely 
reached their resuscitation goals earlier and required less 
fluid (∼500 mL less in the first 24 hours). In the Rivers’ 
study,5 patients in the late resuscitation group required 
more fluid over the first 72 hours than in the intervention 
group, and this may be part of the etiology for poor con-
trol group outcomes.

In conclusion, norepinephrine rapidly achieves hemo-
dynamic goals, particularly when administered early in 
septic shock. It is the agent of choice in septic shock.

Dopamine

Dopamine has predominantly β-adrenergic effects in low 
to moderate dose ranges (up to 10 μg/kg/min), although 
there is much interpatient variability. This effect may be 
due to its conversion to norepinephrine in the myocar-
dium and activation of adrenergic receptors. In higher 
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dose ranges, α-adrenergic receptor activation increases 
and causes vasoconstriction. Thus the agent is a mixed ino-
trope and vasoconstrictor. At all dose ranges, dopamine is 
a potent chronotrope. Dopamine may be a useful agent in 
patients with compromised systolic function, but it causes 
more tachycardia and may be more arrhythmogenic than 
norepinephrine.7,15 There has been much controversy about 
the other metabolic functions of this agent. Dopamine is a 
potent diuretic (i.e., it neither saves nor damages the kid-
neys).16 Dopamine has complex neuroendocrine effects; it 
may interfere with thyroid and pituitary17 function and 
may have an immunosuppressive effect.18 Whether these 
affect outcomes, in terms of morbidity or mortality, is 
unknown.

A high-quality prospective trial16 and a meta-analysis 
have displayed ample evidence to discourage the use of 
“renal-dose” dopamine because it does not change mortal-
ity, risk for developing renal failure, or the need for renal 
replacement therapy.19

The Sepsis Occurrence in Acutely Ill Patients (SOAP) 
study was a prospective, multicenter, observational 
study that was designed to evaluate the epidemiology 
of sepsis in European countries and was initiated by a 
working group of the European Society of Intensive Care 
Medicine. It has been the subject of various database 
mining exercises, one of which looked at dopamine and 
outcomes.20 Of the 3147 patients included in the SOAP 
study, 1058 (33.6%) had shock at any time; 462 (14.7%) 
had septic shock. Norepinephrine was the most com-
monly used vasopressor agent (80.2%), used as a single 
agent in 31.8% of patients with shock. Dopamine was 
used in 35.4% of patients with shock, as a single agent 
in 8.8% of patients, and combined most commonly with 
norepinephrine (11.6%). Epinephrine was used less 
commonly (23.3%) but rarely as a single agent (4.5%). 
Dobutamine was combined with other catecholamines in 
33.9% of patients, mostly with norepinephrine (15.4%). 
All four catecholamines were administered simultane-
ously in 2.6% of patients. The authors divided patients 
into those who received dopamine alone or in combina-
tion and those who never received dopamine. The dopa-
mine group had higher ICU (42.9% vs. 35.7%; P = .02) 
and hospital (49.9% vs. 41.7%; P = .01) mortality rates. A 
Kaplan-Meier survival curve showed diminished 30-day 
survival in the dopamine group (log rank, 4.6; P = .032). 
Patients treated with epinephrine had a worse outcome, 
but this may represent evidence of worse outcomes in 
patients with more severe shock. This study was obser-
vational and nonrandomized, and the original database 
was not designed to prove that one intervention would 
be associated with better outcomes than another because 
of the huge number of confounders.

Finally, why use dopamine? Dopamine is a natu-
ral precursor of norepinephrine, converted through 
β-hydroxylation. When dopamine is administered, serum 
norepinephrine levels increase. Because dopamine is 
a neurotransmitter and has metabolic activity in many 
organ systems, there appears to be little benefit to using 
dopamine over norepinephrine. Furthermore, a syn-
drome of dopamine-resistant septic shock (DRSS) has 
been described, defined as a MAP of less than 70 mm Hg 
despite administration of dopamine at 20 μg/kg/min.21 

Levy and colleagues22 investigated DRSS in a group of 
110 patients in septic shock. The incidence of DRSS was 
60%, and those patients had a mortality rate of 78%, com-
pared with 16% in the dopamine-sensitive group. Thus, 
in the highest risk group of patients, the use of dopamine 
may be associated with delay in achieving hemodynamic 
goals.

In conclusion, dopamine is an effective inotrope and 
vasopressor, but it is associated with excess complications 
and should not be used as first-line therapy in septic shock.

Dobutamine

Dobutamine is a potent β1-adrenergic receptor agonist, 
with predominant effects in the heart, where it increases 
myocardial contractility and thus stroke volume and car-
diac output. Dobutamine is less chronotropic than dopa-
mine. In sepsis, dobutamine, although a vasodilator, 
increases oxygen delivery and consumption. Dobutamine 
appears particularly effective in splanchnic resuscita-
tion, increasing pHi and improving mucosal perfusion 
in comparison with dopamine.23 As part of an early goal-
directed resuscitation protocol that combined close medi-
cal and nursing attention and aggressive fluid and blood 
administration, dobutamine was associated with a sig-
nificant reduction in the risk for mortality.5 However, it 
is unclear whether any of this benefit was derived from 
dobutamine, and the follow-up studies failed to demon-
strate outcome benefit with this protocol versus conven-
tional therapy.6

Levy and colleagues24 compared the combination of 
norepinephrine and dobutamine to epinephrine in sep-
tic shock. After 6 hours, the use of epinephrine was asso-
ciated with an increase in lactate levels (from 3.1 ± 1.5 
to 5.9 ± 1.0 mmol/L; P < .01), whereas lactate levels 
decreased in the norepinephrine-dobutamine group (from 
3.1 ± 1.5 to 2.7 ± 1.0 mmol/L). The ratio of lactate to pyru-
vate increased in the epinephrine group (from 15.5 ± 5.4 
to 21 ± 5.8; P < .01), but it did not change in the norepi-
nephrine-dobutamine group (13.8 ± 5 to 14 ± 5.0). pHi 
decreased (from 7.29 ± 0.11 to 7.16 ± 0.07; P < .01), and the 
partial pressure of carbon dioxide (Pco2) gap (tonometer 
Pco2 – arterial Pco2) increased (from 10 ± 2.7 to 14 ± 2.7 mm  
Hg; P < .01) in the epinephrine group. In the norepi-
nephrine-dobutamine group, pHi (from 7.30 ± 0.11 to 
7.35 ± 0.07) and the Pco2 gap (from 10 ± 3 to 4 ± 2 mm Hg) 
were normalized within 6 hours (P < .01). Thus, compared 
with epinephrine, dobutamine and norepinephrine were 
associated, presumably, with better splanchnic blood flow 
and a reduction in catecholamine-driven lactate produc-
tion. Whether this is of clinical significance is unclear. 
Moreover, the decrease in pHi and the increase in the ratio 
of lactate to pyruvate in the epinephrine group returned 
to normal within 24 hours. The serum lactate level nor-
malized in 7 hours.

Annane and colleagues25 performed a multicentre, ran-
domized, double-blind trial that included 330 patients 
with septic shock. Participants were assigned to receive 
epinephrine (n = 161) or norepinephrine plus dobutamine 
(n = 169), titrated to maintain mean blood pressure at  
70 mm Hg or more. There was no difference in mortality 
at 28 days between the groups (P = ·31; relative risk, 0.86; 
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95% CI, 0.65 to 1.14), nor was there any difference in serious 
side effects, time to pressor withdrawal, or time to achieve 
hemodynamic goals.

Epinephrine

Epinephrine has potent β1-, β2-, and α1-adrenergic activ-
ity, although the increase in MAP in sepsis is mainly from 
an increase in cardiac output (stroke volume). There are 
three major drawbacks from using this drug: (1) epineph-
rine increases myocardial oxygen demand; (2) epinephrine 
increases serum glucose and lactate,26 which is largely a 
calorigenic effect (increased release and anaerobic break-
down of glucose); and (3) epinephrine appears to have 
adverse effects on splanchnic blood flow,24,27-29 periph-
erally redirecting blood as part of the fight-and-flight 
response. As we have seen, factors 2 and 3 are of undeter-
mined significance and are transient. Whether increasing 
myocardial oxygen consumption in sepsis is a good thing 
or a bad thing is unknown.

Many data support the hypothesis that epinephrine 
reduces splanchnic blood flow, at least initially. Seguin and 
colleagues studied laser Doppler flow in a small group of 
ICU patients to prospectively determine the effects of differ-
ent vasopressors on gastric mucosal blood flow (GMBF).30 
The studies showed that a combination of dopexamine-
norepinephrine enhanced GMBF more than epineprhine 
alone did.30 Conversely, the same group had previously 
shown that GMBF was increased more with epinephrine 
than with the combination of dobutamine and norepineph-
rine.31 Both studies only looked at GMBF for 6 hours and 
were unable to demonstrate differences in hepatic blood 
flow or oxidative stress.

Myburgh and colleagues32 performed a prospective, 
multicentered, double-blind, randomized controlled trial 
of 280 ICU patients comparing epinephrine with norepi-
nephrine. They found no difference in time to achieve tar-
get MAP. There was also no difference in the number of 
vasopressor-free days between the two drugs. However, 
several patients receiving epinephrine were withdrawn 
from this study because of a significant but transient 
tachycardia, increased insulin requirements, and lactic 
acidosis.

Obi and colleagues33 performed a meta-analysis 
of inotropes and vasopressor in patients with septic 
shock. Fourteen studies with a total of 2811 patients 
were included in the analysis. Norepinephrine and 
norepinephrine plus low-dose vasopressin but not epi-
nephrine were associated with significantly reduced 
mortality compared with dopamine (OR, 0.80 [95% CI, 
0.65 to 0.99], 0.69 [0.48 to 0.98], and 0.56 [0.26 to 1.18], 
respectively).

In summary, epinephrine, although not currently rec-
ommended by international organizations4 as first-line 
vasopressor therapy in sepsis, is a viable alternative. There 
are few data to distinguish epinephrine from norepineph-
rine in achievement of hemodynamic goals, and epineph-
rine is a superior inotrope. Concern about the effect of 
epinephrine on splanchnic perfusion may be misguided. It 
has been assumed that a lower pHi and increased Pco2 gap 
correlate with hypoperfusion; however, the opposite may 
be the case. Epinephrine may increase splanchnic oxygen 

use and carbon dioxide (CO2) production through a ther-
mogenic effect, especially if gastric blood flow does not 
increase to the same extent, inducing a mismatch between 
splanchnic oxygen delivery and splanchnic oxygen con-
sumption.34 This is supported by data from Duranteau and 
colleagues.35 Concern about the effect of increased serum 
lactate and hyperglycemia has limited the use of epineph-
rine. However, it is unclear whether lactate is harmful in 
sepsis,34 and concern regarding hyperglycemia appears to 
be fading.36

Phenylephrine

Phenylephrine is an almost pure α1-adrenergic agonist 
with moderate potency. Phenylephrine is a less-effective 
vasoconstrictor than norepinephrine or epinephrine,37,38 
but it is the adrenergic agent least likely to cause tachycar-
dia. Although widely used in anesthesia to treat iatrogenic 
hypotension, phenylephrine is considered a less-effective 
agent in sepsis. Previous concerns regarding reduced hepa-
tosplanchnic blood flow37 appear to have been allayed.38 
Morelli et al.38 conducted a prospective, randomized con-
trolled trial on 32 septic shock patients using either phenyl-
ephrine or norepinephrine as the initial vasopressor. MAP 
was maintained between 65 and 75 mm Hg and measure-
ments conducted over the first 12 hours. Cardiac output, 
gastric tonometry, acid base balance, creatinine clearance, 
and troponin “leaks” were all primary endpoints. Phen-
ylephrine did not worsen hepatosplanchnic perfusion as 
compared with norepinephrine. It had similar effects as 
norepinephrine on cardiopulmonary performance and 
global oxygen transport, but it was less effective than nor-
epinephrine to counteract sepsis-related arterial hypoten-
sion as reflected by the higher dosages required to achieve 
the same goal MAP.

In summary, phenylephrine is not harmful in septic 
shock, but it is less potent than norepinephrine. Although 
not addressed by the authors, potential peripheral, rather 
than central, administration of this agent may increase its 
utility in early septic shock while central line insertion is 
planned or taking place.

Vasopressin

Arginine-vasopressin is an endogenous hormone that is 
released in response to decreased intravascular volume 
and increased plasma osmolality. Vasopressin directly 
constricts vascular smooth muscle through V1 receptors. 
It also increases the responsiveness of the vasculature to 
catecholamines.39,40

Vasopressin has emerged as an additive vasocon-
strictor in septic patients who have become resistant to 
catecholamines.41 There appears to be a quantitative defi-
ciency of this hormone in sepsis,42-44 and administration 
of vasopressin in addition to norepinephrine increases 
splanchnic blood flow and urinary output.45 Vasopres-
sin offers theoretical advantages over epinephrine in 
that it does not significantly increase myocardial oxygen 
demand and its receptors are relatively unaffected by 
acidosis.46

Early studies demonstrated that the most effica-
cious dose was 0.04 U/min,47 and this was not titrated.  
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This relatively low dose has little or no effect on nor-
motensive patients. Several small early studies dem-
onstrated the potential utility of vasopressin (or its 
analogs) in sepsis, although there were few compelling 
supportive data.45,48-50

Russell and colleagues51 performed a multicenter ran-
domized double-blind trial of patients in septic shock 
who were already receiving 5 μg of norepinephrine per 
minute (VASST [Vasopressin and Septic Shock Trial]). 
Three hundred ninety-six patients were randomized to 
receive vasopressin (0.01 to 0.03 U/min), and 382 were 
randomized to receive norepinephrine (5 to 15 μg/min) 
in addition to open-label vasopressors. There was no 
significant difference between the vasopressin and nor-
epinephrine groups in the 28-day mortality rate (35.4% 
and 39.3%, respectively; P = .26), in 90-day mortality rate 
(43.9% and 49.6%, respectively; P = .11), or in organ dys-
function. Heart rate and total norepinephrine dose, early 
in the course of critical care, were lower in the vasopressin 
group. A subgroup analysis suggested a survival benefit 
for vasopressin in less severe sepsis (i.e., those patients 
who required a lower overall dose of norepinephrine to 
achieve MAP targets) at 28 days (35.7% vs. 26.5%; number 
needed to treat [NNT] 11) and 90 days (46.1% vs. 35.8%; 
NNT 10) but not for more severe sepsis. In patients whose 
vasopressin levels were measured, those levels were very 
low at baseline (median, 3.2 pmol/L; interquartile range, 
1.7 to 4.9) and increased in the vasopressin group but not 
in the norepinephrine group.

Several significant limitations of this study should be 
noted. This study looked at dose escalation of norepi-
nephrine versus norepinephrine plus complementary 
vasopressin: the objective was to determine whether the 
catecholamine-sparing effect of vasopressin improved 
outcomes. It was not a head-to-head study of vasopres-
sin versus norepinephrine, nor was it a study of vaso-
pressin in early septic shock. There was significant 
lead-time delay in recruitment (12 hours) before patients 
were randomized. The VASST study was underpowered; 
an expected mortality rate of 60% was used for the sam-
ple size planning. The actual mortality rate in the control 
group was 39%. Finally, the dose of vasopressin used in 
the study (up to 0.03 U/min) may have been inadequate 
to show a response in the patients with more severe sep-
tic shock.

A subsequent retrospective analysis of the VASST study 
database suggested a beneficial synergy between vasopres-
sin and corticosteroids in patients who had septic shock 
and were also treated with corticosteroids.52 Vasopressin, 
compared with norepinephrine, was associated with signif-
icantly decreased mortality (35.9% vs. 44.7%, respectively; 
P = .03) if patients were simultaneously receiving cortico-
steroids. In patients who received vasopressin infusion, 
administration of corticosteroids significantly increased 
plasma vasopressin levels by 33% at 6 hours (P = .006) to 
67% at 24 hours (P = .025) compared with patients who did 
not receive corticosteroids.

In conclusion, patients in septic shock are depleted of 
vasopressin. Replacement therapy with arginine vasopres-
sin may be catecholamine sparing in septic shock, particu-
larly in moderate disease.

OTHER VASOPRESSORS

Although this chapter has focused on vasoactive agents 
that are commonly used and studied in intensive care, 
various other agents are available and have been used. 
These include phosphodiesterase inhibitors, such as mil-
rinone and enoximone, and calcium sensitizers, such as 
levosimendan.6,53 Phosphodiesterase inhibitors would 
appear to be an attractive alternative to dobutamine for 
cardiomyopathy of critical illness54 and may indeed be 
efficacious for restoring splanchnic blood flow. How-
ever, phosphodiesterase inhibitors are pulmonary and 
systemic vasodilators and may worsen hypotension in 
septic shock and venous admixture in acute respiratory 
distress syndrome. Levosimendan improves sublingual 
blood flow more effectively than dobutamine at stan-
dard doses,55 and it may have a future role as part of 
a splanchnic resuscitation strategy. There are currently 
inadequate data on these agents to recommend their use 
in septic shock.

Catecholamine Overload

Several investigators have suggested that excessive 
catecholamine administration may worsen outcomes 
in septic shock. For example, Dünser and colleagues56 
found that driving MAP above 70 mm Hg by increasing 
doses of catecholamines appeared to worsen outcomes. 
This was not confirmed by a multicenter trial of high 
versus lower blood pressure targets in sepsis.57 How-
ever, persistent tachycardia has been observed to be a 
negative predictor of outcome in sepsis, and this may 
be associated with excess β-adrenoceptor activation. 
Excessive adrenergic activity may lead to myocardial 
ischemia, tachyarrhythmias, cardiomyopathy, immu-
nosuppression, increased bacterial growth, thromboge-
nicity, and hyperglycemia.58,59 In the VASST, there was 
a significant reduction of heart rate in the vasopressin-
treated patients in the less severe shock group, and these 
patients had a reduction in overall mortality.51 Morelli 
and colleagues randomized 77 patients with persistent 
pressor-dependent septic shock to beta-blockade with 
esmolol or continued therapy. Esmolol was titrated 
to maintain heart rate between 80 and 94 beats/min 
for the duration of ICU stay. It was a phase II study to 
determine whether heart rate control was indeed pos-
sible. All other data represent secondary endpoints. 
Nonetheless, there was a dramatic reduction in 28-day  
mortality from 80.5% to 49.4% (absolute risk reduc-
tion [ARR] 31%, NNT 3, P < .001). Beta-blocked patients 
required less fluid and had better cardiovascular param-
eters. The mortality reduction, although significant, was 
associated with very high mortality in the control group. 
However, it must be noted that these numbers reflect 
patients who received treatment such as fluid resuscita-
tion, pressors, and antibiotics for more than 24 hours and 
remained dependent on norepinephrine to maintain a 
MAP of 65 mm Hg. We do not have data from other sep-
sis trials for comparison to this patient population (per-
sistently pressor dependent), and further multicentered 
studies are awaited.
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AUTHORS’ RECOMMENDATIONS

 •  Current standard of care in septic shock involves administra-
tion of empiric antibiotics, intravenous fluids, and, if unrespon-
sive, vasopressor agents.

 •  The goal of vasopressor therapy is to restore MAP to the 
patient’s autoregulation range and restore blood flow to vital 
organs and the extremities.

 •  Controversy continues regarding the choice of vasopressor and 
the method of monitoring the response to therapy. This will 
continue until adequately powered, multicentered prospective 
trials are performed.

 •  Patients should be fluid resuscitated before commencement of 
vasopressor therapy.

 •  Norepinephrine appears to be the vasopressor agent of choice 
in septic shock. It is a potent vasoconstrictor that maintains car-
diac output and restores midline blood flow. It is not metaboli-
cally active.

 •  Dopamine is an effective, although unreliable, inotrope, 
chronotrope, and vasopressor. However, it offers no advantage 
over norepinephrine in septic shock, it may worsen outcomes 
in hypovolemic and cardiogenic shock, and it has various 
nonhemodynamic effects that may affect neurohormonal and 
immune function.

 •  Epinephrine is a potent vasoconstrictor and inotrope. When 
commenced, it causes an early lactic acidosis secondary to 
aerobic glycolysis and may reduce splanchnic blood flow. The 
clinical significance of this is unclear, and both of these effects 
appear to be time limited. Epinephrine should be used as 
second-line therapy in septic shock.

 •  Dobutamine is a potent inotrope, but no clear data exist that 
dobutamine improves outcome in any scenario associated with 
septic shock. Dobutamine is a powerful splanchnic vasodilator, 
but the clinical utility of this agent in the setting of splanchnic 
hypoperfusion is unproven.

 •  Phenylephrine may be used as initial therapy alongside fluid 
resuscitation in septic shock, but it is less potent than norepi-
nephrine.

 •  There is an absolute deficiency of vasopressin in septic shock, 
and combination therapy with catecholamines should be con-
sidered, particularly in early and less severe sepsis. There are 
no data to support the use of vasopressin as first-line therapy.

 •  There are inadequate data available to recommend the use of cal-
cium sensitizers or phosphodiesterase inhibitors in septic shock.

 •  There are emerging data that beta-blocker administration to 
control the β-adrenergic stress response may improve outcomes 
in pressor-dependent septic shock.  
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HOW CAN WE MONITOR THE 
MICROCIRCULATION IN SEPSIS?

Altered Microcirculation in Sepsis

Sepsis is a clinical condition associated with high morbidity 
and mortality worldwide, and its management represents 
a challenge for the clinician in the intensive care unit (ICU). 
Septic shock is usually characterized by severe hemody-
namic alterations. From a macrohemodynamic point of 
view, it is defined by a decrease in vascular tone with some 
degree of hypovolemia, with or without concomitant myo-
cardial depression. Of note, even when these global hemo-
dynamic parameters seem to be corrected, signs of tissue 
hypoperfusion may still persist. Evidence suggests that 
microcirculatory dysfunction is a fundamental pathologic 
feature of sepsis.1 Although until recently examination of 
the microcirculation has been hampered by technologic 
limitations, development of microcirculatory evaluation 
techniques has allowed direct study of this phenomenon. 
Microcirculatory alterations may produce tissue hypoxia 
by induction of oxygen supply–demand imbalance at the 
cellular level. Maintained over time, this situation can lead 
to cellular and organ dysfunction and ultimately death.2

The microcirculation is the final destination of the struc-
tures and mechanisms responsible for delivering oxygen to 
the tissue cells and thus is essential for maintaining ade-
quate organ function. It consists of a complex network of 
small blood vessels (<100 μm diameter) composed of arte-
rioles, capillaries, and venules. Arterioles are responsible 
for maintaining vascular tone and are lined by smooth 
muscle cells. They respond to extrinsic and intrinsic stim-
uli to match oxygen delivery with local metabolic demand. 
Capillaries are the primary site of exchange for oxygen and 
metabolic waste, oxygen diffuses passively along its con-
centration gradient to the respiring tissue cells, and waste 
converges on and is taken up by the venules. Far from 
being just a vessel network, the microcirculation is a com-
plex system that also involves interaction between the dif-
ferent cell types and their subcellular structures to achieve 
various physiologic functions. These include not just oxy-
gen transport but also hemostasis, hormonal transport, 

and host defense. All these elements can interact with each 
other and are regulated by different complex mechanisms 
controlling microcirculatory perfusion.1

Recently, multiple experimental and clinical studies 
have reported microcirculatory alterations in severe sepsis 
and septic shock. These studies observed a decrease in cap-
illary density that likely reflects an alteration in microcir-
culatory autoregulation. The net effect is an increase in the 
diffusion distance of oxygen to tissues.3 Moreover, studies 
reveal changes in the heterogeneity of microcirculatory per-
fusion. As a consequence, the number of under- or unper-
fused capillaries in proximity to well perfused capillaries 
is increased. This change leads to functionally vulnerable 
microcirculatory units. Conventional systemic hemody-
namic- and oxygen-derived variables may fail to detect 
this dysfunctional microcirculatory condition.4 Thus the 
key hemodynamic deficit in sepsis may well be microcircu-
latory shunting that results in an oxygen extraction deficit, 
an alteration that may be a potential target for resuscita-
tion.4 From this point of view, microcirculatory shunting is 
considered to play a leading role in the pathophysiology of 
sepsis and multiorgan failure.1,3,4

According to the previously mentioned and current 
evidence, bedside evaluation of microcirculation may be 
useful in management of severe sepsis and septic shock 
patients.5

Current Methods to Monitor the 
Microcirculation in Patients with Sepsis

Evaluation of the microcirculation in critically ill patients 
presents certain methodological and technical difficulties 
that have retarded its use at the bedside. By definition, 
any technique for evaluating the microcirculation can 
monitor only the tissue bed to which it is applied. There-
fore it is necessary to select sites that are easily accessible 
but that are also representative of the rest of the body. 
Nevertheless, it is important to understand that the 
microcirculatory alterations observed in a selected tissue 
area are a window that is likely to reflect the microcir-
culation in other areas, provided that there are no local 
interfering factors.3

42
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Current techniques to monitor the microcirculation can 
be divided into two main groups:
  

 1.  Indirect methods to monitor function through evalua-
tion of regional tissue oxygenation.

 2.  Direct methods to monitor perfusion that allow direct 
visualization of the microvascular network and of mi-
crocirculatory blood flow.

Indirect Methods to Assess Microcirculation: 
Evaluation of Tissue Oxygenation

Indirect methods based on measures of tissue oxygen-
ation, as surrogates of microcirculatory perfusion, include 
gastric tonometry, sublingual capnometry, tissue oxygen 
electrodes, and near-infrared spectroscopy (NIRS). Among 
these technologies, NIRS has aroused increasing interest 
in the evaluation of the regional circulation because of its 
noninvasive nature and easy applicability.

Near-Infrared Spectroscopy

NIRS measures the attenuation of light in the near- infrared 
spectrum (700 to 1000 nm) to measure chromophores, 
mainly hemoglobin, present in the sampled tissue. Choos-
ing specific scan lengths minimizes the impact of other 
tissue chromophores on the NIRS signal. Thus the final sig-
nal is derived primarily from oxyhemoglobin and deoxy-
hemoglobin contained in the microvascular tree (vessels 
<100 μm) present in the sampled area. Measuring oxy- and 
deoxyhemoglobin permits calculation of the overall satu-
ration of tissue hemoglobin or tissue oxygen saturation 
(StO2). The NIRS system consists of a light source, optical 
bundles (optodes) for light emission and reception, a pro-
cessor, and a display system.6

Although StO2 has been evaluated in several organs, 
skeletal muscle StO2, which is nonvital and peripheral, 
may be the optimal early detector of occult hypoperfu-
sion. Because StO2 measurements can be altered by local 
factors such as edema and fat thickness, the thenar emi-
nence has been proposed as a reliable site for measure-
ments. In healthy patients under basal conditions, the 
NIRS signal predominantly reflects the venous oxygen-
ation because an estimated 75% of the blood present in 
the skeletal muscle is located in the venous compartment. 
Thus, StO2 is similar to mixed venous oxygen saturation 
and reflects the balance between local oxygen supply and 
consumption. Thus changes in StO2 can be altered by both 
changes in local microcirculatory flow and changes in 
local consumption.7

In addition to monitoring the absolute value in the 
thenar eminence, the StO2 response to a brief ischemic 
challenge can provide dynamic information on tissue per-
formance. In the so-called vascular occlusion test (VOT) 
an artery proximal to the StO2 probe is occluded until a 
given ischemic threshold is reached, and the occlusion is 
then released. This test generates some dynamic param-
eters: the initial deoxyhemoglobin slope (DeO2) following 
ischemia has been proposed as a marker of local oxygen 
extraction. When the DeO2 is corrected for the estimated 
amount of hemoglobin, the result is a parameter of local 
oxygen consumption, the nirVo2. The reoxygenation slope 
(ReO2) that follows the release of the vascular occlusion has 

been proposed as a marker of endothelial function because 
it depends on blood inflow and capillary recruitment after 
the hypoxic stimulus.8 However, several studies also cor-
related ReO2 with perfusion pressure. Thus, the resulting 
ReO2 may be derived from the interaction of perfusion 
pressure with endothelial integrity.9

Although septic patients tend to have lower StO2 values 
than healthy subjects, there is a huge overlap between these 
two populations.10 These observations may be explained 
by the heterogeneity of microcirculatory alterations in sep-
sis (ischemic and highly oxygenated areas coexist), with an 
overall “normal” oxygen content in a given sensed area. 
The low sensitivity of this approach may be a major limita-
tion of absolute StO2 in sepsis. However, the use of VOT-
derived variables appears to be more promising. Several 
studies have reported alterations in the StO2 response to 
the VOT in sepsis, and the magnitude of these alterations 
correlated directly with prognostic factors and even with 
mortality.9-11

Direct Methods to Assess Microcirculation: 
Evaluation of Microvascular Perfusion

Clinical Examination

On the basis of the concept that the peripheral circulation 
provides an early glimpse into a circulatory disturbance 
that may lead to shock, some classic clinical findings are 
used at the bedside as surrogates of the presence of an 
impaired circulation. This noninvasive peripheral perfu-
sion evaluation includes several easy-to-evaluate bedside 
measures such as capillary refill time and mottling score 
and the central-to-toe temperature gradient12,13 that may 
be used to relate peripheral tissue hypoperfusion to the 
severity of organ dysfunction and outcome, independent 
of systemic hemodynamics.13 However, these methods 
have important limitations: they are difficult to quantify 
and provide relevant information on the peripheral (par-
ticularly skin, an organ with independent mechanisms 
of regulation) rather than the central microcirculation.14 
Therefore these clinical methods, although useful for 
identifying patients at risk, have limited applications in 
daily clinical practice.

Videomicroscopy

Developed more than three decades ago, epi-illumination 
methods were introduced to observe the microcircula-
tion in vivo without the need for transillumination. This 
approach eliminated one of the main technical issues that 
limited clinical utility. These methods were later incorpo-
rated into handheld microscopes, eventually giving rise to 
orthogonal polarization spectral (OPS) imaging developed 
by Slaaf and co-workers15 and incident dark-field (IDF) illu-
mination developed by Sherman and co-workers.16 OPS17 
and later sidestream dark-field (SDF, an application of IDF 
imaging18) are videomicroscopic imaging techniques based 
on similar general principles that filter surface reflections 
of incident illumination light to allow detection of sub-
surface microcirculatory structures. After a light source is 
applied on a surface, the light is reflected by the deeper 
layers of the tissue, transilluminating superficial tissue lay-
ers. Accordingly, this technique can be used only on organs 
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or tissue surfaces covered by a thin epithelial layer because 
the penetration of the green light used is about 0.5 mm. 
The selected wavelength (530 nm) of illumination light is 
absorbed by the hemoglobin in the red blood cells irrespec-
tive of its oxygen content. Erythrocytes are seen as black-
gray bodies flowing inside capillaries (absorbed light) over 
a white tissue background (reflected light). Thus, only 
functional capillaries (with red blood cell flow) would be 
observed in contrast to physiologic nonfunctional capil-
laries (without red blood cell flow), which would not be 
detected.19 Although the main focus of the technique is 
evaluation of red blood cell flow and the microvessel net-
work, other microcirculatory elements such as leukocytes 
can also be identified.

In contrast to animal studies or patients undergoing sur-
gery where several internal organs have been explored with 
videomicroscopy, in critically ill patients, this technique 
has been applied in more accessible surfaces, especially 
the sublingual mucosa. The sublingual area has been the 
most intensely investigated surface. In this region, different 
sized venules (25 to 50 μm) and capillaries (<25 μm) can be 
examined, whereas arterioles (50 to 100 μm) are normally 
not identified because they are located in deeper layers and 
the optics in early OPS and SDF devices limit visualization.

The early phase of severe sepsis and septic shock is char-
acterized by a significant decrease in vessel density and in 
the proportion of perfused capillaries in sublingual video-
microscopy studies.20,21 In addition, these studies identified 
an increase in heterogeneity of vascular density and blood 
velocity between coexisting areas. These alterations were 
more severe in nonsurvivors, and the rapid resolution of 
microcirculatory changes after interventional therapy cor-
related with improved outcome, including mortality.20,22,23 
Conversely, the persistence of microcirculatory alterations 
after the first 24 hours strongly and independently corre-
lated with early mortality secondary to circulatory failure 
and with the development of multiorgan dysfunction in 
the late phase.24

Quantification of microcirculatory alterations has been 
a challenge because these techniques are limited by the 
hardware and because different scoring systems have been 
developed. After the conclusions of an expert consensus 
conference,25 the ideal microcirculation analysis report 
should evaluate microvascular blood flow, vascular den-
sity, and perfusion heterogeneity. Microcirculatory perfu-
sion is evaluated assessing microvascular flow index (MFI) 
and the proportion of perfused vessels (PPVs). Vascular 
density is evaluated by assessing total vessel density and 
perfused vessel density (PVD). Importantly, tissue perfu-
sion is dependent on functional capillary density (reflected 
by PVD) and blood velocity (reflected by MFI). Vascular 
density is thought to be more important than blood veloc-
ity in ensuring tissue oxygenation because cells are able 
to regulate oxygen extraction. Accordingly, homogeneous 
low flow should be better tolerated than heterogeneous 
flow even when total blood flow is lower.26 On the other 
hand, the presence of very high blood flow may theoreti-
cally reduce the time needed for hemoglobin to unload 
oxygen to cells and also may induce capillary endothelial 
damage by shear stress.25 Finally, heterogeneity of perfu-
sion is reflected by PPV in the investigated area and the 
heterogeneity index (Het Index) in the investigated organ. 

Assessing heterogeneity of perfusion is an essential factor 
for evaluating the shunt fraction in septic shock.27 Most of 
these variables are quantitative; flow-related parameters 
are semiquantitative but are sensitive enough to evaluate 
microcirculatory performance.

Routine clinical use of handheld microscopes has been 
sparse because the current first-generation (OPS) and sec-
ond-generation (SDF) devices are technically limited and 
because automatic bedside image analysis is problem-
atic. Thus, these approaches have been used primarily for 
research purposes.28 Recently, a third-generation handheld 
microscope with incident dark-field imaging (Cytocam–
IDF imaging29) has become available. A computer-con-
trolled high-resolution, high pixel–density digital camera 
permits instant analysis and quantification of images. With 
this advanced technology, physiologically relevant, func-
tional microcirculatory parameters may be measured and 
directly related to the clinical setting. This development 
should allow direct implementation of quantitative micro-
circulatory imaging monitoring at the bedside and thus 
open the way for its use in clinical decision making such 
as titrating fluid resuscitation to achieve microcirculatory 
endpoints.30

Overall, videomicroscopy is considered to be the gold 
standard technique for assessing microcirculation at the 
bedside. In the near future, this technique may allow moni-
toring of the last frontier of tissue perfusion in daily clinical 
practice.

HOW CAN MONITORING THE 
MICROCIRCULATION IMPROVE 
OUTCOME?

Microcirculation Alterations Are Related to 
Outcome in Sepsis

Over the past 30 years, several studies have indicated that 
microcirculatory alterations are consistently associated 
with, and may predict, outcomes from sepsis. From the 
initial clinical studies with gastric tonometry to the most 
recent direct microvasculatory visualization with in vivo 
videomicroscopy, the degree of alteration in local oxygen-
ation, local carbon dioxide (CO2) production, or capillary 
perfusion characteristics has been reliably associated with 
the clinical trajectory of septic patients.9-11,22-24,31,32 Impor-
tantly, microcirculatory abnormalities have been associated 
with outcome and organ dysfunction even when current 
international guidelines for resuscitation of the macrocir-
culation were fully implemented.33-36 These observations 
strongly suggest that microcirculatory endpoints must 
be incorporated into the process of resuscitating septic 
patients. In addition, microcirculatory monitoring may 
provide important mechanistic information about the 
response to therapy.37-42

How to Resuscitate the Microcirculation

Current therapeutic interventions in sepsis—fluids, vaso-
pressors, inotropes, blood products—target systemic 
hemodynamic parameters, with the expectation that 
increasing global oxygen delivery will improve micro-
vascular perfusion and oxygenation. However, these 
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approaches do not include monitoring of the microcircu-
lation. Given the heterogeneous nature of microcircula-
tory alterations in sepsis, increasing global organ blood 
flow may be insufficient to recruit the microcirculation. 
Indeed, several studies demonstrated that microcircula-
tory effects of both fluids and/or vasoactive agents were 
relatively independent of their systemic effects.38,42-46 
Ospina et al.45 and Pranskunas et al.38 used videomi-
croscopy to demonstrate that microcirculatory effects of 
fluid administration were independent of induced mac-
rocirculatory changes, for example, as enhanced cardiac 
output. Interestingly, improvements in microcirculatory 
indices of perfusion were not related to increases in car-
diac output. Pranskunas et al. showed clinical parameters 
indicating that hypovolemia improved only when fluid 
administration, which resulted in improved microcircu-
latory flow, resulted in a reduction in clinical parameters 
of hypovolemia, whereas fluid administration, which 
did not affect microcirculatory flow, was not effective in 
correcting clinical parameters of hypovolemia.38 These 
observations conflict with the current (Frank-Starling) 
macrocirculatory-based approach to fluid administra-
tion.47 Current data support targeting microcirculatory 
variables such as diffusion and convection, in addition to 
increasing global oxygen delivery. This can be achieved 
by directly monitoring the microcirculation and using 
these observations to titrate fluid resuscitation. Using a 
microcirculatory-monitoring, microcirculatory-guided 
fluid administration strategy has been proposed whereby 
microcirculatory convection and diffusion are maximized.30 
Analogous strategies have been envisaged for vasoactive 
drugs (e.g., for dobutamine infusion).42,48 Globally, clini-
cal studies evaluating the effect of resuscitation inter-
ventions on the microcirculation reinforce the idea that 
the microcirculatory response is fundamentally best 
predicted by baseline microcirculatory performance, 
better than for any macrohemodynamic variable.38,44 
Thus microcirculation evaluation would be mandatory 
before carrying out any intervention aiming to improve 
microcirculatory perfusion. Furthermore, interventions 
that do not appear to alter the circulation globally may 
significantly affect the microcirculation. These include 
the administration of hydrocortisone and activated pro-
tein C, red cell transfusion, and the use of vasodilatory 
agents, such as nitroglycerine.40,49-53 Each of these has 
been subject to large-scale clinical trials that either have 
failed to show efficacy or have generated controversy. 
None of these trials, however, has assessed microcircula-
tory performance. Given that the microcirculatory effects 
of activated protein C appear to be independent of its 
macrocirculatory effects,51-53 the results might well have 
been different had the microcirculation been targeted. 
Randomized trials specifically selecting patients with 
microcirculatory alterations are needed.

Impact of Targeting the Microcirculation in 
Sepsis Resuscitation

Despite current efforts to increase our knowledge on how 
we can evaluate and manipulate the microcirculation, the 
impact of these efforts remains unclear. To date, there are 
few prospective trials targeting microcirculatory endpoints 

in the resuscitation process. In 1992, Gutiérrez et al.31 
reported significant survival benefits when targeting tono-
metric gastric mucosal pH. The benefit of the intervention 
was limited to patients who had a normal gastric pH. These  
results appear to reinforce the interpretation of several 
large prospective trials with macrocirculatory endpoints 
that resuscitation interventions led to limited success once 
tissue or organ damage was present.54,55 In 2007 Yu and 
co-workers conducted a prospective interventional trial 
comparing global resuscitation endpoints with transcuta-
neous oxygen tension (PtO2) goals. Seventy patients were 
enrolled, and the PtO2-guided group showed a significant 
mortality reduction.56 Regrettably, the results of these trials 
have not been reproduced afterward. More recently avail-
able technologies, such as videomicroscopy or NIRS, have 
not been included in prospective trials as resuscitation 
guiding tools in septic shock patients.

Despite its apparent value, the inclusion of microcir-
culatory variables in the resuscitation process from sep-
tic shock appears complex. Some authors have proposed 
that microcirculatory endpoints be added to the end of 
the macrocirculatory resuscitation process, once current 
global endpoints are achieved. Conversely, others pro-
pose to “leave behind” current macrocirculatory goals 
and guide resuscitation with microcirculatory endpoints 
only.57 To date, objective data supporting either of these 
two approaches are lacking, and the arguments remain 
conjectural. Which strategy offers better results will require 
future clinical research.

In the end, tools for microcirculation monitoring will 
be subject to the same concerns that accompanied hemo-
dynamic monitoring devices in the past: No monitoring 
device, per se, can improve outcome unless coupled to 
an effective treatment. The advantage of microcirculatory 
monitoring lies in the insight into basic physiologic mech-
anisms that it provides. Therapy in critical care medicine 
too often refers to responders and nonresponders. Moni-
toring the microcirculation may provide additional depth. 
Ultimately, monitoring the microcirculation will have to be 
integrated into routine hemodynamic monitoring for it to 
truly make a difference.

AUTHORS’ RECOMMENDATIONS

 •  The microcirculation is the ultimate destination of the function-
al mission of the cardiovascular system to transport oxygen to 
the tissue cells needed to perform their function in sustaining 
organ function. That is why monitoring its functional behavior 
is essential for hemodynamic support of the critically ill patient. 
Currently there are techniques based on handheld microscopes 
that allow the microcirculatory determinants of oxygen trans-
port to tissue (convection and diffusion) to be determined.

 •  Microcirculatory alterations have prognostic implications, 
regardless of the technology used for its assessment, and  
independently of global resuscitation endpoints.

 •  The link between systemic hemodynamics and microcircula-
tory perfusion is relatively loose, and the current macrocircula-
tory evaluation approach of the resuscitation process might not 
always stand for parallel microcirculatory benefits.

 •  Including microcirculatory endpoints and guiding resuscitation 
with these technologies might prove beneficial for improving 
patients’ outcomes.  
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Campaign Guidelines Work?
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WHAT ARE BUNDLES?

The development and publication of guidelines seldom 
lead to changes in clinical behavior, and guidelines are 
rarely integrated into bedside practice in a timely fashion. 
Bundles are a group of evidence-based interventions that, 
when instituted together, may provide an impact greater 
than any single intervention alone.1 Ideally, a bundle 
provides a simple and uniform way to implement best 
 practices.

NEED FOR BUNDLES IN SEVERE SEPSIS 
AND SEPTIC SHOCK

Sepsis accounts for 20% of all admissions in noncardiac 
intensive care units (ICUs) and is the leading cause of death 
in such units.2 There are approximately 750,000 new sep-
sis cases in the United States every year, and the overall 
mortality rate remains close to 30%.3 It is the single most 
expensive condition treated in the United States, exceed-
ing $20 billion annually.4 Mortality and health-care costs 
associated with sepsis can be reduced by the coordinated 
and timely application of a group of evidence-based inter-
ventions.5-7 Thus sepsis is a syndrome that is particularly 
amenable to bundle-based management.

Recognizing the global impact of sepsis and the grow-
ing evidence for interventions that would improve out-
comes, the Surviving Sepsis Campaign (SSC) Guidelines 
were published initially in 2004, incorporating the best 
available evidence at that time. Beyond the guidelines, 
the SSC developed an international collaborative initiative 
to increase awareness of sepsis and to apply bundles as a 
means of translating the available evidence into improved 
patient outcomes on a global scale.

Over the last 10 years, the SSC has progressed in phases 
with multiple goals: building awareness, educating health-
care professionals, and improving the management of 
sepsis. Thus the SSC structured itself into an international 
practice improvement project, with in-depth collection of 
performance data and a goal of reducing sepsis mortality 
by 25% within 5 years (2004-2009).8 During this time, the 
bundles themselves have been adapted in response to an 
evolving evidence base and data collected from the SSC 
itself (Table 43-1).

Is There Evidence That Application of the SSC 
Bundles Improves Outcomes?

Although the components of the bundles themselves have 
generated ample debate since their development, there is 
little doubt that the SSC bundles have been effective. Ferrer 
et al.6 published the results of a national, SSC-based educa-
tional effort in Spain. The effort, based on the SSC guide-
lines, resulted in a reduction of in-hospital and 28-day 
mortality from severe sepsis or septic shock by 11% and 
14%, respectively (Fig. 43-1). Improvement in outcomes 
was greatest in hospitals with the poorest initial perfor-
mance. The key to improving outcomes, however, seemed 
to lie in persistent and penetrating education. The postin-
tervention cohort still had a compliance rate of only 10% to 
15%, and during long-term follow-up, compliance with the 
resuscitation bundle returned to baseline.

The hypothesis that increased bundle compliance 
would lead to improved outcomes was tested by the Inter-
mountain Healthcare Intensive Medicine Clinical Program. 
This large, multicenter study involving 11 hospitals and 18 
ICUs enrolled nearly 4500 patients and conducted a quality 
improvement study to evaluate the effects of implementa-
tion of sepsis bundles (Fig. 43-2).9 By the end of the study 
period, bundle compliance was almost 75%, and in-hospi-
tal mortality rate had fallen below 10%.

The SSC itself has collected data from more than 15,000 
patients at 165 sites participating in the collaborative. 
Bundle compliance rates and their association with hospi-
tal mortality were examined. Compliance rates with both 
phases of the bundle improved over the 2-year campaign. 
Simultaneously, there was a 7% absolute risk reduction in 
unadjusted hospital mortality over this time period. As the 
authors noted, by instituting a practice improvement pro-
gram grounded in evidence-based guidelines, the SSC suc-
cessfully increased compliance with sepsis bundles, and 
this change was associated with better patient outcomes.

In 2014, the SSC published the effects of bundle adop-
tion over a 7.5-year period.10,11 Analysis of nearly 30,000 
patients from three different continents and more than 
200 hospitals with up to 4 years of data revealed the sus-
tainability of improved outcomes with increasing bundle 
compliance. Participation in the SSC alone led to an over-
all decline in mortality. Higher compliance to either resus-
citation or management bundles led to improvements in 

43
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mortality. Continued participation in the SSC led to addi-
tional reductions in mortality by 7% per quarter. In addi-
tion, for every 10% increase in bundle use, there were 
significant decreases in hospital and ICU lengths of stay.

Although there are regional differences in bundle com-
pliance and mortality, improved outcomes are not limited 
to resource-intensive settings when there is adherence to 
the SSC bundles. Raymond and colleagues showed that 
bundle compliance in India reduced mortality from 35% to 
21%,1 including reductions in intensive care length of stay 

and ventilator-free days. Similar observations have been 
seen in China and Brazil.12,13 As of 2014, there are more than 
40 studies showing that increased bundle compliance leads 
to improvements in mortality. As a corollary, noncompli-
ance with these bundles was associated with increases in 
hospital mortality. In fact, a study in the United Kingdom 
showed that noncompliance with the 6-hour sepsis bundle 
was associated with a more than twofold increase in hos-
pital mortality.14

Table 43-1 Surviving Sepsis Campaign Care Bundles

Original Bundle (2005) Updated Bundle (2012)

Resuscitation bundle (to be completed within the first 6 hr)
 •  Serum lactate measured
 •  Blood cultures obtained before antibiotic administration
 •  Broad spectrum antibiotics administered within 3 hr for  

ED admissions, 1 hr for non-ED admissions
 •  If hypotensive or if lactate ≥ 4 mmol/L, initial bolus of  

20 mL/kg crystalloid (or colloid equivalent) administered;  
if MAP still <65 mm Hg, vasopressors applied

 •  If hypotension or hyperlactemia persists, CVP >8 mm Hg  
and ScvO2 of >65% achieved (or MVo2 >65%)

To be completed within 3 hr 
 •  Serum lactate measured
 •  Blood cultures obtained before antibiotic administration
 •  Broad-spectrum antibiotics administered
 •  30 mL/kg of crystalloids administered for hypotension or  

lactate ≥ 4 mmol/L

Management bundle (to be completed within the first 24 hr) 
 •  Low-dose steroids administered for septic shock
 •  Drotrecogin alpha (activated) administered
 •  Glucose control maintained between lower limit of normal  

and <150 mg/dL
 •  Inspiratory plateau pressures maintained <30 cm water for  

patients who are mechanically ventilated

To be completed within 6 hr 
 •  Vasopressors applied for refractory hypotension to maintain 

MAP ≥ 65
 •  If initial lactate >4 mmol/L or if hypotension persists after volume 

resuscitation, measure CVP and ScvO2
 •  Remeasure lactate if initial lactate was elevated

Adapted from Dellinger RP, Levy MM, Rhodes A, et al. Surviving sepsis campaign: International guidelines for management of severe sepsis and septic shock: 2012. 
Crit Care Med. 2013;41:580–637; and from Levy MM, Dellinger RP, Townsend SR, et al. The Surviving Sepsis Campaign: results of an international guideline-based 
performance improvement program targeting severe sepsis. Crit Care Med. 2010;38(2):368.16

CVP, central venous pressure; ED, emergency department; MAP, mean arterial pressure; MVo2, myocardial oxygen consumption; ScvO2, central venous oxygen 
saturation.
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Figure 43-1. Reduction of mortality in patients with severe sepsis 
and septic shock by implementation of the Surviving Sepsis Cam-
paign guidelines. (Adapted from Ferrer R, Artigas A, Levy MM, et al. Im-
provement in process of care and outcome after a multicenter severe sepsis 
educational program in Spain. JAMA. 2008;299(19):2294–2303.)
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Figure 43-2. Improving bundle compliance improves mortality. 
(Adapted from Miller RR 3rd, Dong L, Nelson NC, et al; Intermountain 
Healthcare Intensive Medicine Clinical Program. Multicenter implementa-
tion of a severe sepsis and septic shock treatment bundle. Am J Respir Crit 
Care Med. 2013;188(1):77–82.)
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Is There Evidence That the SSC Bundles  
Are Cost-Effective?

Treatment of severe sepsis and septic shock is resource inten-
sive, with annual costs exceeding $20 billion in the United  
States alone.3 Several studies have analyzed the cost-effec-
tiveness, from a health-care perspective, of compliance 
with the SSC bundle elements. On implementation, the 
overall mean cost per patient may increase; however, this is 
driven by improved survival leading to increased length of 
stay. The incremental cost-effectiveness ratio, a commonly 
used approach to decision making regarding health inter-
ventions, was as low as €4435 per life year gained (LYG) 
in one such study from Spain.7 This ratio was significantly 
lower than the frequently used limit of €30,000 per LYG to 
gauge cost-effectiveness of an intervention in that country. 
Data from the United States showed a reduction of nearly 
$5000/patient when the SSC bundles were implemented.15 
ICU costs fell by nearly 35%, and there was a simultaneous 
reduction in hospital length of stay by around 5 days. In a 
subgroup analysis, the cost savings was $8000 per survivor, 
despite an increase in hospital length of stay (Fig. 43-3).

In a period where health-care spending is being scruti-
nized, such cost-saving measures have important economic 
implications. With the extrapolation of the data described 
previously to all patients with severe sepsis and septic shock, 
consistent adherence to the SSC bundle elements could 
potentially save $4 billion annually in the United States.

SUMMARY

There is overwhelming evidence that implementation of  
the SSC bundles saves lives as well as reduces health-care 
spending. Through the bundles, the SSC has successfully 
created a paradigm shift in the approach to severe sepsis and 
septic shock. Therein lies the strength of bundles: guidelines 

that may take years to change clinical behavior can now be 
distilled into something easily implementable at the bedside. 
As new evidence becomes available, these bundle elements 
can be adapted and the new evidence quickly translated to 
improved patient care.
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Has Outcome in Sepsis 
Improved? What Has Worked? 
What Has Not Worked?

Jean-Louis Vincent

Sepsis, defined as some degree of associated organ dys-
function attributed to a dysregulated host response in asso-
ciation with severe infection,1 remains a common condition 
affecting 1% to 11% of hospitalized patients2-4 and about 
30% of intensive care unit (ICU) patients.5,6

HAVE OUTCOMES FROM SEPSIS 
IMPROVED?

Recent studies have suggested that outcomes for patients 
with sepsis have improved over the years.7 As early as 
1998, in a review of studies examining patients with septic 
shock published between 1958 and 1997, Friedman et al. 
reported a decrease in hospital mortality rates from about 
65% to about 42%.8 In another early study, Martin et al.9 
reported that in-hospital mortality rates for patients with 
sepsis admitted to a sample of U.S. hospitals decreased 
from 28% for the period 1979 to 1984 and 18% for the 
period 1995 to 2000. More recently, Stevenson et al.10 used 
data from the control arms of randomized clinical trials in 
patients with sepsis published between 1991 and 2009 and 
reported a 3% annual decrease in 28-day mortality rates 
(P = .009). The same authors and others have reported simi-
lar trends for in-hospital mortality when using administra-
tive hospitalization data in the United States10-13 and other 
countries.14,15 Using data from the Australian and New 
Zealand Intensive Care Society adult ICU patient database, 
Kaukonen et al.16 reported an absolute decrease in the hos-
pital mortality rate of sepsis from 35% in 2000 to 18.4% in 
2012; after logistic regression analysis, the odds ratio (OR) 
for mortality was 0.49 (95% confidence interval [CI], 0.46 to 
0.52) in 2012 with 2000 as reference.

Taken together, there is, therefore, some evidence of 
improved outcomes from sepsis over the last couple of 
decades (Table 44-1). Nevertheless, the apparent extent 
of the decrease in mortality should be interpreted with 
some caution. Indeed, increased awareness of sepsis, 
changes in the code definitions used to classify the disor-
der, and altered reimbursement strategies have likely led 
to an inclusion of an increased number of patients with less 
severe disease and, hence, inherently lower risk of death, 

in studies on sepsis; this effect certainly accounts for some 
of the reported temporal increase in the number of septic 
patients—including less severe cases—with concurrent 
decrease in mortality.17-19

WHAT HAS NOT WORKED?

Over the years, our understanding of the pathophysiol-
ogy of sepsis has improved so that many of the complex 
responses to infection and how they interact to cause sep-
sis are now well detailed and defined.20 Multiple pathways 
and molecules have been identified as potential targets for 
therapeutic intervention; however, despite more than 100 
randomized controlled clinical trials of sepsis-modulating 
therapies, no effective intervention has been identified.21 
Clearly then, this approach to improve survival has not 
worked. There have been many putative explanations 
for these apparent “failed” trials, including discrepancies 
arising when preclinical models and experimental data 
are translated to the clinical arena; issues with the in vivo 
efficacy of the intervention under examination; concerns 
about the dose and timing of the intervention; and prob-
lems with clinical trial design, including choice of out-
come measures.21 Perhaps the key problem, though, has 
been in the selection of patients for these studies. Lack of 
a clear and specific definition or marker of sepsis has led 
to the inclusion of very heterogeneous groups of patients. 
Patients with different degrees of disease severity, differ-
ent sepsis sources and causative microorganisms, different 
genetic backgrounds, and different comorbidities and ages 
have all received the same intervention. Many studies also 
included multiple centers with an associated variability in 
standards of care, resource availability, and staff training.21 
Moreover, it has become apparent that patients have differ-
ent types of immune response—both proinflammatory and 
anti-inflammatory responses are present simultaneously—
and the balance between these two forms may determine a 
patient’s response to treatment.22 This has rarely been taken 
into consideration when clinical trials are designed. In a 
trial that includes such heterogeneous groups of patients, a 
single intervention may be of benefit in some but harmful 

44
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in others so that the overall study outcome may not accu-
rately reflect the true efficacy of the therapeutic agent had 
it been tested in a more select population. For example, 
a patient with a primarily proinflammatory response is 
unlikely to respond to an agent that further promotes 
inflammation; thus administration of granulocyte colony-
stimulating factor (G-CSF) to all patients with septic shock 
was not associated with improved outcomes.23 Similarly, 
giving an anti-inflammatory agent to a patient who is 
already immunosuppressed will probably not be of ben-
efit. Indeed, in many of the studies of immunomodulatory 
agents that showed no overall improvement in outcome, 
beneficial effects were identified in certain subgroups.24-30

Other specific aspects of patient management have also 
not consistently been shown to be effective. An early goal-
directed therapy protocol reduced mortality in a selected 
group of patients at a single center31 but had no beneficial 
effects on outcomes in two larger, multicenter studies.32,33 
Similarly, tight blood glucose control improved outcomes 
in a single center study on critically ill surgical patients34 
but not in a more general population of ICU patients.35 
Glucocorticoid therapy reduced the risk of death in one 
study in patients with septic shock,36 but these effects were 
not confirmed in later studies.37

Single interventions in heterogeneous groups of “sep-
tic” patients have therefore clearly not worked. Improving 
patient characterization so that those patients who are most 

likely to respond to the intervention(s) in question can be 
identified and studied is necessary for future clinical trials 
in sepsis therapeutics.38

WHAT HAS WORKED?

Despite the lack of specific sepsis treatments and some 
problems with diluted data, patient outcomes from sepsis 
have improved over the years. Therefore if single specific 
interventions have not been effective, what has worked? 
It is logical to invoke two major factors in these improved 
outcomes: (1) the enhanced awareness of sepsis as a pos-
sible diagnosis and realization of the importance of early 
recognition and management39 and (2) a gradual improve-
ment in the general process of care for these, and indeed 
all, critically ill patients.40,41 Taking the former aspect 
first, early effective antibiotic treatment, infectious source 
removal, adequate fluid administration, and vasopressor 
and organ support have all been associated with improved 
outcomes.39 Guidelines with recommendations for best 
patient care, stressing the need for rapid institution of these 
practices, have been written by teams of experts,39 and 
bundles of care items (including measurement of blood 
lactate level, early administration of broad-spectrum anti-
biotics, administration of fluids when hypotension is pres-
ent, and administration of vasopressors for hypotension 

Table 44-1 Some of the Published Studies Reporting Trends in Mortality Rates in Sepsis

First Author 
(References) Patients Type of Data Year Span Change in Mortality Rate

Friedman8 Septic shock Systematic review 1958-1997 Hospital mortality decreased from 65% to 42%

Martin9 Sepsis Hospital discharge records, ICD 
codes

1979/1984-
1995/2000

Hospital mortality decreased from 28% to 18%

van Ruler56 Severe sepsis Control arms of randomized trials 
of sepsis treatment

1990-2000 Hospital mortality decreased from 44% to 35%

Dombrovskiy57 Severe sepsis National inpatient database, ICD 
codes

1995-2002 Hospital case fatality rate decreased from 51% to 45%

Dombrovskiy58 Sepsis ICD codes 1993-2003 Hospital case fatality rate decreased from 46% to 38%

Harrison14 Severe sepsis National ICU database 1996-2004 Hospital mortality decreased from 48% to 45%

Kumar11 Severe sepsis National inpatient database, ICD 
codes

2000-2007 Hospital mortality decreased from 39% to 27%

Lagu12 Severe sepsis National inpatient database, ICD 
codes

2003-2007 Hospital mortality decreased from 37% to 29%

Ani13 Severe sepsis Administrative database, ICD 
codes

1999-2008 Hospital mortality decreased from 40% to 28%

Dreiher59 Sepsis Retrospective multicenter cohort 2002-2008 Hospital mortality unchanged (53% vs. 55%)

Stevenson10 Sepsis Control arms of randomized trials 
of sepsis treatment

1991/1995-
2006/2009

Hospital mortality decreased from 47% to 29%

Ayala-Ramírez15 Sepsis Administrative database, ICD 
codes

2003-2011 Hospital mortality decreased from 40% to 32% in 
males and from 42% to 35% in females only in 
patients with severe sepsis

Kaukonen16 Sepsis Retrospective, multicenter, obser-
vational study

2000-2012 Hospital mortality decreased from 35% to 18%

ICD, International Classification of Diseases; ICU, intensive care unit.
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that does not readily respond to initial fluid resuscitation) 
have been developed.42 Compliance with these bundles 
has been associated with improved outcomes in differ-
ent ICU settings,43-46 although intensivists should not be 
restricted by specified time limits and all aspects of these 
bundles should be performed as rapidly as possible. The 
use of multidisciplinary sepsis response teams has been 
suggested to improve the initial stabilization of patients 
with sepsis, ensuring that all aspects of management can 
be performed rapidly.47 A specially equipped and staffed 
room or “shock lab” could similarly improve early man-
agement in these patients.48

In terms of process of care, of the many aspects that have 
seen gradual change over the years and led, in combination, 
to improved patient outcomes in all critically ill patients, 
including those with sepsis, four merit specific discussion. 
The development of intensive care as a specialty in its own 
right with trained intensivists familiar with the complexi-
ties of critical illness has contributed hugely to the ongoing 
improved process of care. First, intensivists have generally 
become less invasive and less aggressive in some aspects 
of their patient management. They have come to under-
stand that many of the seemingly pathophysiologic effects 
of sepsis are, in fact, beneficial and should not necessar-
ily be “treated” or “normalized.” The use of interventions 
that have been associated with poorer outcome has gradu-
ally been reduced and even eliminated. Thus, fewer trans-
fusions are given, patients are fed less, tidal volumes have 
been reduced, and sedation has been minimized. Second, 
intensivists have come to appreciate the unique circum-
stances surrounding each patient and have thus individu-
alized treatment rather than manage all ICU patients in 
the same way. Conversely, intensivists have standardized 
critical aspects of care by introducing guidelines and pro-
tocols so that key elements are less likely to be forgotten or 
mismanaged. This dichotomy can, in some circumstances, 
become problematic. Although protocols can improve the 
delivery of care when quality is suboptimal, especially 
when there is a shortage of well-trained staff, they may be 
too rigid in many centers where care is already optimal 
and may limit intensivists’ ability to account for the impor-
tance of individual patient factors; here, checklists may be 
a better approach.49 Third, intensivists have realized the 
importance of multidisciplinary teamwork within the ICU 
setting, moving from a rather paternal, physician-directed 
approach to patient management and decision making that 
is much more inclusive, with input from all members of the 
ICU team, including nurses, physiotherapists, nutritionists, 
and pharmacists. Good teamwork can help reduce medi-
cal errors and improve job satisfaction, as well as improve 
patient outcomes.50,51 One of the key aspects of good team-
work is good communication, and this concept extends also 
to patients and their relatives. Patients, whenever possible, 
and next of kin are now informed more openly of patient 
progress, treatment options, and likely prognosis. End- 
of-life decisions in particular are now discussed more can-
didly and clearly with families, and patients increasingly 
share in the decision-making process.52,53 Fourth, realiza-
tion of the importance of early recognition and management 
of critical illness has led many hospitals to extend the ICU 
beyond its physical four-wall structure by creating medical 
emergency teams or ICU outreach teams. These consist of 

trained intensivists, nursing staff, or both who can assess 
and initiate management of patients on the general ward 
before they deteriorate to the point where they require ICU 
admission.54 Critical illness generally starts some time before 
ICU admission, and the severity of illness could potentially 
be limited by early intervention, thus improving patient 
outcomes.55 Similarly, early patient mobilization has largely 
improved the convalescent phase.

CONCLUSION

Sepsis remains a common condition in critically ill patients. 
Improvements in the process of care for these patients in 
general, and in early recognition and management of 
patients with sepsis in particular, have helped improve sur-
vival rates, but further progress is needed. Improvements 
in diagnostic methods will facilitate more rapid patient 
management, and better patient characterization will help 
select more homogeneous patient groups for clinical trials 
of new specific sepsis therapies. Early administration of 
appropriate antibiotics, early source control when needed, 
rapid resuscitation, and hemodynamic stabilization must 
remain the key focus of patient management, and dedi-
cated sepsis teams can help achieve these targets.
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INCIDENCE

Annually in the United States alone, more than 5 million 
central venous catheters (CVCs) are inserted, and patients 
are exposed to more than 15 million catheter days in the 
intensive care unit (ICU).1 Approximately 250,000 blood-
stream infections are reported in hospitals,2 80,000 of which 
are in critical care units.1 The reported incidence density in 
the literature is highly variable; in a review by Maki, the 
reported variance was from 0.1 to 2.7 cases/1000 catheter 
days.2 Although some studies have questioned whether 
catheter-related bloodstream infections (CRBSIs) are asso-
ciated with mortality,3 others have reported up to 25% 
directly attributable deaths.4 Length of hospital stay and 
health-care costs are significantly increased by an episode 
of CRBSI.5-7 As reported by Shah, on average, affected 
patients will stay an extra 10 to 20 days in the hospital, with 
their health-care costs increasing by an additional $4000 to 
$56,000 per episode of CRBSI.8 Overall, it is estimated that 
CRBSI accounts for 11% of health-care–associated infec-
tions (HAIs) in the United States.3,5,9,10 Given the significant 
impact on patient outcomes, reduction in the incidence of 
CRBSI has become a priority for health-care providers. 
However, it is possible to achieve dramatic reductions 
when institutions have introduced educational programs 
and policies focused on minimizing their incidence.

DIAGNOSIS

The diagnosis of CRBSI may be established by crite-
ria where the catheter is left in situ and separate criteria 
where the catheter has been removed. In the clinical con-
text, where a patient manifests signs of sepsis, a CVC is in 
situ and there is no other focus of sepsis identified, then 
the likelihood of the catheter being the source is increased. 
Where the catheter is not removed, the quantitative method 
to establish the diagnosis is more than 100 colony-forming 
units (CFUs)/mL of blood drawn through the CVC. It is 
recommended to pair the sample obtained from the CVC 
with peripherally obtained cultures. Confirmatory evi-
dence of line infection is indicated when the same species 
is identified in both CVC and peripherally drawn samples, 
there is a differential time to positivity of more than 2 hours 
for CVC drawn samples, and the culture yield is more than 

fivefold higher for the blood obtained through the cath-
eter. The criteria for diagnosis where the catheter has been 
removed are established by a positive culture of a catheter 
segment; this may be semiquantitative (>15 CFU) or quan-
titative (>1000 CFU).1,3

PATHOGENESIS

Infection of an in-dwelling catheter occurs by a number of 
mechanisms. Organisms that have colonized the patient’s 
skin may track along the catheter path and infect the catheter 
tip.11,12 This is the most likely portal in the short-term (<10 
days in situ).11 Infection of the catheter hub tips may also 
occur as a result of handling by health-care personnel;13,14 
this appears to be the leading etiology when the catheter 
has been in situ for a prolonged period.1 Rarely, CRBSI may 
result because of hematogenous seeding of the catheter from 
a remote source of sepsis, such as pneumonia.15 Finally, con-
taminated infusions have been implicated in rare instances.16

ORGANISMS

Epidemiologic data on organisms frequently identified are 
compiled in the United States by the National Healthcare 
Safety Network (NHSN) of the Centers for Disease Control 
and Prevention (CDC). The most common isolates remain 
coagulase-negative staphylococci (31%), but Staphylococ-
cus aureus (20%) and enterococci (9%) are also frequent 
isolates.17,18 Fungi have become more prevalent, and Can-
dida species are increasingly implicated as the pathogen 
involved (currently 9%).17 Gram-negative organisms now 
appear to account for approximately 20% of cases, with 
Escherichia coli and Klebsiella subspecies accounting for 
6% and 5%, respectively.19 Antimicrobial resistance is also 
increasing; cases of gram-negative organisms resistant to 
third-generation cephalosporins and carbapenems are 
becoming more prevalent.19 This is also the case with Can-
dida infections where fluconazole resistance is becoming 
more common.3 However, methicillin-resistant Staphylo-
coccus aureus (MRSA) infections appear to be decreasing.18 
However, isolation of Staphylococcus infections should 
prompt a thorough evaluation for endocarditis, including 
echocardiography.20
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RISK FACTORS

Several risk factors have been identified, including the  
following:   
 1.  Inexperience of the physician performing the proce-

dure.2,3

 2.  Failure to adhere to maximum sterile barrier precau-
tions; this requires thorough antisepsis of the insertion 
site, all health-care–associated personnel in the vicinity 
to wear protective clothing, and draping of the patient’s 
whole body with sterile covers.

 3.  Density of flora on the patient’s skin surface.3
 4.  Duration of catheter insertion; the risk is magnified 

fourfold when the catheter is in situ more than 7 days 
and fivefold when the catheter is in more than 15 days.11

 5.  In the ICU, a high nurse/patient ratio.21

 6.  Patient factors, such as immune status, nutritional state, 
steroid therapy, and coincidental sepsis.  

Other considerations include the antiseptic solution 
used, the material used to manufacture the catheter, and 
the pathogenicity of the infecting organism. Chlorhexi-
dine (at least 0.5% in alcohol; ideally 2%) has become 
the standard antiseptic solution; data from studies sug-
gest that its use may be associated with a 1.6% decrease 
in CRBSI and 0.23% mortality improvement, with asso-
ciated cost benefits.22,23 However, on repeated exposure, 
patients may become sensitized, and rarely, severe reac-
tions, including anaphylaxis, have been described. Povi-
done-iodine and 70% alcohol are acceptable alternatives 
in these cases. In relation to catheter material, devices 
manufactured with polyvinyl chloride or polyethylene 
appear to have a higher rate of colonization and CRBSI 
than those manufactured with polytetrafluoroethylene or 
polyurethane because they may be intrinsically less resis-
tant to biofilm formation.24,25

PREVENTION

Prevention of HAI has become a priority for health-care 
providers. In relation to CRBSI, Pronovost demonstrated 
in a large study of 103 ICUs (representing > 375,000 CVC 
days) a mean reduction in incidence density from 7.7 to 
1.4/1000 catheter days at 18 months after the adoption of 
a specific protocol.4 The interventions were five straight-
forward practices: meticulous hand hygiene, sterile bar-
rier precautions, chlorhexidine antisepsis, avoidance of 
the femoral site, and removal of the catheter when no 
longer clinically indicated (Table 45-1). Comprehensive 

guidelines have been published to assist institutions in 
devising evidence-based programs to reduce their rate 
of CRBSI.4

Meticulous attention to hygiene is a fundamental objec-
tive that must be achieved. Investment in education and 
training in performing CVC insertion is imperative and is 
required on an institution-wide basis given the prevalence 
of these infections in the non-ICU environment. Handling of 
the line after insertion demands strict observation of hand 
hygiene practices and correct management of infusates, 
lines, and dressings. Use of two-dimensional (2-D) ultra-
sound has not definitively demonstrated a reduction in 
the incidence of CRBSI; however, there is a reduction in 
technical complications (such as carotid arterial puncture), 
time to insertion, and possibly reduced colonization at the 
internal jugular site.26 Consequently, if the technology is 
unavailable, ultrasound-guided CVC insertion is recom-
mended. Where possible, a nonsuture-based anchoring 
device should be used.3,27 In addition to a chlorhexidine-
based antiseptic agent, use of a chlorhexidine-impregnated 
sponge device placed at the line insertion site has demon-
strated efficacy at reducing CRBSI even where the baseline 
rate of infection was low.28 Similarly, daily cleansing of the 
catheter insertion site with a 2% chlorhexidine wash is also 
beneficial.

The subclavian vein is the recommended site for rou-
tine line placement, for example, for total parenteral nutri-
tion (TPN).3 This is, however, controversial. Studies have 
shown that, compared with the subclavian site, there are 
higher rates of colonization of both the internal jugular and 
the femoral sites (in particular with obese patients).29-32 
Surprisingly, this does not appear to translate to higher 
rates of infection.33 The subclavian site is associated with 
a higher rate of complications—inadvertent arterial punc-
ture or pneumothorax—and is technically more difficult 
to perform with ultrasound guidance. Therefore, while 
the subclavian site may appear to be the preferred option, 
the clinician must consider other factors when deciding 
on the site for line placement, such as respiratory reserve 
in the event of pneumothorax or coagulopathy. It is clear, 
however, that attempting to reduce the burden of skin colo-
nization with prophylactic antibiotics does not reduce the 
incidence of CRBSI, and their use for this purpose is not 
indicated. Similarly, although there appears to be a linear 
relationship between the duration of line insertion and the 
CRBSI, scheduled line removal and reinsertion expose the 
patient to the technical hazards of the procedures without 
the benefit of reducing the CRBSI rate.3 Instead, a transpar-
ent dressing should be applied enabling daily inspection of 
the site, with prompt removal of the line if any symptoms of 
sepsis develop in the absence of another focus.

Care of the management of infusion is critical. For 
nonblood- or nonlipid-containing preparations where 
the infusions are administered without interruption, it is 
recommended that the administration sets are changed 
between 4 and 7 days. For lipid-based preparations, this 
 frequency is typically increased, and on average it is 
advised to change these sets every 24 hours. Propofol 
administration sets should be changed every 6 to 12 hours.3

As discussed previously, the material used to manu-
facture the catheter can influence the development of 
CRBSI. As a further development, catheters coated 

Table 45-1 Central Line “Bundle” Shown to 
Reduce CRBSI4

 1.  Handwashing
 2.  Full-barrier precautions (during the insertion of CVC)
 3.  Chlorhexidine (2%) to clean the skin (allow to dry before inser-

tion)
 4.  Avoiding the femoral site if possible
 5.  Removing unnecessary catheters

CRBSI, catheter-related bloodstream infection; CVC, central venous catheter.
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with antiseptics (typically chlorhexidine/silver sulfa-
diazine) or antibiotics (minocycline/rifampicin) have 
been developed.34,35 The current second generation of 
antiseptic-coated catheters differs from the earlier ver-
sion by having triple the amount of antiseptic applied. 
They are also coated on internal and external lumina, as 
opposed to the eternal lumen only in the first-generation 
device.36 These second-generation antibiotic-coated cath-
eters demonstrated superiority in reducing CRBSI when 
compared with the first-generation antiseptic-coated 
lines.36 A Cochrane Collaboration meta-analysis of stud-
ies comparing impregnated with “plain” central lines 
demonstrated outcome benefit in intensive care (relative 
risk [RR], 0.68; 95% confidence interval [CI], 0.59 to 0.78) 
but not in hematology or oncology units and not in long-
term TPN patients.37 It is recommended that impregnated 
catheters be considered for use in instances where a cath-
eter is expected to be left in situ for more than 5 days and 
the institutional CRBSI rate remains above an acceptable 
threshold despite instituting a comprehensive training 
and education program and adoption of best practices.3,8
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educational and training program (Table 45-1).
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and are recommended in cases where central catheterization is 
expected to exceed 5 days.  
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Is Selective Decontamination of 
the Digestive Tract Useful?

John Lyons, Craig M. Coopersmith

Selective decontamination of the digestive tract (SDD) 
refers to the administration of prophylactic antibiotics to 
critically ill patients in the hopes of either preventing or 
treating airway or digestive tract colonization by organ-
isms that could potentially cause an infection. The ratio-
nale behind this practice posits that elimination of selected 
microorganisms from the oropharynx and upper gastroin-
testinal (GI) tract will prevent respiratory or bloodstream 
infections in critically ill patients.

The question of whether to implement SDD on a regular 
basis is somewhat unique. SDD has been extensively inves-
tigated through numerous randomized trials and multiple 
meta-analyses, with the preponderance of data supporting 
its use as beneficial. Despite the large literature supporting 
its use, a consensus on the appropriateness of SDD is lack-
ing among critical care practitioners worldwide, and, in 
fact, large-scale adoption of SDD has not occurred because 
of continued concerns about SDD inducing antibiotic resis-
tance.

DETAILS OF SELECTIVE 
DECONTAMINATION OF THE DIGESTIVE 
TRACT

The prevention of aerodigestive tract colonization with 
pathogenic bacteria is the goal of SDD. Theoretically, 
selectively decreasing the bacterial populations of the 
upper digestive tract and airway of critically ill patients 
should decrease the risk of developing ventilator- 
associated pneumonia.1,2 As such, SDD protocols aim to 
selectively limit the presence of potentially harmful bac-
teria without adversely impacting the overall microbiome 
of the patient or the intensive care unit (ICU). Antibiotics 
used in SDD plans are therefore chosen to treat two dif-
ferent groups of microbes: endogenous bacteria already 
present in patients that could become pathogenic (such 
as Staphylococcus aureus or Streptococcus pneumoniae), and 
gram- negative organisms that may secondarily colonize 
a patient during acute illness. Therefore SDD typically 
involves the administration of (1) a short intravenous 
course of a broad-spectrum cephalosporin aimed at treat-
ing existing, potentially pathogenic organisms and (2) 
ongoing enteral administration of nonabsorbable agents 
targeted toward gram-negative bacteria.

SDD should be contrasted with selective oral decontami-
nation, or SOD, which treats only the oral cavity. Although 
SOD is frequently a component of broader SDD treatment 
plans, confusion may arise in interpreting study results 
because authors may varyingly consider SDD and SOD to 
be identical or separate interventions. For the purpose of 
clarity, this chapter distinguishes between the two when-
ever possible.

Representative examples of treatment strategies for both 
SDD and SOD are listed in Table 46-1.3,4 SDD contains three 
components: (a) third-generation cephalosporins are dosed 
intravenously during the first 4 to 5 days of ICU admission, 
(b) nonabsorbable enteral antibiotics are given in a liquid 
form through a nasoenteric tube, and (c) pastes or gels are 
given to the oropharynx. The most commonly used enteral 
and oral agents are amphotericin, colistin, and tobramycin, 
although several other agents have also been studied.5-11 
Although the term SDD is universally used, in actuality, 
it is a misnomer because there are multiple components to 
successful treatment regiments, including elements that are 
not directed at the digestive system per se.

In contrast to SDD, SOD omits parenteral and enteral 
treatments and uses only oral pastes.3,12,13

EVIDENCE ON THE EFFICACY OF 
SELECTIVE DECONTAMINATION OF THE 
DIGESTIVE TRACT

SDD has been extensively studied. Investigations include 
numerous randomized trials and meta-analyses with 
results that generally indicate benefit in ICU patients. 
An initial publication from the Netherlands in the early 
1980s found that SDD significantly reduced both second-
ary colonization with pathogenic gram-negative organ-
isms and associated infections in patients with severe 
trauma.14 Serial culture data documented decreased air-
way and GI colonization with pathogenic bacteria, and 
infection rates fell drastically in the SDD group (16% vs. 
81%).

These initial findings prompted a large number of sub-
sequent evaluations. Indeed, SDD is unique in critical ill-
ness trials related to the sheer size of the data pool that 
addresses it. To date, various iterations of SDD or SOD 
have been analyzed in more than 50 randomized controlled 
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Table 46-1 Examples of SDD and SOD Treatments

Oral Enteral Parenteral

SDD Paste of amphotericin, colistin, tobramycin,  
2% each, applied to oropharynx q6 hr for 
duration of ICU stay

Amphotericin (500 mg), colistin (100 mg), 
tobramycin (80 mg) combined in 10 mL 
liquid suspension, administered via  
nasogastric tube q6 hr for duration of  
ICU stay

Cefotaxime 1 g q6 hr or ceftriaxone 2 g 
q24 hr for 4 days on ICU admission

SOD Paste of amphotericin, colistin, tobramycin,  
2% each, applied to oropharynx q6 hr for 
duration of ICU stay

–– ––

ICU, intensive care unit; SDD, selective digestive decontamination; SOD, selective oral decontamination.

trials (Table 46-2).3-13,15-57 As a group, the data almost uni-
formly demonstrate a significant reduction in infectious 
complications in patients receiving SDD/SOD treatment, 
although impact on mortality varies widely among studies. 
For example, a randomized trial in Dutch ICUs of nearly 
1000 patients found that a typical SDD regimen signifi-
cantly lowered rates of colonization by resistant organisms 
(16% vs. 26%) and was associated with a decreased ICU 
mortality (15% vs. 23%).8 Similarly, a subsequent, even 
larger Dutch trial (nearly 6000 patients) found that infec-
tious complications were reduced in SDD and SOD treat-
ment groups and although crude mortality rates did not 
differ from the control group, mortality also decreased 
modestly after adjustment for varying patient characteris-
tics in experimental arms.4

More recent trials from Dutch investigators have contin-
ued to indicate positive results seen in prior trials; a 2011 
randomized trial composed of more than 5000 patients also 
indicated reduced risk of colonization or infection, particu-
larly with highly resistant organisms, in groups undergo-
ing SDD.56 Further subgroup analysis from this same data 
set suggested that SDD or even SOD alone may be suffi-
cient to reduce 28-day mortality in medical ICU patients.57 
The findings in these and other publications contrast with 
several smaller studies that showed unchanged mortality.* 
Although the dominant outcomes typically examined with 
SDD are infection and mortality, preoperative SDD has also 
been shown to reduce the incidence of anastomotic leakage 
in patients undergoing GI surgery.41

Multiple reviews and meta-analyses have attempted to 
synthesize the broad body of literature on SDD (Table 46-3). 
Similar to the source publications, these studies indicate that 
SDD decreases rates of infection, although data regarding 
mortality benefit are at least somewhat conflicting. Meta-
analyses from the early 1990s documented a decreased risk 
of pneumonia with SDD but found that hospital mortality 
was unaltered.59-61 Subsequent reviews published later in 
the decade showed that SDD decreased mortality but only 
in critically ill surgery patients.62 Moreover, a 2001 review 
noted that, as the methodological quality of SDD stud-
ies increased, the relative risk reduction for pneumonia 
decreased, suggesting perhaps that the benefits detailed in 
early investigations were overstated because of inadequate 
design or analysis.63

*References 12, 13, 15, 24, 16, 58

More recently, a 2007 meta-analysis that included 51 trials 
and over 8000 patients determined that SDD does prevent 
mortality,64 a finding replicated in a 2009 Cochrane review65 
as well as a large meta-analysis of 29 trials published in 
2014.66 The fact that there are significantly fewer trials in 
more recent meta-analyses is reflective of different opin-
ions about quality of source data, a potential confounder 
in assessing the utility of SDD. Of note, recent reviews have 
also shown a decreased risk of infectious complications 
when SDD is administered to critically ill pediatric patients 
or to adult GI surgery patients, although SDD is not associ-
ated with a mortality benefit in these populations.67,68

COMPARISON OF SELECTIVE 
DECONTAMINATION OF THE DIGESTIVE 
TRACT AND SELECTIVE ORAL 
DECONTAMINATION

SDD is a combination of therapies: parenteral, enteral, and 
oral. If SDD protocols benefit patients, it seems reasonable 
to ask which component of SDD is most directly respon-
sible and if simpler protocols provide equivalent benefits. 
Further, concerns about antibiotic resistance (outlined 
below) are higher with systemic and enteral antibiotic use 
than with oral prophylaxis alone. As such, multiple studies 
have also examined the value of SOD only with oropharyn-
geal antibiotic paste alone.

In general, published data indicate that SDD is more 
effective in preventing infection and mortality than SOD, 
although this is not unequivocally the case. In a large, 
randomized, crossover study involving 13 ICUs in the 
Netherlands, SDD and SOD were compared both to stan-
dard therapy and to themselves. Adjusted mortality fig-
ures indicated a survival benefit for both SDD and SOD, 
although mortality was 0.6% better with SDD than SOD.4 
Similar results were generated by a follow-up investiga-
tion, which found that SOD was slightly less effective at 
preventing bacteremia with highly resistant organisms.69 
Other analyses of the Dutch data have found that, although 
SOD is able to reduce mortality in addition to colonization 
and bacteremia, the mortality benefit is only apparent in 
nonsurgical patients.57 Furthermore, although a 2014 meta-
analysis concluded that both SDD and SOD are superior to 
simple oral care, it could not determine how SDD and SOD 
differed and called for further investigations.66 In aggre-
gate, the data appear to support the conclusion that both 

Text continued on p. 319
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Table 46-2 Randomized Trials of SDD

Year Author

No. of Subjects 
(Treatment/
Control)

Patient 
Population Treatment Control Outcomes

1984 Stoutenbeek 181 (122/59) Trauma Amphotericin B (AB), 
polymyxin E (PE), 
tobramycin (T)

Controls were  
historical; 
nonrandom-
ized trial

Infection rate
 •  6% vs. 81%

1987 Unertl 39 (19/20) Mixed AB, PE, gentamicin Standard care Respiratory infections
 •  1 vs. 14 (P < .001)
No change in mortality

1988 Kerver 96 (49/47) Mixed AB, PE, T, IV cefo-
taxime

Placebo Infection
 •  39% vs. 81% (P < .001)
Mortality
 •  28.5% vs. 32% (P < 0.05)

1989 Ulrich 100 (48/52) Mixed AB, PE, norfloxacin, 
IV trimethoprim

Standard care Respiratory infection
 •  6% vs. 44%
UTI
 •  4% vs. 27%
Line infection
 •  0% vs. 15%
Mortality
 •  31% vs. 54%

1990 Flaherty 107 (51/56) Cardiac  
surgery

PE, gentamicin, 
nystatin

Sucralfate Infection
 •  12% vs. 27% (P = 0.04)
No change in mortality

1990 Rodriguez-
Roldan

28 (15/13) Mixed AB, PE, T Placebo Tracheobronchitis
 •  3 vs. 3 (P < .001)
Pneumonia
 •  0 vs. 11 (P < .001)
No change in mortality

1990 Tetteroo 114 (56/58) Esophageal 
surgery

AB, PE, T, IV cefo-
taxime

Standard care Total infections
 •  18 vs. 58 (P < .001)

1991 Aerdts 56 (17/18 + 21) Mixed AB, PE, norfloxacin, iv 
cefotaxime

Standard care Lower respiratory tract infections
 •  Control: 1:78%
 •  Control: 2:62%
 •  SDD: 6% (P = .0001)

1991 Blair 256 (126/130) Mixed AB, PE, T, IV cefo-
taxime

Placebo Infection
 •  16.7% vs. 30.8% (P = .008)
Mortality in patients with APACHE II 
scores 10-19
 •  8 of 76 SDD vs. 15 of 70 controls (P = .03)

1991 Pugin 79 (38/41) Trauma SOD only: PE,  
neomycin,  
vancomycin

Placebo Pneumonia
 •  16% vs. 78% (P < .0001)
No change in mortality

1991 Zobel 50 (25/25) Pediatric AB, PE, gentamicin, 
IV cefotaxime

Standard care Infection
 •  8% vs. 36% (P < .025)
No change in mortality

1992 Cerra 46 (23/23) Surgical Norfloxacin, nystatin Placebo Total infections
 •  22 vs. 44 (P = .002)
No change in mortality

1992 Cockerill 150 (75/75) Mixed PE, gentamicin, 
nystatin

Placebo Total infections
 •  36 vs. 12 (P = .04)
No change in mortality

1992 Gastinne 445 (220/225) Mixed AB, PE, T Placebo No change in pneumonia or mortality

1992 Hammond 239 (114/125) Mixed AB, PE, T, IV  
cefotaxime

Placebo No change in infection rate or mortality

Continued
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Year Author

No. of Subjects 
(Treatment/
Control)

Patient 
Population Treatment Control Outcomes

1992 Rocha 101 (47/54) Mixed AB, PE, T, IV  
cefotaxime

Placebo Overall infection
 •  26% vs. 63% (P < .001)
Pneumonia
 •  15% vs. 46% (P < .001)
Mortality
 •  21% vs. 44% (P < .01)

1992 Winter 183 (91/92) 84  
historic

Medical AB, PE, T, IV  
ceftazidime

Standard care Total infections
 •  32 in controls vs. 27 historical
 •  3 in treated group (P < .01)
No change in mortality

1993 Korinek 123 (63/60) Neurosurgical AB, PE, T, vancomy-
cin added to oral 
solution

Placebo Pneumonia
 •  15 vs. 25 (P < .01)
Mortality
 •  3 vs. 7 (P < .01)

1993 Rolando Group 1: 21
Group 2: 21
Group 3: 28
Group 4: 31

Hepatic failure 1: IV cefuroxime
2: AB, PE, T, IV cefu-

roxime
3: AB, PE, T, IV cefu-

roxime

4: Standard 
care

Total infections (Group 3 vs. Group 4)
 •  9 vs. 18 (P < .05)
No change in mortality between any 
groups

1994 Bion 59 (27/32) Liver trans-
plant

AB, PE, T, IV cefotaxi-
me, IV ampicillin

Nystatin, IV 
cefotaxime, 
IV ampicil-
lin

Infections
 •  3 vs. 12 (P < .49)
No change in endotoxemia
No change in multiorgan  

dysfunction

1994 Ferrer 80 (39/41) Mixed AB, PE, T, IV  
cefotaxime

Placebo, IV 
cefotaxime

No change in infection rate,  
pneumonia, or mortality

1994 Laggner 67 (33/34) Mixed Oral gentamicin only Placebo No change in pneumonia or mortality

1995 Luiten 102 (50/52) Pancreatitis AB, PE, enteral nor-
floxacin

Standard care Mortality
 •  22% vs. 35% (P = .048)

1995 Wiener 61 (30/31) Mixed AB, PE, gentamicin Placebo No change in infection rate,  
pneumonia, or mortality

1996 Arnow 69 (34/35) Liver  
transplant

AB, PE, T, IV cefotaxi-
me, IV ampicillin

IV cefotaxime,
IV ampicillin

Aerobic gram-negative infections
 •  0% vs. 7% (P < .05)

1996 Quinio 148 (76/72) Trauma AB, PE, gentamicin Placebo Total infections
 •  19 vs. 37 (P < .01)
No change in LOS or mortality

1996 Rolando 108 (47/61) Hepatic failure AB, PE, T, IV ceftazi-
dime, flucloxacillin

AB, IV 
ceftazidime, 
flucloxacillin

No change in infection rate or mortality

1997 Abele-Horn 88 (58/30) Surgical SOD only: AB, PE, T Placebo Primary pneumonia
 •  0% vs. 33% (P < .05)
No change in mortality

1997 Lingnau 313
Group 1: 83
Group 2: 82
Control: 148

Trauma Group 1: AB, PE, T, IV
ciprofloxacin
Group 2: AB, PE, IV
ciprofloxacin

Placebo, IV 
ciprofloxa-
cin

No change in rates of pneumonia, sepsis, 
organ dysfunction, or mortality

1997 Schardey 205 (102/103) Surgical AB, polymyxin B, T, 
oral vancomycin, IV 
cefotaxime

Placebo Anastomotic leak
 •  2.9 vs. 10.6% (P = .0492)
Pulmonary infections
 •  8.8 vs. 22.3% (P = .02)
No change in mortality

Table 46-2 Randomized Trials of SDD—cont’d
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Table 46-2 Randomized Trials of SDD—cont’d

Year Author

No. of Subjects 
(Treatment/
Control)

Patient 
Population Treatment Control Outcomes

1997 Verwaest 615
Group 1: 195
Group 2: 200
Control: 220

Mixed Group 1: AB, ofloxa-
cin enteral and IV

Group 2: AB, PE, T,  
IV cefotaxime

Standard care Group 1 vs. Group 2:
Infection
 •  OR: 0.27 (95% CI: 0.27-0.64)
Respiratory infections
 •  OR: 0.47 (95% CI: 0.26-0.82)
Control vs. Group 2:
Resistant organisms
 •  83% vs. 55% (P < .05)
Gram-positive bacteremia
 •  OR: 1.22 (95% CI: 0.72-2.08)
No change in mortality for all comparisons

1998 Ruza 226 (116/110) Pediatric PE, T, nystatin Standard care No change in infection rate or mortality

1998 Sanchez 
Garcia

271 (131/140) Trauma AB, PE, oral and  
enteral gentamicin,  
IV ceftriaxone

Placebo VAP
 •  11% vs. 29.3% (P < .001)
Other infection
 •  19.1% vs. 30% (P < .04)
Cost
 •  $11,926 vs. $16,296
No change in mortality

2001 Barret 23 (11/12) Pediatric burn AB, PE, T Placebo No difference in pneumonia or sepsis

2001 Begmans 226
87
Control in same 

ICU: 78  
(Group A)

Control different  
setting: 61  
(Group B)

Mixed SOD only: PE,  
gentamicin,  
vancomycin

Placebo VAP
 •  SDD: 10%, Group A: 31%, Group B: 23% 

(P = .001, P = .04)
No change in LOS or mortality

2002 Bouter 51 (24/27) Cardiac  
bypass

PE, neomycin Placebo Aerobic gram-negative carriage
 •  27% vs. 93% (P < .001) 

No change in perioperative endotoxemia, 
postoperative fever, or LOS

2002 Hellinger 80 (37/43) Liver  
transplant

PE, nystatin,  
gentamicin

Nystatin No change in infection rate or mortality

2002 Krueger 527 (265/262) Surgical PE, gentamicin, IV 
ciprofloxacin

Placebo Total infection
 •  OR: 0.477 (95% CI: 0.367-0.620)
Pneumonia
 •  6 vs. 29 (P = .007)
BSI
 •  14 vs. 36 (P = .007)
Organ dysfunction
 •  63 vs. 96 (P = .0051)
No change in mortality

2002 Pneuma-
tikos

61 (30/31) Trauma AB, PE, T (subglottic 
decontamination 
only)

Placebo Pneumonia
 •  16.6% vs. 51.6% (P < .05)
No change in mortality

2002 Rayes 95
Group 1: 32
Group 2: 31
Control: 32

Liver trans-
plant

Group 1: AB, PE, T
Group 2: Enteral fiber, 

Lactobacillus planta-
rum 299

Placebo Group 1 vs. Group 2:
Infection
 •  48% vs. 13% (P = .017)
Group 1 vs. Control:
No change in infections
No change in LOS for all  

comparisons

2002 Zwaveling 55 (26/29) Liver trans-
plant

AB, PE, T Placebo No change in rate of infection

Continued
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Year Author

No. of Subjects 
(Treatment/
Control)

Patient 
Population Treatment Control Outcomes

2003 de Jonge 934 (466/468) Surgical AB, PE, T, IV  
cefotaxime

Standard care ICU mortality
 •  15% vs. 23% (P = .002)
Hospital mortality
 •  24% vs. 31% (P = 0.02)
Resistant gram-negative colonization
 •  16% vs. 26% (P = .001)

2005 Camus 515
Group 1: 130
Group 2: 130
Group 3: 129
Control: 126

Mixed Group 1: PE, T
Group 2: Nasal mupi-

rocin, chlorhexidine 
wash

Group 3: Both treat-
ments

Placebo Group 3 vs. Control:
Infections
 •  OR 0.44 (95% CI: 0.26-0.75)
No difference between two treatments

2005 de la Cal 107 (53/54) Burn AB, PE, T Placebo Mortality
 •  9.4% vs. 27.8%, RR: 0.25 (95% CI:  

0.08-0.76)
Hospital mortality
 •  RR: 0.28 (95% CI: 0.10-0.8)
Pneumonia
 •  17/1000 vent days vs. 30.8/1000 vent 

days (P = .03)

2006 Gosney 203 (103/100) Stroke SOD only: AB, PE Placebo Pneumonia
 •  1 vs. 7 (P = .029)
No change in mortality

2006 Koeman 385
Group 1: 127
Group 2: 128
Control: 130

Mixed SOD only:
Group 1: Chlorhexi-

dine
Group 2: Chlorhexi-

dine, PE

Placebo Pneumonia
Group 1:
 •  OR: 0.352 (95% CI: 0.160-0.791)
Group 2:
 •  OR: 0.454 (95% CI: 0.224-0.925)
No change in mortality

2007 Stoutenbeek 401 (200/201) Trauma AB, PE, T, IV cefo-
taxime

Standard care Respiratory infection
 •  30.9% vs. 50% (P < .01)
Pneumonia
 •  9.5% vs. 23% (P < .01)
BSI, AGNB
 •  2.5% vs. 7.5% (P = .02)
No change in organ dysfunction  
or mortality

2008 Farran 91 (40/51) Surgical Erythromycin, genta-
micin, nystatin

Placebo No change in anastomotic leak rate,  
pneumonia, or mortality

2009 de Smet 6299
Group 1: 1904
Group 2: 2405
Control: 1990

Mixed Group 1: SOD only, 
AB, PE, T

Group 2: SDD, AB, 
PE, T, IV cefotaxime

Standard care Gram-negative infections
SOD:
 •  OR: 0.49 (95% CI: 0.27-0.87)
SDD:
 •  OR: 0.43 (95% CI: 0.24-0.77)
Mortality
SOD:
 •  OR: 0.86 (95% CI: 0.74-0.99)
SDD:
 •  OR: 0.83 (0.72-0.97)

2011 Roos 289 (143/146) Surgical AB, T, polymyxin B Placebo Infectious complications
 •  19.6% vs. 30.8% (P = .028)
Anastomotic leakage
 •  6.3% vs. 15.1% (P = .016)
No change in LOS or mortality

Table 46-2 Randomized Trials of SDD—cont’d
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Year Author

No. of Subjects 
(Treatment/
Control)

Patient 
Population Treatment Control Outcomes

2011 de Smet
(post hoc 

analysis 
from de 
Smet, 
2009)

5927
Group 1: 1904
Group 2: 2034
Control: 1989

Mixed Group 1: SOD only, 
AB, PE, T

Group 2: SDD, AB, 
PE, T, IV cefotaxime

Standard care Bacteremia
SOD:
 •  OR: 0.66 (95% CI: 0.53-0.82)
SDD:
 •  OR 0.48 (95% CI: 0.38-0.60)
Highly resistant bacteremia
SOD:
 •  OR: 0.37 (95% CI: 0.16-0.85)
SDD:
 •  OR 0.41 (95% CI: 0.18-0.94)
Highly resistant colonization
SOD:
 •  OR 0.65 (95% CI: 0.49-0.87)
SDD:
 •  OR 0.58 (95% CI: 0.43-0.78)

2012 Melsen
(post hoc 

analysis 
from de 
Smet, 
2009)

5927
Surgical:
Group 1: 866
Group 2: 923
Control: 973
Medical:
Group 1: 1038
Group 2: 1111
Control: 1016

Mixed Group 1: SOD only, 
AB, PE, T

Group 2: SDD, AB, 
PE, T, IV cefotaxime

Standard care Mortality in nonsurgical patients
SOD:
 •  OR: 0.77 (95% CI: 0.63-0.94)
SDD: no change in mortality
Mortality in surgical patients
SOD: no change in mortality
SDD: no change in mortality

AGNB, aerobic gram-negative bacillus; APACHE, Acute Physiology and Chronic Health Evaluation; BSI, bloodstream infection; CI, confidence interval; ICU, inten-
sive care unit; IV, intravenous; LOS, length of stay; OR, odds ratio; RR, relative risk; SDD, selective digestive decontaminant; SOD, selective oral decontaminant; 
VAP, ventilator-associated pneumonia.

Table 46-2 Randomized Trials of SDD—cont’d
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Table 46-3 Reviews and Meta-analyses of SDD

Author,
Year

Number of 
Trials

Number of Subjects
(Intervention/No 
Intervention) Treatment Outcomes

SDD Trialists’
Group, 1993

22 4142
(2047/2095)

AB, PE, T, IV cefotaxime
Some received quinolone 

and gentamicin

Respiratory tract infection
 •  OR: 0.37 (95% CI: 0.31-0.43)
Mortality
 •  OR: 0.9 (95% CI: 0.79-1.04)
Mortality in trials giving parenteral and  
enteral treatment
 •  OR: 0.8 (95% CI: 0.67-0.97)

Kollef, 1994 16 2270
(1105/1165)

Most studies: AB, PE, T, 
IV cefotaxime

Pneumonia
 •  7.4% vs. 21.9% (P < .0001)
Tracheobronchitis
 •  6.5% vs. 11.7% (P = .004)
No change in gram-positive pneumonia or 
mortality

Heyland, 1994 25 Not given Most studies: AB, PE, T, 
cefotaxime

Pneumonia
 •  RR: 0.46 (95% CI: 0.39-0.56; P = .01)
No change in mortality

D’Amico, 1998 16 3361 Most studies: AB, PE, T, 
enteral antibiotic

Pneumonia
 •  OR: 0.29 (95% CI: 0.29-0.41)
Mortality
 •  OR 0.80 (95% CI: 0.69-0.93)

17 2366 Most studies: AB, PE, T Pneumonia
 •  OR: 0.56 (95% CI: 0.46-0.68)
No change in mortality
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Author,
Year

Number of 
Trials

Number of Subjects
(Intervention/No 
Intervention) Treatment Outcomes

Nathens, 1999 11 RCTs for  
surgical

Not given Most studies: AB, PE, T, 
IV cefotaxime

Pneumonia
 •  OR 0.19 (95% CI: 0.15-0.26)
Mortality
 •  OR: 0.70 (95% CI: 0.52-0.93)

10 RCTs for  
medical

Not given Most studies: AB, PE, T, 
IV cefotaxime

Pneumonia
 •  OR: 0.45 (95% CI: 0.33-0.62)
No change in mortality

Van Nieuwen-
hoven, 2001

32 4804 (2400/2404) Varied RRR for pneumonia
 •  OR: 0.57 (95% CI: 0.49-0.65)
RRR for mortality
 •  OR: 0.12 (95% CI: 0.04-0.32)

Safdar, 2004 14 (liver  
transplant

201 (treated vs. control 
not given)

Varied Overall infection
 •  RR: 0.88 (95% CI: 0.07-1.1)
Gram-negative infection
 •  OR: 0.16 (95% CI: 0.07-0.37)
No change in mortality

Liberati, 2004 17 4295 Varied, topical,  
systemic antibiotic

Respiratory tract infection
 •  OR 0.35 (95% CI: 0.29-0.41
Mortality
 •  OR 0.78 (95% CI: 0.68-0.89)

17 2664 Topical antibiotics only Respiratory tract infection
 •  OR: 0.52 (95% CI: 0.43-0.63)
Mortality
 •  OR: 0.97 (95% CI: 0.81-1.16)

Silvestri, 2005 42 6075 Enteral antifungals Fungal carriage
 •  OR: 0.32 (95% CI: 0.12-0.53)
No change in fungemia

Silvestri, 2007 51 8065 (4079/3986) AB, PE, T, IV cefotaxime BSI
 •  OR: 0.73 (95% CI: 0.59-0.90)
Gram-negative BSI
 •  OR: 0.39 (95% CI: 0.24-0.63)
Mortality
 •  OR: 0.80 (95% CI: 0.69-0.94

31 (subgroup
analysis for BSI)

4753 (2453/2300) BSI
 •  OR: 0.73 (95% CI: 0.59-0.90)

30
(subgroup  

analysis for  
mortality)

4527 (2337/2190) Mortality
 •  OR: 0.80 (95% CI: 0.69-0.94)

16
(subgroup  

analysis for  
parenteral vs. 
enteral)

3331 (1645/1686) Mortality (parenteral vs. enteral)
 •  OR: 0.74 (95% CI: 0.61-0.91)
BSI (parenteral vs. enteral)
 •  OR: 0.63 (95% CI: 0.46-0.87)

Silvestri, 2008 54 9473 (4672/4801) Varied Overall gram-negative infection
 •  OR: 0.17 (95% CI: 0.10-0.28)
Gram-negative BSI
 •  OR: 0.35 (95% CI: 0.21-0.67)
Gram-negative respiratory infection
 •  OR: 0.11 (95% CI: 0.06-0.20)
Gram-positive respiratory infection
 •  OR: 0.52 (95% CI: 0.34-0.78)
Gram-positive BSI
 •  OR 1.03 (95% CI: 0.75-1.41)

Table 46-3 Reviews and Meta-analyses of SDD—cont’d
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SDD and SOD prevent infection and that SDD likely does 
so more effectively across broader patient groups.

OPPOSITION TO SELECTIVE 
DECONTAMINATION OF THE DIGESTIVE 
TRACT

The reluctance to widely adopt SDD is easily understood. 
In theory, the increased use of antibiotics associated with 
SDD could lead to the development of drug-resistant 
organisms, a problem already routinely encountered 
in modern health-care settings and especially in ICUs. 
Although patients undergoing SDD may themselves expe-
rience a clinical benefit, future patients could fall victim to 
untreatable infections, eventually yielding a substantial net 
negative population effect. This concern is understandable, 
as increased antibiotic usage nearly invariably selects for 
resistant microorganism. There are data, however, to sug-
gest that the use of SDD/SOD may not have an effect on 
antibiotic resistance. In fact, a 2014 study encompassing 
more than 30 Dutch ICUs and spanning 4 years noted that 
although the levels of antibiotic resistance were unchanged 
in units using standard antibiotic therapy, those that used 
SDD were actually able to decrease the occurrence of resis-
tant organisms.70 Another 5-year study revealed that the 
use of SDD actually reduced proportions of resistant organ-
isms over time.71 Low levels of antibiotic resistance over 4 
years were again noted in a separate Dutch trial of SDD 
and SOD. The authors did discover that although SDD was 
able to generate lower rates of bacterial resistance overall, 
it also was associated with higher rates of aminoglycoside-
resistant organisms than SOD.3

Despite some data suggesting that SDD may not result 
in increasing resistance, opponents still fear negative long-
term outcomes, and there is information to support such 
concerns. Modern molecular analysis shows that treatment 
of a patient with SDD results in a marked upregulation of 
resistance genes in gut flora.72 Importantly, these genes 
appear transferable between species, and changes brought 
about by SDD therapy may persist long after antibiotic 
treatment has ceased. Also, composition of the gut micro-
bial populations may be significantly altered after treat-
ment.55 Of even greater concern, cases of colistin-resistant 
organisms in association with SDD have now been docu-
mented.73,74 In addition, most of the large trials reporting 
benefits with SDD have taken place in the Netherlands and, 
to a lesser degree, other parts of Europe. This geographi-
cal distribution has led to wide variance in adoption, with 
many countries that have higher rates of resistant micro-
organisms (including the United States) reluctant to adopt 
the practice.

Ultimately, however, despite the size of the data set 
addressing SDD—perhaps the largest for any topic in 
critical care medicine—a global consensus on the prac-
tice has not been reached. Survey data indicate that many 
clinical practitioners are fearful of antibiotic resistance, a 
concern that has led to poor acceptance of SDD in ICUs 
outside the Netherlands.75 Although many may agree on 
the effectiveness of SDD in preventing pneumonia, skep-
ticism regarding the evidence base is common.76,77 Fur-
ther investigation into how the increased antibiotic usage 
associated with SDD affects bacterial ecology in places 
with higher endemic rates of resistance is likely necessary 
before widespread adoption of the practice could poten-
tially occur.69,78

Author,
Year

Number of 
Trials

Number of Subjects
(Intervention/No 
Intervention) Treatment Outcomes

Silvestri, 2009 21 4902 Most trials:
AB, PE, T, iv cefotaxime

Mortality
 •  OR: 0.71 (95% CI: 0.61-0.82)

Silvestri, 2010 7 1270 (637/633) Varied MODS
 •  OR: 0.50 (95% CI: 0.34-0.74)
No change in MODS-related mortality or 
overall mortality

Petros, 2013 4 (pediatric) 335 Varied Pneumonia
 •  OR: 0.31 (95% CI: 0.11-0.87)
No change in mortality

Roos, 2013 8 (perioperative 
SDD)

1668 (828/840) Varied Infection
 •  OR: 0.58 (95% CI: 0.42-0.82)
Anastomotic leakage
 •  OR: 0.42 (95% CI: 0.24-0.73)

Price, 2014 29 Not given SOD vs. SDD vs.  
chlorhexidine

Mortality
 •  SOD OR: 0.85 (95% CI: 0.74-0.97)
 •  SDD OR: 0.73 (95% CI: 0.64-0.84)
 •  Chlorhexidine OR: 1.25 (95% CI: 1.05-1.50)

AB, amphotericin B; BSI, bloodstream infection; CI, confidence interval; IV, intravenous; MODS, multiple organ dysfunction syndrome; OR, odds ratio; PE, poly-
myxin E; RCT, randomized controlled trial; RR, relative risk; RRR, relative risk reduction; SDD, selective digestive decontaminant; SOD, selective oral decontami-
nant; T, tobramycin.

Table 46-3 Reviews and Meta-analyses of SDD—cont’d
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For now, the use of SDD remains one of the more divi-
sive issues in critical care. On the one hand, proponents 
have gone so far as to state that withholding SDD from 
patients is unethical.3,79 Conversely, the use of SDD has 
not gained traction internationally. This ambivalence is 
reflected in the 2013 Surviving Sepsis Guidelines, which 
gave SDD a level 2b grade with the statement that “we 
suggest that SOD and SDD be introduced and investi-
gated as a method to reduce the incidence of ventilator-
associated pneumonia; this infection control measure 
can then be instituted in health-care settings and regions 
where this method is found to be effective.”80
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Is Persistent Critical Illness an 
Iatrogenic Disorder?

John C. Marshall

Medicine is an ancient discipline, but the capacity to avert 
otherwise certain death is recent. Intravenous fluid ther-
apy was first used in London during the cholera epidemic 
of 1832; refinements in an understanding of the role of 
intravascular volume in shock have altered the manage-
ment of a spectrum of disorders, from multiple trauma to 
overwhelming infection. The development of dialysis tech-
niques in the 1940s transformed renal failure from a rapidly 
lethal illness to a chronic condition.1 Similarly the develop-
ment of techniques of mechanical ventilator support dur-
ing the Scandinavian polio epidemic of the 1950s set the 
stage for intensive care units (ICUs) to become geographic 
locales capable of providing a spectrum of life-sustaining 
therapies2—therapies whose target was not the specific 
cause of the illness but rather its life-threatening physi-
ologic consequences.

The ability to avert, or at least delay, death through ICU 
intervention has fundamentally changed acute illness. It 
has allowed gravely ill or injured patients to survive condi-
tions that in earlier times would have been lethal, but it has 
also created an entirely new spectrum of medical disorders 
that are only possible because death has been averted and 
whose roots lie solidly in the interventions used to accom-
plish that goal. Critical illness is a quintessentially iatro-
genic disorder: it only arises in patients who in the absence 
of intervention would have died, but it is also shaped 
by the inadvertent consequences of that intervention.3 
Understanding and mitigating the harmful effects of life-
sustaining therapy have thus become paramount priorities 
because the consequences can be severe and prolonged.

Consider the following hypothetical, but uncomfortably 
familiar, scenario:

A previously healthy 72-year-old man is admitted to the 
ICU after a Hartman procedure for perforated diverticulitis. He 
remains intubated and paralyzed, and the plan is for overnight 
mechanical ventilation. He is noted to be tachycardic; 2 L of 
saline is given to correct a presumed fluid deficit, and the rate 
of his analgesic infusion is increased. The following morning 
he is thought to be too obtunded to consider extubation; further 
sedation is given to keep him comfortable, and a further fluid 
bolus administered when his blood pressure dips after a bolus 
of analgesic. Norepinephrine is administered, targeting a mean 
arterial pressure (MAP) of 65 and titrated up when the pressure 
drops but not down when it is increased. He continues taking 
vasopressors the next day, with a MAP of 78, but because of the 
use of vasopressors, it is deemed preferable to keep him sedated 

and ventilated for another day. Because he is receiving vaso-
pressors and is still intubated, antibiotic coverage is broadened 
and a decision is made to perform a computed tomography (CT) 
scan to look for an intra-abdominal collection. The result of the 
scan is negative; he returns from the scanner on a controlled 
ventilator mode. Gastric residuals are high, perhaps because of 
ileus secondary to his illness and to the narcotics given for anal-
gesia; bile is suctioned from the oropharynx. On the fourth day, 
purulent secretions are suctioned from his lung, and he has a 
low-grade temperature; Pseudomonas is cultured from the spu-
tum. Review of his course so far shows that he is in 9 L positive 
fluid balance and still ventilator dependent; his creatinine level 
is twice the normal level. The clinicians decide that recovery 
will be slow and arrange a tracheostomy. After 32 days, several 
bouts of ventilator-associated pneumonia, and a short course of 
dialysis, he is discharged from the ICU. He is profoundly weak 
and has a sacral pressure ulcer. Two weeks later he is discharged 
from the hospital to a chronic care facility where he remains an 
additional 2 months.

Much of his course has been shaped by iatrogenic fac-
tors—well-meaning clinical decisions that unnecessar-
ily prolonged his ICU stay—and set him up for new ICU 
complications. What if he had been extubated in the oper-
ating room? None of the individual decisions during his 
management was necessarily wrong, but in aggregate they 
increased his dependence on technologies that bring both 
benefit and harm; even more important, the fact that these 
technologies were used convinced the clinicians that they 
were needed. In the ICU, clinicians treat patients who are 
very ill, but clinicians also make them look ill and make 
them even more ill through the inadvertent consequences 
of their support.

ORGAN DYSFUNCTION AS AN 
IATROGENIC DISORDER

The establishment of the first ICUs in the 1950s and 1960s 
brought with it the emergence of new clinical syndromes 
whose development was only possible because patients 
who would otherwise have died were kept alive through 
the use of a spectrum of life support technologies. Initially 
described as syndromes reflecting derangements in a sin-
gle organ system (e.g., acute respiratory distress syndrome 
[ARDS], septic shock, acute renal failure, disseminated 
intravascular coagulation), they came to be conceptualized 
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as the manifestations of a common systemic process ini-
tially termed multiple systems organ failure,4 and more 
recently, the multiple organ dysfunction syndrome (MODS).5 
It is only relatively recently that clinicians have begun to 
realize that MODS is not only a descriptive term for the 
acute derangements that are the raison d’être for organ 
support in the ICU but also often a consequence of that 
support.6

The Lung: From Acute Respiratory Distress 
Syndrome to Ventilator-Induced Lung Injury

The earliest description of pulmonary dysfunction as a 
consequence of remote organ injury was by Moon who, 
in 1948, identified congestion and atelectasis in the lungs 
of a cohort of patients who had died of shock.7 Burke and 
colleagues described a condition they termed high out-
put respiratory failure that complicated the course of some 
patients with peritonitis who had been supported by 
positive pressure mechanical ventilation.8 In their classic 
report, Ashbaugh et al. termed this disorder the adult (now 
acute) respiratory distress syndrome (ARDS),9 drawing atten-
tion to its cardinal features: severe arterial hypoxemia and 
diffuse bilateral fluffy infiltrates on the chest radiograph 
in the face of normal left atrial pressures and in associa-
tion with autopsy findings of hyaline membranes. The 
cornerstone of the treatment of ARDS has been mechani-
cal ventilation (although 5 of the 12 patients described 
by Ashbaugh et al. did not undergo ventilation); as this 
therapeutic modality expanded and evolved, it became 
not only the treatment for but also increasingly the cause 
of the clinical syndrome.

The earliest events in ARDS are increased pulmonary 
capillary permeability and an influx of innate immune 
cells—largely neutrophils—into the lung. Injury to the 
pulmonary parenchyma and the influx of inflammatory 
cells activate both the local microvascular coagulation 
and the processes of tissue repair, resulting, in conjunc-
tion with the debris from a loss of type I pulmonary epi-
thelial cells, in hyaline membrane formation. Although 
external insults such as pneumonia or contusion or inter-
nal insults such as enhanced neutrophil recruitment in 
the face of an activated systemic inflammatory response 
play an important role in the evolution of ARDS, it has 
become evident that readily modifiable iatrogenic factors 
are equally culpable.

Computerized tomography of the lung of a patient 
with ARDS reveals that the apparently homogeneous dif-
fuse fluffy infiltrates seen on chest radiograph are actually 
evidence of a more complex lesion, including dependent 
atelectasis and antidependent cystic degeneration of the 
lung (Fig. 47-1). The former changes reflect atelectasis in 
dependent lung zones of a patient who has been nursed for 
an extended period of time in the supine position, whereas 
the latter reflect overdistention of the lung by excessively 
large tidal volumes. The terminology ventilator-induced 
lung injury was first used in the 1990s10 and shifted the 
focus of studies of ARDS from the biochemical mecha-
nisms that underlie lung injury to the potentially modifi-
able iatrogenic factors that further aggravate the initial 
injury. Indeed, strategies to limit dependent atelectasis by 
prone positioning11 and to minimize lung overdistention 

by reducing tidal volumes12 have shown impressive effects 
on reducing the mortality of ARDS. Moreover, it is strik-
ing that, of all the clinical trials of interventions for patients 
with ARDS, only those where the intervention sought to 
minimize iatrogenic harm, rather than those that sought to 
modulate the pathologic processes mediating that harm, 
have significantly affected clinically important outcomes 
(Table 47-1).

There is, moreover, evidence from human studies dem-
onstrating that reducing tidal volumes attenuates the sys-
temic inflammatory response,13 whereas animal studies 
indicate that injurious mechanical ventilation strategies 
can induce remote organ injury in the kidney.14

ARDS is defined as an acute process, but its long-term 
consequences are profound. In a landmark study of ARDS 
survivors, Herridge and colleagues reported that disabil-
ity, manifested as a reduced capacity for physical activ-
ity along with residual mild derangements in pulmonary 
function tests, persists even 5 years after the acute illness.15

Figure 47-1. Computerized tomography of the lungs of a patient 
with acute respiratory distress syndrome reveals the importance of 
iatrogenic factors in lung injury, in particular atelectasis and collapse 
in dependent lung regions (dark arrow) and hyperinflation and cystic 
degeneration in the antidependent lung zones (white arrow).

Table 47-1 Effective Interventions in ARDS Are 
Those That Address the Sequelae of Mechanical 
Ventilation Rather Than the Pathophysiology of 
Lung Injury

Alter Outcomes Ineffective

Reduced tidal volume Antioxidants

Prone positioning Beta-2 agonists

High frequency oscillation G-CSF

Open lung ventilation Nitric oxide

Neuromuscular blockade Ketoconazole

Fluid restriction Trophic feeding
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Fluids and Hemodynamic Support

The capacity to correct intravascular volume deficit through 
the administration of intravenous fluids and the ability to 
titrate resuscitation through the measurement of indices of 
intravascular filling and myocardial function represented 
major advances in the care of the acutely ill.16 Along with 
the provision of invasive respiratory support, advanced 
hemodynamic support and monitoring represent a major 
indication for ICU admission. This support also carries 
inadvertent iatrogenic consequences.

Large volumes of intravenous fluids are characteristi-
cally administered to unstable critically ill patients, not 
only during the initial phases of resuscitation but also over 
the course of the ICU stay. A cumulatively positive fluid 
balance is associated with increased ICU mortality17-19 and 
with an increased risk of complications such as abdominal 
compartment syndrome.20 Conversely there is evidence 
that more conservative fluid management strategies can 
attenuate organ dysfunction and improve outcomes.18,21 
Iatrogenic edema contributes to organ dysfunction involv-
ing the brain, heart, lung, kidney, and gastrointestinal (GI) 
tract; it contributes as well to the development of pressure 
sores.22 The adverse effects of interstitial edema result from 
several factors, including a greater distance for oxygen dif-
fusion to reach cells and a loss of tissue compliance.

Vasoactive agents increase blood pressure by virtue of 
their ability to increase peripheral vascular resistance and 
so, potentially, to reduce tissue blood flow. For example, 
it has been shown that vasopressor use is an independent 
risk factor for anastomotic leak after GI surgery.23 Similarly, 
although inotropic agents can increase cardiac output, in 
large doses they also may increase mortality.24

Blood transfusion is similarly a double-edged sword: 
lifesaving in the face of massive hemorrhage but also 
potentially injurious. The Transfusion Requirements in 
Critical Care (TRICC) trial revealed that transfusion to an 
arbitrary threshold of 10 g/dL resulted in increased organ 
dysfunction, primarily pulmonary and cardiovascular.25

Sedation and Analgesia

Alleviating pain and anxiety for gravely ill patients in an 
ICU is a clinical and humane priority, but doing so may 
result in further harm. In a landmark trial, Kress and col-
leagues showed that daily wakening of critically ill patients 
enhanced the probability of survival.26 Others have con-
firmed that prolonged early sedation is associated with an 
increased risk of ICU mortality,27-29 and a randomized clini-
cal trial indicated that withholding sedation resulted in a 
shorter duration of mechanical ventilation and ICU stay.30 
On the other hand, inadequate control of delirium is also a 
risk factor for adverse outcome in the ICU.31,32 The optimal 
balance between attenuation of anxiety and oversedation 
has yet to be defined; however, emerging evidence sug-
gests that activity, rather than rest, is central to a successful 
outcome from critical care.33

Anti-infective Strategies

The indigenous microbial flora of the GI tract plays a key 
role in normal development and immune homeostasis.34 

Conversely, derangements in normal patterns of microbial 
colonization are both common in critical illness35-37 and 
associated with adverse outcome. The normal indigenous 
flora of the healthy individual comprises in excess of 1000 
microbial species and remains remarkably constant over 
time. Loss of microbial diversity is characteristic of critical 
illness; the proximal gut in particular shows striking pat-
terns of pathologic colonization with the same microbial 
flora that predominates in ICU-acquired infections.35

The mechanisms underlying normal host-microbial 
homeostasis in the GI tract are enormously complex. None-
theless, studies in animal models reveal that disruption of 
the normal gut flora by the administration of systemic anti-
biotics is sufficient to induce microbial translocation from 
the gut lumen into regional mesenteric lymph nodes,38 
and that changes in the composition of the gut flora can 
induce alterations in systemic immune responsiveness.39 
The extent to which antibiotic-induced changes in gut flora 
contribute to an increased risk of ICU-acquired infection or 
to other derangements of critical illness is unknown.

Stress Ulcer Prophylaxis

Acute GI bleeding from gastric erosions was one of the first 
life-threatening derangements reported in association with 
care in an ICU40 and also a risk factor for mortality for those 
patients in whom it developed. Rates of stress-induced 
bleeding have declined since these initial reports,41 likely 
as a consequence of better resuscitation, earlier initiation 
of enteral nutrition, and improved diagnosis and manage-
ment of infection. A legitimate question in the contempo-
rary ICU is whether strategies to prevent stress-induced 
GI bleeding yield clinical benefit or whether they expose 
the patient to greater harm by predisposing to nosocomial 
ICU-acquired pneumonia or Clostridium difficile colitis.

Bed Rest

Not only is prolonged bed rest unnatural, but it is also a 
risk factor for complications such as atelectasis, pneumo-
nia, and deep venous thrombosis and pulmonary embo-
lism. Prone positioning partially corrects some of the 
adverse effects of prolonged bed rest and improves sur-
vival in ARDS.11 Similarly, a program of physical therapy 
and mobilization has been shown to reduce the duration of 
delirium and mechanical ventilation and to improve func-
tional outcomes at the time of hospital discharge.33

IS PERSISTENT CRITICAL ILLNESS  
AN IATROGENIC DISORDER?

Although management of acute life-threatening illness 
has been the primary focus of intensive care research and 
education, there is a growing awareness that much more 
attention must be directed toward the aftermath of initial 
success, both the factors that prolong stay in the ICU42 and 
those that impair long-term quality of life after ICU dis-
charge.43 In focusing on the resuscitation and initial stabi-
lization of the acutely ill, clinicians have underemphasized 
the complexities of moving from resuscitated and alive to 
recovered and independent.
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Chronic critical illness has been variously defined as 
an ongoing need for ICU supportive care for more than  
3 weeks44 or an ICU stay of 8 days or longer in a patient 
with a diagnosis of prolonged acute mechanical ventilation, 
tracheostomy, sepsis, severe trauma, stroke, or traumatic 
brain injury.45 Approximately 10% of patients admitted to 
an ICU meet criteria for chronic critical illness; their care 
generates upward of $26 billion per year in costs.45 Mortal-
ity is substantial and continues to remain high even after 
ICU discharge.

The influences contributing to chronic critical illness 
represent a complex matrix of medical, cultural, and reli-
gious factors. Nonresolving acute illnesses such as stroke 
or head injury are important risk factors, as are preexist-
ing comorbid conditions such as chronic lung disease and 
chronic renal failure. Chronicity is further affected by social 
factors, including uncertainty or disagreement about the 
patient’s wishes at the end of life or religious beliefs that 
limit consideration of the withdrawal of life support in the 
face of evidence that ongoing support is nonbeneficial.46 
However, iatrogenic factors such as those described earlier 
play a substantial role.

The scientific underpinnings of chronic critical illness are 
underdeveloped, both because the focus of clinical research 
has been on acute treatment rather than on mitigation of the 
adverse consequences of that treatment and because met-
rics to detect longer term morbidity are poorly developed 
and inconsistently reported. However, three core principles 
frame an approach to limit iatrogenesis in the ICU.

First, every intervention has its cost, and it is therefore 
important to consider both beneficial and detrimental con-
sequences before initiation of any management strategy. A 
vasopressor infusion can raise the mean arterial pressure 
to an arbitrary level, but does it help the patient who is 
producing urine or responding to voice and so showing 
evidence of adequate end organ perfusion? Are the poten-
tial consequences on splanchnic or extremity perfusion 
outweighed by the presumed benefits on coronary or cere-
bral perfusion? A patient may grimace when suctioned, but 
does this transient discomfort justify increasing doses of 
analgesics or sedation? The hemoglobin level may be low, 
but will transfusion be beneficial? Often the answers to 
these questions are unknown, and decisions must be made 
by integrating available knowledge with clinical judgment 
and common sense.

Second, in the end, the most important thing the inten-
sivist does is to help the patient get out of the ICU. Stabiliz-
ing an unstable patient is an early priority, but once this is 
accomplished, the next priority is liberation from ICU sup-
port. There is no benefit, and only harm, associated with a 
state of quiet stability—even though this is all too often an 
end to which we aspire—and a lack of progress translates 
into an increased risk of adverse outcome.

Finally, despite adequate treatment of the underlying 
illness and full support in the ICU, many patients do not 
survive their ICU stay. Although it is often very difficult 
to know when ICU care is heroic and lifesaving and when 
it is little more than meddling in the process of dying, the 
distinction usually becomes clear over a relatively short 
period. Chronic critical illness may be a reflection of the 
most unfortunate form of iatrogenesis—a failure of the 
ICU team to advocate a transition from active support to 

the acceptance of the end of life. In doing so, the patient is 
exposed to the harms of support without the possibility of 
benefit, and the family to the illusion of choice without the 
possibility of altering outcome.
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What Is the Role of Autonomic 
Dysfunction in Critical Illness?

Gareth L. Ackland

The term autonomic dysfunction is frequently associated 
with the syndrome of critical illness. Numerous stud-
ies have reported a striking association among depressed 
autonomic activity (usually measured as reduced heart rate 
variability), disease severity, and outcome.1,2 More sophisti-
cated interrogation of various components of the autonomic 
nervous system also reveals that the loss of chemoreflex3 or 
baroreflex4 responses is associated with higher mortality in 
critically ill patients. However, the marker versus mediator 
debate over the significance of these findings is difficult to 
disentangle—at least from clinical studies. Moreover, much 
of the literature making an association between the devel-
opment of critical illness and the autonomic dysfunction 
is hampered by the variety of techniques used to detect 
alterations in autonomic control, the lack of population 
norms, variable analysis techniques, and lack of suitable 
controls and follow-up.5 Nevertheless, emerging labora-
tory and trial data suggest that autonomic dysfunction 
may be a clinically underappreciated driver of established 
critical illness. Specifically, the argument put forward here 
is that critical illness occurs as a direct result of autonomic 
dysfunction, which also serves as an essential biological 
precursor for priming pathophysiologic responses that 
subsequently result in multiorgan failure/dysfunction. 
As a complementary hypothesis, acquired autonomic dys-
function may also portend worse outcomes following dis-
parate triggers of critical illness.

WHAT IS AUTONOMIC DYSFUNCTION?

From a basic biological perspective, autonomic dysfunc-
tion should be considered as the uncoupling of cellular 
and integrative physiologic control.6 In other words, auto-
nomic dysfunction may be defined as changes in afferent, 
integrative (central nervous system [CNS]), or efferent 
components of sympathetic or parasympathetic neural 
control, associated with pathologic states. This broadens 
the scope of its potential impact on understanding the 
pathophysiology of critical illness. Coordinated and self-
limiting sympathetic activation, coupled with the mainte-
nance of parasympathetic tone, appears to be associated 
with a favorable physiologic response to tissue injury and 
sepsis. The “uncoupling” of these autonomic control mech-
anisms, and consequent loss of neurally mediated interor-
gan feedback pathways, is a feature of the development of 

multiorgan dysfunction syndrome. In established critical 
illness, there is a temporally related association between 
autonomic dysfunction and derangements in immune, 
metabolic, and bioenergetic mechanisms that appear to be 
prognostically linked to outcome. From a neuropathologic 
viewpoint, postmortem samples of brain tissue, obtained 
from septic patients, show evidence for neuronal death in 
autonomic centers.7 At the molecular level, disruption of 
normal G-protein–coupled receptor (GPCR) recycling8 is a 
feature of neurohormonal dysregulation in disease states 
where biological variability is disrupted. In many respects, 
core features of established critical illness may be erro-
neously attributed to conventional clinical explanations 
rather than the consequences of autonomic dysfunction 
alone (Table 48-1).

AT WHAT POINT DOES AUTONOMIC 
DYSFUNCTION INFLUENCE THE 
DEVELOPMENT OF CRITICAL ILLNESS?

Many patients who ultimately require critical care have 
established features of autonomic dysfunction well before 
the clinical manifestation of critical illness, as a result of 
various established chronic disease states. The striking 
observation that several chronic diseases such as cardiac 
and renal failure confer increased risk for sepsis suggests 
that an underlying common mechanism contributes to this 
increased propensity for multiorgan dysfunction.9 Sub-
clinical changes in autonomic function precede the onset 
of diabetes and hypertension.10 Patients with overt or 
occult heart failure are at particularly high risk of having 
critical illness, including acquiring infection or sustaining 
excess postoperative morbidity following cardiac or non-
cardiac surgery. It has become increasingly apparent that 
many of the pathophysiologic features of cardiac failure 
are present in deconditioned patients, with poor aerobic 
capacity and low anaerobic threshold, yet no formal diag-
nosis of heart failure.11 Cardiac failure is characterized 
by increased sympathetic drive, high levels of circulating 
catecholamines and cortisol, and withdrawal of parasym-
pathetic activity.12 Elevated plasma levels of proinflam-
matory cytokines and deficient immune function are also 
common features of chronic heart failure.13 Restoration 
toward normal autonomic function with conventional or 
experimental therapies improves cardiac function, as well 

48
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as reduces excess neurohormonal and inflammatory acti-
vation.13 A growing body of evidence in both chronic heart 
failure14 and critically ill patients is accumulating, indicat-
ing that sympatholysis is associated with a counterintui-
tive improvement in left ventricular function15 in addition 
to reductions in left ventricular remodeling and reduced 
plasma levels of inflammatory cytokines.16 Loss of vagal 
activity in chronic heart failure is a predictor of high mor-
tality.17 Beyond overt cardiovascular disease, patients with 
extracardiac disease also show features of established auto-
nomic dysfunction. For example, end-stage renal disease18 
and obstructive jaundice19 are characterized by impaired 
baroreflex sensitivity and increased levels of plasma atrial 
natriuretic peptide.

AUTONOMIC DYSFUNCTION AT THE VERY 
ONSET OF CRITICAL ILLNESS

The hallmark of the onset of critical illness is tachycardia, 
frequently accompanied by tachypnea.20,21 Sepsis, hypoxia, 
and acidosis are all major stimuli for driving tachypnea/
tachycardia through peripheral chemoreceptor-driven 
autonomic reflexes.22 Similarly, sterile inflammation, or 
danger-associated molecular patterns, may also be an 
important—though underrecognized—additional driver 
for this physiologic response.22 Thus, afferent sensors of 
the autonomic nervous system are hardwired to detect 
pathologic changes in oxygen, carbon dioxide, acidosis, 
glucose, electrolytes, neurohormones, and inflammatory 
mediators (Fig. 48-1). Experimental models of endotoxin 
infusion illustrate the speed with which neural afferents 
detect inflammatory changes, in parallel with the rapid 
and dramatic pathophysiologic features that can appear in 
otherwise previously well, healthy individuals.23,24 Typical 
pathophysiologic changes in respiratory function—beyond 
tachypnea—include increased airway resistance and secre-
tions. Discrete activation of the peripheral chemoreflex 
triggers the release of cortisol and vasopressin, prototypi-
cal neurohormones of critical illness. These responses may 

form part of the protective autonomic response to triggers 
of critical illness because acute carotid sinus denerva-
tion hastens mortality after lethal experimental endotox-
emia.25 Loss of baroreflex control through denervation of 
the carotid sinus and aortic baroreceptor nerves appears 
to compromise the compensatory response to hypotension 
induced by acute sepsis, with lower mean blood pressure, 
cardiac output, total peripheral resistance, and central 
venous pressure.26

IS AUTONOMIC DYSFUNCTION IN 
CRITICAL ILLNESS INDUCED BY MODERN 
CRITICAL CARE STRATEGIES?

By most accounts, many of the therapies used in criti-
cally ill patients profoundly alter, if not ablate, auto-
nomic, baroreflex, and chemoreceptor control. Sedation 
inhibits parasympathetic neuronal activity while reduc-
ing sympathetic drive.27 Neuromuscular blockade agents 
such as vecuronium inhibit peripheral chemoreceptor 
sensitivity28 and conceivably produce immunosuppres-
sion through nicotinic receptor blockade.29 Inotropes 
dramatically reduce baroreflex control and inhibit para-
sympathetic activity, as reflected by changes in heart rate 
variability.30,31 Furthermore, catecholamines directly fuel 
infection by promoting bacterial acquisition of normally 
inaccessible sequestered host iron, which is released by 
transferrin as a result of catecholamines forming protein 
complexes with ferric iron.32

Perhaps most strikingly, models of enforced bed rest 
in healthy volunteers show the rapid onset of autonomic 
dysfunction appearing well before other features of decon-
ditioning. Typically, these changes involve sympathetic 
activation and parasympathetic withdrawal.33 The increas-
ingly recognized, though seldom detected, problem of psy-
chological stress induced by the critical care environment 
reduces baroreflex sensitivity and promotes tachycardia.34 
Experimental models of enforced bed rest demonstrate 
a mechanistic interaction between dysautonomia and 

Table 48-1 Common Symptoms/Signs in Critically Ill Patients Mimicked by Features of Aberrant 
Autonomic Control

Symptom of Critical Illness Conventional Explanation Alternative “Dysautonomia” Hypothesis

Tachycardia Agitation55/fever56 Loss of baroreflex diminution of heart rate
Cytokine stimulation of peripheral  

chemoreceptors

Cardiac ischemia Underlying or acquired coronary disease57/
hypercoaguability58

Loss of cardioprotective vagal innervation

Loss of inotropic performance Cardiac ischemic damage Neurohormonal downregulation of  
β-adrenoreceptors ± cardiac receptors

Failure to wean Cardiac failure All above

Fever of uncertain origin Undeclared infectious source Cytokinemia derived from neurohormonal 
activation of immune cells

Persistently raised inflammatory markers Undeclared infectious source Cytokinemia derived from neurohormonal 
activation of immune cells

Bacterial colonization Immunosuppression Adrenergic fuel for microorganism growth
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anhedonia (loss of the capacity to experience pleasure),35 
which may relate to depression being a negative prognos-
ticator of outcome in critical illness.36 Given the current 
vogue for early physical, occupational, or behavioral ther-
apy,37 it is tempting to speculate that restoring autonomic 
control may be an underappreciated feature of the appar-
ent success of this strategy.

CARDIOVASCULAR DYSFUNCTION IN 
CRITICAL ILLNESS AS A DIRECT RESULT 
OF AUTONOMIC DYSFUNCTION

Cardiovascular dysfunction, a hallmark of critical ill-
ness, frequently prevents successful liberation from 
mechanical ventilation.38 The etiology of cardiac injury 
during critical illness remains unclear and appears 
unlikely to be merely attributable to coronary artery 
disease given the strikingly broad demographic associ-
ated with abnormal levels of circulating troponin. Exces-
sive sympathetic activity alone leads to accumulation of 
intracellular calcium, triggering myocardial necrosis.39 
Acute stress, whether it be psychological or hemody-
namic in origin, triggers coagulation and endothelial cell 

dysfunction through sustained increases in sympathetic 
activity.40 Together with persistent tachycardia, endothe-
lial dysfunction and a sympathetic-mediated prothrom-
botic state may explain in part elevations in troponin 
frequently seen in critically ill patients. Catecholamine-
associated metabolic dysregulation, typified by “stress” 
hyperglycemia, may further exacerbate myocardial 
injury.41 The carefully targeted use of alpha-2 agonists42 
and beta blockers43 may contribute to a useful therapeu-
tic role in this context.

In the absence of direct myocardial injury, prolonged 
sympathetic activation results in β-adrenoreceptor down-
regulation and desensitization. Circulating inflammatory 
mediators directly disrupt effective coupling of adrener-
gic receptors from their downstream signaling kinases.44 
As a result, the pathologic failure to recycle GPCRs may 
explain the impaired cardiometabolic response to exoge-
nous β-adrenoreceptor stimulation. Several clinical studies 
have repeatedly shown that increased mortality is associ-
ated with the loss of the typical cardiometabolic response 
to exogenous β-adrenergic agonists in established critical 
illness.45

The parasympathetic limb of the autonomic nervous 
system also plays an important cardioprotective role, 
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Figure 48-1. Peripheral autonomic sensing of inflammation by the carotid body chemoreceptors. Hypoxic sensing is transduced by the release of 
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extracellular ATP causes caspase-1 upregulation and cleavage of pro-IL-1β, which mimics hypoxia through the induction of hypoxia-inducible 
factor 1-α (HIF-1α). IL-1β, interleukin 1β.
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through several disparate mechanisms. In addition to the 
well-recognized hemodynamic effects of increasing dia-
stolic filling time, recent experimental data add important 
new mechanisms of direct relevance to established critical 
illness. Remote preconditioning is activated by numerous 
afferent inputs, including pain and transient ischemia in 
distant organs. Cardioprotective remote ischemic precon-
ditioning is dependent on intact vagal efferent innerva-
tions of the myocardium.46 Some of these cardioprotective 
effects may further be mediated through a parasympa-
thetic-mediated anti-inflammatory mechanism, at least in 
the context of myocardial dysfunction triggered by inflam-
matory myocarditis.47

IMMUNE DYSFUNCTION IN CRITICAL 
ILLNESS AS A RESULT OF AUTONOMIC 
DYSFUNCTION

Experimental data show that multiple autonomic mech-
anisms contribute to immunoparesis and immunosup-
pression, key features of established critical illness. 
Monocyte deactivation is associated with increased 
risk of infection and higher mortality, accompanied by 
β-adrenergic desensitization.48 Catecholamines exacer-
bate the hepatic dysfunction observed during sepsis,49 
which may be reversed by targeted beta-blockade.50 The 
parasympathetic nervous system, acting through the 
vagus nerve, can sense inflammation in the periphery and 
relay this information to the brain, resulting in fever and 
activation of the hypothalamic-pituitary-adrenal axis and 
sympathetic activation.51 Enhancing efferent vagal activ-
ity, at least in animal models, attenuates macrophage 
release of inflammatory cytokines through nicotinic 
alpha-7 agonism.52 Other parasympathetic neurotrans-
mitters,53 and pathways,54 may also contribute to neuro-
immunomodulation.

CONCLUSIONS

An abnormal cardiometabolic response to sympathoexcita-
tion is robustly associated with key features of chronic crit-
ical illness and paralleled by the loss of parasympathetic 
activity. Emerging clinical data provide some support for 
these largely experimental concepts. Precedents from the 
clinical cardiac failure literature suggest that autonomic 
modulation provides a rational target for preventing/
reversing critical illness.

REFERENCES

 1.  Hoyer D, Friedrich H, Zwiener U, et al. Prognostic impact of auto-
nomic information flow in multiple organ dysfunction syndrome 
patients. Int J Cardiol. 2006;108:359–369.

 2.  Schmidt H, Muller-Werdan U, Hoffmann T, et al. Attenuated 
 autonomic function in multiple organ dysfunction syndrome 
across three age groups. Biomed Tech (Berl). 2006;51:264–267.

 3.  Schmidt H, Muller-Werdan U, Nuding S, et al. Impaired chemore-
flex sensitivity in adult patients with multiple organ dysfunction 
syndrome–the potential role of disease severity. Intensive Care Med. 
2004;30:665–672.

 4.  Schmidt H, Muller-Werdan U, Hoffmann T, et al. Autonomic 
dysfunction predicts mortality in patients with multiple organ 
dysfunction syndrome of different age groups. Crit Care Med. 
2005;33:1994–2002.

 5.  Stein PK. Challenges of heart rate variability research in the ICU. 
Crit Care Med. 2013;41:666–667.

 6.  Godin PJ, Buchman TG. Uncoupling of biological oscillators: a 
complementary hypothesis concerning the pathogenesis of multi-
ple organ dysfunction syndrome. Crit Care Med. 1996;24:1107–1116.

 7.  Sharshar T, Gray F, Lorin de la Grandmaison G, et al. Apopto-
sis of neurons in cardiovascular autonomic centres triggered by 
 inducible nitric oxide synthase after death from septic shock.  
Lancet. 2003;362:1799–1805.

 8.  Hupfeld CJ, Olefsky JM. Regulation of receptor tyrosine kinase 
signaling by GRKs and beta-arrestins. Annu Rev Physiol. 2007; 
69:561–577.

 9.  Phillips JK. Autonomic dysfunction in heart failure and renal dis-
ease. Front Physiol. 2012;3:219.

 10.  Davis JT, Rao F, Naqshbandi D, et al. Autonomic and hemody-
namic origins of pre-hypertension: central role of heredity. J Am 
Coll Cardiol. 2012;59:2206–2216.

 11.  Sultan P, Edwards MR, Gutierrez del Arroyo A, et al. Cardiopul-
monary exercise capacity and preoperative markers of inflamma-
tion. Mediators Inflamm. 2014;2014:727451.

 12.  Schwartz PJ, De Ferrari GM. Sympathetic-parasympathetic inter-
action in health and disease: abnormalities and relevance in heart 
failure. Heart Fail Rev. 2011;16:101–107.

 13.  Maisel AS. Beneficial effects of metoprolol treatment in conges-
tive heart failure. Reversal of sympathetic-induced alterations of 
 immunologic function. Circulation. 1994;90:1774–1780.

 14.  McAlister FA, Wiebe N, Ezekowitz JA, Leung AA, Armstrong PW. 
Meta-analysis: beta-blocker dose, heart rate reduction, and death 
in patients with heart failure. Ann Intern Med. 2009;150:784–794.

 15.  Gore DC, Wolfe RR. Hemodynamic and metabolic effects of 
selective beta1 adrenergic blockade during sepsis. Surgery. 
2006;139:686–694.

 16.  Felder RB, Yu Y, Zhang ZH, Wei SG. Pharmacological treatment 
for heart failure: a view from the brain. Clin Pharmacol Ther. 
2009;86:216–220.

 17.  Van Wagoner DR. Chronic vagal nerve stimulation for the treat-
ment of human heart failure: progress in translating a vision into 
reality. Eur Heart J. 2011;32:788–790.

 18.  Chesterton LJ, McIntyre CW. The assessment of baroreflex sensi-
tivity in patients with chronic kidney disease: implications for va-
somotor instability. Curr Opin Nephrol Hypertens. 2005;14:586–591.

 19.  Song JG, Cao YF, Sun YM, et al. Baroreflex sensitivity is impaired in 
patients with obstructive jaundice. Anesthesiology. 2009;111:561–565.

 20.  Rangel-Frausto MS, Pittet D, Costigan M, Hwang T, Davis CS, 
 Wenzel RP. The natural history of the systemic inflammatory re-
sponse syndrome (SIRS). A prospective study. JAMA. 1995;273: 
117–123.

 21.  Annane D, Trabold F, Sharshar T, et al. Inappropriate sympathetic 
activation at onset of septic shock: a spectral analysis approach. 
Am J Respir Crit Care Med. 1999;160:458–465.

 22.  Ackland GL, Kazymov V, Marina N, Singer M, Gourine AV. 
 Peripheral neural detection of danger-associated and pathogen-
associated molecular patterns. Crit Care Med. 2013;41:e85–92.

 23.  Godin PJ, Fleisher LA, Eidsath A, et al. Experimental human 
 endotoxemia increases cardiac regularity: results from a prospec-
tive, randomized, crossover trial. Crit Care Med. 1996;24:1117–1124.

 24.  Taylor EW, Jordan D, Coote JH. Central control of the cardiovas-
cular and respiratory systems and their interactions in vertebrates. 
Physiol Rev. 1999;79:855–916.

AUTHOR’S RECOMMENDATIONS

 •  Persistent tachycardia should not automatically be attributed to 
conventionally thought-of triggers of excess sympathetic  
activity, such as hypovolemia or pain.

 •  Early efforts to minimize prolonged immobility may be  
beneficial through preventing associated autonomic dysfunction.

 •  Targeted treatments to ameliorate tachycardia, using α2  
adrenoceptor agonists, such as dexmedetomidine or  
clonidine, or titratable beta-blockers, such as esmolol, may 
also be beneficial.  



334    Section IX PERSISTENT CRITICAL ILLNESS

 25.  Tang GJ, Kou YR, Lin YS. Peripheral neural modulation of endo-
toxin-induced hyperventilation. Crit Care Med. 1998;26:1558–1563.

 26.  Koyama S, Terada N, Shiojima Y, Takeuchi T. Baroreflex participa-
tion of cardiovascular response to E. coli endotoxin. Jpn J Physiol. 
1986;36:267–275.

 27.  Bradley BD, Green G, Ramsay T, Seely AJ. Impact of sedation and 
organ failure on continuous heart and respiratory rate variability 
monitoring in critically ill patients: a pilot study. Crit Care Med. 
2013;41:433–444.

 28.  Eriksson LI, Sato M, Severinghaus JW. Effect of a vecuronium-
induced partial neuromuscular block on hypoxic ventilatory 
 response. Anesthesiology. 1993;78:693–699.

 29.  Wang H, Yu M, Ochani M, et al. Nicotinic acetylcholine receptor 
alpha7 subunit is an essential regulator of inflammation. Nature. 
2003;421:384–388.

 30.  Hogue Jr CW, Davila-Roman VG, Stein PK, Feinberg M, Lappas 
DG, Perez JE. Alterations in heart rate variability in  patients under-
going dobutamine stress echocardiography, including patients with 
neurocardiogenic hypotension. Am Heart J. 1995;130:1203–1209.

 31.  van de Borne P, Heron S, Nguyen H, et al. Arterial baroreflex con-
trol of the sinus node during dobutamine exercise stress testing. 
Hypertension. 1999;33:987–991.

 32.  Lyte M, Freestone PP, Neal CP, et al. Stimulation of Staphylococcus 
epidermidis growth and biofilm formation by catecholamine ino-
tropes. Lancet. 2003;361:130–135.

 33.  Hughson RL, Yamamoto Y, Maillet A, et al. Altered autonomic 
regulation of cardiac function during head-up tilt after 28-day 
head-down bed-rest with counter-measures. Clin Physiol. 1994;14: 
291–304.

 34.  Truijen J, Davis SC, Stok WJ, et al. Baroreflex sensitivity is higher 
during acute psychological stress in healthy subjects under beta-
adrenergic blockade. Clin Sci. 2011;120:161–167.

 35.  Moffitt JA, Grippo AJ, Beltz TG, Johnson AK. Hindlimb unloading 
elicits anhedonia and sympathovagal imbalance. J Appl Physiol. 
1985;2008(105):1049–1059.

 36.  Desai SV, Law TJ, Needham DM. Long-term complications of 
critical care. Crit Care Med. 2011;39:371–379.

 37.  Schweickert WD, Pohlman MC, Pohlman AS, et al. Early physical 
and occupational therapy in mechanically ventilated, critically ill 
patients: a randomised controlled trial. Lancet. 2009;373:1874–1882.

 38.  Lara TM, Hajjar LA, de Almeida JP, et al. High levels of B-type 
natriuretic peptide predict weaning failure from mechanical ven-
tilation in adult patients after cardiac surgery. Clinics (Sao Paulo). 
2013;68:33–38.

 39.  Ellison GM, Torella D, Karakikes I, et al. Acute beta-adrenergic 
overload produces myocyte damage through calcium leakage 
from the ryanodine receptor 2 but spares cardiac stem cells. J Biol 
Chem. 2007;282:11397–11409.

 40.  Bruno RM, Ghiadoni L, Seravalle G, Dell’oro R, Taddei S, Grassi G. 
Sympathetic regulation of vascular function in health and disease. 
Front Physiol. 2012;3:284.

 41.  Weekers F, Giulietti AP, Michalaki M, et al. Metabolic, endocrine, 
and immune effects of stress hyperglycemia in a rabbit model of 
prolonged critical illness. Endocrinology. 2003;144:5329–5338.

 42.  MacLaren R. Immunosedation: a consideration for sepsis. Crit 
Care. 2009;13:191.

 43.  Morelli A, Ertmer C, Westphal M, et al. Effect of heart rate con-
trol with esmolol on hemodynamic and clinical outcomes in 
patients with septic shock: a randomized clinical trial. JAMA. 
2013;310:1683–1691.

 44.  Coggins M, Rosenzweig A. The fire within: cardiac inflammatory 
signaling in health and disease. Circ Res. 2012;110:116–125.

 45.  Collin S, Sennoun N, Levy B. Cardiovascular and metabolic 
 responses to catecholamine and sepsis prognosis: a ubiquitous 
phenomenon? Crit Care. 2008;12:118.

 46.  Mastitskaya S, Marina N, Gourine A, et al. Cardioprotection 
evoked by remote ischaemic preconditioning is critically depen-
dent on the activity of vagal pre-ganglionic neurones. Cardiovasc 
Res. 2012;95:487–494.

 47.  Leib C, Goser S, Luthje D, et al. Role of the cholinergic antiinflam-
matory pathway in murine autoimmune myocarditis. Circ Res. 
2011;109:130–140.

 48.  Link A, Selejan S, Maack C, Lenz M, Bohm M. Phosphodiesterase 
4 inhibition but not beta-adrenergic stimulation suppresses tumor 
necrosis factor-alpha release in peripheral blood mononuclear 
cells in septic shock. Crit Care. 2008;12:R159.

 49.  Aninat C, Seguin P, Descheemaeker PN, Morel F, Malledant Y, 
Guillouzo A. Catecholamines induce an inflammatory response in 
human hepatocytes. Crit Care Med. 2008;36:848–854.

 50.  Ackland GL, Yao ST, Rudiger A, et al. Cardioprotection, attenu-
ated systemic inflammation, and survival benefit of beta1-adre-
noceptor blockade in severe sepsis in rats. Crit Care Med. 2010;38: 
388–394.

 51.  Goehler LE, Gaykema RP, Hansen MK, Anderson K, Maier SF, 
Watkins LR. Vagal immune-to-brain communication: a visceral 
chemosensory pathway. Auton Neurosci. 2000;85:49–59.

 52.  Tracey KJ. Understanding immunity requires more than immunol-
ogy. Nat Immunol. 2010;11:561–564.

 53.  Smalley SG, Barrow PA, Foster N. Immunomodulation of innate 
immune responses by vasoactive intestinal peptide (VIP): its 
therapeutic potential in inflammatory disease. Clin Exp Immunol. 
2009;157:225–234.

 54.  Cailotto C, Gomez-Pinilla PJ, Costes LM, et al. Neuro-anatomical 
evidence indicating indirect modulation of macrophages by 
vagal efferents in the intestine but not in the spleen. PLoS One. 
2014;9:e87785.

 55.  Chevrolet JC, Jolliet P. Clinical review: agitation and delirium 
in the critically ill–significance and management. Crit Care. 
2007;11:214.

 56.  Launey Y, Nesseler N, Malledant Y, Seguin P. Clinical review: 
 fever in septic ICU patients–friend or foe? Crit Care. 2011;15:222.

 57.  Lim W, Qushmaq I, Devereaux PJ, et al. Elevated cardiac tro-
ponin measurements in critically ill patients. Arch Intern Med. 
2006;166:2446–2454.

 58.  Alhazzani W, Lim W, Jaeschke RZ, Murad MH, Cade J, Cook 
DJ. Heparin thromboprophylaxis in medical-surgical critically ill 
 patients: a systematic review and meta-analysis of randomized 
 trials. Crit Care Med. 2013;41:2088–2098.



 335 

Is Sepsis-Induced Organ 
Dysfunction an Adaptive 
Response?

Scott L. Weiss, Richard J. Levy, Clifford S. Deutschman

Organ dysfunction is a hallmark of sepsis.1 Scientific investi-
gation has focused on identifying potential causes and thera-
peutic targets of this component of the syndrome. Although 
various pathways and cellular systems are altered by sepsis 
and inflammation, to date no unifying or causative etiology 
has been uncovered. Historically, clinicians and investigators 
have viewed sepsis-induced organ dysfunction as a patho-
logic process that is deleterious to the survival of the host.2 
Indeed, multiorgan dysfunction syndrome is the primary 
antecedent to sepsis-associated mortality.3,4 Recently, an 
interesting alternative hypothesis has been proposed: Does 
organ dysfunction during sepsis represent an adaptive pro-
survival response?57 This concept is based on the observation 
that, despite physiologic and biochemical dysfunction, there 
is minimal evidence of cell death in affected organ systems, 
survivors rapidly recover organ function, and the downreg-
ulation of metabolism described during sepsis resembles a 
hibernating or suspended-animation state.1,8

In nature, hibernation (torpor) is a protective adaptation to 
harsh environmental conditions and is a regulated, seasonal 
response largely coordinated by changes in mitochondrial 
respiration.9 This response allows hibernating mammals to 
reduce their metabolism to promote survival amid decreased 
substrate availability.9 Although a profound and prolonged 
metabolic downregulation can trigger death, the conserva-
tion of this physiologic response across models and species 
suggests that some degree of transient energetic swoon early 
in sepsis is likely to be adaptive.10 In this chapter, we review 
(1) the mechanisms that downregulate metabolism in sepsis, 
highlighting the role of mitochondria; (2) the evidence sup-
porting the development of a hibernation-like state in dur-
ing sepsis; and (3) the role for mitochondrial biogenesis to 
restore organ function and promote survival.

MITOCHONDRIA AS THE MEDIATOR  
OF METABOLIC DOWNREGULATION  
IN SEPSIS

It has been proposed that an acquired defect in oxida-
tive phosphorylation prevents cells from using molecular 

oxygen for adenosine triphosphate (ATP) production and 
potentially causes sepsis-induced organ dysfunction.11,12 
Most energy production in vertebrate cells occurs in the 
mitochondria and is generated by aerobic respiration.13 
This process, called “oxidative phosphorylation,” couples 
oxidation of NADH (nicotinamide adenine dinucleotide) 
and flavin adenine dinucleotide with phosphorylation of 
adenosine diphosphate (ADP) to form ATP.12,13 Oxidative 
phosphorylation is accomplished by a series of enzyme 
complexes termed the electron transport system (ETS).13 
Located on the mitochondrial inner membrane, these 
enzymes use energy released during transfer of electrons 
between complexes to actively pump protons from the 
mitochondrial matrix into the intermembrane space.12,13 
The resultant proton motive force is then used by ATP 
 synthase (complex V) to synthesize ATP from ADP.13

Each mitochondrion contains 2 to 10 copies of a circular, 
double-stranded DNA called mitochondrial DNA (mtDNA). 
mtDNA encodes key subunits of the ETS enzyme com-
plexes, whereas structural subunits and the mitochon-
drial translational machinery primarily arise from nuclear 
genes.14 Thus, expression of genes that give rise to the 
protein complexes of the ETS is under dual control. An 
acquired defect in gene expression, protein translation, or 
functional activity of any of the ETS enzymes could impair 
oxidative phosphorylation and lead to sepsis-induced 
organ dysfunction.11,12

Ultrastructural mitochondrial abnormalities have been 
recognized across organ systems in in vivo, ex vivo, and 
in vitro models of sepsis for over 30 years.8 For example, 
Crouser et al. demonstrated marked swelling and disrup-
tion of mitochondrial architecture in the liver 24 hours after 
cecal ligation and puncture (CLP) in a cat model.15 Similar 
morphologic abnormalities have been noted in mitochon-
dria taken from heart, endothelial cells, intestinal epithe-
lial cells, kidney, and skeletal muscle in animal models of 
sepsis.16 In human sepsis, heart and liver biopsies obtained 
immediately postmortem from adult nonsurvivors showed 
substantial accumulation of hydropic mitochondria.17

Functional changes in mitochondrial respiration 
have been variably reported as increased, decreased, or 
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unchanged in short-term sepsis models, although longer-
term models more consistently demonstrate depressed 
mitochondrial function. Data about mitochondrial dys-
function in human sepsis remain relatively scant, although 
most—but not all—studies demonstrate decreased mito-
chondrial oxygen consumption in immune and nonimmune 
cells.8,18,19 When considering bioenergetic impairment 
in sepsis, investigators have most commonly focused on 
NADH:ubiquinone oxidoreductase (complex I) and cyto-
chrome oxidase (complex IV). As the largest complex of 
the ETS (comprising 45 proteins), complex I is subject to 
impairment from changes in various protein subunits. 
Multiple studies have demonstrated decreased activity of 
ETS complex I in sepsis models and in humans.20,21 Com-
plex IV is composed of only 13 subunits, many of which 
have been investigated in sepsis. Subunits 1, 2, and 3 make 
up the catalytic center and are encoded by mtDNA.13 The 
other 10 subunits arise from nuclear DNA.13 Subunit 1, the 
active site, houses the heme aa3 binuclear center.13 Numer-
ous studies have demonstrated abnormalities in expres-
sion and function of cytochrome oxidase during sepsis and 
in related models.22-26 For example, steady-state levels of 
cytochrome oxidase subunit I messenger RNA (mRNA) 
and protein are decreased in the murine heart after CLP 
and in endotoxin-stimulated macrophages.22,23 Injection of 
LPS into healthy human volunteers also resulted in wide-
spread suppression of genes regulating mitochondrial 
energy production and protein synthesis.27 Reductions in 
ETS complex mRNA expression and protein translation 
result in reduced enzyme content and could affect the bio-
energetic capacity of the cell.

Changes in mRNA and protein levels of key enzyme 
complex subunits are only functionally significant if they 
lead to or contribute to enzyme dysfunction. To this point, 
myocardial cytochrome oxidase activity decreased to 51% 
of baseline in baboons after Escherichia coli infusion.28 In 
murine sepsis, myocardial cytochrome oxidase inhibi-
tion was reported after CLP.22 This inhibition was initially 
competitive but later became noncompetitive. This change 
occurred at a time when cardiac function was markedly 
impaired and when mortality was high.22 Cytochrome oxi-
dase dysfunction also has been shown in septic liver and 
in the medulla of the endotoxemic rat.29,30 Furthermore, 
reduced state 3 mitochondrial oxygen consumption has 
been demonstrated in the neonatal rat heart, feline liver, 
and rat diaphragm during endotoxemia.24,31,32

Complex IV contains two heme subgroups (cytochrome 
a and a3) that assist in the transfer of electrons and reduc-
tion of oxygen to water. A reduced cytochrome aa3 redox 
state in the absence of tissue hypoxia indicates a defect 
in mitochondrial oxygen use and suggests impaired oxi-
dative phosphorylation. Several investigators have dem-
onstrated reduced redox status during endotoxemia and 
gram-negative bacteremia in the heart, brain, skeletal 
muscle, and intestine in various animals.33-37 In addition, 
diminished heme aa3 content in heart and skeletal muscle 
has also been shown in experimental sepsis.22,38

Bioenergetic failure as a potential cause of sepsis-induced 
organ failure is not a new concept. With regard to sepsis- 
associated myocardial depression, early investigation 
extensively evaluated oxygen delivery, global myocardial  
perfusion, and high-energy phosphate levels.39-45 These 

studies clearly demonstrated that coronary blood flow 
and global cardiac perfusion were maintained and often 
increased during sepsis.39-41,46 In addition, there is evidence 
to suggest that tissue oxygen tension was unchanged in the 
dysfunctional septic heart.43 These findings argue strongly 
against decreased oxygen availability as a cause of myo-
cardial depression in sepsis and support a defect in oxygen 
utilization. Organ-specific impairment of oxygen utiliza-
tion is further supported by a progressive decline in whole-
body oxygen consumption and resting metabolic rate with 
increasing severity of sepsis.47 Although other studies have 
reported oxygen consumption to be unchanged or increased 
in sepsis, it has been postulated that this may be due to an 
uncoupling of mitochondrial respiration leading to ineffi-
cient electron flux and heat  generation.8

However, the literature is less clear regarding ATP 
availability. In many studies, preserved ATP levels were 
demonstrated in dysfunctional septic myocardium. Other 
investigations reported decreased high-energy phosphates 
in experimental sepsis and endotoxemia.26,42-45,48 In a study 
of 28 adults with severe sepsis, 12 (43%) of whom died of 
sepsis-related multiple organ dysfunction syndrome, non-
survivors were distinguished from sepsis survivors and 
nonseptic controls by lower levels of ATP in skeletal mus-
cle.20 However, even preservation of ATP does not imply 
an absence of mitochondrial dysfunction in sepsis.44,49 
During reduced oxygen delivery and cellular hypoxia, cells 
can adapt to maintain viability by downregulating oxygen 
consumption, energy requirements, and ATP demand.50,51 
Thus, although ATP content may remain unchanged, 
ATP use can be decreased dramatically. In the heart, this 
response is called myocardial hibernation and classically 
occurs during myocardial ischemia.50 This adaptive, pro-
survival response results in cardiomyocyte hypocontrac-
tility with preserved cellular ATP.50 If cellular metabolic 
activity continued unchanged despite mitochondrial dys-
function, then ATP levels would inevitably diminish and 
cell death pathways would be activated. Because cell death 
does not appear to be a primary feature of sepsis-induced 
organ dysfunction, it follows that cells may instead adapt 
to cope with the falling energy supply.8 Thus, finding pre-
served ATP during sepsis reveals little about the integrity 
of oxidative phosphorylation and may support the notion 
of a similar prosurvival response.

Development of a Hibernation-Like State  
in Sepsis

Metabolic downregulation is a crucial response that facili-
tates tolerance to a lack of energetic substrates during harsh 
environmental conditions and promotes survival during 
true hibernation.10 The hibernating state prevents a cellu-
lar bioenergetic crisis by reducing demand for ATP when 
substrate and/or oxygen supply are low and decreases 
mitochondrial oxidative stress.10 Central to this response 
are reduced oxygen consumption and cytochrome oxi-
dase activity. In the hibernating frog, whole-body oxygen 
consumption decreases by 50% in normoxic 3° C water.52 
Whole-body oxygen consumption and respiration of iso-
lated skeletal muscle mitochondria decreased further when 
hibernating frogs were placed in hypoxic cold water.52 
Furthermore, cytochrome oxidase activity in frog skeletal 
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muscle progressively decreases during different stages of 
hibernation.52 In the hibernating ground squirrel, state 3 
respiration decreased by approximately 70% in liver mito-
chondria.53 In squirrels that fail to hibernate, though, the 
changes observed in kidney cytochrome oxidase within 
their hibernating counterparts do not occur.10 Thus, it is 
clear that metabolic downregulation, in part because of 
reversible cytochrome oxidase inhibition and reduced 
activity, is key to initiating and maintaining the hibernating 
phenotype in various species. Importantly, the reduction in 
cytochrome oxidase activity and mitochondrial respiration 
characteristic of hibernation are similar to the changes seen 
during early sepsis.

Pharmacologic inhibition of cytochrome oxidase has 
been shown to induce a hibernation-like or suspended-
animation state.54,55 Reversible inhibition of cytochrome 
oxidase with carbon monoxide (CO) arrests embryogen-
esis in Caenorhabditis elegans embryos yet preserves their 
viability in hypoxic conditions.54 In addition, noncompeti-
tive cytochrome oxidase inhibition with inhaled hydrogen 
sulfide (H2S) induces a suspended-animation state in non-
hibernating mice.55 On exposure to H2S, mice dramatically 
reduced their core body temperature and metabolic rate 
in a dose-dependent and reversible manner.55 At the cellu-
lar level, noncompetitive inhibition of cytochrome oxidase 
with sodium azide causes a rapid and reversible reduc-
tion in cardiomyocyte contraction and metabolic demand, 
mimicking myocardial hibernation.50

Similar to hibernation and exposure to certain com-
pounds, cytochrome oxidase inhibition is well described 
during sepsis.22 For example, in the heart, cytochrome oxi-
dase was competitively inhibited during the early phase of 
sepsis and progressed to become noncompetitively inhib-
ited during the late, hypodynamic phase.22 This specific 
pattern of enzyme inhibition is known to induce meta-
bolic downregulation and a suspended-animation state. 
In addition, these biochemical changes coincide with the 
time course and progression of myocardial depression 
in humans, in which an early depression of cardiac con-
tractility is compensated for by ventricular dilation and 
increased stroke volume with subsequent diastolic dys-
function and reduced cardiac output over time.56-59 The 
decrease in cardiac contractility seen early in sepsis is simi-
lar to the reduced systolic function characteristic of hiber-
nation in grizzly bears and marmots60,61 and may reflect the 
decreased total-body oxygen requirement to produce ATP 
observed in sepsis and hibernation. However, the interval 
development of reduced diastolic relaxation later in sepsis 
is not observed in hibernating animals and may underlie 
a transition point during which metabolic downregulation 
becomes maladaptive and pathologic in sepsis compared 
with natural hibernation. When sepsis-induced mitochon-
drial and cellular defects become irreversible, as is the case 
with cytochrome oxidase inhibition over time, organ dys-
function may also become irreversible and lead to death. 
If this is true, then the challenges for clinicians will be to 
differentiate reversible adaptive organ “hibernation” from 
pathologic organ “failure,” to recognize when this switch 
has occurred, and to intervene to prevent the alteration.

Several different mediators may be responsible for 
metabolic downregulation and mitochondrial dysfunction 
in sepsis. The most likely offenders include nitric oxide 

(NO), CO, H2S, peroxynitrite, and reactive oxygen species. 
Certainly, all of these agents are endogenously produced 
in various tissues during sepsis, largely in response to an 
upregulation of the proinflammatory cytokines tumor 
necrosis factor-α (TNF-α), interleukin-1β (IL-1β), high-
mobility group protein-1, and others.62-66 The high levels 
of NO observed in sepsis may assist antimicrobial defense, 
but they are also cytotoxic to host cell oxidative phosphory-
lation at several postulated sites.9 Notably, the impairment 
in cytochrome oxidase activity during sepsis mimics that 
of true hibernation, suggesting that, at least early on, such 
impairment may be an adaptive response to an inflamma-
tory insult. As discussed later, the failure to restore mito-
chondrial function and recover organ function after acute 
inflammation separates sepsis-induced organ dysfunction 
from true hibernation.

MITOCHONDRIAL BIOGENESIS TO 
RESTORE ORGAN FUNCTION AND 
PROMOTE SURVIVAL

From an evolutionary perspective, it may be adaptive to 
reduce metabolic demands when oxygen and substrate 
availability are low to protect cells from a bioenergetic cri-
sis and limit exposure to oxidative stress. Such a shutdown 
is manifest clinically as organ dysfunction. As with recov-
ery from hibernation, though, once the infectious/inflam-
matory stimulus has abated, functional mitochondria are 
needed to restore cellular energy supply. All cells that 
undergo oxidative phosphorylation have robust quality 
control mechanisms to ensure a full complement of healthy 
mitochondria. Cells optimize the overall mitochondrial 
number, distribution, and function through a network of 
interrelated processes of biogenesis, fission, fusion, and 
mitophagy.9

Mitochondrial biogenesis is the process of synthesiz-
ing new functional mitochondria and can be induced by 
exercise, fasting, exposure to cold temperatures, oxida-
tive stress, and inflammation.9 Depending on the stimu-
lus, mitochondrial biogenesis is executed through several 
 signaling pathways that converge on a common set of 
coactivators and transcription factors. The nuclear-encoded 
factors include peroxisome proliferator-activated recep-
tor γ-1 coactivator-α (PGC-1α), nuclear respiratory factors 
(NRF-1 and NRF-2), nuclear factor erythroid-2- related 
factor 2 (Nrf2), and mitochondrial transcription factor A 
(TFAM).9 These proteins either increase transcription of 
nuclear-encoded mitochondrial proteins or are imported 
into the mitochondria to directly upregulate expression of 
mtDNA to promote ETS complex assembly.

Common inflammatory mediators of the innate immune 
response, including TNF-α, IL-6, and interferon-γ (IFN-γ), 
can activate one or several well-defined pathways of mito-
chondrial biogenesis. These cytokines/chemokines are 
produced in response to the presence of microbial antigens 
(pathogen-associated molecular patterns) that are sensed 
by cellular pattern recognition receptors such as toll-like 
receptors (TLRs). Subsequent activation of the nuclear 
factor-κB (NF-κB), mitogen-activated protein kinases, and 
protein kinase B (Akt) pathways lead to increased expres-
sion of the factors regulating mitochondrial biosynthesis.9 
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Upregulation of NO also stimulates mitochondrial bio-
genesis through increased PGC-1α activity.67 Finally, 
stimulation of heme metabolism in sepsis due to hypoxia 
and inflammation leads to a heme oxygenase-1 (HO-1)– 
mediated production of CO that increases Nrf2 activation, 
thereby further increasing mitochondrial biogenesis.68 
Notably, despite elevated blood levels of cytokines, intra-
cellular signaling may be impaired in severe sepsis and 
may be a mechanism leading to insufficient mitochondrial 
recovery in nonsurvivors.69

The inhibition of oxidative phosphorylation and mito-
chondrial damage in sepsis also provide potent stimuli 
for mitochondrial quality control mechanisms. For exam-
ple, an increase in the adenosine monophosphate/ATP or 
oxidized NAD (NAD+)/NADH ratios induces PGC-1α 
through several pathways.9 Mitochondrial damage due to 
oxidative stress results in mtDNA translocation to the cyto-
plasm, which upregulates NF-κB through TLR-9 signaling 
and acts as a danger-associated molecular pathogen to fur-
ther promote inflammatory mediates that affect mitochon-
drial biogenesis.70 In this regard, removal of dysfunctional 
mitochondria—termed mitophagy—has also been shown 
to be protective in sepsis.71,72 For example, in the liver and 
kidney of hyperglycemic critically ill rabbits, biochemi-
cal markers indicating insufficient mitophagy were more 
pronounced in nonsurviving animals.72 Interestingly, after  
3 and 7 days of illness, mitophagy was better preserved in 
animals treated with insulin to preserve normoglycemia, 
which correlated with improved mitochondrial function 
and less organ damage. Moreover, stimulation of mitoph-
agy in the kidney with rapamycin correlated with protec-
tion of renal function in this study.72

Data from animal studies and septic patients provide 
key evidence that mitochondrial recovery is predictive of 
or associated with recovery of organ function and survival. 
Haden et al. showed that mitochondrial biogenesis is evident 
over 1 to 3 days after a nonlethal exposure to Staphylococcus 
aureus in a rodent model, with a subsequent recovery of oxi-
dative phosphorylation.73 The same group further showed 
that sepsis survival could be improved in rodents treated 
with daily exposure to a low dose of CO and demonstrated 
a mechanistic link to induction of HO-1, Nrf2, and Akt sig-
naling.68 In humans, Carre demonstrated a significant asso-
ciation in the upregulation of the mitochondrial biogenesis 
factors PGC-1α and NRF-1 with survival in sepsis.74

Evidence of mitochondrial recovery—and biogen-
esis in particular—is also present in hibernating animals. 
Ground squirrels in torpor exhibited a shift to slow-twitch 
type I muscle fibers that was accompanied by activation 
of PGC-1α and enhanced mitochondrial abundance and 
metabolism.75 Pharmacologic agents that induce mitochon-
drial biogenesis, such as pioglitazone,76 resveratrol,77 and 
recombinant human TFAM,78 may hold promise as a novel 
therapeutic strategy in sepsis-induced organ dysfunction 
that fails to recover after an initial “hibernation-like” phase.

Recent evidence clearly suggests that the resolution of 
inflammation is an active process driven by a group of 
specialized and unique mediators.79 These compounds 
are derived from polyunsaturated fatty acids that include 
lipoxins, E- and D-series resolvins, protectins, and mares-
ins. These lipids, alone or in combination, suppress 
activated leukocytes and macrophage activity, inhibit 

proinflammatory cytokine production, attenuate inappro-
priate inflammatory responses, enhance bacterial clear-
ance, and improve survival.79,80 Their importance to the 
current discussion lies in recent demonstration of a biosyn-
thesis pathway for these lipid mediators in mitochondria 
that is activated after tissue injury.81 Although the role of 
these proresolving mediators in sepsis is unknown, the 
presence of a responsive pathway within mitochondria 
suggests their potential importance and identifies an area 
for future  investigation.

CONCLUSION

Sepsis and hibernation have similarities that suggest that 
sepsis-induced organ dysfunction may represent an adap-
tive response. Mitochondrial dysfunction and cytochrome 
oxidase inhibition are likely central to the process. As in 
hibernation, it is possible that reversible cytochrome oxi-
dase inhibition initiates metabolic downregulation during 
sepsis, leading to clinical organ dysfunction. Although it 
is possible that the reduction in metabolism during sepsis 
may initially be adaptive, it is clear that this can progress 
to become maladaptive and pathologic with a failure to 
recover mitochondrial oxidative phosphorylation as met-
abolic demand increases. Substantial progress has been 
made in the general understanding of signal transduc-
tion pathways that regulate metabolic changes in sepsis, 
including mitochondrial biogenesis and mitophagy. Future 
investigation will need to focus on the dynamic nature of 
these processes and attempt to identify the key mecha-
nisms underlying the switch from reversible to irrevers-
ible mitochondrial inhibition that may lead to progressive 
organ dysfunction and death. With further understanding, 
 clinicians may be able to identify when and how to inter-
vene at critical time points in the disease process to restore 
the metabolic capacity of the cell.

AUTHORS’ RECOMMENDATIONS

 •  Sepsis and hibernation share biochemical and physiologic 
 features that suggest that sepsis-induced organ dysfunction 
may represent an adaptive response, at least early in the disease 
course. Mitochondrial dysfunction and cytochrome oxidase 
inhibition are likely central to the process.

 •  Although the reduction in metabolism during sepsis may 
initially be adaptive, a state of insufficient cellular bioener-
getics can progress to become maladaptive and pathologic 
if  mitochondrial oxidative phosphorylation is not restored 
concurrently with increased metabolic demand.

 •  Mitochondrial quality control mechanisms, especially mitochon-
drial biogenesis and mitophagy, are active in the later phases 
of sepsis to restore cellular ATP and remove dysfunctional 
mitochondria in survivors in animal models and human studies. 
Pharmacologic agents that induce mitochondrial biogenesis and 
mitophagy may hold promise as a novel therapeutic strategy in 
sepsis-induced organ dysfunction that fails to recover after an 
initial hibernation-like phase.

 •  Future investigation will need to focus on temporal changes 
in cellular metabolism and attempt to identify the key 
 mechanisms involved in the switch from reversible to 
 irreversible mitochondrial inhibition and organ dysfunction.  
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How Do I Manage Acute  
Heart Failure?
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The vast majority of patients with acute heart failure (AHF) 
are hospitalized with signs and symptoms of volume over-
load.1,2 Therefore the most important treatment strategy is 
to alleviate organ congestion, including lung congestion, 
renal congestion, and liver congestion.

Because elevation of left-sided filling pressure leads to 
lung congestion, and elevation of right-sided filling pres-
sure leads to liver and renal congestion, alleviating organ 
congestion requires a reduction of cardiac filling pressures. 
Among pharmacologic agents that may reduce filling pres-
sures, vasodilators are the most powerful and fastest acting 
drugs.

HOW TO UNLOAD THE HEART  
WITH VASODILATORS

Vasodilators can reduce the pulmonary capillary wedged 
pressure and systemic vascular resistance (SVR), which 
decreases both the preload and the afterload and is likely 
to increase cardiac output (CO). These favorable effects 
will appear soon after starting these agents. The Euro-
pean Society of Cardiology guideline3 and practical rec-
ommendation4 for the management of AHF recommend 
vasodilator use with normal to high blood pressure (BP) 
in acute settings. Table 50-1 details the currently recom-
mended agents doses and side effects, and Table 50-2 indi-
cates the mechanisms and hemodynamic effects of each 
drug. Although vasodilators have many favorable effects, 
they should be avoided in patients with low admission 
BP because they may lead to an excessive early drop in 
systolic BP, which is problematic because vasodilator-
induced hypotension has been associated with poor 
outcomes.5

Importantly, while vasodilator therapy has been exten-
sively used to treat heart failure, its value has never been 
demonstrated in a prospective clinical trial. Such studies 
that have been performed have not provided a significant 
alteration in mortality or readmission rates.

Nitroglycerin

Nitroglycerin is a powerful venodilator and a mild arte-
rial dilator. Its immediate effects occur primarily through 
venodilation, which lowers preload and, to a lesser extent, 
afterload, and increases CO. Because of its favorable effect 

on hemodynamic profiles in patients with AHF, nitro-
glycerin is widely used in acute settings throughout the 
world. When BP is adequate, nitroglycerin can be admin-
istered sublingually while preparing for intravenous treat-
ment. Intravenous nitroglycerin is usually started at ≈ 5 to 
10 μg/min and is titrated until symptoms improve (i.e., 
when a favorable hemodynamic response is observed) or 
until the patient has side effects or reaches the maximum 
dose (200 μg/min). Tachyphylaxis can develop within  
24 hours, which can lead to an escalation in dose to achieve 
the desired effect.

Sodium Nitroprusside

The use of sodium nitroprusside has decreased in recent 
years. This agent can unload the heart through bal-
anced venodilation and arteriodilation, lowering left 
and right heart filling pressures (preload and afterload) 
and increasing CO. Nitroprusside is particularly useful 
in the acute setting, which includes hypertensive crisis 
and acute valvular regurgitation. Invasive hemodynamic 
monitoring is recommended to avoid hypotension. Nitro-
prusside should be avoided in patients with active isch-
emia because it dilates resistance vessels in nonischemic 
myocardium, which can lead to the coronary steal phe-
nomenon.6 In general, a nitroprusside infusion is started 
at 0.3 μg/kg/min and titrated gradually until symptoms 
improve. Long-term use, high doses, or renal dysfunction 
have been associated with the risk of isocyanate toxicity. 
For rebound vasoconstriction to be avoided, nitroprus-
side must be tapered gradually.

Nesiritide

Nesiritide is a recombinant form of human B-type natri-
uretic peptide and has variable effects. Through its main 
activity, vasodilation, nesiritide can reduce SVR, increase 
CO, and increase sodium urinary excretion. However, in 
the Renal Optimization Strategies Evaluation in Acute 
Heart Failure (ROSE) trial, nesiritide was not found to be 
superior to placebo with respect to urine output (see later 
section on dopamine).7 Nesiritide infusions can be started 
at 0.01 μg/kg/min without need for a bolus. If hypotension 
occurs during infusion, the dose should be reduced or dis-
continued and, after BP is restored, restarted at a 30% lower 
dose. Nesiritide does not cause tachyphylaxis.8

50
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HOW TO REDUCE EXTRACELLULAR 
VOLUME

Loop Diuretics

Loop diuretics are the most widely used agents world-
wide and are commonly used to treat heart failure (Table 
50-3). Loop diuretics inhibit sodium/potassium/chloride 
cotransporters at the luminal membrane, so they should be 
secreted into tubular lumen by the organic acid transporter 
(OAT).9 Intravenous administration of loop diuretics can 
cause mild venodilation with a decrease in cardiac preload 
before diuretic response, an action that also contributes to 
rapid improvement of symptoms.10 Loop diuretics induce 
the formation of urine that contains 0.45% sodium chlo-
ride (natriuresis). The effects of loop diuretics are power-
ful, and urine substantially comes from the intravascular 
space, indicating that excessive and sudden urine out-
put could lead to deleterious hemodynamic changes and 
also adversely affect the renin angiotensin aldosterone 
system. There are a significant number of patients who 
exhibit diuretic resistance.11 The etiology of this phenom-
enon is multifactorial and complex, but renal dysfunction 
is the most important cause. The dose of agent secreted 
into the tubular lumen will be decreased in patients with 
renal dysfunction and may require titration of the dose. In 
addition, loop diuretics compete with other organic acids 

for access to the OAT receptor. The accumulation of these 
acids in renal impairment could therefore lead to diuretic 
resistance.9

Vasopressin Antagonists

Vasopressin antagonists induce aquaresis (Table 50-3).12 
In contrast to loop diuretics, water excreted in response to 
vasopressin antagonists comes from both the extracellular 
(1/3) and the intracellular (2/3) spaces. Thus aquaresis 
could contribute to less neurohormonal activation, fewer 
hemodynamic changes, and fewer changes in renal func-
tion.13 Vasopressin antagonists block vasopressin 2 recep-
tors throughout the entire collecting duct. Interestingly, 
vasopressin antagonists act on the basolateral membrane. 
Thus, in contrast to loop diuretics, they do not need to be 
secreted into tubular lumen, perhaps providing an advan-
tage over loop diuretics in patients with renal dysfunction. 
When vasopressin antagonists are used, loop diuretics can 
be coadministered to obtain an additive increase in urine 
output. Importantly, vasopressin antagonists are also 
vasodilators.

Mineralocorticoid Receptor Antagonists

Although mineralocorticoid receptor antagonists (MRAs) 
are recommended in patients with New York Heart Asso-
ciation class II to IV and who have left ventricular systolic 
dysfunction, there is little evidence to support their use in 
AHF patients. Because the vast majority of patients with 
AHF are hospitalized with signs and symptoms of volume 
overload, diuretic doses (e.g., 50 to 100 mg/day furose-
mide) may be appropriate.14 When MRAs are prescribed, 
attention should be paid to renal dysfunction and potas-
sium levels to avoid hyperkalemia-related arrhythmias.

Hemofiltration

Hemofiltration (HF) is an alternative method for remov-
ing excess fluid in patients with AHF (Table 50-3). Several 
small studies have shown that this approach offers sev-
eral advantages over diuretics. Because fluid removed by 
HF is isotonic, with HF more fluid can be removed than 
with diuretics.15 In addition, hypokalemia can be avoided. 
Importantly, the use of HF provides control over the rate 

Table 50-2 Mechanism of Actions and Hemodynamic Effects in AHF

Drugs Mechanisms

HEMODYNAMIC EFFECTS

CI/CO PCWP MAP HR SVR PVR CBF

Nitroglycerin NO-mediated vasodilation 
(vein > artery)

↑ ↓ ↓ → ↓ ↓ ↑

Nitroprusside NO-mediated vasodilation 
(vein = artery)

↑ ↓ ↓ → ↓ ↓ ↓

Nesiritide cGMP-mediated vasodilation in 
both endothelial and vascular 
smooth muscle cells

↑ ↓ ↓ → ↓ ↓ ↑

AHF, acute heart failure; CBF, cerebral blood flow; CI, cardiac index; cGMP, cyclic 3′’,5’-guanosine monophosphate; CO, cardiac output; HR, heart rate; MAP, mean 
atrial pressure; NO, nitric oxide; PCWP, pulmonary capillary wedged pressure; PVR, peripheral vascular resistance; SVR, systemic vascular resistance.

Table 50-1 Recommended Doses and Side Effects 
of Vasodilators

Drug Dose Major Limitations

Nitroglycerin Start with 10-20 μg/min, 
200 μg/min

Hypotension,  
headache,  
tachyphylaxis

Sodium  
nitroprusside

Start with 0.3 μg/kg/min 
and increase up to 5 μg/
kg/min

Hypotension,  
isocyanate 
toxicity, coronary 
steal, rebound 
vasoconstriction

Nesiritide Bolus 2 μg/kg + infusion 
0.01 μg/kg/min*

Hypotension

*Nerisitide can be initiated without bolus.



Chapter 50 How Do I Manage Acute Heart Failure?    345

at which fluid is removed. This advantage prevents fluid 
removal from exceeding the rate at which interstitial fluid 
is mobilized, thus maintaining intravascular blood volume 
and avoiding hypotension. Despite these favorable find-
ings, there is no clear evidence that HF is superior to con-
ventional diuretics.

HOW TO DIRECTLY AND TRANSIENTLY 
IMPROVE CARDIAC FUNCTION

Inotropes

Inotropic drugs improve short-term outcome in patients 
with signs and symptoms of hypoperfusion-associated 
organ dysfunction secondary to severely depressed con-
tractility. Although there is evidence that use of inotropic 
agents is associated with poor prognosis,16-18 administra-
tion of inotropic agents such as dobutamine, dopamine, 
milrinone, levosimendan, and norepinephrine can dra-
matically improve hemodynamic parameters in patients 
with cardiogenic shock. Inotropic agents should be 
strongly considered in patients with profound hemody-
namic disturbances. Similarly, they should be withdrawn 
without hesitation at the earliest point possible to avoid 
side effects.

Dopamine

Despite the fact that low-dose dopamine causes vasodila-
tion of renal arteries and increases renal blood flow, clinical 
use of “renal dose” dopamine is no longer acceptable. The 
ROSE trial7 enrolled patients who were hospitalized with 
AHF and renal dysfunction (glomerular filtration rate of 
15 to 60 mL/min/1.73 m2 as estimated by the Modifica-
tion of Diet in Renal Disease equation) and evaluated the 
efficacy of low-dose dopamine (2 μg/kg/min for 72 hours) 
and low-dose nesiritide (0.005 μg/kg/min for 72 hours). 
There were no differences in total urine volume, change 
in cystatin C, plasma creatinine, weight, or NT-proBNP 
(N-terminal pro-brain natriuretic peptide) from baseline to 
72 hours between the drugs. Thus dopamine is not supe-
rior to a simple vasodilator, which can be used without 
concomitant effects (for example, tachycardia) on the heart 
itself. Thus the routine use of low-dose dopamine is no lon-
ger accepted.

Dobutamine

There is no clear evidence that dobutamine offers an 
advantage over other agents in the treatment of AHF. 
However, dobutamine can increase CO with only a mod-
est increase in heart rate. Most patients respond to doses of 
2 to 20 μg/kg/min,3 but tachycardia, myocardial ischemia, 
and arrhythmias appear frequently when doses exceed 
15 μg/kg/min. Although tolerance to dobutamine has 
been observed after 72 hours,19 the plasma half-life is only 
2.4 ± 0.7 minutes,20 indicating that almost all dobutamine 
could be eliminated within 15 min.

Norepinephrine

Norepinephrine functions as a potent vasoconstrictor. It 
acts on all three groups of adrenergic receptors, but, while 
it has a strong affinity for alpha-1 and beta-1 receptors, 
it is a much weaker beta-2 agonist. Therefore it increases 
peripheral vascular resistance primarily because it causes 
less intense vasodilation (beta-2 activity) than other agents 
such as epinephrine. At high doses, it can cause limb isch-
emia. Norepinephrine is most often used in conjunction 
with inotropes like dobutamine to treat patients with car-
iogenic shock. It is usually started at ≈ 0.1 to 0.15 μg/kg/
min and titrated until the hemodynamic response becomes 
favorable.3

Nonadrenergic Inotropic Agents

Milrinone

Milrinone is a phosphodiesterase inhibitor approved for 
use in the United States, Europe, and Japan. It increases 
CO by inhibiting cyclic adenosine monophosphate (cAMP) 
breakdown in cardiomyocytes. In vascular muscle cells, 
increases in cAMP enhance calcium removal, reducing tone. 
Milrinone can also decrease pulmonary vascular resistance 
(PVR). Because of its inotropic and vasodilatory effects, it is 
usually referred to as an “inodilator.” There is no clear evi-
dence that milrinone offers advantages over other agents 
such as dobutamine. However, its mechanism of action 
may offer an advantage over β-adrenergic drugs in patients 
taking beta blockers. Caution is required when milrinone 
is administered to patients with coronary artery disease 

Table 50-3 Characteristics of Decongestive Agents

Modality
Urine Na 
Excretion

RAA 
Activation

IV 
Volume eGFR CO PCWP RAP PAP SVR PVR

Amount  
of Urine Bioavailability

Intravenous 
diuretic

Hypotonic 
with plasma 
(half normal 
saline)

↑↑↑ ↓ →, ↓ ↓ ↓ ↓ ↓ ↑ ↑ Unpredictable 10-100 (%)

Tolvaptan None* →, ↑ ? → → ↓ ↓ ↓ → →, ↓ Unpredictable 42-80 (%)

Ultrafiltration Isotonic with 
plasma

↓ → → →, ↑ ↓ ↓ ↓ → →, ↓ Controllable, 
adjustable

(-)

*Na excretion can be increased when it is combined with loop diuretics.
CO, cardiac output; eGFR, estimated glomerular filtration fraction; IV, intravenous Na, sodium; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge 

pressure; PVR, pulmonary vascular resistance; RAA, renin angiotensin aldosterone; RAP, right arterial pressure; SVR, systemic vascular resistance.
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because its use has been reported to increase mortality.21 
Low-dose milrinone can be combined with low-dose dobu-
tamine because the different sites of actions may provide a 
synergistic effect. Milrinone should not be bolused because 
this practice may cause hypotension. Milrinone is renally 
cleared and thus should be used cautiously in patients with 
renal dysfunction.

Levosimendan

Levosimendan enhances cardiac troponin C (TnC) sen-
sitivity to intracellular calcium, increasing CO.22 Because 
levosimendan detaches from TnC during diastole, it acts 
during systole and therefore does not affect diastolic relax-
ation. Levosimendan can also activate potassium channels 
in vascular smooth muscle, leading to a reduction in SVR 
and PVR.23 Despite its favorable effects on hemodynam-
ics, a large randomized, double-blind, multicenter trial 
in patients with AHF (Survival of Patients with Acute 
Heart Failure in Need of Intravenous Inotropic Support 
[SURVIVE] trial) did not demonstrate an improvement in 
180-day all-cause mortality relative to dobutamine; how-
ever, there was a benefit at 30 days and in patients on beta 
blockers.24

Intra-aortic Balloon Pumping

Although intra-aortic balloon pumping (IABP) has been 
used in critical settings for nearly 50 years, recent clinical 
trials have been unable to demonstrate a reduction in mor-
tality.25 However, IABP is a powerful device that can sup-
port the failing heart, increase coronary flow and CO, and 
decrease myocardial oxygen demand. There is no clear evi-
dence to support IABP introduction in patients with AHF; 
therefore routine placement is not recommended.
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AUTHORS’ RECOMMENDATIONS

In summary, vasodilators should be used often early in AHF, 
especially when associated with normal or high BP. Diuretics or 
vasopressin antagonists should be used only when there are clear 
clinical signs of congestion. Inotropes should be restricted to car-
diogenic shock in the presence of clear signs of organ dysfunction.  
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How Is Cardiogenic Shock 
Diagnosed and Managed in the 
Intensive Care Unit?

Benjamin A. Kohl

Cardiogenic shock (CS) is defined as an inability of the 
heart to provide adequate blood flow to maintain the meta-
bolic demands of tissue despite adequate intravascular vol-
ume. This definition, and similar variants, has been used 
for decades in numerous textbooks despite its inherent 
vagaries. For practical purposes, most would agree that CS 
exists when a patient exhibits sustained hypotension with 
evidence of impaired cardiac function. With few excep-
tions, CS is an emergency that requires prompt diagnosis 
and appropriate therapy. This chapter reviews how to best 
diagnose and manage CS in the intensive care unit (ICU).

EPIDEMIOLOGY AND ETIOLOGY

Although there are a plethora of theoretical causes of CS 
in the ICU (Table 51-1), the most frequent cause of CS in 
the ICU is acute coronary syndrome (ACS) resulting in 
acute left ventricular dysfunction.1,2 Autopsy studies have 
shown that more than 40% of left ventricular myocardium 
must be sacrificed for CS to ensue.3,4 Other relatively com-
mon causes, usually as a result of acute myocardial infarc-
tion (AMI), include acute mitral regurgitation, cardiac 
tamponade (from ventricular free-wall rupture), and ven-
tricular septal rupture.5 Finally, a rare though increasingly 
recognized cause of CS in the ICU (particularly in the post-
operative setting) is a stress-induced (so-called Takotsubo) 
cardiomyopathy.6 CS occurs in 8.6% of patients sustaining 
ST-elevation myocardial infarction (STEMI) and in roughly 
2.5% of patients with sustained non-ST-elevation myocar-
dial infarction (NSTEMI).7,8 Rarely, drugs have been shown 
to incite CS. In the Clopidogrel and Metoprolol in Myocar-
dial Infarction Trial (COMMIT), the incidence of CS was 5% 
in patients receiving early metoprolol (roughly 30% greater 
than those who did not receive metoprolol).9 Finally, all of 
these scenarios incite an acute inflammatory response that 
augments the initial insult and results in a vicious cycle that, 
if left untreated, culminates in death (Fig. 51-1).10 Mortality 
rates for patients who sustain STEMI with CS are approxi-
mately 68% over 30 days compared with approximately 
10% in those patients who did not have CS.11-14 Evaluation 
of mortality trends within the United States reveals that a 
changing management scheme has decreased the mortality 

of this disease significantly (60.3% in 1995 vs. 47.9% in 
2004).7 Although this change in mortality is undoubtedly 
multifactorial, few would argue that an increased rate of 
cardiac catheterization (51.5% in 1995 vs. 74.4% in 2004) 
and of percutaneous cardiac intervention (27.4% in 1995 
vs. 54.4% in 2004) had a major impact. Of note, during this 
registry period (that included more than 250,000 patients in 
more than 750 U.S. hospitals), there was no change in the 
use of intraaortic balloon pumps (IABPs) (39%) or in imme-
diate coronary artery bypass graft (CABG) surgery (3%). 
Although prognostication can be difficult in this popula-
tion, recent evidence suggests that hemodynamic variables 
in the first 24 hours may be useful.15

DIAGNOSIS

What is evident from almost all studies is that rapid diag-
nosis of CS is imperative. Hemodynamic criteria consistent 
with a diagnosis of CS include sustained (≥30 minutes) 
hypotension with systolic blood pressure less than 90 mm 
Hg, depressed cardiac index (CI) (<2.2 L/min/m2), and ele-
vated pulmonary artery occlusion pressure (PAOP) (>15 mm 
Hg).16 From the aforementioned indices, it would appear 
that one should be able to rapidly identify this entity if CI 
is known. Many patients with CS have a distributive shock, 
though, which lowers their systemic vascular resistance 
(SVR) and normalizes their CI.17 Thus it is necessary that the 
clinician have a systematic method of diagnosing CS.

In the absence of more objective data, a critically ill 
patient in shock usually has hypovolemia, sepsis, pulmo-
nary embolism, or myocardial ischemia. As with most ail-
ments, diagnosis begins with the physical examination. 
Often, the diagnosis can be made simply by placing one’s 
hands on the patient’s extremities. Frequently, CS manifests 
with cold and clammy extremities as the body attempts to 
maintain adequate perfusion to vital organs by periph-
eral vasoconstriction. With impaired myocardial contrac-
tion, auscultation of the lungs frequently reveals crackles 
due to an elevated left ventricular end-diastolic pressure 
(LVEDP) with exudate filling the pulmonary interstitium. 
Obviously, however, most physical examination find-
ings, although supportive of a diagnosis, are nonspecific. 

51
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Therefore additional information is frequently needed. A 
chest radiograph should be ordered in any patient present-
ing with symptoms of shock. Signs of interstitial edema 
(often in the absence of physical examination findings) are 
suggestive of CS. An electrocardiogram should be ordered 
and examined for signs of myocardial ischemia. If CS 
remains a consideration, cardiac enzymes should be sent.

Echocardiography is the test of choice to diagnose CS 
and should be ordered promptly. The sensitivity of this 
modality approaches 100%, whereas the specificity is 
roughly 95%.18,19 If transesophageal imaging is unavail-
able, contraindicated, or too cumbersome, transthoracic 
echocardiography should be ordered. A quick examina-
tion should allow rapid assessment of any left or right 
ventricular dysfunction, new valvular regurgitation, peri-
cardial effusion, and ventricular septal rupture.18 Rapid 
availability of this imaging modality may preclude the 
need for further invasive monitors because pulmonary 
artery systolic pressure and PAOP can be estimated by 
Doppler echocardiography.20 Precise physiologic param-
eters are frequently necessary both to diagnose and to 
manage patients with CS. Invasive monitoring is probably 
warranted if there are persistent signs of hypoperfusion 
despite adequate volume therapy. The American College 
of Cardiology and American Heart Association (ACC/
AHA) gives a class IIa (weight of evidence and opinion 
is in favor of usefulness and efficacy) recommendation 
for placement of a pulmonary artery catheter (PAC) in 
patients with CS.21 PACs can aid in diagnosis and can 
be helpful with subsequent management, although data 
showing a mortality benefit are equivocal.22-24 There are 
data to suggest that certain calculated indices, such as car-
diac power and stroke work index, may have short-term 
prognostic value.25 Interpretation of PAC data requires a 
detailed knowledge of pathophysiology. A quick look at 
the numbers will rarely yield the diagnosis. Most causes 
of cardiogenic shock result in elevated central venous and 
pulmonary arterial pressures (the exception being isolated 
right ventricular ischemia). For the various causes to be 
differentiated, a detailed understanding of the various 
waveforms is necessary.

The central venous pressure (CVP) is probably the 
most underused physiologic parameter. A plethora of 

Table 51-1 Causes of Cardiogenic Shock

Acute myocardial infarction
 •  Pump failure
 •  Large infarction
 •  Smaller infarction with preexisting left ventricular dysfunction
 •  Infarction extension
 •  Severe recurrent ischemia
 •  Mechanical complications
 •  Acute mitral regurgitation caused by papillary muscle rupture
 •  Ventricular septal defect
 •  Free-wall rupture
 •  Pericardial tamponade
 •  Right ventricular infarction

Other conditions
 •  End-stage cardiomyopathy
 •  Myocarditis
 •  Myocardial contusion (blunt cardiac injury)
 •  Prolonged cardiopulmonary bypass
 •  Septic shock with myocardial depression
 •  Aortic stenosis
 •  Left ventricular outflow tract obstruction
 •  Obstruction to left ventricular filling (e.g., mitral stenosis)
 •  Acute aortic insufficiency
 •  Pulmonary embolism
 •  Pheochromocytoma

From Topalian S, Ginsberg F, Parrillo JE. Cardiogenic shock. Crit Care Med. 
2008; 36:S66–S74.
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Figure 51-1. Vicious cycle of cardiogenic shock. iNOS, inhaled nitric oxide synthase; LVEDP, left ventricular end-diastolic pressure; NO, nitric 
oxide; SVR, systemic vascular resistance. From Antman EM, Braunwald E. Acute myocardial infarction. In: Braunwald ED, Fauci E, Kasper D, eds. Har-
rison’s Principles of Internal Medicine, 15th ed. New York: McGraw-Hill; 2001:1395.
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information can be obtained with proper analysis. For 
the interpretation of the various waves, the scale must be 
set so that all portions of the wave can be seen (usually 
a scale with 20 to 30 mm Hg maximum is optimal). The 
various components of the CVP can be seen in Fig. 51-2. 
By breaking the waveform into various cardiac events, it 
becomes apparent that not all elevated venous pressures 
are equal. Cardiac tamponade will cause a monopha-
sic CVP with a very small x-descent and often complete 
loss of the y-descent, whereas right ventricular ischemia 
with tricuspid regurgitation will yield a very large, fused 
c-v wave. The c-v wave is a fused c and v wave resulting 
from severe tricuspid regurgitation. Because of the regur-
gitant flow, there is an inability to differentiate the slight 
increased atrial pressure generated from closure of the 
tricuspid valve and atrial filling during atrial diastole. A 
complete analysis of CVP waveform is beyond the scope 
of this chapter, and the reader is referred to other texts. 26, 27

The equivalent CVP for the left side of the heart is the 
PAOP. Similarly, with correct identification of the waves 
and translation of the waves into a portion of the car-
diac cycle, various diseases become unmasked.28-30 Acute 
mitral regurgitation is associated with very large v waves 
on PAOP. Acute cardiac ischemia often first manifests as 
left ventricular diastolic dysfunction. This, in turn, leads 
to a higher left ventricular end-diastolic volume (LVEDV) 
that causes an elevated LVEDP. Although this culminates 
in an elevated PAOP, through evaluation of the wave-
form, an exaggerated a wave is consistent with diastolic 
dysfunction.

MANAGEMENT: AN EVIDENCE-BASED 
APPROACH

Management of CS should focus on augmentation of oxy-
gen delivery and blood pressure to restore microcircula-
tory function and maximize tissue perfusion. A delay in 
diagnosis or therapy will have a direct impact on mortality. 

Management of CS can be pharmacologic therapy, mechan-
ical therapy, or revascularization.

Pharmacologic Therapy

It should be stated at the outset that there have been very 
few large controlled trials evaluating the efficacy of differ-
ent vasopressor or inotrope therapies in CS, none of which 
have confirmed any outcome difference with any particu-
lar agent.31

Initial treatment for patients with CS should focus on 
restoration of normal hemodynamics, oxygenation, and 
avoidance of arrhythmia. In patients without significant 
pulmonary edema, it is reasonable to administer a fluid 
challenge before vasopressor therapy. If pulmonary edema 
is present or there is no response to a fluid challenge, phar-
macologic therapy should be initiated. Pharmacologic ther-
apy for CS initially should focus on those compounds that 
have both inotropic and vasopressor activity.32,33 Drugs to 
consider as first-line treatment include norepinephrine, 
dopamine, dobutamine, and epinephrine. There is some 
evidence, however, that dopamine administration for CS 
may in fact increase mortality34; however, this has not been 
validated in randomized controlled studies. In addition, in 
patients with heart failure, a 2002 meta-analysis showed a 
trend (not statistically significant) with increased mortal-
ity in patients given adrenergic inotropic agents.35 Part of 
the reason for these observations may be that the improved 
hemodynamics seen with these agents come at a cost of 
increased myocardial oxygen consumption. More recently, 
vasopressin was used in place of norepinephrine and 
showed similar hemodynamic effects.36 Although phos-
phodiesterase inhibitors (e.g., milrinone) may be consid-
ered (particularly with right ventricular dysfunction), the 
resultant decrease in SVR is often not well tolerated by the 
hemodynamically unstable patient. Finally, levosimendan, 
an investigational calcium sensitizer that also promotes cor-
onary vasodilation, continues to show promise as a novel 
treatment for CS.37-39 These studies highlight the need for 
randomized controlled trials to confirm the efficacy of one 
therapy over another. In general, maintenance of normal 
physiologic parameters (e.g., mean arterial pressure, CI) 
should be the goal. Although high-dose vasopressors have 
been associated with poorer survival, this finding may be 
an epiphenomenon representing only those patients who 
have greater hemodynamic instability.40

Mechanical Therapy

In patients who are unresponsive to conventional phar-
macologic therapy, mechanical augmentation of flow may 
be of benefit.41 The ACCF/AHA guidelines have recently 
downgraded the recommendation of an IABP for CS from a 
class I (“is recommended”) to a class IIa (“can be useful”).42 
The only randomized trial to evaluate the efficacy of IABP 
(with or without thrombolysis) in patients with CS was 
able to show a dramatic decrease in 6-month mortality rate 
(39% vs. 80%; P <  .05) in patients with severe shock who 
received an IABP.43 Nonrandomized trials also have shown 
decreased mortality. More recent observational studies, 
however, have been fraught with greater equipoise.44 The 
use of this device, though, is frequently associated with 
more aggressive therapies such as revascularization.45 One 
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of the inherent benefits of IABP counterpulsation devices is 
that they can be placed at the bedside to augment diastolic 
pressure and reduce left ventricular afterload (without 
increasing myocardial oxygen demand). The incidence of 
major complications (e.g., arterial injury and perforation, 
limb ischemia, visceral ischemia) with IABP insertion is 
2.5% to 3.0%.45,46 If an IABP is contraindicated (e.g., severe 
aortic insufficiency, severe peripheral vascular disease, aor-
tic aneurysm, and dissection) or unavailable or the patient 
is unresponsive to its effects, ventricular assist device 
(VAD) placement may be considered.47,48 A variety of other 
devices, including institution of extracorporeal membrane 
oxygenation and placement of the CardioWest total artifi-
cial heart, also have been tried with varying success.49-51 
Newer percutaneous VADs are making this option more 
feasible in smaller centers.52 A 2005 investigation random-
ized patients with CS to IABP or TandemHeart (a percu-
taneous left ventricular assist device [LVAD]).53 Although 
there were no significant differences in 30-day mortality 
between the two groups, patients in the LVAD subgroup 
had a significant improvement in hemodynamics, renal 
function, and clearance of serum lactate compared with the 
IABP cohort. A more recent multicenter randomized trial 
comparing TandemHeart with IABP in 42 patients with 
CS revealed similar improvements in hemodynamics with 
the LVAD without a statistically significant difference in 
30-day mortality.54 Although many of these newer devices 
appear promising, there will clearly be a limited number of 
centers that will have access to such technology. Experience 
with device placement and hemodynamic management is 
necessary for optimal benefit. In the National Registry of 
Myocardial Infarction, IABP use was independently associ-
ated with survival in those centers with experience in their 
use.55 Finally, many of these devices are placed as a bridge 
to cardiac transplantation, and resources must be available 
to continue this often lengthy, workup.

Revascularization Therapy

Although management of AMI is beyond the scope of this 
chapter, a brief synopsis is provided here. Because AMI is 
frequently the inciting event culminating in CS, reestab-
lishing blood flow to the affected myocardial territory is 
of utmost importance.56 It has become evident that prompt 
revascularization reduces the mortality of this disease. One 
method of reestablishing coronary arterial flow is by the 
administration of thrombolytic agents. In a randomized 
trial involving more than 40,000 patients with AMI, the 
GUSTO-I (Global Utilization of Tissue Plasminogen Acti-
vator and Streptokinase for Occluded Coronary Arteries) 
trial demonstrated a survival advantage with the use of 
tissue plasminogen activator (tPA) over streptokinase.57 
Since these results have been published, a number of other 
thrombolytics have been developed; however, randomized 
trials have been unable to show a difference with respect to 
CS progression between the tPA and these newer agents.58 
Moreover, once CS has been established, no studies have 
shown an improvement in mortality with the adminis-
tration of thrombolytic agents. The preferred modality of 
revascularization remains either percutaneous coronary 
intervention (PCI) or CABG.14,32,59-62 Although a facilitated 
PCI strategy (i.e., planned immediate PCI after fibrinolytic 

administration) has not been shown to be effective,63,64 
fibrinolytics may still be considered in those situations  
in which PCI is not attainable for more than 90 minutes, 
the patient is within 3 hours of his or her infarction, and 
there are no contraindications.65 The Should We Emer-
gently Revascularize Occluded Coronaries for Cardiogenic 
Shock (SHOCK) trial emphasized this aspect, showing 
that early revascularization reduced mortality by 22% 
in those patients who presented with CS and by 16% in 
those who had CS subsequent to admission.58 The ques-
tion of how and when it is best to achieve reperfusion has 
been evaluated. The SHOCK trial prospectively random-
ized 302 patients with CS due to AMI to either emergency 
revascularization (either CABG or PCI) or medical stabili-
zation.59 Although 30-day mortality was similar for both 
groups, there was a significant survival advantage in the 
early revascularization group at 6 months, 1 year, and  
6 years. This trial did not demonstrate an advantage of 
one revascularization therapy over another. Given these 
results and others, early revascularization (either with PCI 
or CABG surgery) therapy is a class I recommendation by 
the ACC/AHA for patients younger than 75 years with CS 
complicated by ACS.7 Although there are few data to sup-
port revascularization in the non–ST-segment elevation CS 
population, the SHOCK registry did find a nonsignificant 
decrease in mortality among those patients who under-
went early revascularization.1

AUTHOR’S RECOMMENDATIONS

Cardiogenic shock requires rapid diagnosis and appropriate 
therapy to significantly affect mortality. ICU patients often have 
multiple-organ failure, and differentiating CS from other forms of 
shock can often be difficult. In patients in whom a diagnosis of CS 
is being entertained, I recommend the following:
 •  Maximize oxygen delivery, immediately obtain an electrocar-

diogram, place invasive monitoring (at least arterial and central 
venous monitoring), and undertake laboratory (including 
cardiac enzymes) evaluation.

 •  Rapid echocardiography may not only confirm the diagnosis 
but may aid in management.

 •  If echocardiography is not immediately available and there are 
no signs of pulmonary edema, I recommend giving an initial 
intravenous fluid challenge with 500 mL of crystalloid. Repeat 
fluid challenge may be necessary if there is no increase in blood 
pressure or right atrial pressure.

 •  If the patient remains in CS despite adequate intravascular 
volume, I recommend dobutamine or epinephrine as first-line 
vasopressor therapy to maintain mean arterial pressure higher 
than 60 mm Hg. Vasopressin or norepinephrine can be added if 
there is not rapid improvement in mean arterial pressure.

 •  If there is not a dramatic improvement in perfusion within  
1 hour, placement of an IABP should be considered.

 •  In patients with electrocardiographic changes suggestive of myo-
cardial ischemia, an immediate search for a culprit vessel should 
be sought, and early revascularization should be considered.

 •  It is important to recognize that the treatment of CS often 
crosses multiple disciplines. Communication among the inten-
sivist, invasive cardiologist, and cardiac surgeon is often neces-
sary to ensure optimal care with optimal timing. As bedside 
echocardiography becomes more commonplace in ICUs, there 
is no doubt that intensivists will be diagnosing this entity more 
frequently and in a more timely manner.  
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When Is Hypertension a True 
Crisis, and How Should It Be 
Managed in the Intensive Care 
Unit?

Emily K. Gordon, Jacob T. Gutsche, John G. Augoustides, Clifford S. 
Deutschman

Systemic hypertension remains a global priority because 
it is common and serious.1,2 Hypertension affects approxi-
mately 1 billion people worldwide and is responsible 
for over 9 million deaths each year.1-3 It is estimated that 
systemic hypertension accounts for approximately 50% 
of deaths due to cardiovascular disease and stroke.1-3 A 
hypertensive crisis is typically defined as acute severe 
hypertension characterized by a diastolic blood pressure 
(BP) of 110 mm Hg or higher or a systolic BP of 180 mm 
Hg or higher.4,5 New or worsening end-organ dysfunction 
was observed in 59% of patients with hypertensive crises 
requiring hospitalization, and the associated mortality at 
90 days was 11%.6

Since the advent of effective antihypertensive therapy, 
the prevalence of hypertensive crises has significantly 
declined.4,5,7,8Although the incidence of hypertensive cri-
ses in the intensive care unit (ICU) has not been precisely 
measured, it remains common in medical and periop-
erative patients in the hospital.9,10 In light of the above 
considerations, it follows that a hypertensive crisis is an 
often-encountered ICU complication. This chapter outlines 
a clinical approach to the diagnosis and management of 
this hemodynamic emergency in the ICU.

CLINICAL CLASSIFICATION OF AN ACUTE 
HYPERTENSIVE CRISIS: EMERGENCY 
VERSUS URGENCY

Hypertensive crises may be divided into hypertensive emer-
gencies or hypertensive urgencies. A hypertensive urgency 
lacks apparent or threatened end-organ damage. Nonethe-
less, treatment is indicated. An approach to the manage-
ment of hypertensive urgencies is outlined in Table 52-1.14 
In contrast, a hypertensive emergency, the focus of this chap-
ter, is severe hypertension with actual or threatened acute 
end-organ damage (Table 52-2) and is, by definition, life 
threatening, mandating immediate therapy in an ICU with 
titratable, short-acting intravenous vasodilators (Table 52-3).

CLINICAL FEATURES OF SELECTED 
HYPERTENSIVE EMERGENCIES

Neurologic Hypertensive Emergencies

Neurologic hypertensive emergencies may have overlapping 
features (Table 52-4). Hypertensive encephalopathy is often 
the most difficult to diagnose.15,16 There is apparent disrup-
tion of the blood–brain barrier and loss of cerebral autoreg-
ulation, resulting in diffuse cerebral edema and neurologic 
dysfunction. The diagnosis of hypertensive encephalopa-
thy requires exclusion of stroke, intracranial hemorrhage, 
seizures, and mass lesions, usually through neuroimag-
ing.3-5,15,16 There are no large clinical trials examining the 
optimal treatment for hypertensive encephalopathy. Expert 
opinion suggests that therapy for hypertensive encephalopa-
thy includes careful titration of a vasodilator in an ICU set-
ting.14-16 Recommendations for first-line vasodilator drugs  
and BP goals for neurologic hypertensive emergencies are 
summarized in Table 52-5.15,16 It has been observed that 
pharmacologic relief is associated with significant neurologic 
improvement.15,16 The patient requires close clinical obser-
vation because changes in the neurologic examination may 
reflect a secondary process—a new stroke or hypotensive 
overshoot—requiring immediate intervention.15,16

In patients with acute ischemic or hemorrhagic strokes, 
hypertension can be viewed as an adaptive or compensa-
tory response to enhance perfusion pressure and thus main-
tain blood flow to the affected area. Nonetheless, current 
guidelines suggest that correction of BP elevation be mod-
est and gradual.15,16 A recent randomized trial in patients 
with acute intracerebral hemorrhage (N = 2839) demon-
strated that reducing systolic BP to 140 mm Hg within  
1 hour significantly improved functional outcomes but did 
not reduce the risks of death or severe disability.17 Post hoc 
analysis suggested that smooth and sustained control of 
excessive hypertension in acute intracerebral hemorrhage 
would further enhance the outcome benefits of vasodilator 
therapy.18

52
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Table 52-1 Suggested Clinical Approach to a 
Hypertensive Urgency*

Step 1: Confirm that the BP elevation is truly severe

Step 2: Confirm that there are no clinical indications of threatened 
or actual end-organ damage

Step 3: Detect and manage triggering factors such as
 •  Pain—administer analgesia
 •  Anxiety and stress—consider anxiolytics
 •  Delirium—consider antipsychotics
 •  Drug withdrawal—treat accordingly
 •  Intracranial hypertension
 •  Urinary retention—drain bladder
 •  Hypoxia/hypercapnia—treat cause, administer oxygen, sup-

port ventilation
 •  Hypoglycemia—treat cause, administer glucose

Step 4: If still hypertensive after above measures, then consider 
antihypertensive therapy to lower BP to desired range in a 
gradual fashion

Adapted from: Salgado DR, Silva E, Vincent JL. Control of hypertension 
in the critically ill: a pathophysiologic approach. Ann Intensive Care. 
2013;3:17.

*Defined as severe hypertension with no real or threatened end-organ  
damage.

BP, blood pressure.

Table 52-2 Clinical Scenarios in Which Severe 
Hypertension Is an Emergency
NEUROLOGIC

Hypertensive encephalopathy
Intracranial hemorrhage
Subarachnoid hemorrhage
Thrombotic stroke with severe hypertension

CARDIOVASCULAR

Left ventricular failure
Unstable angina
Myocardial infarction
Aortic dissection
Postoperative period after cardiac or vascular surgery 

 (threatened suture lines)

RENAL

Gross hematuria
Acute renal injury/failure

SEVERE CATECHOLAMINE EXCESS

Pheochromocytoma
Recreational drug exposure
Drug withdrawal (e.g., beta blockers, clonidine)
Interactions with MAOIs

MAOIs, monoamine oxidase inhibitors.

Table 52-3 Drugs for Intravenous Management of a Hypertensive Crisis

Agent Dose Onset Duration Adverse Effects Comments

Nitroglycerin 25 to 200 μg/
min

2 to 5 min 5 to 10 min Headache, vomiting,  
tolerance, methemoglo-
binemia

Consider in myocardial isch-
emia and cocaine intoxication

Sodium nitroprusside 1 to 10 μg/kg/
min

Immediate 1 to 2 min Vomiting, cyanide  
poisoning

Caution in raised intracranial 
pressure, spinal cord  
ischemia, and azotemia

Nicardipine
(calcium channel blocker)

5 to 15 mg/h 5 to 10 min 15 to 30 min but 
may last 4 h

Headache, vomiting,  
tachycardia

Caution in acute heart failure

Clevidipine
(calcium channel blocker)

2 to 16 mg/h 1 to 2 min 5 to 10 min Tachycardia Intralipid vehicle limits total 
dose in 24 h

Diltiazem
(calcium channel blocker)

5 to 15 mg/h 5 to 10 min 2 to 4 h but may 
persist past 6 h

Hypotension, heart  
failure, bradycardia,  
heart block

Caution in bradycardia, heart 
block, and heart failure

Esmolol
(beta-blocker)

50 to 100 μg/
kg/min

1 to 2 min 10 to 30 min Bronchospasm, heart  
block, and heart failure

Consider in aortic dissection; 
avoid in cocaine intoxication

Labetalol
(beta-blocker)

1 to 5 mg/min 5 to 10 min 3 to 6 h Bronchospasm, heart  
block, and heart failure

Caution in acute heart failure; 
avoid in cocaine intoxication

Enalapril
(angiotensin converting 

enzyme inhibitor)

1.25 to 5 mg 
every 6 to 8 h

15 to 30 min 6 to 12 h Hypotension in high  
rennin states

Acute ventricular failure;  
caution in azotemia and  
renal artery stenosis

Fenoldopam
(dopamine-1 agonist)

0.1 to 0.3 μg/
kg/min

2 to 5 min 30 min Headache, vomiting, and 
tachycardia

Caution with glaucoma

Hydralazine 10 to 20 mg 10 to 20 min 1 to 4 h Headache, vomiting, and 
tachycardia

Consider in eclampsia

Phentolamine 5 to 15 mg 
bolus

1 to 2 min 10 to 30 min Headache, vomiting, and 
tachycardia

Consider in catecholamine 
excess states

Adapted from: Marik PE, Rivera R. Hypertensive emergencies: an update. Curr Opin Crit Care. 2011;17:569–580.



Chapter 52 When Is Hypertension a True Crisis, and How Should It Be Managed in the Intensive Care Unit?    355

Table 52-4 Clinical Features of Selected Neurologic Hypertensive Emergencies

Clinical Feature
Hypertensive 
Encephalopathy

Subarachnoid  
Hemorrhage

Intraparenchymal 
Hemorrhage Acute Infarction

History of hypertension Universal Common Common Common

Symptom duration Usually subacute Acute Acute Acute

Headache Severe Severe Variable Variable

Focal neurologic deficit Unusual Variable Depends on location of 
hemorrhage

Depends on location of 
infarction

Retinopathy Universal Variable Variable Variable

Brain imaging Typically normal May show hemorrhage Often demonstrates site  
and extent of  
hemorrhage

Frequently delineates site 
and extent of infarction

Lumbar puncture  
(if performed)

Typically normal—may 
have high opening 
pressure

Frank blood initially;  
xanthochromic later

Frank blood initially;  
xanthochromic later

Typically normal—may 
have high opening 
pressure

Acute treatment ICU—vasodilator 
therapy

ICU—therapy with  
vasodilators; may require 
neurosurgical intervention

ICU—vasodilator therapy ICU—cautious vasodila-
tor therapy

Adapted from: Manning L, Robinson TG, Anderson CS. Control of blood pressure in hypertensive neurological emergencies. Curr Hypertens Rep. 2014;16:436.
ICU, intensive care unit.

Table 52-5 Recommended Vasodilator Management in Neurologic Hypertensive Emergencies

Hypertensive Emergency Suitable Vasodilators BP Goals Comments

Hypertensive  
encephalopathy

Labetalol, clevidipine,  
nicardipine, sodium  
nitroprusside

25% decrease in mean arterial  
pressure over 4 to 8 hr

Consider anticonvulsants for control of 
seizures to tighten control of BP. Caution 
with sodium nitroprusside because it may 
increase intracranial pressure.

Acute cerebral infarction with 
BP > 220/120 mm Hg

Labetalol, clevidipine,  
nicardipine, sodium  
nitroprusside

15% decrease in mean arterial  
pressure over 1 to 2 hr

Monitor closely for neurologic deterioration.

Acute cerebral infarction with 
indication for thrombolytic 
therapy and BP > 185/ 
110 mm Hg

Labetalol, clevidipine,  
nicardipine, sodium  
nitroprusside

15% decrease in mean arterial  
pressure over 1 to 2 hr

Monitor closely for neurologic deterioration.

Cerebral hemorrhage with 
normal intracranial pressure 
and systolic BP > 180 mm Hg 
or mean arterial pressure 
>130 mm Hg

Labetalol, clevidipine,  
nicardipine, sodium  
nitroprusside

Modest decrease in mean arterial 
pressure over 1 to 2 hr with a 
goal BP of ∼160/90 mm Hg, if 
tolerated clinically

Monitor closely for neurologic deterioration.

Cerebral hemorrhage with 
raised intracranial pressure 
and systolic BP > 180 mm Hg 
or mean arterial pressure 
>130 mm Hg

Labetalol, clevidipine,  
nicardipine, sodium  
nitroprusside

Modest decrease in mean arterial 
pressure over 1 to 2 hr with a 
goal BP of ∼160/90 mm Hg, if 
tolerated clinically

Monitor closely for neurologic deterioration. 
Consider monitoring of intracranial  
pressure and maintain cerebral  
perfusion pressure >60 mm Hg. Caution 
with sodium nitroprusside because it may 
increase intracranial pressure.

Subarachnoid hemorrhage Labetalol, clevidipine,  
nicardipine

Modest decrease in mean arterial 
pressure over 1 to 2 hr with a 
goal BP of ∼140 to 160/90 mm 
Hg, if tolerated clinically

Caution with sodium nitroprusside because it 
may increase intracranial pressure. Maintain 
mean arterial pressure >90 mm Hg.

Hypertension after craniotomy Labetalol, clevidipine,  
nicardipine, sodium  
nitroprusside

Modest decrease in mean arterial 
pressure over 1 to 2 hr with a 
goal BP of <160/90 mm Hg, if 
tolerated clinically

Monitor closely for neurologic deterioration.

Adapted from: Manning L, Robinson TG, Anderson CS. Control of blood pressure in hypertensive neurological emergencies. Curr Hypertens Rep. 2014;16:436.
BP, blood pressure.
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Hypertension after craniotomy is also classified as an 
emergency because of the risk of devastating intracranial 
hemorrhage.19,20 In a retrospective single-center case-con-
trolled study of 11,214 adult craniotomy patients between 
1976 and 1992, intracranial hemorrhage was frequently 
preceded by either a systolic BP greater than 159 mm Hg or 
a diastolic BP over 89 mm Hg.19 Patients with intracranial 
hemorrhage had an 11.4-fold increase in mortality (18.2% 
vs. 1.6%; P < .05) and a 2.2-fold increase in median hospi-
tal stay (24.5 days vs. 11.0 days; P < .05).19 Multiple studies 
have since confirmed these findings.20,21 A BP target below 
160/90 mm Hg would appear reasonable in this setting.20,21 
A small randomized trial (N = 52) demonstrated that nicar-
dipine infusion was more effective in treating postcrani-
otomy hypertension than esmolol.22

Cardiovascular Hypertensive Emergencies 
(Table 52-6)

Hypertension with an Acute Coronary Syndrome

The goal of therapy in the hypertensive patient with 
acute coronary syndrome is to reduce the risk of ischemia 
induced by increased left ventricular wall stress.23,24 In 
patients with a history of mild or no hypertension, vaso-
dilator therapy can be titrated for symptom relief. There 
are no data identifying an “optimal” BP. Thus therapy is 
determined by individual clinical feature, although nor-
malization may not be clinically tolerated. In patients with 
long-standing uncontrolled hypertension, organ ischemia 

may develop when BP is reduced too rapidly.14 In patients 
with coronary artery disease and hypertension, expert 
opinion recommends the use of vasodilator therapy when 
the BP is greater than 140/90 mm Hg.24

The treatment of hypertension may require the use of 
more than one agent. Current guidelines recommend nitro-
glycerin and beta blockers for the acute management of 
hypertension in an acute coronary syndrome.14,15

The presence of severe hypertension may profoundly 
influence clinical decision making in acute coronary syn-
drome. Expert opinion suggests that thrombolytic therapy 
is contraindicated for myocardial infarction with ST seg-
ment elevation when hypertension remains poorly con-
trolled despite immediate vasodilator therapy or when the 
BP exceeds 185/110 mm Hg.25 Furthermore, it is recom-
mended that thrombolytic agents be applied cautiously in 
patients with severe hypertension and altered mental sta-
tus until the neurologic evaluation is completed because 
cerebral hemorrhage may be extended.25

Hypertension with Left Heart Failure

Hypertension is common in patients who have acute 
heart failure.26 The presenting systolic BP is an indepen-
dent predictor of mortality in this patient group.26 Beyond 
this, there are few hard data, and most recommendations 
reflect expert opinion. It is suggested that patients with 
acute heart failure, pulmonary edema, and a systolic BP 
over 140 mm Hg receive vasodilator therapy.27 Nitroglyc-
erin, administered either sublingually or intravenously, 
is the preferred vasodilator, although data to support its 
value relative to other choices do not exist. Second-line 

Table 52-6 Recommendations for Cardiovascular 
Hypertension Emergencies
ACUTE CORONARY SYNDROME

BP goal is <140/90 mm Hg
First-line agents include beta blockers and nitroglycerin
Caution with thrombolysis in severe hypertension

ACUTE HEART FAILURE

BP goal is systolic BP <140 mm Hg
First-line agents include nitroglycerin and angiotensin blockers
Reduce drug doses as hypertension resolves

ACUTE AORTIC DISSECTION

Goal BP is systolic BP <120 mm Hg
Adequate analgesia is important
First-line agents include beta blockers and nicardipine
Caution with beta blockade in aortic regurgitation

PERIOPERATIVE HYPERTENSION

Goal BP is typically within 20% of baseline
High-risk scenarios call for BP goal for systolic BP <140 mm Hg 

(e.g., after craniotomy; fresh vascular suture lines)
Note latest guidelines about beta blockers

HYPERTENSION AFTER CAROTID 
REVASCULARIZATION

Goal BP is typically systolic BP <140 mm Hg
Neurologic deficits require serial neurologic examination and 

imaging
Cerebral hyperperfusion may require systolic BP <120 mm Hg

BP, blood pressure.

Table 52-7 Recommendations for Hypertension 
Emergencies Due to Catecholamine Excess
PHEOCHROMOCYTOMA

Control hypertensive crisis with phentolamine, sodium  
nitroprusside, and nicardipine

Prepare for surgery with alpha blockade titrated to effect
Consider beta blockade only in setting of adequate alpha  

blockade
Consider metyrosine for suppression of tumor catecholamine 

synthesis
Vasopressor therapy may be required after tumor resection in the 

postoperative period

DRUG INTOXICATION (E.G., COCAINE)

Control hypertensive crisis with fenoldopam, sodium  
nitroprusside, and nicardipine

Avoid beta blockade
Supportive therapy includes titrated benzodiazepine for sedation

MAOIS

Control hypertensive crisis with phentolamine, sodium  
nitroprusside, and nicardipine

Avoid trigger agents
Consider serotonin blockade with cyproheptadine in the  

serotonin syndrome

DRUG WITHDRAWAL

Control hypertensive crisis with phentolamine, sodium  
nitroprusside, and nicardipine

Titrate replacement therapy to effect (e.g., beta blocker, clonidine)
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vasodilator agents include intravenous nitroprusside and 
angiotensin-converting enzyme inhibitors.27 Importantly, 
none of these agents has been subjected to randomized 
controlled trials. BP should be titrated to clinical effect for 
both symptom relief and control of hypertension. Because 
hypertension may resolve quickly in this scenario, it is rea-
sonable to reduce the vasodilator therapy after 24 hours.27

Ongoing clinical trials are investigating new candidate 
vasodilators for use in acute heart failure. The RELAX-
AHF (Relaxin in Acute Heart Failure) study looked at  
the effects of recombinant human relaxin-2 (serelaxin) that  
increases nitric oxide production by vascular smooth  
muscle. Although serelaxin did improve dyspnea, it had no 
effect on cardiovascular death or readmission endpoints. 
In addition to randomized trials, comparative effectiveness 
trials will be essential.

Hypertension with Aortic Dissection

Acute aortic dissection is both a hypertensive and a surgical 
emergency that requires perioperative intervention.4,5,7,8,28 
Guidelines based on expert opinion recommended initial 
analgesia for control of aortic pain and then titration of 
vasodilators to a systolic BP below 120 mm Hg, although 
these goals are not based on evidence.29,30 Beta blockade 
is also recommended in this setting, in the absence of aor-
tic regurgitation, in which optimal cardiac output requires 
relative tachycardia.29,30

Hypertension After Carotid Revascularization

Carotid endarterectomy (CEA) or stenting may be associ-
ated with postprocedural hypertension that can adversely 
affect clinical outcome.33,34 In a retrospective analysis of 
291 patients, severe postoperative hypertension (systolic 
BP > 220 mm Hg) after CEA was associated with death and 
stroke.34 Tan et al. retrospectively reviewed data from 7677 
patients after CEA and found that postoperative hyper-
tension requiring intravenous vasoactive medication was 
associated with increased perioperative mortality (0.7% 
vs. 0.1%; P < .001), stroke (1.9% vs. 1%; P = .018) and car-
diac complications (1.9% vs. 0.5%; P < .001).35 This study is 
limited by the large database used, which did not specifi-
cally define the BP criteria necessitating intervention or the 
intravenous medications used to treat those patients with 
perioperative hypertension. Hypertension rarely compli-
cates endovascular carotid stenting.33,36,37

Severe vascular complications after carotid surgery 
include cerebral hyperperfusion syndrome (ipsilateral 
headache with or without nausea and vomiting, seizures, 
focal neurologic deficit, or computed tomography evidence 
of edema on the side of the CEA) and intracranial hem-
orrhage.33 Three recent large series (cumulative N > 5000) 
reported a 1.05% incidence of cerebral hyperperfusion and 
a 0.6% incidence of intracerebral hemorrhage after carotid 
revascularization, whether CEA or carotid stenting.38-40 
Although these complications are rare, they are associated 
with significant periprocedural mortality and morbid-
ity.38-40 Ogasawara et al. demonstrated that poor postop-
erative control of BP was associated with development of 
intracranial hemorrhage in patients with cerebral hyper-
perfusion syndrome after CEA.40

Aggressive management of BP (systolic BP < 140 mm Hg in 
general, <120 mm Hg for hyperperfusion or hemorrhage) 

after carotid intervention seems logical and is recom-
mended.33,40,41 However, data demonstrating that BP con-
trol reduces the incidence of neurologic complication are 
limited. In a “before-and-after” study of 836 (266 before and 
570 after) patients undergoing carotid stenting, the appli-
cation of a strict BP management protocol was associated 
with significant reductions in both cerebral hyperperfu-
sion (29.4% to 4.2%; P = .006) and intracerebral hemorrhage 
(17.6% to 0%; P = .006).41

Hypertension in the Perioperative Period

Uncontrolled hypertension in the perioperative period may 
become life threatening.28 Potential adverse events include 
hemorrhagic shock, airway compromise after CEA or neck 
surgery,42 or serious intracranial hemorrhage.33 Conversely, 
impaired blood flow to key organs has been implicated in 
the pathogenesis of the postoperative organ dysfunction 
syndrome. Therefore the medical management of periop-
erative hypertension must balance the risks for surgical 
hemorrhage with the risks for end-organ hypoperfusion.3-5

Several recent studies have demonstrated an association 
between “spikes” in pulse pressure and poor periopera-
tive outcome, including coronary ischemic events, stroke 
and other cerebral events, congestive heart failure, renal 
dysfunction, and death.43-45 However, there are no data 
demonstrating that intervening to control BP improved 
outcome.

Renal Hypertensive Emergencies

Patients with true hypertensive emergencies may have 
acute kidney injury (AKI). Conversely, patients with AKI 
may have acute severe hypertension.14,15 Pharmacologic 
therapy for a hypertensive crisis with AKI is usually man-
aged through titration of intravenous vasodilators such as 
labetalol, nicardipine, clevidipine, or sodium nitroprus-
side, targeting a 25% reduction in mean arterial pressure 
over several hours.15 Again, data demonstrating efficacy 
are minimal.

Severe Catecholamine Excess Resulting  
in Hypertensive Emergencies

True hypertensive emergencies due to catecholamine 
excess are rare. Actual causes are listed in Table 52-2. 
Current recommendations for hypertensive emergencies 
characterized by catecholamine excess are summarized in 
Table 52-7.

Pheochromocytoma

Although unusual, approximately 7% of patients with 
previously undiagnosed pheochromocytoma present in 
hypertensive crisis or after a stroke, requiring aggressive 
management in the ICU for hemodynamic stabilization.53-55 
Elective surgical resection is indicated after medical stabili-
zation has been achieved.56

Recreational Drug Use

Certain recreational drugs such as cocaine, amphet-
amines, or phencyclidine have sympathomimetic effects, 
and users may present in hypertensive crisis or with myo-
cardial ischemia. The primary cause is norepinephrine 
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overload, usually secondary to impaired reuptake. 
β-Adrenergic antagonists should be avoided because 
unopposed α-adrenergic activity can actually exacerbate 
coronary vasoconstriction, can increase heart rate and 
BP, and can even decrease survival.57,58 Although labet-
alol had been the drug of choice because of its combined 
α- and β-adrenergic blockade, experimental studies do 
not support its use.59,60 Anxiolysis with benzodiazepines 
may help decrease sympathetic stimulation secondary to 
cocaine use and is recommended by the American Heart 
Association, although there are no data to support this 
approach. Bauman et al. and Honderick et al. found that 
treatment of cocaine intoxication with a combination of 
benzodiazepines and nitroglycerin improves chest pain 
but did not affect outcome. Two studies have examined 
use of calcium channel blockers for cocaine-associated 
chest pain. This approach improved hemodynamics with-
out any adverse outcome. Current recommendations are 
for nicardipine, fenoldapam, or verapamil plus a benzodi-
azepine as best for BP control, although there are no data 
of outcome.58,61

Monoamine Oxidase Inhibitors

Monoamine oxidase inhibitors (MAOIs), such as phenel-
zine, tranylcypromine, isocarboxazid, and selegiline, have 
been used for management of depression since the 1950s.62 
Their popularity has diminished because of the acute 
hypertensive crisis precipitated by tyramine-containing 
foods such as aged cheeses, bananas, soy condiments, and 
red wine.62

Monoamine oxidases inactivate neurotransmitters such 
as dopamine, epinephrine, norepinephrine, serotonin, and 
tyramine (a precursor of dopamine). These enzymes are 
present in the nervous system, in the liver, in the gastro-
intestinal tract, and in mitochondria. In addition, MAOIs 
interact with indirectly acting sympathomimetics such as 
ephedrine, pseudoephedrine, and phenylpropanolamine. 
These agents are often present in over-the-counter nasal 
decongestants.63 In severe cases, hypertensive control has 
required ICU admission for titration of intravenous vaso-
dilators such as nitroprusside or nicardipine.

MAOIs also adversely interact with meperidine.64,65 This 
drug combination may precipitate the serotonin syndrome, 
a potentially fatal complication characterized by mental 
status changes, autonomic hyperreactivity, and neuromus-
cular abnormalities.64,65 The management of the serotonin 
syndrome includes avoidance of pharmacologic triggers, 
supportive care, and administration of serotonin receptor 
blockers such as cyproheptadine.64,65 Hypertension from 
the serotonin syndrome can be managed with short-acting 
intravenous agents such as nitroprusside and esmolol. 
In severe cases, hyperthermia due to excessive muscular 
activity may require sedation, neuromuscular blockade 
with cisatracurium, and mechanical ventilation.64,65

Drug Withdrawal

Discontinuation of beta blockers in the perioperative 
period can lead to tachycardia; hypertension; and, in severe 
cases, cardiac arrhythmias and myocardial ischemia that 
have been associated with increased mortality and morbid-
ity.66-69 A recent study by Wallace et al. (N = 38,779) showed 
that beta blockade withdrawal after surgery was associated 

with an increase in 30-day (odds ratio [OR], 3.93; 95%  
confidence interval [CI], 2.57 to 6.01; P < .0001) and 1-year 
mortality (OR, 1.96; 95% CI, 1.49 to 2.58; P < .0001).70 Man-
agement involves reinstitution of beta blockade and may 
require ICU admission.

Withdrawal from clonidine, a centrally acting alpha 
agonist available in oral, transdermal, and parenteral for-
mulations, has been associated with delirium, headache, 
hypertension, and myocardial ischemia that may result in 
ICU admission.48,71,72
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How Does One Prevent or Treat 
Atrial Fibrillation in Postoperative 
Critically Ill Patients?

Jonathan K. Frogel, Stuart J. Weiss

Supraventricular arrhythmias are the most  common 
rhythm disturbance encountered in postsurgical patients.1 
The incidence of postoperative atrial fibrillation may be 
as high as 50% after cardiac surgery,2 40% after pneumo-
nectomy,3 and 20% after lung resection.4 In addition, other 
postsurgical patients have an incidence of new-onset 
supraventricular arrhythmias approaching 10%.5

Patients who have supraventricular arrhythmias after 
major noncardiac surgery are at increased risk for stroke 
and have significantly higher early and late mortality.5 
After cardiac surgery, atrial fibrillation may herald a pro-
longed intensive care unit (ICU) course,2 increased risk of 
stroke, and increased risk of early and late mortality.6 Cost 
of care in a patient who has postoperative atrial fibrillation 
is increased by an average of $10,000.7 Thus the human 
and economic toll of this disease entity in the postsurgical 
patient population is substantial.

WHAT ARE THE PATIENT RISK FACTORS 
AND PERIOPERATIVE CONDITIONS 
THAT INCREASE THE RISK OF ATRIAL 
FIBRILLATION?

Multiple risk factors that predispose patients to atrial 
fibrillation have been identified (Table 53-1).8-10 Every 
10-year increase in age beyond 30 years is associated with 
a 75% increase in risk after cardiac surgery.8 Thus the risk 
for development of atrial fibrillation in octogenarians may 
be greater than 50%.9 A history of cardiac disease (atrial 
fibrillation, hypertension, valvular disease, and cardiomy-
opathy) and chronic pulmonary disease are significant fac-
tors that predispose to all postoperative dysrhythmias. In 
addition, obesity and increased body mass index have also 
been shown to be predictors of postoperative atrial fibril-
lation.10 Preoperative consideration of these factors can 
prompt clinicians to alter the perioperative medical and 
surgical management in hope of mitigating some of this 
increased risk.

WHAT IS THE PATHOGENESIS OF 
POSTOPERATIVE ATRIAL FIBRILLATION?

The pathogenesis of atrial fibrillation in the postoperative 
period is complex and multifactorial. Several disease pro-
cesses and conditions predispose to atrial enlargement and 
fibrosis, which provide the substrate for conduction abnor-
malities.11 The inflammatory response induced by surgery 
is associated with increased release of endogenous cat-
echolamines. Elevated levels may be increased further by 
the administration of exogenous inotropes and vasopres-
sors. These and other factors (Table 53-2) trigger supraven-
tricular arrhythmias by altering atrial refractoriness and 
conductivity, thereby predisposing to increased automatic-
ity and reentrant rhythms.12

The type of surgery performed has a marked impact on 
the incidence of perioperative atrial fibrillation. In patients 
undergoing intrathoracic procedures, direct surgical manip-
ulation or compression of the atria and/or pulmonary veins 
contributes to the pathogenesis.13 During cardiac surgery, 
myocardial ischemia and ventricular dysfunction can lead 
to atrial dilation and elevation of atrial pressures that fur-
ther contribute to atrial irritability.13 Although the data in 
general surgery patients are not as robust as in cardiac sur-
gical patients, minimally invasive laparoscopic techniques 
may decrease the risk for postoperative atrial fibrillation 
when compared with open approaches.13,14 This finding has 
been taken to imply that attenuation of the inflammatory 
and stress responses after surgery may decrease the risk of 
developing postoperative supraventricular arrhythmias, 
but this hypothesis is not currently supported by data.

WHAT STRATEGIES ARE EFFECTIVE FOR 
THE PREVENTION OF POSTOPERATIVE 
ATRIAL FIBRILLATION?

Although atrial fibrillation in postsurgical patients has 
long been recognized, the implementation of prophylactic 

53
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strategies to prevent new or recurrent arrhythmias has 
just recently gained traction. As knowledge of causative 
factors and the resulting pathophysiology continues to 
evolve, the pool of potentially beneficial interventions 
has broadened. Conceptually, prophylactic strategies 
against atrial fibrillation fall into one of five categories: 
antiarrhythmic agents, electrolyte repletion or mainte-
nance, atrial pacing, modulation of the inflammatory 
response to surgery, and alterations of surgical tech-
nique. In general, the utility of prophylactic strategies 
has been most thoroughly evaluated in patients after car-
diac surgery. Therefore considerations pertaining to spe-
cific risk and pathophysiology in this population must 
be considered before extrapolating data to the general 
surgical population.

ANTIARRHYTHMIC AGENTS

Beta Blockers

Considering the inciting role of increased sympathetic 
tone in the pathogenesis of atrial fibrillation, it is not sur-
prising that beta-blocker administration for postoperative 
prevention has been extensively examined. Many studies 
have confirmed the utility of prophylactic beta blockers to 
limit the occurrence of postoperative atrial fibrillation. In 
a meta-analysis of 27 randomized trials published in 2002, 
Crystal et al. found that beta blockers reduced the risk for 
development of atrial fibrillation after cardiac surgery by 
more than 60% (relative risk [RR], 0.39; 95% confidence 
interval [CI], 0.28 to 0.52).15 These findings were reaffirmed 
in a 2004 meta-analysis of 58 trials by the same author.16 
The antiarrhythmic benefit was observed when beta antag-
onists were started before or immediately after surgery and 
was independent of the agent or dose used. More recently, 
a meta-analysis comprising 33 studies and 4698 subjects 
demonstrated a significant atrial fibrillation risk reduction 
in cardiac surgical patients receiving perioperative beta 
blockers.17 On the basis of this evidence, the most recent 
American College of Cardiology Foundation (ACCF)/
American Heart Association (AHA) guidelines for patients 
undergoing coronary artery bypass graft (CABG) surgery 
recommend that all such patients receive perioperative 
beta blockers from 24 hours before surgery onward.18

In the postgeneral thoracic (noncardiac) surgery patient 
population, a meta-analysis of two studies totaling 129 
subjects demonstrated that perioperative beta blockade 
significantly reduced the incidence of postoperative atrial 
tachyarrhythmias (RR, 0.40; 95% CI, 0.17 to 0.95) but also 
increased the risk for hypotension and pulmonary edema.19 
The calculated protective effect of beta blockers in some of 
these trials (and by extension in the meta-analysis) may have 
been overestimated by failure to adequately account for beta 
blocker withdrawal in the control groups. Of greater con-
cern, more recent data have uncovered potential adverse 
outcomes associated with perioperative beta blockade. The 
PeriOperative Ischemia Evaluation (POISE) trial, a large ran-
domized controlled study (8351 patients) in a noncardiac 
surgical population, found that perioperative beta blockers 

Table 53-1 Comparison of the Risk Factors for 
Permanent Atrial Fibrillation and Postoperative 
Atrial Fibrillation

Risk Factor Permanent Cardiac Noncardiac

EPIDEMIOLOGIC

Advanced age X X X

Male gender X X X

Height X

MEDICAL CONDITIONS

CAD X

HTN X X

LAE/LVH X

CHF X X X

Cardiomyopathy X

Valvular disease X X X

Prior AF N/A X X

Myocarditis X

CHD X

OLD X X X

OSA X

PVD X X X

Obesity X X

DM X

Hyperthyroidism X

Alcohol X

From Mayson SE, Greenspon AJ, Adams S et al. The changing face of postop-
erative atrial fibrillation prevention: A review of current medical therapy. 
Cardiol Rev. 2007;15:232.

Alcohol, significant alcohol use; CAD, coronary artery disease; Cardiac,  
postoperative atrial fibrillation (POAF) after cardiac surgery; CHF, 
congestive heart failure; CHD, congenital heart disease; DM, diabetes 
mellitus; Height, tall stature; HTN, hypertension; LAE/LVH, left atrial 
enlargement/left ventricular hypertrophy; Noncardiac, POAF after  
noncardiac surgery; OLD, obstructive lung disease; OSA, obstructive 
sleep apnea; Permanent, permanent atrial fibrillation; Prior AF,  
history of prior atrial fibrillation; PVD, peripheral vascular disease;  
X, risk factor present.

Table 53-2 Stressors of the Perioperative and 
Intensive Care Periods

Induction and emergence of general anesthesia

Hemodynamic shifts

Surgical trauma

Manipulation of the heart and pulmonary veins

Pain

Electrolyte abnormalities (hypokalemia, hypomagnesemia)

Hypervolemia (distension of the atria)

Subtherapeutic levels of antiarrhythmics (i.e., beta blockers)

Administration of catecholamine inotropes

Pulmonary insufficiency (dyspnea, weaning from ventilator)
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decreased the incidence of cardiac arrest (3.6% vs. 5.1%) and 
myocardial infarction (4.2% vs. 5.7%) but increased the risk 
of perioperative hypotension, bradycardia, stroke (1.0% vs. 
0.5%), and all-course mortality.20 A post hoc analysis sug-
gested that the increased incidence of clinically significant 
hypotension, bradycardia, and stroke may contribute to the 
increased risk for death observed in the treatment group. 
A meta-analysis of 33 randomized controlled trials totaling 
12,306 patients confirmed these findings, in particular further  
documenting the increased risk of bradycardia, hypotension, 
and nonfatal stroke observed in the experimental group.21

The most recent guidelines from the American Associa-
tion for Thoracic Surgery on the prevention of postopera-
tive atrial fibrillation in patients undergoing noncardiac 
thoracic surgery recommend continuation of beta blockers 
in patients already receiving them. They do not, though, 
recommend initiation of beta blockers in naïve patients.22 
For patients undergoing noncardiac, nonthoracic surgery, 
the risk of adverse effects of beta blockers would also 
appear to outweigh any theoretical reduction in the inci-
dence of postoperative atrial fibrillation in beta blocker 
naïve patients. However, continuation of long-standing 
beta blocker therapy through the perioperative period is 
recommended for cardiac, thoracic, and general surgery 
patients. Initiation of beta blocker therapy for atrial fibrilla-
tion prophylaxis should be reserved for patients undergo-
ing surgical coronary revascularization.

Amiodarone

Amiodarone, one of the most commonly used antiarrhyth-
mic agents in the ICU setting, is frequently the antiarrhyth-
mic of choice in patients with obstructive lung disease or 
cardiomyopathy. The prophylactic use of amiodarone to 
prevent postoperative atrial fibrillation has been exten-
sively studied. A recent meta-analysis comprising 33 stud-
ies and 5402 subjects demonstrated a significant reduction 
in the risk for postoperative atrial fibrillation in amioda-
rone-treated patients undergoing cardiac surgery.17 How-
ever, use of amiodarone is not benign; long-term use of 
this drug has been associated with hepatic, pulmonary, 
and endocrine toxicity. In addition, amiodarone adminis-
tration can cause significant bradycardia, heart block, and 
hypotension. A meta-analysis of 18 trials (3408 patients) 
performed to assess the safety of amiodarone to prevent 
atrial fibrillation after cardiac surgery found an increased 
risk for bradycardia and hypotension in the amiodarone-
treated group but no statistically significant differences in 
any other measured endpoints (heart block, myocardial 
infarction, stroke, and death).23 These findings were most 
apparent in patients treated with high doses (>1 g per day), 
with intravenous formulations and in those in whom the 
drug was initiated in the postoperative period.

The most recent American College of Cardiology 
(ACC)/AHA guidelines ascribe a class IIA recommenda-
tion for postcardiac surgery atrial fibrillation prophylaxis 
with amiodarone,18 whereas American College of Chest 
Physicians (ACCP) guidelines recommend consideration of 
amiodarone prophylaxis for patients in whom beta block-
ers are contraindicated.24 There are insufficient data avail-
able to recommend amiodarone prophylaxis for patients 
undergoing noncardiac surgery.

Sotalol

Sotalol is a class III antiarrhythmic agent that has both 
beta- and potassium channel–blocking activity. A Cochrane 
database review of 11 studies with 1609 subjects found sig-
nificant reductions in the incidence of postoperative atrial 
fibrillation in patients undergoing cardiac surgery who 
received sotalol in the perioperative period.17 Despite these 
findings, potentially dangerous side effects (QT prolonga-
tion, torsade de pointes, hypotension, and bradycardia) 
have limited the use of this agent in the post–cardiac surgi-
cal population. These same concerns make the adoption of 
sotalol for prophylaxis during noncardiac surgery unlikely 
at this time.

Calcium Channel Blockers and Digoxin

Few data support the use of other antiarrhythmic drugs 
for atrial fibrillation prophylaxis. Early data regarding the 
use of nondihydropyridine calcium channel antagonists 
in preventing postoperative atrial fibrillation were incon-
clusive, and an early meta-analysis could not demonstrate 
benefit.25 However, a more recent meta-analysis suggests 
that they may be of some use. A review of four studies in 
patients undergoing general thoracic surgery found that 
calcium channel blockers were effective in preventing post-
operative atrial fibrillation19 whereas the most recent ran-
domized controlled trial failed to demonstrate efficacy.26 
Currently, neither the ACCP nor the ACC/AHA guidelines 
recommend calcium channel blockers for the prevention of 
atrial fibrillation after cardiac surgery.

Digoxin was at one time advocated as effective pro-
phylaxis against postoperative atrial fibrillation. How-
ever, the literature does not support its use as detailed 
in a meta-analysis that could not document that digoxin 
significantly altered the incidence of postoperative atrial 
fibrillation after cardiac surgery.25 In fact, one study noted 
an increased risk for postoperative atrial fibrillation after 
thoracic surgery in patients who received digoxin.19 
Although it can be effectively used for rate control of 
atrial fibrillation, no consensus guidelines recommend 
the use of digoxin for postoperative atrial fibrillation pro-
phylaxis.

ELECTROLYTE REPLETION  
AND MAINTENANCE

Magnesium

Electrolyte derangements and membrane instability are 
postulated to play important roles in the pathogenesis 
of atrial fibrillation, particularly in the postoperative set-
ting. The importance of the magnesium depletion that 
typically occurs during cardiopulmonary bypass and after 
diuretic administration has been studied in patients after 
cardiac surgery. In a meta-analysis, 16 trials including 2029 
patients evaluating the use of prophylactic magnesium 
were identified. Supraventricular arrhythmias occurred 
significantly less often in patients treated with magne-
sium compared with controls (23% vs. 31%).27 A more 
recent Cochrane review of 19 studies and 2988 subjects 
demonstrated similar reductions in patients treated with 
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supplemental magnesium during or after cardiac surgery.17 
It remains unclear whether avoidance of hypomagnesemia 
or achievement of supernormal magnesium levels was 
responsible for the observed benefit. Nonetheless, current 
guidelines of the ACCP recommend maintenance of serum 
magnesium levels in the normal range after cardiac surgery 
and suggest that empirical supplementation be considered 
in this high-risk population.28

ATRIAL PACING

Atrial pacing has been proposed as a strategy to decrease 
the incidence of atrial fibrillation after cardiac surgery. It 
is theorized that overdrive suppression of supraventricu-
lar foci may retard the development of atrial fibrillation in 
the immediate postsurgical period. Heterogeneity within 
the literature examining pacing for atrial fibrillation pro-
phylaxis makes interpretation of the data challenging. 
Nonetheless, several meta-analyses have been published. 
In a review of 13 prospective randomized controlled trials 
in which right atrial pacing, left atrial pacing, or biatrial 
pacing was used, Archbold and Schilling found that the 
most significant reduction in postoperative atrial fibril-
lation occurred in patients receiving biatrial pacing (RR, 
0.46; 95% CI, 0.30 to 0.71).29 Pacing protocols varied but 
usually were set 10 to 20 beats above the intrinsic rate for 
a period ranging from 1 to 5 days. Atrial pacing after car-
diac surgery appears to be efficacious in preserving sinus 
rhythm, but identification of the optimal site and pacing 
algorithm is limited by the lack of large, well-controlled 
studies.

Although potentially advantageous, this strategy has 
not been explored in the non–cardiac surgery population. 
Pacing is limited to patients with implanted pacemakers 
and those with transvenous or temporary epicardial pacing 
wires placed after cardiac surgery.

MODULATION OF THE INFLAMMATORY 
RESPONSE TO SURGERY

Given the role that the inflammatory response seems to 
play in the pathogenesis of postoperative atrial fibrillation, 
various interventions targeting this response have been 
used in efforts to reduce risk.

Corticosteroids

A meta-analysis of 50 randomized controlled trials of 
prophylactic steroid administration for patients undergo-
ing cardiac surgery demonstrated a significant reduction 
in postoperative atrial fibrillation in patients receiv-
ing steroids (25.1% vs. 35.1% incidence).30 Conversely, 
the Dexamethasone in Cardiac Surgery (DECS) study, a 
large, multicenter, randomized controlled trial of dexa-
methasone versus placebo, failed to demonstrate a similar 
response in patients receiving 1 mg/kg of dexametha-
sone.31 The Steroids In caRdiac Surgery (SIRS) trial cur-
rently underway across 82 centers in 18 countries may 
help clarify the risks and benefits of methylprednisolone 
administration for cardiac surgical patients.32 Given the 

potential risks of routine administration of corticosteroids 
(hyperglycemia, increased risk of infection), they are not 
currently recommended for postoperative atrial fibrilla-
tion prophylaxis.

Statins

In addition to their effects on lipid profiles, statins 
have known anti-inflammatory effects that are thought 
to contribute to the observed reduction in new-onset 
atrial fibrillation. A meta-analysis of 3 randomized con-
trolled trials and 16 observational studies comprising 
31,725 patients found that the incidence of postoperative 
atrial fibrillation after cardiac surgery was significantly 
reduced by statins (odds ratio [OR], 0.67; 95% CI, 0.51 
to 0.88).33 Interestingly, a meta-analysis examining data 
on patients undergoing either isolated CABG or isolated 
aortic valve replacement (AVR) demonstrated a reduc-
tion in atrial fibrillation in the CABG group but not in 
the AVR group.34 Current ACCF/AHA recommenda-
tions call for perioperative statins in all patients with 
CABG regardless of baseline lipid profile.18 Evidence is 
currently lacking to recommend statins for atrial fibril-
lation prophylaxis for patients undergoing non-CABG 
surgery.

Epidural Analgesia

Epidural analgesia modulates the sympathetic nervous 
system and the inflammatory response to surgery. There 
is some evidence that use of epidural analgesia in patients 
undergoing noncardiac surgery under general anesthesia 
reduces the risk of postoperative atrial fibrillation. For 
example, a meta-analysis of 9 studies and 2016 subjects 
demonstrated a statistically significant reduction in the 
incidence of atrial fibrillation in patients receiving epidural 
analgesia for noncardiac surgery when compared with 
controls (20.1% vs. 25.4%).35 Although these limited data 
are of interest, more robust evidence is required before rec-
ommending perioperative epidural analgesia for routine 
prophylaxis of atrial fibrillation before general or thoracic 
surgery.

Colchicine

Colchicine is a powerful anti-inflammatory drug that inhib-
its neutrophil activity. The COPPS-1 (COlchicine for Preven-
tion of Postcardiotomy Syndrome) trial demonstrated a 
significant reduction in postoperative atrial fibrillation in 
patients receiving the drug 3 days after undergoing cardiac 
surgery.36 Because of study design, efficacy in preventing 
early-onset (postoperative days 1 to 2) atrial fibrillation was 
not demonstrated. The recently published COPPS-2 trial 
failed to show a statistically significant reduction in early 
postoperative atrial fibrillation in patients receiving colchi-
cine but demonstrated an increased risk of gastrointesti-
nal complications of the drug.37 Although current AHA/
ACC/Heart Rhythm Society (HRS) guidelines ascribe a 
class IIb recommendation for the use of colchicine for atrial 
fibrillation prophylaxis in cardiac surgical patients,24 the 
COPPS-2 data suggest that colchicine should not be used 
for this indication.
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WHAT IS APPROPRIATE THERAPY FOR 
POSTOPERATIVE ATRIAL FIBRILLATION IN 
A HEMODYNAMICALLY STABLE PATIENT: 
RATE CONTROL OR RHYTHM CONTROL?

The initial approach to the development of postoperative 
atrial fibrillation in the patient who is not hemodynamically 
compromised is to control the ventricular response rate. 
After this has been accomplished, electrical or pharmaco-
logic cardioversion can be attempted. Early restoration of 
sinus rhythm theoretically avoids the need for anticoagula-
tion, improves quality of life, decreases the risk for throm-
boembolic events, improves hemodynamics, and decreases 
the incidence of future episodes of atrial fibrillation. How-
ever, regardless of how intuitively attractive the concept, the 
data supporting the advantages of chronic rhythm control 
over rate control in the outpatient population have failed to 
demonstrate the superiority of rhythm control. No studies 
have shown definitively that rhythm control is superior to 
rate control or vice versa for the primary outcome measure 
of mortality in outpatients. These conclusions are based on 
several large randomized controlled trials.

The Atrial Fibrillation Follow-up Investigation of 
Rhythm Management (AFFIRM) trial was the largest of 
these studies, enrolling 4060 patients. The mean follow-
up in the study was 3.5 years, and no significant mortal-
ity difference between the rate control and rhythm control 
groups was found.40 However, there was a slightly higher 
incidence of noncardiovascular death, stroke (7.3% vs. 
5.7%), and hospitalization (80% vs. 73%) in the rhythm con-
trol group. Other smaller studies were initially interpreted 
to exhibit similar findings. The strategy of rhythm control 
offered no overall mortality benefit and may have contrib-
uted to an increased incidence of noncardiac death.

Reevaluation of the data from the rate versus rhythm 
trials suggests that remaining in sinus rhythm may con-
fer several advantages. These include improved hemo-
dynamics, reduction of thromboembolic events, lower 
mortality, improved quality of life, and improved exercise 
tolerance.41,42 A good discussion supporting the early resto-
ration and maintenance of sinus rhythm was presented by 
van Gelder and Hemels.43 A post hoc analysis of the AFFIRM 
trial, Congestive Heart Failure Survival Trial of Antiarrhyth-
mic Therapy (CHF-STA) trial, and Danish Investigators of 
Arrhythmia and Mortality on Dofetilide (DIAMOND) trial 
concluded that restoration of sinus rhythm is a marker for 
improved survival.40,44,45 The largest multicenter random-
ized study of 4060 patients found sinus rhythm to be a pre-
dictor of survival, with a 47% reduction in mortality.

The premise that maintenance of sinus rhythm improves 
outcome remains controversial and awaits further clari-
fication. In addition, a multimodal approach with wider 
application of angiotensin-receptor blockers (ARBs), angio-
tensin-converting enzyme (ACE) inhibitors, and statins 
may potentially affect success in restoring and maintaining 
sinus rhythm.

Postoperative atrial fibrillation should be considered an 
entity distinct from chronic atrial fibrillation. More than 
90% of patients who develop post-CABG atrial fibrillation 
revert to sinus rhythm within 6 to 8 weeks.46 Although not 
demonstrated in the noncardiac surgical patient popula-
tion, cardioversion to sinus rhythm after the stressors of the 

postoperative period have abetted seems to be a reason-
able but as yet unproven strategy.

Rate Control

Beta blockers, with their ability to modulate the hyperad-
renergic tone encountered in the postoperative patient, are 
considered first-line agents for rate control in the ACC/
AHA guidelines section on postoperative atrial fibrillation24 
and the ACCP guidelines on the management of postopera-
tive atrial fibrillation after cardiac surgery (Table 53-3).28 
The non-dihydropyridine calcium channel blockers are rec-
ommended as second-line agents.

Table 53-3 Common Medication Dosage for Rate 
Control of AF

Intravenous 
Administration

Usual Oral 
Maintenance 
Dose

BETA BLOCKERS

Metoprolol 
tartrate

2.5-5.0 mg IV bolus over  
2 min; up to 3 doses

25-100 mg BID

Metoprolol XL 
(succinate)

N/A 50-400 mg QD

Atenolol N/A 25-100 mg QD

Esmolol 500 μg/kg IV bolus over 
1 min, then 50-300 μg/
kg/min IV

N/A

Propranolol 1 mg IV over 1 min, up to 3 
doses at 2-min intervals

10-40 mg TID or 
QID

Nadolol N/A 10-240 mg QD

Carvedilol N/A 3.125-25 mg BID

Bisoprolol N/A 2.5-10 mg QD

NONDIHYDROPYRIDINE CALCIUM CHANNEL 
ANTAGONISTS

Verapamil 0.075-0.15 mg/kg IV bolus 
over 2 min; may give an 
additional 10.0 mg after 
30 min if no response, 
then 0.005-mg/kg/min 
infusion

180-480 mg QD 
(ER)

Diltiazem 0.25 mg/kg IV bolus over 
2 min, then 5-15 mg/hr

120-360 mg QD 
(ER)

DIGITALIS GLYCOSIDES

Digoxin 0.25 mg IV with repeat 
dosing to a maximum 
of 1.5 mg over 24 hr

0.125-0.25 mg QD

OTHERS

Amiodarone* 300 mg IV over 1 hr, then 
10-50 mg/hr over 24 hr

100-200 mg QD

From 2014 AHA/ACC/HRS Guideline for Management of Patients with Atrial 
Fibrillation. J Am Coll Cardiol. 2014;64(21):e1–e76.

*Multiple dosing schemes exist for the use of amiodarone.
AF, atrial fibrillation; BID, twice daily; ER, extended release; IV, intravenous; 

N/A, not applicable; QD, once daily; QID, 4 times a day; TID, 3 times a day.
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Rhythm Control

Despite the self-limited nature of most cases of postopera-
tive atrial fibrillation, the current ACC/AHA guidelines 
ascribe a class IIa recommendation for pharmacologic or 
electrical cardioversion in this patient population. The 
ACCP guidelines recommend the use of amiodarone, par-
ticularly for patients with depressed left ventricular func-
tion. Antiarrhythmic use for postoperative atrial fibrillation 
should be continued for 4 to 6 weeks after surgery.47

ANTICOAGULATION STRATEGY BEFORE 
RESTORATION OF SINUS RHYTHM: 
ATRIAL FIBRILLATION FOR LESS THAN 
48 HOURS

It is common practice for patients with new onset of atrial 
fibrillation of less than 48 hours’ duration to proceed to 
cardioversion without transesophageal echocardiography 
or anticoagulation. There is evidence in the literature that 
new-onset atrial fibrillation (duration <48 hours) may be 
associated with an incidence of left atrial thrombus forma-
tion of up to 4%.48 Prospective data after cardioversion of 
3143 patients found a 0.7% incidence of thromboembolic 
complications during a 30-day follow-up period but a sig-
nificantly higher incidence in patients with increased stroke 
risk factors.50 Since 2010, the European Society of Cardiol-
ogy (ESC) has recommended consideration of anticoagula-
tion with unfractionated or low-molecular-weight heparin 
for all patients with new-onset atrial fibrillation undergo-
ing cardioversion.51 In addition, the ESC recommends life-
long anticoagulation after cardioversion of new-onset atrial 
fibrillation for patients at high risk for stroke as assessed by 
the CHADS2 (Congestive heart failure, Hypertension, Age 
≥75 years, Diabetes mellitus, Prior Stroke or TIA or Throm-
boembolism [doubled]) and CHA2DS2-VASc (Congestive 
heart failure, Hypertension, Age ≥75 years, Diabetes mel-
litus, Prior Stroke or TIA or Thromboembolism [doubled], 
Vascular disease, Age 65 to 74 years, Sex thromboembolic) 
Risk Stratification Scoring Systems (Table 53-4).51

Although these recommendations were based on studies 
of nonsurgical patients, the guidelines have been applied to 
the postsurgical patients as the inflammatory response to 
surgery induces a hypercoagulable state that may increase 
the risk for an early thromboembolic event. Therefore it may 
be prudent to selectively anticoagulate before cardioversion 
of high-risk patients with atrial fibrillation of less than 48 
hours’ duration. However, it is clear that in the postopera-
tive setting, the risk of thrombotic events in the absence of 
anticoagulation must be weighed against the risk of bleeding 
from fresh surgical sites after anticoagulation administration.

ANTICOAGULATION STRATEGY BEFORE 
RESTORATION OF SINUS RHYTHM: 
ATRIAL FIBRILLATION FOR MORE THAN 
48 HOURS

At times, patients enter the ICU with atrial fibrillation for 
more than 48 hours. In these individuals, anticoagulation 
before cardioversion is the accepted standard. ACC/AHA 

and ACCP guidelines recommend 3 weeks of anticoagu-
lation before cardioversion of patients with chronic atrial 
fibrillation.24,40 However, in cases of hemodynamic insta-
bility, cardioversion should not be delayed for initiation 
of anticoagulation. Timing for initiation of anticoagulation 
therapy (heparin as a bridge to an oral agent) in the postop-
erative patient must account for the potential for bleeding 
complications.

Table 53-4 Comparison of the CHADS2 and 
CHA2DS2-VASc Risk Stratification Scores for 
Subjects with Nonvalvular AF

DEFINITION AND 
SCORES FOR CHADS2 
AND CHA2DS2-VASc

STROKE RISK STRATIFICATION 
WITH THE CHADS2 AND 
CHA2DS2-VASc SCORES

Score Adjusted Stroke Rate (%/yr)

CHADS2 acronym CHADS2 acronym*

Congestive HF 1 0 1.9

Hypertension 1 1 2.8

Age ≥75 yr 1 2 4.0

Diabetes  
mellitus

1 3 5.9

Stroke/TIA/TE 2 4 8.5

Maximum score 6 5 12.5

6 18.2

CHA2 DS2-VASc acronym CHA2 DS2-VASc acronym†

Congestive HF 1 0 0

Hypertension 1 1 1.3

Age ≥75 yr 2 2 2.2

Diabetes mellitus 1 3 3.2

Stroke/TIA/TE 2 4 4.0

Vascular disease 
(prior MI, 
PAD, or aortic 
plaque)

1 5 6.7

Age 65-74 yr 1 6 9.8

Sex category (i.e., 
female sex)

1 7 9.6

Maximum score 9 8 6.7

9 15.20

From 2014 AHA/ACC/HRS Guideline for management of patients with atrial 
fibrillation. J Am Coll Cardiol. 2014; 64(21):e1–e76.24

*These adjusted-stroke rates are based on data for hospitalized patients with 
AF and were published by Shepard and colleagues in 2001. Because stroke 
rates are decreasing, actual stroke rates in contemporary, nonhospitalized 
cohorts might vary from these estimates.

†Adjusted-stroke rate scores are based on data from Lip and colleagues. Actual 
rates of stroke in contemporary cohorts might vary from these estimates.

AF, atrial fibrillation; CHADS2, Congestive heart failure, Hypertension, Age 
≥75 years, Diabetes mellitus, Prior Stroke or TIA or Thromboembolism 
(doubled); CHA2DS2-VASc, Congestive heart failure, Hypertension, Age 
≥75 years, Diabetes mellitus, Prior Stroke or TIA or Thromboembolism 
(doubled), Vascular disease, Age 65 to 74 years, Sex thromboembolic;  
HF, heart failure; MI, myocardial infarction; PAD, peripheral artery  
disease; TE, thromboembolism; TIA, transient ischemic attack.
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Selection of an antithrombotic regimen must balance the 
risks of harm and potential benefit of avoiding ischemic 
stroke or other embolic complications. Platelet inhibitors, 
alone or in combination (aspirin and clopidodrel), are less 
effective than warfarin in preventing strokes.12 Adminis-
tration of a direct thrombin inhibitor (dabigatran) or fac-
tor Xa inhibitors (rivaroxaban apixaban) are gaining wider 
use for in-hospital and outpatient settings. Although these 
agents are more convenient, they are more costly and dif-
ficult to reverse in cases of bleeding or if the need to per-
form emergency invasive procedures arises. Data from a 
European observational study found that a greater inter-
national normalized ratio (INR) produced better outcomes. 
The incidence of thromboembolic events was 0.8% (4 of 
530 patients) when the INR was 2.0 to 2.4 compared with 
no events when the INR was 2.5 or greater.52 In addition, 
reversal of warfarin anticoagulation has the benefit of being 
dependably achieved by the administration of vitamin K or 
fresh frozen plasma. It is the opinion of these authors that 
the newer agents are not superior to warfarin for stroke 
prevention and may pose a significantly higher risk to the 
postsurgical patient population.

SHOULD ANTICOAGULATION BE 
INSTITUTED OR CONTINUED AFTER 
ELECTRICAL CARDIOVERSION TO SINUS 
RHYTHM?

The period after conversion to sinus rhythm is associated 
with an increased risk of thrombus formation and sub-
sequent embolization. The recurrence of asymptomatic 
atrial fibrillation ranges from 40% to 60%,41,55 and other 
predisposing factors such as atheromatous disease and 
poor ventricular function also may increase the risk for 
thromboembolism.56 Perhaps the most significant factor 
is the transient decrease in atrial mechanical function that 
occurs after cardioversion to sinus rhythm.57 Mechanical 
dysfunction after cardioversion appears to last 24 hours 
in patients having atrial fibrillation of less than 2 weeks’ 
duration, 1 week in patients with atrial fibrillation of 2 
to 6 weeks’ duration, and 1 month for more prolonged 
precardioversion atrial fibrillation.57 To date, there is no 
pharmacologic intervention to hasten the return of atrial 
mechanical activity.

Support for continued anticoagulation can be gleaned 
from the AFFIRM and RACE (Rate Control versus Electrical 
Cardioversion) trials.43,58 Anticoagulation during these stud-
ies was often discontinued after restoration of sinus rhythm. 
Ischemic events occurred at equal frequency in both arms of 
the trials (rate control and rhythm control). Review of the data 
showed that such complications occurred most often after anti-
coagulation was terminated (rhythm control group) or when 
the INR was subtherapeutic (rate control group). Although 
the patients in these studies had chronic (not postoperative) 
atrial fibrillation, restoration of sinus rhythm in subthera-
peutic or nonanticoagulated patients was associated with the 
increased incidence of thromboembolic events. Furthermore, 
the literature that provides the basis for these recommenda-
tions in general does not distinguish between patients who 
required electric cardioversion and those who spontaneously 
or pharmacologically converted to sinus rhythm. It seems 

prudent that guidelines for electrical and pharmacologic car-
dioversion be followed in a similar manner.

Current guidelines of the ACCP recommend 4 weeks 
of anticoagulation for patients who undergo cardiover-
sion after an episode of atrial fibrillation lasting more than 
48 hours. For episodes less than 48 hours in duration, the 
ACCP guidelines do not recommend postcardioversion 
anticoagulation.59 The ESC and ACC/AHA guidelines add 
that the decision to initiate postcardioversion anticoagula-
tion for patients with atrial fibrillation of less than 48 hours’ 
duration should be based on the patients’ risk for develop-
ment of thromboembolism.51 Although neither the ACCP 
nor ACC/AHA guidelines specifically address postcardio-
version anticoagulation for postoperative atrial fibrillation, 
it seems prudent to follow these recommendations, pro-
vided that the risk for bleeding does not outweigh the risk 
for a thromboembolic event.

AUTHORS’ RECOMMENDATIONS

 •  The pathogenesis of atrial fibrillation in the postoperative pe-
riod is complex and multifactorial. The inflammatory response 
and increased levels of circulating catecholamines induced by 
surgery trigger supraventricular arrhythmias by altering atrial 
refractoriness and conductivity, predisposing to automaticity 
and re-entrant rhythms.

 •  The type of surgery performed has a significant impact on the 
incidence of perioperative atrial fibrillation. Direct surgical 
manipulation or compression of the atria or pulmonary veins is 
associated with postoperative atrial fibrillation.

 •  Prophylactic strategies against atrial fibrillation include 
maintenance of electrolytes (magnesium), atrial pacing, and 
administration of antiarrhythmic agents (beta blockers). Other 
strategies that include a role for anti-inflammatory agents have 
been proposed and are under active investigation.

 •  β-Adrenergic antagonists and alternative agents (such as 
amiodarone) are recommended for prophylaxis against atrial 
fibrillation by the ACC/AHA guidelines. Patients taking beta 
blockers on an outpatient basis should continue receiving them 
during the perioperative period. However, the prophylactic use 
of such agents in patients with low cardiac risk is controversial.

 •  Postoperative atrial fibrillation associated with hemodynamic 
instability should be treated with biphasic cardioversion at 200 J.

 •  Postoperative atrial fibrillation is often an acute event with a 
high conversion rate to sinus rhythm. The premise that main-
tenance of sinus rhythm improves outcome remains contro-
versial. Rate and rhythm control are acceptable approaches to 
treating chronic atrial fibrillation.

 •  Patients with new onset of atrial fibrillation of longer than 
48 hours’ duration are at increased risk for thromboembolic 
events and should receive anticoagulant therapy. Anticoagula-
tion should be temporarily continued after restoration of sinus 
rhythm because of a transient decrease in atrial mechanical 
function that increases the risk for thromboembolic events. 
Potential benefits of anticoagulation must be weighed against 
the risks for postoperative bleeding.

 •  After cardioversion, anticoagulation may be considered for 
patients at high risk for stroke. The decision to initiate antico-
agulation in this setting should balance the risk of thromboem-
bolic event with that of bleeding complications in postsurgical 
patients.  
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Is Right Ventricular Failure 
Common in the Intensive 
Care Unit? How Should It Be 
Managed?

Evin Yucel, Steven M. Hollenberg

In 1616, William Harvey described the relationship of the 
right ventricle (RV) to the pulmonary circulation.1 For many 
years after that, this cardiac chamber has been underappre-
ciated. Indeed, in 1943, after demonstrating that ablation of 
the RV free wall in dogs had little effect on central venous 
pressure (CVP), Starr concluded that the RV was merely a 
passive conduit.2

In 1974, the RV’s importance reemerged when Cohn and 
colleagues3 noticed that RV myocardial infarction (MI) was 
common and difficult to manage. We now appreciate that 
RV involvement in inferior MI increases mortality eight-
fold,4 and RV dysfunction in acute pulmonary embolism 
(PE) is a predictor of mortality.5

RV failure is defined as the inability of that chamber to 
provide adequate blood flow through the pulmonary circu-
lation at a normal CVP. Right ventricular failure is common 
and coexists with a broad range of critical illnesses, includ-
ing respiratory failure, sepsis, PE, and right ventricular MI. 
Nonetheless, the RV still remains poorly studied when com-
pared with the left ventricle (LV). Cardiologists focus on the 
LV, pulmonologists tend to concentrate on the causes and 
treatment of pulmonary arterial hypertension (PAH), and 
both neglect the RV. In fact, the RV is barely mentioned in 
American College of Cardiology (ACC)/American Heart 
Association (AHA) practice guidelines, and no guidance is 
provided for management of RV dysfunction.6

The heterogeneity of illnesses and varying degrees of 
disease severity make randomized controlled trials difficult 
to conduct in the critically ill patient with RV dysfunction. 
Most intensive care unit (ICU) therapies are instituted on 
the basis of pathophysiologic considerations and extrapo-
lation from trials in other settings. Because of these difficul-
ties, this review begins with brief consideration of normal 
and abnormal RV function.

PHYSIOLOGY

The physiology of the RV differs dramatically from that 
of the LV. The RV is not simply a weak LV. The RV wall is 

3 to 4 times thinner than the normal LV wall. RV contrac-
tion moves from the apex to its outflow tract in a peristal-
tic-like motion. The normal RV generates one sixth of the 
work of the LV while moving the same volume of blood.  
The easily distensible RV pumps blood into the low-pressure 
pulmonary circuit, allowing the chamber to accommodate 
dramatic variations in venous return while maintaining con-
stant cardiac output. Global function of the RV depends on 
contributions from the interventricular septum and the RV 
free wall.7

PATHOPHYSIOLOGY

The RV first responds to increased afterload by increasing 
contractility and later by dilating according to the Frank-
Starling mechanism. Guyton8 showed that, with progressive 
constriction of the pulmonary artery, generated RV pressure 
increases until the RV can no longer compensate, at which 
point systemic pressure (SP) and cardiac output fall (see Fig. 
54-1). As RV SP increases, ischemia may ensue.

When RV failure occurs, either due to excessive con-
tractile demand or impaired contractile function, CVP 
will increase. RV dilation ultimately occurs. Eventually, as 
increased wall stress impairs contraction and impinges on 
the LV through the interventricular septum, the process 
becomes maladaptive (Fig. 54-2).

DIAGNOSIS

No one sign, symptom, or laboratory test perfectly identifies 
RV failure. However, RV failure is not present if the jugu-
lar venous pressure is normal. A parasternal heave, right 
third heart sound, loud P2, tricuspid regurgitation murmur, 
hepatomegaly, ascites, and peripheral edema may be pres-
ent in RV failure. Electrocardiography (ECG) findings are 
nonspecific, but right axis deviation, R/S greater than 1  
in V1, or P-pulmonale may be seen. Absence of pulmonary 
congestion with elevated CVP has been considered most 
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specific for RV failure. However, severe RV failure can shift 
the interventricular septum and increase left ventricular end 
diastolic pressure (LVEDP), which may cause pulmonary 
congestion (see Fig. 54-2). Even in the absence of LV dys-
function, serum brain natriuretic peptide (BNP) level may 
be increased with RV volume overload or RV pressure over-
load, although lower values are lower than those observed 
in LV failure.9 BNP levels are predictive of survival in acute 
RV failure from PAH.10 In one study of patients with chronic 
thromboembolic PAH, BNP levels greater than 168 ng/mL 
identified patients with RV dysfunction with a sensitivity of 
88% and specificity of 86%.11

Assessment of RV function can be challenging because 
of the ventricle’s complex geometry. Cardiac magnetic reso-
nance imaging (MRI) is now an accepted standard because 
the attendant spatial resolution may demonstrate the RV’s 
complex geometry. However, MRI is limited in the ICU set-
ting because it may not be available and because it is difficult 
to continuously monitor critically ill patients in the scanner. 
Radionuclide scanning is limited by poor spatial resolution, 
the need for background radiation correction, and lack of 
portability. Contrast ventriculography is invasive and pro-
vides limited incremental information when compared with 
echocardiography.12

Echocardiography is a noninvasive, portable modality that 
can be used to assess the size and function of the RV. With 
transthoracic echocardiography (TTE), RV linear dimensions 
can be measured in end-diastole from the focused four-cham-
ber view. One quantitative approach involves determina-
tion of the volumes at end-systole and end-diastole, but this 
method is limited by the fallacious assumption that the RV is 
a cylindrical structure. Three-dimensional echocardiography 
(3D echo) is now recommended to overcome these limitations 
of two-dimensional echocardiography (2D echo), but in criti-
cally ill patients, 3D echo has its own limitations because it 
relies on excellent image quality and absence of arrhythmias.13 
A good rule of thumb is that the normal-sized RV should be 
two thirds the size of the LV. When it is larger, the RV is con-
sidered dilated.

Right and left heart hemodynamics can be estimated with 
Doppler techniques. Key measurements include the systolic 

excursion of the tricuspid annular plane (TAPSE), the frac-
tional area change (FAC), or longitudinal strain. RV function 
can be visually estimated by examining the contractility of 
the RV free wall and interventricular septum using TAPSE.14 
Abnormal TAPSE has been shown to have prognostic value, 
especially in patients with PAH.15,16 Although TAPSE has 
been shown to be the most accurate measurement of RV func-
tion in PAH,17,18 it may overestimate RV function when there 
is significant cardiac translation (e.g., because of a large peri-
cardial effusion). Alternatively, TAPSE may underestimate RV 
function after cardiac surgery, when the pericardium may be 
inflamed. RV FAC gives an estimate of global RV function; 
values below 35% indicate RV dysfunction.13 RV global lon-
gitudinal strain has been shown to provide prognostic value 
in various disease states such as heart failure, acute MI, and 
pulmonary hypertension. Although they appear to be repro-
ducible and feasible in clinical practice, there currently exists 
a need for normative data. 3D echo can also provide an RV 
ejection fraction (EF), with a normal value more than 45%. RV 
wall thickness, which increases in chronic states, can be mea-
sured by either M-mode or 2D echo.13,19

Distinct echocardiographic patterns have been described 
in patients with RV failure with different causes. RV free wall 
hypokinesia that spares the apex is known as McConnell’s 
sign and was originally described in patients with massive or 
submassive PE; it was thought to be specific for that disorder.19 
However, a retrospective study cast doubt on the specificity of 
McConnell’s sign; in PE, its sensitivity was 70%, its specificity 
was 33%, and the sign was present in 67% of patients with RV 
infarction.20 A D-shaped, flattened septum during diastole is 
seen in RV volume overload. Conversely, pressure overload 
causes right ventricular hypertrophy (RVH) and septal flat-
tening throughout the entire cardiac cycle.21

The main pitfall of TTE in ventilated critically ill patients 
is that the images are often suboptimal and technically lim-
ited. Transesophageal echocardiography can be used when 
TTE images are not interpretable.

CAUSES OF RIGHT VENTRICLE 
DYSFUNCTION

The causes of RV failure can be divided into RV pressure 
overload, RV volume overload, decreased RV contractility, 
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or a combination of these (Fig. 54-3). Sepsis is a disease pro-
cess that has two potential mechanisms of RV dysfunction: 
myocardial depression and increased pulmonary vascular 
resistance (PVR).22

MANAGEMENT OF RIGHT VENTRICLE 
FAILURE

Definitive therapy for acutely decompensated RV failure 
requires primary treatment of the underlying condition in 
addition to hemodynamic support. The RV is very resilient 
and can recover substantial function if the underlying con-
dition is successfully addressed.23 Examples include percu-
taneous coronary intervention for RV MI and thrombolysis 
or open surgical embolectomy for massive PE.

RIGHT VENTRICLE MYOCARDIAL 
INFARCTION

RV MI is a distinct clinical entity, and there is a reason-
able evidence base regarding its management. One third 
of inferior wall MIs are accompanied by RV MI. This typi-
cally occurs when there is acute thrombotic occlusion of 
the right coronary artery (RCA) proximal to the RV mar-
ginal branches.24 In acute RV injury, chamber enlargement, 
depressed contractility, and impaired ventricular empty-
ing lead to elevated right-sided volume and pressure. RV 
compliance also decreases, further raising pressures. This 
leads to conformational change of the RV and affects the LV 
through ventricular interdependence.

The classic clinical features of RV MI are hypotension, 
systemic venous congestion, and clear lungs. ECG findings 

of ST elevation greater than 1 mm in right-sided lead V4R 
in the presence of inferior wall injury are reliable and pre-
dictive of RV MI (88% sensitive, 78% specific).4 Other ECG 
findings include atrioventricular (AV) nodal block and 
right bundle branch block. Hemodynamic findings include 
elevated right atrium (RA) pressure in relation to left-sided 
filling pressures. Equalization of diastolic filling pressures 
among the RA, RV, and pulmonary capillary wedge (PCW) 
pressures can also be seen. The steep y descent of the RA 
pressure tracing and the characteristic dip and plateau of 
the RV pressure tracing make this entity more hemodynami-
cally similar to constrictive pericarditis and differentiate RV 
MI from cardiac tamponade. 2D echo is useful in identifying 
RV chamber enlargement and wall motion abnormalities of 
the free wall. Paradoxical septal motion can be seen in the 
presence of RV pressure/volume overload.

RV MI may be complicated by cardiogenic shock and 
high-grade AV block, both of which affect mortality.25,26 RA 
dilation can lead to atrial fibrillation, which may further 
affect hemodynamics.

Treatment of RV MI includes close monitoring in a 
specialized cardiac unit. Unlike LV infarction, the initial 
treatment is volume expansion. In general, nitrates, mor-
phine, diuretics, and other vasodilators should be avoided. 
Although patients with RV failure are often preload depen-
dent, volume loading has the potential to overdistend the 
ventricles and increase wall tension, decrease contractility, 
increase ventricular interdependence, impair LV filling, 
and reduce systemic cardiac output.23 The utility of vol-
ume loading appears to depend on various factors, includ-
ing the baseline cardiovascular function of the patient, 
the degree of RV afterload, and volume status.27 A clini-
cal study of fluid resuscitation in patients with RV MI28 
showed that the RV achieves its maximum stroke work 

• RV infarction
• Right-sided cardiomyopathy
• Perioperative RV injury

• Tricuspid regurgitation
• Pulmonic regurgitation

↓ RV contractility

RV volume overload RV pressure overload

• Intracardiac shunt

• Severe sepsis
• Post-cardiac 

transplantation

• Pulmonary embolism
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• Pulmonic stenosis
• Pericardial disease
• Positive pressure ventilation
• Left-sided valvular disease
• Pulmonary hypertension
• ARDS

• Adult congenital 
heart disease

Figure 54-3. Causes of right ventricular failure. ARDS, acute respiratory distress syndrome; RV, right ventricle.
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with RA pressure from 0 to 14 mm Hg; the optimal PCW 
pressure was 17 mm Hg in this study. An initial trial of 
volume may be appropriate for patients with decompen-
sated RV failure, provided there is no evidence of pulmo-
nary edema or increased right-sided preload conditions.23 
If signs of RV volume overload, including a CVP of greater 
than 15 mm Hg, or septal shift is noted on echocardiogra-
phy, then the initiation of inotropic support without addi-
tional volume administration may be prudent. Pulmonary 
artery catheterization may be helpful in determining the 
ideal volume loading conditions.23

Hemodynamic support of the patient with decompen-
sated RV failure may require combinations of vasopressors 
and inotropes. The normotensive patient with evidence of 
decreased cardiac output should be started on inotropic 
therapy, with vasopressors added if hypotension devel-
ops. The hypotensive patient with decreased cardiac out-
put should receive vasopressors along with inotropes. 
Dobutamine has been shown to have beneficial effects 
on RV contractile function in pulmonary hypertension 
without affecting PVR. Milrinone, a selective phosphodi-
esterase (PDE)-3 inhibitor, has inotropic and vasodilatory 
effects, decreasing PVR and increasing RV EF in acute 
and chronic pulmonary hypertension,29 but its use may 
be limited by hypotension. Norepinephrine has inotropic 
effects through β1 agonism, but concomitant α1 stimula-
tion causes vasoconstriction and increased RV afterload. 
Levosimendan is a calcium sensitizer that increases car-
diac contractility and has vasodilatory effects by activat-
ing the adenosine triphosphate (ATP)-sensitive potassium 
channels in vascular smooth muscle.30 In an animal model 
of RV failure, levosimendan decreased afterload and 
increased RV contractility better than dobutamine because 
of its additional pulmonary vasodilatory effects.31 Levosi-
mendan is currently not approved in the United States, but 
it is used in Europe.

One study examined the effects of inhaled nitric oxide 
(NO) in 13 patients with right ventricular infarction and 
cardiogenic shock.32 Acute hemodynamic improvement 
was seen, with a 24% increase in cardiac output along with a 
12% decrease in RA pressure, a 13% decrease in pulmonary 
artery pressure, and a 36% decrease in PVR. Systemic blood 
pressure and PCW pressure were unchanged.32 The pre-
sumed mechanism was selective pulmonary  vasodilation.

Maintenance of sinus rhythm and AV synchrony can 
also be crucial in maximizing RV preload and function. 
Intra-aortic balloon pump counterpulsation may be consid-
ered when there is ongoing ischemia or refractory hemody-
namic instability.

Fibrinolytic therapy has demonstrated limited benefit in 
acute inferior MI with RV involvement for various reasons. 
First, reocclusion has been shown to be more common 
when the RCA is the infarct-related artery. Second, mortal-
ity from acute inferior MI is considerably less than for ante-
rior MI. Finally, RV function has been shown to improve 
spontaneously over time even in the absence of reperfusion 
therapy.33

A retrospective analysis of 1110 patients enrolled in 
phase II of the Thrombolysis in Myocardial Infarction 
trial showed that fibrinolysis reduced the frequency of RV 
dysfunction in patients with inferior infarction as demon-
strated by radionuclide ventriculography. In a prospective 
trial, tissue plasminogen activator (t-PA) was administered 

along with antithrombotic and antiplatelet therapy within 
4 hours of symptom onset to 90 patients presenting with 
inferior MI with or without RV involvement.34 Coronary 
angiography performed later in the hospital course found 
that normal coronary flow was more likely in those with-
out RV MI. In RV MI, complications were higher and 
late vessel patency was only 29% at 12 days after t-PA 
 administration.34

The advantages of percutaneous transluminal coronary 
angioplasty (PTCA) over fibrinolysis include better infarct-
related artery patency rates, lower incidence of intracranial 
hemorrhage, and decreased recurrent ischemia. In a study 
of 53 patients with inferior and RV MI taken for emergent 
PTCA, restoration of flow to the major RV branches was 
achieved in 77% of patients, and those with successful 
reperfusion had early recovery of RV function, sometimes 
as early as 1 hour.35 Those who had unsuccessful reperfu-
sion had protracted hemodynamic compromise requiring 
inotropic support, with a mortality rate of 58% compared 
with 2% in the reperfused group. Emergency revascular-
ization efforts in these patients with RV MI is a class I rec-
ommendation in ACC/AHA guidelines for the treatment 
of acute MI.36

Mechanical ventilatory support for patients with acute 
RV failure should aim to improve oxygenation and venti-
lation without worsening RV impedance, venous return, 
or diastolic function. Hypoxemia and acidosis should be 
reversed because they can contribute to increased PVR.37,38 
A low respiratory rate and low tidal volume should be 
used to limit air trapping, which may increase PVR. Lower 
positive end-expiratory pressure settings may also moder-
ate the effect of mechanical ventilation on PVR.29,39

VASODILATOR THERAPY

The goal of vasodilator use in RV failure is to improve 
right-sided cardiac output by reducing afterload. There 
is substantial evidence concerning vasodilator therapy 
in PAH and fewer data in secondary pulmonary hyper-
tension (Table 54-1). Available therapies include NO, 
prostaglandins, PDE inhibitors, and endothelin (ET) 
antagonists.

Nitric Oxide

In acute RV failure, most of the data concern pulmonary 
vasodilation with inhaled nitric oxide (iNO).40 iNO is rap-
idly inactivated; therefore it has minimal effects on sys-
temic blood pressure. Its effects are limited to ventilated 
areas of the lung, which theoretically will improve venti-
lation/perfusion matching. Caution should be exhibited 
in patients with LV dysfunction because iNO can precipi-
tate acute pulmonary edema. Other risks include platelet 
dysfunction and the formation of toxic compounds such 
as peroxynitrites.40 iNO is usually well tolerated. Its use 
is mostly limited by its high cost and significant rebound 
effects on discontinuation.

Several randomized studies41-43 have tested iNO in 
acute respiratory distress syndrome (ARDS). The results 
(shown in Table 54-2) are consistent and show a significant 
improvement in hypoxemia and PVR in patients with ARDS 
who were treated with iNO between 1 and 80 ppm but no 
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Table 54-1 Prospective Studies of Vasodilator Therapy in Chronic Pulmonary Hypertension

Authors  
Drug Descriptor

Number of Patients  
NYHA Class  
Etiology Results

Barst et al.51

Epoprostenol
IV (1996)

Multicenter open comparison 
conventional therapy alone vs. 
conventional therapy along 
with an intravenous infusion of 
epoprostenol

81
Class III-IV
PPH

At 12 weeks:
 •  Improvement on a 6-min walk test and 

hemodynamics.
 •  8 patients in the conventional therapy group 

died during the study, whereas no deaths  
occurred in the epoprostenol group (P = .003).

Badesch et al.50

Epoprostenol
IV (2000)

Multicenter open comparison 
conventional therapy alone vs. 
conventional therapy along 
with an intravenous infusion of 
epoprostenol

111
Class II-IV scleroderma  

and mod PHTN

At 12 weeks:
 •  Improvement on a 6-min walk test and 

hemodynamics.
 •  No mortality benefit.

Simonneau et al.56

Treprostinil SQ 
(2000)

Double blind
Placebo vs. treprostinil

470
Class II-IV
PPH, connective tissue  

disease, congenital  
left-to-right shunt

At 12 weeks:
 •  Modest but significant median increase of 

16 m on the 6-min walk test.
 •  Treprostinil appeared to significantly 

improve indexes of dyspnea, signs and 
symptoms of pulmonary hypertension, and 
hemodynamic measures.

Galie et al.76

Beraprost PO (2002)
Double blind
Placebo controlled

130
Class II-III
All PAH

At 12 weeks:
 •  Minimal improvement in 6-min walk test.
 •  No change in hemodynamics.
 •  Frequent side effects.

Barst et al.77

Beraprost PO
(2003)

Double blind
Placebo controlled

116
Class II-III
PPH, PAH related to either collagen 

vascular diseases or congenital 
systemic to pulmonary shunts

 •  Improved 6-min walk scores at 3 and 6 mo.
 •  Effect not sustained at 9 and 12 mo.

Olschewski et al.78

Iloprost INH (2002)
Multicenter placebo controlled
Used a combined endpoint of a 

10% increase in patients’ scores 
on a 6-min walk test and im-
provement in NYHA functional 
class

207
Class III-IV
PPH, CTD, chronic  

thromboembolic

At 12 weeks:
 •  17% of treated patients reached this end-

point, as compared with 4% of the placebo 
group (P = .007).

 •  Hemodynamic values measured after inha-
lation were better in the iloprost group.

 •  Short half-life requires multiple doses (6-12) 
because of short duration of action.

Channick et al.63

Bosentan PO (2001)
Double blind
Placebo

33
Class III
PPH or associated with  

scleroderma

 •  Patients receiving bosentan had a mean 
gain of 76 m in the 6-min walk test (P = .02).

 •  Significant improvements in pulmonary 
artery pressure, cardiac output, and PVR.

Rubin et al.62

Bosentan PO
(2002)

Double blind
Placebo

213
Class III-IV
PPH or associated with  

connective tissue disease

 •  On 6-min walk test, a gain of 44 m among 
patients in the overall study population 
(P < .001).

 •  Patients receiving bosentan also had im-
provement in the time to clinical worsening.

 •  High incidence of serum aminotransferase 
increases.

Galie et al.79

Ambrisentan  
PO (2005)

Double blind
Placebo

64
Class II-III
PPH or associated with collagen 

vascular disease, anorexigen use, 
or HIV

At 12 weeks:
 •  Ambrisentan increased 6-min walk duration.
 •  Improvements were also observed in Borg 

dyspnea index, WHO functional class, 
subjective global assessment, and mean 
pulmonary arterial pressure.
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Authors  
Drug Descriptor

Number of Patients  
NYHA Class  
Etiology Results

Pulido et al.64

Macitentan (2013)
Multicenter
Double blind, placebo controlled
Macitentan (3 and 10 mg)
Primary endpoint: time to occur-

rence of a composite endpoint of 
death, AS, lung transplantation, 
initiation of treatment with pros-
tanoids, or worsening of PAH

742
Class II-IV
PPH or related to connective  

tissue disease, repaired congeni-
tal systemic-to- 
pulmonary shunts, HIV, or drug 
use/toxin exposure

 •  Mean duration of follow-up 85-104 weeks.
 •  Primary endpoint occurred in 31.4% with 

10-mg dose vs. 38% with 3-mg dose vs. 
46.4% with placebo.

 •  HR of 10-mg dose compared with placebo 
was 0.55.

Galie et al.57

Sildenafil
(2005)

Double blind, placebo controlled 
Sildenafil (20, 40, 80 mg)

278
Class II-IV
PPH, CTD, and repaired  

congenital disease

At 12 weeks:
 •  Improvement of 45-60 m on 6-min walk.
 •  Improved hemodynamics.
 •  No dose-response relationship.

Galie et al.59

Taladafil (2009)
Double blind, placebo controlled
Taladafil (2.5, 10, 20, 40 mg)

405
Class II-IV
Idiopathic/heritable or related to 

anorexigen use, connective tissue 
disease, HIV infection, or con-
genital systemic-to-pulmonary 
shunts

At 16 weeks:
 •  Dose response: only 40-mg dose met statis-

tical significance.
 •  Improvement of 44 m in bosentan-naïve 

group, 23 m in patients receiving bosentan 
therapy.

 •  Improved time to clinical worsening, inci-
dence of clinical worsening, and HRQOL.

 •  No change in WHO functional class.
 •  52-week follow-up study showed sustained 

effects.60

AS, atrial septostomy; CTD, connective tissue disease; HIV, human immunodeficiency virus; HR, heart rate; HRQOL, health-related quality of life; INH, inhalation; 
NYHA, New York Heart Association; PAH, pulmonary arterial hypertension; PHTN, pulmonary hypertension; PPH, primary pulmonary hypertension; PO, by 
mouth; PVR, pulmonary vascular resistance; SQ, subcutaneously; WHO, World Health Organization.

Table 54-2 Randomized Controlled Trials of iNO in ARDS

Authors Descriptor
Number of Patients 
and Etiology Results

Dellinger et al.38 
(1997)*

Prospective, multicenter, randomized, 
double-blind, placebo-controlled study

Placebo (nitrogen gas) or iNO at  
concentrations of 1.25, 5, 20, 40, or  
80 ppm

177 patients
Disease onset  

within 72 hr of 
 randomization

 •  An acute response to treatment gas, defined as 
a Pao2 increase >20%, was seen in 60% of the 
patients receiving iNO with no significant differ-
ences between dose groups compared with 24% 
of placebo patients.

 •  The initial increase in oxygenation translated 
into a reduction in the Fio2 over the first day and 
in the intensity of mechanical ventilation over 
the first 4 days of treatment, as measured by the 
oxygenation index.

 •  There were no differences in mortality, the 
number of days alive and off mechanical ventila-
tion, or the number of days alive after meeting 
oxygenation criteria for extubation.

Lundin et al.39 
(1999)

Prospective, open, randomized,  
multicenter, Phase III trial

NO responders: Patients whose Pao2  
increased by more than 20% when  
receiving 0, 2, 10, and 40 ppm of iNO for 
10 min within 96 hr of study entry

NO responders were randomized to con-
ventional treatment with/without iNO 
(1-40 ppm)

180 of 268 patients 
were NO responders

 •  Frequency of reversal of ARDS was no different 
in iNO patients (61%) and controls (54%; P > .2).

 •  Development of severe respiratory failure was 
lower in the iNO patients (2.2%) than in controls 
(10.3%; P < .05).

 •  There was no significant difference in mortality.

Taylor and 
 Dellinger 
et al.50 (2004)

Multicenter, randomized, placebo-con-
trolled triple-blinded study

Placebo (nitrogen gas) or iNO at 5 ppm 
until 28 days, discontinuation of assisted 
breathing, or death

385 patients with ALI  •  iNO at 5 ppm did not increase the number of days 
patients were alive and off assisted breathing.

 •  This lack of effect on clinical outcomes was seen 
despite a statistically significant increase in Pao2 
that resolved by 48 hr.

 •  Mortality was similar between groups.

*In patients receiving 5 iNO 5 ppm, there was a post hoc difference in the percentage of patients alive and off mechanical ventilation at day 28.
ALI, acute lung injury; ARDS, acute respiratory distress syndrome; Fio2, fraction of inspired oxygen; iNO, inhaled nitric oxide; NO, nitric oxide; Pao2, partial pressure 

of oxygen in arterial blood.
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improvement in mortality. The physiologic benefits demon-
strated in patients with ARDS have led to the use of iNO as 
a supportive treatment for acute right ventricular dysfunc-
tion in other settings. A nonrandomized study44 evaluated 
iNO in critically ill patients with pulmonary hypertension 
and echocardiographically diagnosed acute RV failure. The 
causes of RV failure included ARDS, PAH, chronic obstruc-
tive pulmonary disease, PE, and obstructive sleep apnea. 
In responders, iNO significantly reduced the pulmonary 
artery pressures and PVR and consequently increased 
cardiac output, stroke volume, and mixed venous oxygen 
saturation. No mortality benefit was demonstrated. Other 
studies have demonstrated a hemodynamic improvement 
in patients with RV dysfunction after cardiac surgery,45,46 
acute massive PE,47,48 and right ventricular failure after 
insertion of a left ventricular assist device (LVAD).49

Prostanoids

Prostacyclin has vasodilatory and antiplatelet proper-
ties.50-53 Intravenous epoprostenol is limited by its systemic 
hypotensive effects. Furthermore, a very short half-life 
mandates delivery by continuous central infusion. Inhaled 
epoprostenol has an effect on hemodynamics and oxygen-
ation similar to that of NO in patients with ARDS without 
systemic side effects.40 Epoprostenol has a longer half-life 
than NO (3 to 6 minutes), causing recirculation and thereby 
a greater pulmonary and systemic hypotensive effect, but 
it causes less improvement in oxygenation.40 iNO and 
nebulized prostacyclin have been observed to have addi-
tive effects (e.g., after lung transplantation and after car-
diac surgery). An alternative prostacyclin formulation, 
treprostinil, has a half-life of approximately 4 hours and 
can be administered either intravenously or subcutane-
ously. Treprostinil has been approved for inhaled admin-
istration.54-56 Another alternative, iloprost, has a half-life of 
20 to 30 minutes and can be injected or inhaled. Although 
iloprost and inhaled treprostinil have fewer systemic side 
effects, epoprostenol is the preferred prostacyclin in a criti-
cal care setting because of its short half-life and greater 
selective vasodilatory effects.

Phosphodiesterase Inhibitors

NO mediates its effects by increasing cyclic guanosine 
monophosphate (cyclic GMP) in vascular smooth muscle 
cells. Inhibition of PDEs that inactivate cyclic GMP aug-
ments the pulmonary vasodilatory response of endogenous 
NO or iNO in PAH. Sildenafil is an inhibitor of PDE-5, the 
isoform most abundant in the lung. Open-label and cross-
over trials have shown that sildenafil can prolong the effects 
of iNO and improve hemodynamics.57,58 Sildenafil can act 
synergistically with inhaled iloprost without significant 
adverse hemodynamic effects.57 An alternative, taladafil, 
may be viable, but it has not been used in the critically ill.59,60

Endothelin Receptor Antagonists

ET-1 is a potent vasoconstrictor that is found in high concen-
trations in the lungs of patients with PAH.61 There are two 
distinct ET receptors: ETA, which is found on smooth muscle 
cells and mediates vasoconstriction and hypertrophy, and 
ETB, which is found on endothelial cells and mediates release 
of NO and prostacyclin. Bosentan is a competitive antagonist 
of ET-1 at the ETA and ETB receptors that has been shown in 

randomized trials to improve hemodynamics, symptoms, 
and functional class in patients with PAH.62,63 Macitentan is 
another oral ET receptor antagonist that has been studied in 
patients with patients with primary PAH.64 Neither bosen-
tan nor macitentan has been studied in critical care.

Given the opposing effects of ETA and ETB receptors, 
selective ETA receptor blockade would appear to be a 
promising strategy. Ambrisentan, an oral agent that selec-
tively blocks ETA, has been used in ambulatory patients, 
but it has not been studied in the ICU.65,66

MECHANICAL SUPPORT, ATRIAL 
SEPTOSTOMY, AND TRANSPLANTATION

Intra-aortic balloon pumps have been used in RV failure 
to augment RCA perfusion, reduce ischemia, and allow 
for the weaning of vasopressors that may have adverse 
effects on PVR. Right ventricular assist devices (RVADs) 
may improve hemodynamics and act as bridges to cardiac 
transplantation in patients with RV failure secondary to 
disease intrinsic to the ventricle. Timing of RVAD insertion 
is crucial. In the setting of increased afterload, RVAD may 
not be sufficient, and extracorporeal membrane oxygen-
ation should be considered for patients with potentially 
reversible RV failure. When the cause of RV failure is LV 
failure, LVADs may be used to decrease PA pressures; how-
ever, this may exacerbate the RV failure in some cases.

Atrial septostomy (AS) has been used in severe pulmo-
nary hypertension with concomitant RV failure when max-
imal medical therapy has failed. The creation of a shunt 
at the atrial level allows for right-sided decompression, a 
reduction in RV end-diastolic pressure, decreased wall ten-
sion, and improved contractility. Although the right-to-left 
shunt leads to oxygen desaturation, an increased left-sided 
filling augments cardiac output and appears to improve 
oxygen delivery.67 The defect may close over time, requir-
ing a repeat procedure. The procedural mortality is high 
(∼15%).68 Contraindications include severe right ventricu-
lar failure on cardiorespiratory support, mean right atrial 
pressure (mRAP) greater than 20 mm Hg, and pulmonary 
vascular resistance index (PVRI) greater than 55 U/m2.67 
The use of RVADs can be considered if significant organ 
dysfunction has not yet occurred.69,70

Heart and heart-lung transplantation may be consid-
ered as a final option in patients with RV failure, although 
patients are often unsuitable candidates. Severe RV failure 
itself is a risk factor for unsuccessful bridging to trans-
plantation.23 RV failure secondary to recurrent PE causing 
chronic thromboembolic pulmonary hypertension may be 
treated with surgical pulmonary thromboendarterectomy.

MISCELLANEOUS THERAPIES

Diuretics should be used judiciously when appropriate to 
decrease volume load on the distended RV. Venovenous 
ultrafiltration has been used for decompensated left-sided 
heart failure in patients refractory to aggressive diuretic 
therapy, but its utility has not been formally investigated. 
The use of digoxin in patients with RV dysfunction is con-
troversial. In a study of the short-term effects of digoxin 
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in 17 patients with severe primary pulmonary hyperten-
sion,71 cardiac index improved mildly and catecholamine 
levels decreased, but PVR did not change and mean pul-
monary artery pressure (PAP) increased. In a retrospective 
study, digoxin did not have any survival benefit.72 Because 
there are more effective drugs to treat RV dysfunction and 
supraventricular arrhythmias, digoxin is not commonly 
used in the ICU in this setting. There are no studies of cal-
cium channel blockers in critically ill patients with PAH, 
and the negative inotropic effects of these agents may pre-
cipitate fatal worsening of right ventricular failure.70 Aside 
from treatment of acute and chronic thromboembolic dis-
eases, several observational and subanalysis studies sug-
gest improved survival with anticoagulation in patients 
with pulmonary hypertension.72-74

PROGNOSIS

RV failure is often a marker of the severity of the under-
lying disease process and a poor prognostic sign. Cardio-
genic shock because of RV failure is associated with a high 
mortality rate similar to shock from LV failure. The pres-
ence of RV infarction affects the prognosis in inferior MI. 
The underlying disorder and its degree of reversibility also 
influence the prognosis among patients with RV failure.

CONCLUSION

In summary, evidence-based data concerning treatment of 
right ventricular failure in the ICU are relatively sparse. 
Few randomized controlled trials focus on the treatment 
of this clinical entity. Nonetheless, RV failure accompanies 
many of the disease processes encountered in the ICU. 
Furthermore, many of the therapies commonly used for 
critically ill patients with RV dysfunction, such as volume 
resuscitation and mechanical ventilation, can worsen their 
clinical state. The dearth of studies on RV failure in the ICU 
can be attributed to several factors, including (1) the hetero-
geneity of causes, (2) the heterogeneity of disease severities, 
(3) the lack of a portable gold standard imaging modality, 
and (4) underestimation of the importance of the RV. Most 
ICU therapies are currently based on pathophysiologic con-
siderations and extrapolation from trials in other settings.
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How Does One Rapidly and 
Correctly Identify Acute  
Kidney Injury?
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Acute kidney injury (AKI) is a syndrome that is frequently 
and commonly observed among hospitalized and espe-
cially critically ill patients. The incidence of AKI varies 
based on the criteria used to diagnose the disorder, but it 
ranges from 4% to 20%1 and reaches 60% among patients in 
the intensive care unit (ICU).2 Patients affected by AKI usu-
ally require admission to the ICU and are often burdened 
by long ICU and in-hospital lengths of stay as well as poor 
short- and long-term outcomes. Although many advances 
have been made in understanding the pathophysiology of 
AKI and in the development of renal replacement therapy 
(RRT), significant morbidity and mortality rates (up to 
80%) have been reported.3

Diagnosis of AKI is often complicated by the heteroge-
neity of etiology and onset and by the heterogeneity of dis-
ease severity and comorbidities.1 Moreover, for some time, 
the absence of a consensus definition of AKI further com-
plicated the diagnosis and staging of this syndrome.2

Avoiding AKI is probably the best way to improve 
outcomes of critically ill patients with renal dysfunction.4 
However, if AKI occurs, improved renal support (phar-
macologic and nonpharmacologic) and the avoidance of 
further nephron insults (e.g., the use of nephrotoxic drugs) 
may reduce the progression of AKI and the development of 
complications, and it may also improve outcome. An early 
identification of AKI is essential to define prognosis and to 
guide clinical decision-making in these patients.

CLINICAL ACUTE KIDNEY INJURY

The definition, diagnosis, and staging of AKI are currently 
based on indices that estimate the glomerular filtration rate 
(GFR). The GFR is widely accepted as the best overall index 
of renal function in health and disease. However, it is diffi-
cult to measure; thus it is usually estimated from the serum 
level of endogenous filtration markers, such as creatinine.5

Risk, Injury, Failure, Loss, and End-Stage 
Renal Disease Classification

The first widely accepted AKI definition, validated in more 
than half a million patients worldwide, was proposed in 

2004.6 The Acute Dialysis Quality Initiative (ADQI) first sug-
gested the use of serum creatinine (SCr) and urinary output 
(UOP) to univocally define AKI and summarize different 
stages of severity and outcome into the RIFLE classification7 
(see Table 55-1). The RIFLE classification had the unques-
tioned advantage of providing a uniform and broadly 
accepted definition of AKI. The acronym RIFLE delineates 
classes of increasing severity (Risk, Injury, and Failure) and 
outcome (Loss and End-Stage Renal Disease [ESRD]). The 
three severity grades are defined on the basis of the changes 
in SCr or UOP, in which the worst measurement is used. The 
two outcome criteria, Loss and ESRD, are defined by the 
duration of loss of kidney function5 (see Table 55-1).

This classification system primarily considers the change 
in some measure of renal function from baseline. In a patient 
without known chronic kidney disease and in whom the 
baseline value of SCr is unknown, the Modification of Diet 
in Renal Disease formula with a creatinine clearance of  
75 mL/min per 1.73 m2 provides an estimated baseline.2 
The UOP, often unreliably measured outside of the ICU, has 
been discarded in several studies. However, comparing the 
results obtained with RIFLE classification with and without 
UOP data indicates that elimination of UOP delays or com-
pletely misses the diagnosis of AKI and is associated with a 
higher rate of AKI-associated mortality.6

Acute Kidney Injury Network Classification

In 2007, the Acute Kidney Injury Network (AKIN) intro-
duced small but important modifications to the RIFLE clas-
sification, suggesting that use of less profound changes 
in SCr would make the RIFLE criteria more sensitive and 
reliable8 (see Table 55-1). Increasing evidence from differ-
ent settings has suggested that even modest changes in SCr 
levels can be associated with increased mortality. In par-
ticular, a creatinine increase of 0.3 mg/dL (26.4 μmol/L) 
constitutes an independent risk factor for death in sev-
eral different studies.9,10 Moreover, the AKIN classifica-
tion introduced a temporal dimension into the definition 
of AKI. Thus progressive and modest changes in SCr were 
not considered for AKI definition. In particular, an acute 
increase of SCr over a threshold value within a 48-hour 
period could be used to define AKI.

55
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In contrast to RIFLE, in AKIN an individual’s base-
line SCr is not estimated. Indeed, the AKIN classification 
requires two SCr measurements: one initial (correspond-
ing to the baseline in RIFLE) and a second obtained after 48 
hours.11 Finally, patients who received RRT were included 
in the highest level of the staging system, regardless of 
their SCr or UOP at the time that RRT was started.2

Kidney Disease: Improving Global Outcomes 
Classification

More recently, the Kidney Disease: Improving Global Out-
comes (KDIGO) AKIN group5 proposed additional changes 
in AKI staging (see Table 55-1). This classification covers 
the AKIN and RIFLE criteria, incorporating changes in SCr 
within 48 hours or a decline in the GFR over 7 days. More-
over, to simplify the staging of AKI for patients reaching 
Stage 3 with SCr criteria (SCr > 4.0 mg/dL [>354 μmol/L]), 
KDIGO requires that the patient first achieve the change in 
SCr specified in the AKI definition (either >0.3 mg/dL [>26.5 
μmol/L] within a 48-hour time window or an increase of >1.5 
times baseline). For pediatric patients, including infants and 
children with low muscle mass who may not reach an SCr of 
4.0 mg/dL (354 μmol/L), the criteria used a change in esti-
mated creatinine clearance (eCrCl) based on the Schwartz 
formula. These patients automatically reach Stage 3 if they 
have an eCrCl < 35 mL/min per 1.73 m2.5

Limitations of Clinical Classifications

Although the definition, diagnosis, and staging of AKI 
is currently as detailed as previously mentioned, several 
confounding factors may affect the clinical reliability of 
these markers. In particular, drugs such as diuretics and 

the concomitant presence of tubular damage may reduce 
the sensitivity and specificity of UOP. Hydration status 
may highly affect UOP and SCr in critical care patients. 
Indeed, fluid loading may dilute SCr, delaying diagnosis 1  
or producing an “atypical AKI.”5 Moreover, SCr mainly 
depends on nonrenal factors such as age, gender, and mus-
cle mass. Creatinine metabolism varies widely during AKI, 
and clearance is altered by treatment with several drugs 
(e.g., cimetidine).12 Creatinine is freely filtered through the 
glomerulus and partially secreted in the proximal tubules 
(10% to 20% of the urinary excreted load). Thus use of cre-
atinine clearance will overestimate GFR. The contribution 
of tubular creatinine secretion to clearance may reach 50% 
when GFR is reduced, and this process is highly variable 
among individuals. In contrast, the tubules increase reab-
sorption of creatinine in clinical settings, such as decom-
pensated heart failure and uncontrolled diabetes.1

In addition, the renal functional reserve maintains SCr 
within the normal range until at least 50% of nephrons have 
been lost, mainly through recruitment and hyperfiltration 
of undamaged nephrons. Finally, in the RIFLE, AKIN, and 
KDIGO classifications, the SCr and UOP criteria require 
specific changes over a specific period of time. Major clini-
cal repercussions may lead to deviations that hamper these 
specific characteristics, making the diagnosis and staging 
of AKI through these clinical classifications retrospective12 
(see Fig. 55-1).

SUBCLINICAL ACUTE KIDNEY INJURY

Only recently has kidney damage without glomerular 
function loss been identified and its presence associated 
with worse renal and overall outcomes. This condition 

Table 55-1 Comparison Among RIFLE, AKIN, and KDIGO Classifications

SCR CRITERIA

UOP CriteriaRIFLE AKIN KDIGO

Risk
Increase in SCr 1.5-fold from baseline  

or GFR decrease >25%

Stage 1
Increase of ≥0.3 mg/dL (≥26.5 μmol/L) 

or increase to ≥150%-200% (1.5- to 
2-fold) from baseline

Stage 1
Increase in SCr 1.5- to 1.9-fold from 

baseline or ≥0.3 mg/dL (≥26.5 
μmol/L)

<0.5 mL/kg/hr 
for >6 hr

Injury
Increase in SCr 2-fold from baseline  

or GFR decrease >50%

Stage 2
Increase to >200-300% (>2- to 3-fold) 

from baseline

Stage 2
Increase in SCr 2- to 2.9-fold from 

baseline
<0.5 mL/kg/hr 

for >12 hr

Failure
Increase in SCr 3-fold from baseline, or 

SCr >4 mg/dL (>354 μmol/L) with 
an acute increase >0.5 mg/dL (>44 
μmol/L) or GFR decrease >75%

Stage 3
Increase to >300% (>3-fold) from  

baseline, or ≥4.0 mg/dL (≥354 
μmol/L) with an acute  
increase of at least 0.5 mg/dL (44 
μmol/L), or on RRT

Stage 3
Increase in SCr 3- fold from baseline or 

increase in SCr to ≥4.0 mg/dL (≥353.6 
μmol/L) or initiation of RRT

In patients <18 yr, decrease in estimated 
GFR to <35 mL/min/1.73 m2

<0.3 mL/kg/hr 
for 24 hr or  
anuria for 
12 hr

Loss
Complete loss of kidney  

function >4 weeks

ESRD
ESRD >3 months

AKIN, Acute Kidney Injury Network; ESRD, end-stage renal disease; GFR, glomerular filtration rate; KDIGO, Kidney Disease: Improving Global Outcomes; RIFLE, 
Risk, Injury, Failure, Loss, and End-stage renal disease; RRT, renal replacement therapy; Scr, serum creatinine; UOP, urinary output.
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has been termed subclinical AKI, and it has challenged the 
traditional view that kidney dysfunction is clinically rel-
evant only when there is loss of filtration (i.e., kidney dys-
function),13 making diagnosis with the RIFLE, AKIN, or 
KDIGO classifications possible. Conversely, if a metabolic 
stressor (e.g., iodinated contrast media, nephrotoxic drugs, 
mediators of systemic inflammation during sepsis, etc.) is 
applied, kidney damage that is not reflected in SCr or UOP 
may occur, especially in the early phase. Damage that does 
not alter SCr or UOP has been termed “subclinical AKI.” 
Prolonged stress may increase kidney damage until the 
condition reduces GFR and thus becomes clinically mani-
fest as kidney dysfunction.14

Subclinical AKI may also lead to the development of 
 complications and worse outcome. If subclinical AKI can-
not be prevented, then it should be identified and treated 
as early as possible. This process requires the measure-
ment of specific biomarkers of kidney damage.15 The use 
of biomarkers could more fully delineate an acute kidney 
syndrome, the entire spectrum of which would encompass 
subclinical kidney damage and clinical kidney dysfunc-
tion.16 A recently proposed, more generic term, kidney attack, 
highlights the importance of all clinical and subclinical 
presentations of AKI, including loss of nephrons and func-
tional reserve and their relation to the patient outcome.17

BIOMARKERS OF KIDNEY DAMAGE

Transcriptomic and proteomic techniques have identified 
several potential biomarkers of AKI. These include, but are 
not limited to, neutrophil gelatinase-associated lipocalin 
(NGAL), cystatin-C (Cys-C), kidney injury molecule-1 
(KIM-1), interleukin-18 (IL-18), liver-type fatty acid bind-
ing protein, or N-acetyl-β-d-glucosaminidase (NAG). These 
molecules or proteins are produced primarily outside of the 
kidney and may be released into the systemic circulation 
during an insult to the renal parenchyma.18 The biological 
roles of these biomarkers may be enzymatic, inflammatory, 
or structural. Biomarkers may be low molecular weight 

molecules that are physiologically filtered through the  
glomerular barrier and catabolized in the healthy tubular 
epithelium (as Cys-C).12

Specific Biomarkers

NGAL is a protein derived from human neutrophils and 
exists as a 25-kDa monomer, a 45-kDa homodimer, or con-
jugated to gelatinase as a 135-kDa heterodimer.19 The mono-
meric and heterodimeric forms are produced primarily by 
tubular epithelial cells, whereas the homodimeric forms 
are mainly synthesized by activated neutrophils.20 The cir-
culating NGAL is filtered through the glomerular barrier 
and reabsorbed through megalin-facilitated endocytosis. 
Urinary albumin may act as a competitive inhibitor, reduc-
ing the effectiveness of reabsorption and falsely increasing 
the biomarker’s urine concentrations.21 A similar effect is 
observed in other biomarkers (e.g., Cys-C or KIM-1) that are 
reabsorbed through the megalin receptor.

Cys-C is a 13-kDa protein produced by all nucleated 
cells. It is not bound by plasma proteins and is completely 
filtered at the glomerulus; thus, it is reabsorbed in the prox-
imal tubules. In contrast to creatinine, it is not secreted into 
the urine by the tubules.21 Consequently, higher urinary 
values during AKI mainly reflect the Cys-C glomerular fil-
tration and a reduced reabsorption by damaged proximal 
tubules.22 Urine Cys-C appears to be an earlier and more 
sensitive marker of AKI when compared with serum Cys-
C. However, the blood concentration of Cys-C correlates 
with GFR in a range in which SCr is insensitive (60 to 90 
mL/min).23

KIM-1 is a type I cell membrane glycoprotein of which 
soluble ectodomain (∼90 kDa) is shed by a metallopro-
teinase-dependent process; thus, it becomes detectable in 
the urine during AKI.21 During kidney injury, KIM-1 may 
facilitate remodeling of injured epithelia by increasing 
phagocytosis of apoptotic cells.21

IL-18 is an 18-kDa molecule produced by mononu-
clear cells, macrophages, and nonimmune cells including 
proximal tubule cells, its presumed source during acute 

GFR

100 ml/min

50 ml/min

timeRenal insult

Baseline

Threshold for
AKI definition

Scr

Diagnosis of
clinical AKI

Figure 55-1. Clinical and subclinical acute kidney injury (AKI) diagnosis after an acute decrease of glomerular filtration rate (GFR) (dotted line) 
from 100 to 50 mL/min because of a renal insult. The subsequent increase in serum creatinine (SCr) concentration (dot-dashed line) requires a spe-
cific period of time to reach the threshold value to diagnose AKI, and the clinical identification of this syndrome is practically delayed. Moreover, 
if a patient who undergoes fluid resuscitation is considered (continuous line), the dilution of SCr may further delay the diagnosis of clinical AKI or 
may avoid reaching the threshold value to diagnose AKI (“atypical AKI”).
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ischemic AKI.21 In an obstructive AKI model, IL-18 acti-
vated epithelial FasL, increasing expression of caspase-3 
and caspase-8.24

NAG is a large (∼140 kDa) protein that originates from 
lysosomes in proximal tubule cells. Its high molecular 
weight precludes glomerular filtration; therefore high uri-
nary levels are unlikely to originate from a nonrenal source. 
NAG correlates with histologic evidence of proximal 
tubule injury and with renal recovery during treatment. 
Urinary NAG at ICU admission correlates with outcome in 
critically ill patients.21

Clinical Uses

Several studies have examined AKI detection, differential 
diagnosis, staging, and follow-up using biomarkers. Most 
of these studies were performed in patients undergoing 
cardiac surgery, in which the timing of the major insult is 
clear. In the TRIBE (Translational Research Investigating 
Biomarker Endpoints) study, performed on more than 1200 
patients mainly undergoing elective on-pump coronary 
revascularization, authors reported higher concentrations 
of urinary IL-18 and of urinary and plasmatic NGAL in 
patients who went on to have clinical AKI within 6 hours 
of ICU admission. These biomarkers identified AKI at least 
24 hours before it could be diagnosed clinically (receiver 
operator characteristic area under the curve [ROC-AUC] of 
0.74, 0.67, and 0.7, respectively, for urinary IL-18 and uri-
nary and plasma NGAL).25,26 Similar results were obtained 
in critically ill patients. Biomarkers also predicted the need 
for RRT at ICU admission or in the emergency department. 
In this context, the tenth ADQI consensus conferences sug-
gested that high-risk patients have biomarkers measured 
at ICU admission and followed over the course of care.12 
Several studies indicate that biomarkers of kidney dam-
age also provide information above and beyond the simple 
prediction of AKI. Indeed, biomarkers provide additional 
prognostic information on the severity and duration of 
AKI, the need for RRT, the occurrence of delayed or nonre-
covery of kidney function, and mortality.26

The combined use of clinical classification and biomark-
ers of AKI enables a more accurate and useful differential 
diagnosis on etiology and mechanisms leading to AKI.14 
For example, a functional reduction without evidence 
of kidney damage (biomarkers negative) may be used 
to improve clinical categorization in what is currently 
called “prerenal azotemia” (i.e., a volume-responsive and 
reversible alteration in kidney function).27 Isolated kidney 
dysfunction without evidence of kidney damage is also 
recognized early in “postrenal” obstructive disease. Use 
of biomarkers could focus attention on the time-sensitive 
reversibility of this condition before actual damage.14 
Indeed, renal biomarkers might effectively identify the 
underlying pathophysiology and sequence of events dur-
ing AKI, without restricting the differential diagnosis to 
merely anatomic prerenal, intrarenal, and postrenal cat-
egories.14 However, it is important to note that threshold 
values for these biomarkers are lacking; thus further test-
ing and validation are required.14 Indeed, the recent ADQI 
Consensus Conference suggestions, as well as KDIGO rec-
ommendations, clearly affirm that SCr and UOP remain 
the best markers of renal injury.12

It has been suggested that biomarkers could be used 
to inform the decision to initiate renal support therapy.28 
However, this process remains challenging29 because con-
sensus criteria do not exist and there are methodological 
concerns with most studies. Considering that different 
biomarkers may have varying kinetics after AKI, timing of 
specimen collection with respect to the main kidney insult 
may significantly affect their predictive value. Moreover, 
the number of days between the increase in biomarkers 
and RRT initiation has not been reported in several studies, 
and among studies reporting these data, a broad difference 
has usually been shown. Finally, there are no cutoff val-
ues for individual biomarkers that specifically suggest the 
need for RRT in different clinical settings. Thus, to date, no 
recommendations or suggestions regarding the use of bio-
markers for early and appropriate initiation of RRT have 
been advanced.29

For misinterpretations of results to be avoided and for 
management of patients with AKI to be improved, vari-
ables that may alter biomarker sensitivity and specificity 
(e.g., chronic kidney disease,30 albuminuria,31 or the con-
comitant presence of systemic illness32) should be consid-
ered in clinical practice.

BIOMARKERS OF CELL-CYCLE ARREST

Urinary insulin-like growth factor binding protein-7  
(IGFBP-7) and urinary tissue inhibitor of metalloproteinase-2 
(TIMP-2) are recently identified biomarkers of AKI.33 Both of 
these molecules are involved in G1 cell-cycle arrest during 
the early phases of cell injury. As in other cell types, renal 
tubular cells enter a short period of cell-cycle arrest after 
injury in experimental models of sepsis34 or ischemia.35 This 
process should stop cells from dividing when their DNA is 
damaged. Existing biomarkers that identify damage to renal 
cells include TIMP-2 and IGFBP-7. In these conditions, the 
cell may be still able to recover without permanent injury if 
stressor mechanisms are removed.33

Kashani et al. validated the combination of these bio-
markers in a prospective cohort of 728 critically ill patients 
(the Sapphir study) and compared their predictive value 
to other biomarkers. They found an ROC-AUC of 0.80 
for development of AKI, a value significantly better than 
any previously examined biomarker (P < .002). More-
over, the performance of cell-cycle arrest biomarkers was 
independent of concomitant severe systemic conditions 
such as sepsis or comorbidities such as chronic kidney 
disease. Moreover, in an observational study on patients 
undergoing cardiac surgery, Meersch et al. demonstrated 
that cell-cycle biomarkers correlated with renal recovery 
(ROC-AUC = 0.79).36

CONCLUSIONS

 •  AKI is a frequently observed condition associated with 
poor outcome in critically ill patients. Early diagnosis 
and appropriate treatment of AKI may improve outcome.

 •  The diagnosis of AKI is currently based on clinical iden-
tification of a reduction in GFR, most often reflected in 
an increase in SCr and/or a reduction in UOP. However, 
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there are significant limitations in these parameters that 
may impair the diagnosis of AKI.

 •  Kidney dysfunction may involve only a functional alter-
ation or it may be associated with anatomical alterations 
in nephrons (i.e., kidney damage). However, even clini-
cally undetectable (subclinical) AKI may be associated 
with poorer outcome, a fact that should be taken into 
account in clinical practice.

 •  Biomarkers of kidney damage are currently the only in-
dices capable of recognizing subclinical AKI.

 •  Evidence in the literature indicates that biomarkers of 
AKI may be present 24 to 48 hours before clinical diag-
nosis of AKI is possible. Thus, we propose that they be 
used for early diagnosis of this clinical syndrome. How-
ever, although several studies demonstrated a correla-
tion between these biomarkers and adverse outcomes, 
both renal and nonrenal, current limitations prevent 
their routine use in clinical decision-making.
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AUTHORS’ RECOMMENDATIONS

 •  It is important to recognize that several factors can reduce 
the sensitivity and specificity of SCr and UOP to detect AKI. 
Therefore it is prudent to assume that a critically ill patient has 
already developed AKI and manage accordingly rather than 
wait for overt clinical manifestations.

 •  Use of biomarkers of kidney damage to identify subclinical AKI 
should be considered in all high-risk patients.

 •  During clinical AKI, measurement of specific biomarkers is 
necessary to determine if kidney dysfunction is associated with 
kidney damage.  

http://dx.doi.org/10.1371/journal.pone.0093460
http://dx.doi.org/10.1371/journal.pone.0093460
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How Does One Optimize Care in 
Patients at Risk for or Presenting 
with Acute Kidney Injury?
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Acute kidney injury (AKI) is common in the intensive care 
unit (ICU) and is associated with poor outcomes. There 
is evidence that even minor short-term changes in serum 
creatinine (i.e., ≥0.3 mg/dL or 26 μmol/L) are linked to 
increased morbidity and mortality, and early intervention 
may be of benefit.1,2 It is important for ICU physicians to 
recognize AKI, assess its reversibility, and institute timely 
interventions to prevent further kidney damage and facili-
tate complete recovery. This chapter provides an overview 
of current and emerging strategies to optimize care for 
patients with AKI with an ultimate goal to improve out-
comes from this disease.

EVALUATION

History and Physical Examination

A careful history and physical examination are keystones 
for evaluating patients suspected to have AKI. Underly-
ing risk factors for AKI should be documented, including 
chronic kidney disease (CKD), heart failure, cirrhosis, pul-
monary disease, and diabetes mellitus.3 In the pediatric 
population, risk factors for AKI include being in the ICU, 
multiorgan dysfunction, exposure to nephrotoxic agents, 
hypoxemia, thrombocytopenia, and neurologic dysfunc-
tion.3 Recent studies have designated a renal angina index 
(RAI) as a method to identify patients who are at high risk 
for AKI (Table 56-1). In combination with acute events, the 
RAI has a good performance in predicting the development 
and severity of AKI. Basu et al. have validated the RAI, and 
more recently have incorporated AKI biomarkers, includ-
ing neutrophil gelatinase-associated lipocalin (NGAL), 
into the RAI and found improvement in discrimination for 
severe AKI.4-6 Precipitating factors for AKI should be iden-
tified (Table 56-2). Imaging with radiocontrast, surgery, 
trauma, recent illnesses, and systemic complaints should 
be specifically documented.

As the movement toward electronic health records con-
tinues, it is feasible to use electronic reporting to identify 
and monitor patients at risk of or who have AKI. Selby 
et al. reported the implementation of a hospital-wide 
electronic reporting system to aid in the early recognition 
of AKI based on Acute Kidney Injury Network (AKIN) 

criteria (Table 56-3). Along with alerts to physicians about 
elevations in creatinine, AKI stages, AKI clinical guide-
lines, and AKIN diagnostic criteria were provided. The 
authors believe implementation of such an alert system 
could help raise the standard of care across all acute spe-
cialties involved in the care of patients with AKI.7 Colpaert 
et al. were able to implement an electronic alert based on 
RIFLE (Risk, Injury, Failure, Loss of kidney function, and 
End-stage kidney disease) criteria in a single ICU where 
physicians were notified of patients’ worsening kidney 
function (Table 56-3).9 A multicenter Italian study to look 
at the epidemiology of AKI in the ICU developed a data 
collection tool with a RIFLE class alert system. The authors 
believe it could be used to help physicians gather AKI data 
and guide decision-making for institution of renal replace-
ment therapy (RRT).10

Laboratory Studies

Laboratory studies are useful to recognize and confirm 
AKI, assess functional changes and kidney damage, and 
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Table 56-1 Renal Angina Index

RISK INJURY

Risk Score ↓ eCCl % FO Score

Moderate (PICU  
admission)

1 No change <5% 1

High (solid-organ  
or bone marrow 
transplant)

2 ↓ 0%-25% ≥5% 2

Ventilation and  
inotropy (intubation 
+ at least one vaso-
pressor or inotrope)

3 ↓ 25%-50% ≥10% 4

↓ ≥50% ≥15% 8

Renal angina is the risk of AKI × signs of injury. Injury score is based on the 
worst parameter, either ↓ eCCl or % FO.

Score ranges from 1 to 40. AKI rates are higher in patients with a score of ≥8.
AKI, acute kidney injury; eCCl, estimated creatinine clearance; FO, fluid over-

load; PICU, pediatric intensive care unit.
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aid with the differential diagnosis. Oliguria has been vali-
dated as a diagnostic criterion for AKI, and its magnitude 
and duration are used to classify and stratify the severity 
of AKI.11,12 A study by Mandelbaum et al. in ICU patients 
observed for 1 to 7 days found that mortality increased 
quickly as urine output (UO) decreased below 0.5 mL/kg/
hr and was higher when oliguria was prolonged.13,14 Cur-
rently in development are electronic monitoring sensors of 
urine flow that could aid clinicians to use UO as tool to 
improve AKI management. One caveat is to recognize that 
oliguria can be a normal response to a prerenal state and 
may not be due to kidney damage.14 Anuria is a relatively 
late event and occurs when glomerular filtration ceases or 
if there is complete urinary obstruction.3

Urinalysis (UA) and microscopy are helpful to deter-
mine the cause of AKI (see Table 56-4). With reversible 

renal functional changes, a concentrated urine with high 
specific gravity and acidic pH are usually noted and cellu-
lar elements and casts are generally lacking. An abnormal 
UA with proteinuria, hematuria, and/or casts suggests an 
intrinsic renal cause for AKI.3

If the UA reveals protein, then a urine protein-to-urine 
creatinine ratio or a 24-hour urine sample for protein should 
be checked. The ratio can be used to rule out significant pro-
teinuria because it is not affected by a patient’s hydration 
status and correlates well with a 24-hour urine sample for 
protein. In general, a cutoff ratio greater than 0.2 would sig-
nify the need for a 24-hour urine sample for quantification 
of protein.15,16 A 24-hour urine protein greater than 2 g/day 
in adults and 4 mg/m2/hr in children suggests a glomeru-
lar cause for AKI.3,17 Measurement of urine creatinine and 
urine urea nitrogen should be simultaneously obtained to 
calculate urinary clearances in addition to proteinuria.

Urine microscopy is helpful by revealing the presence 
of cells, casts, and/or crystals. Blood detected on UA in the 
absence of red blood cells (RBCs) supports pigment nephrop-
athy diagnosis. Muddy brown granular casts are associ-
ated with acute tubular necrosis (ATN), but there could be 
another cause for AKI in addition, such as vasculitis. Pyelo-
nephritis is usually associated with numerous white blood 
cells (WBCs). Acute or allergic interstitial nephritis (AIN) can 
also lead to WBCs and WBC casts in the urine.3 Classically, 
greater than 1% eosinophils in the urine has been used to 
diagnose AIN, but a recent study by Muriithi et al. found 
that urine eosinophils were present in practically all causes of 
AKI. The 1% cutoff value has poor sensitivity and likelihood 
ratios, and even a cutoff of 5% did not readily distinguish 
AIN from ATN or other kidney diseases.18 In 2008, Chawla 
et al. developed an AKI cast scoring index (CSI) based on 
the number and percentage of granular casts or epithelial 
cell casts seen per low-power field and found that CSI was 
higher in patients without renal recovery versus those with 
recovery, suggesting CSI could aid in predicting renal out-
come.19 In the study by Perazella et al., a urinary sediment 

Table 56-2 Factors Precipitating AKI

Patient Factors/Exposures Procedures

Volume depletion Cardiopulmonary bypass

Sepsis Surgery involving aortic 
clamp

Nephrotoxins/contrast material Increased intra-abdominal 
pressure

Hypertension Large arterial catheter 
placement with risk for 
atheroembolization

Hypotension Liver transplantation

Multiorgan failure Kidney transplantation

Invasive mechanical ventilation Stem cell transplantation

Neurologic dysfunction

AKI, acute kidney injury.

Table 56-3 AKI Staging Criteria

Stage RIFLE AKIN KDIGO

1 (Risk in RIFLE) SCr ↑ × 1.5 or GFR >25% ↑ × 1.5-2 or ↑ ≥0.3 mg/dL 1.5-1.9 × baseline or ↑ ≥ 0.3 mg/dL

UO <0.5 mL/kg/hr × 6-12 hr

2 (Injury in RIFLE) SCr ↑ × 2 or GFR >50% ↑ SCr × > 2-3 2-2.9 baseline

UO <0.5 mL/kg/hr × ≥12 hr

3 (Failure in RIFLE) SCr ↑ × 3 or GFR >75% or if baseline 
 SCr ≥4 mg/dL ↑ >0.5 mg/dL

↑ SCr × >3 or if baseline SCr 
≥4 mg/dL ↑ ≥0.5 mg/dL

3 × baseline or ↑ ≥4 mg/dL or in 
patients <18 yr ↓ in estimated 
GFR to <35 mL/min/1.73 m2

Patients receiving RRT are considered to have met stage 3 crite-
ria, irrespective of stage they are in at time of RRT

UO <0.3 mL/kg/hr × ≥ 24 hr or anuria ×12 hr

4 (Loss in RIFLE) Complete loss of renal function >4 weeks

5 (End-stage in 
RIFLE)

Complete loss of kidney function >3 months

AKI, acute kidney injury; AKIN, Acute Kidney Injury Network; KDIGO, Kidney Disease: Improving Global Outcomes; RIFLE, Risk, Injury, Failure, Loss of kidney 
function, and End-stage kidney disease; RRT, renal replacement therapy; SCr, serum creatinine; UO, urine output.
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scoring system was devised based on the number of renal 
tubular epithelial cells and granular casts. Scores correlated 
with AKIN stages of AKI and may be able to predict wors-
ening of AKI due to ATN or prerenal AKI during hospital-
ization.20 Limitations to using scoring systems such as these 
include standardization of the approach and reproducibility 
across various users.

Urine sodium concentration, fractional excretion of 
sodium (FeNa), and fractional excretion of urea (FeUN) are 
common tools to differentiate between prerenal disease and 
ATN (Table 56-1). FeNa helps differentiate between prer-
enal AKI and AKI due to ATN (intrinsic renal problem, as 
opposed to prerenal problem). An FeNa value below 1% is 
suggestive of prerenal AKI, and a value higher than 2% typ-
ically indicates ATN. A marked decrease in FeNa in patients 
with ATN can suggest superimposed prerenal disease. 

However, FeNa can be falsely elevated by diuretics and 
preexisting CKD, and it may be falsely low in congestive 
heart failure, hepatic failure, severe burns, sepsis, rhabdo-
myolysis, and contrast nephropathy, among others. FeUN is 
not altered by prior diuretic use, and a cutoff value of 35% 
or less is usually consistent with a prerenal state. Dewitte 
et al. found FeUN to be a sensitive and specific index for 
distinguishing between transient and persistent AKI, but 
other studies have not found it or FeNa to be helpful.22-24

Serum creatinine often used in conjunction with blood 
urea nitrogen (BUN) is the standard biomarker that is used 
to detect AKI. A BUN-to-creatinine ratio greater than 20:1 
often suggests a prerenal cause for AKI and therefore better 
prognosis. However, Rachoin et al. found that a ratio greater 
than 20 was associated with increased mortality; they sur-
mised the higher BUN was likely due to increased protein 

Table 56-4 Urinary Findings

UA Components Sensitivity/Specificity (S/S) Comments

Hematuria Eumorphic RBC Lower urinary tract source, 
 malignancy

Hematuria Dysmorphic RBC or RBC casts Glomerular source of bleeding

Hematuria No RBC
Muddy brown granular casts

Pigment nephropathy
ATN, vasculitis

Leukocyte 
esterase

WBC Pyelonephritis

Leukocyte 
esterase

WBC and/or WBC casts (eosinophils) Differentiating AIN from ATN18:
 •  30.8%/71%
Differentiating drug-induced AIN  

from ATN18:
 •  35.6%/71%

Classically >1% eosinophils  
suggests AIN

FeNa, %
Urine sodium concentration ×
plasma creatinine

Plasma sodium concentration ×
urine creatinine concentration

× 100

Predicting transient AKI in ICU
FeNa <1%22:
 •  No diuretics 39%/71%
 •  With diuretics 27%/69%
Predicting persistent AKI in ICU
FeNa >1%24:
 •  No diuretics 48%/70%
 •  With diuretics 75%/56%

Usual cutoff: <1% prerenal  
>2% ATN

Falsely elevated: Diuretic use, 
CKD

Falsely low: congestive heart 
failure, hepatic failure, severe 
burns, sepsis, rhabdomyolysis,  
contrast nephropathy

FeUN, %
Urine urea nitrogen concentration ×
plasma creatinine

Blood urea nitrogen concentration ×
urine creatinine concentration

× 100

S/S predicting transient AKI in ICU
FeUN <40%22:
 •  No diuretics 83%/75%
 •  With diuretics 80%/85%
S/S detecting persistent AKI in ICU
FeUN <35%24:
 •  No diuretics 63%/54%
 •  With diuretics 61%/56%
S/S detecting persistent AKI in ICU
FeUN <40%23:
 •  24%/56%

Usual cutoff: <35% prerenal
Not affected by diuretic use

Protein Urine protein/creatinine ratio For abnormal urine protein excretion
In adults15:
 •  69%-96%/41%-97%
In children16:
 •  96.6%/96.3%

>0.21 abnormal

Protein 24-hr urine protein 2 g/day adult, 4 mg/m2/hr child 
suggest glomerular disease

AIN, acute or allergic interstitial nephritis; AKI, acute kidney injury; ATN, acute tubular necrosis; CKD, chronic kidney disease; FeNA, fractional excretion of sodium; 
FeUN, fractional excretion of urea; ICU, intensive care unit; RBC, red blood cells; UA, urinalysis; WBC, white blood cells.
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catabolism and lower serum creatinine from decreased 
muscle mass in the older female patients studied.25 BUN 
is affected by nutrition (protein intake and catabolism) and 
may be elevated by bleeding and steroid treatment or low 
in advanced liver disease. Creatinine is affected by muscle 
mass, age, race, and gender. Lower values in children, the 
elderly, and those with disabilities may fall within a labo-
ratory’s normal range but still be “abnormal” compared 
with baseline values.26 In addition, creatinine is affected 
by the volume of distribution. Macedo et al. evaluated the 
effect of fluid accumulation on serum creatinine to estimate 
AKI severity in ICU patients and found that dilution due 
to net positive fluid balance led to underestimation of AKI 
severity. Serum creatinine should be corrected for the accu-
mulated fluid using the simple formula for a more accu-
rate determination of AKI severity in ICU patients.27 More 
recently, Pickering et al. combined creatinine and volume 
kinetics to quantify changes in glomerular filtration rate 
(GFR) in ICU patients. Serum creatinine underestimation 
was influenced by fluid infusion rate, crystalloid versus 
colloid fluid, serum creatinine sample timing in relation 
to fluid infusion timing, and excess fluid urine excretion 
rate. They suggest delaying blood sampling to an hour 
after a large bolus and obtaining kidney injury biomarkers 
if serum creatinine does not decrease after 4 hours in clini-
cal practice.28

Cystatin C is a cysteine protease inhibitor produced by 
all nucleated cells. Unlike creatinine, it is not affected by 
muscle mass, age, race, or gender, and its urinary excretion 
marks renal dysfunction that correlates with the severity 
of acute tubular injury. Studies have shown that cystatin C  
increases occur up to 2 days before creatinine increases. Cys-
tatin C is also better at picking up smaller changes in GFR 
than creatinine. However, its levels are affected by thyroid 
dysfunction, obesity, inflammation, and steroid use.26,29

Because creatinine is a late marker of renal dysfunction,  
other biomarkers have been sought.26,29,30 In a meta- analysis 
of 19 studies that included adults and children in different 
settings, NGAL was a useful early marker of AKI and in 
predicting the need for dialysis and mortality. However, 
its limitations include its abundant extrarenal expression 
in systemic stress without the presence of AKI, its higher 
level in patients with underlying CKD, malignancies, and 
systemic bacterial infections. NGAL also seems to be less 
sensitive and specific in cases in which AKI is due to mul-
tiple factors.26,29,30

Another biomarker being studied is human kidney 
injury molecule-1. This transmembrane protein is not 
found in the normal kidney, but it is quickly and highly 
expressed and excreted by the proximal tubular epithe-
lium when there is ischemic or toxic damage; it persists 
in cells until their full recovery.26 Its expression has also 
been found to be associated with the need for dialysis and 
death.26,29,30

Interleukin-18 (IL-18) is a proinflammatory cytokine 
continually expressed by cells in the distal tubule and col-
lecting duct of healthy kidneys. It has been shown to be a 
marker for AKI and in predicting mortality during mechan-
ical ventilation. However, because it is a proinflammatory 
cytokine, the concentration of IL-18 can be influenced by 
endotoxemia, inflammatory diseases, and autoimmune 
diseases.26,29,30

In September 2014, the U.S. Food and Drug Adminis-
tration (FDA) approved the use of a new test, NephroCheck 
(Astute Medical), to assess the risk of ICU patients with 
moderate to severe AKI. The levels of two proteins in the 
urine, insulin-like growth-factor binding protein-7 and tis-
sue inhibitor of metalloproteinases-2, predict the risk of a 
patient with AKI in the 12 hours after testing. Both mark-
ers are involved in cell cycle arrest during the early phase 
of cell injury, a key mechanism implicated in AKI. Kashani 
et al. studied more than 1000 ICU patients and showed that 
these two biomarkers performed better than previously 
known biomarkers for predicting AKI and improved risk 
stratification in a nine-variable clinical model.31

Imaging Studies

According to the American College of Radiology’s Appro-
priateness Criteria, renal ultrasound with Doppler is the 
most reasonable imaging modality to evaluate patients 
with AKI.32 Renal parenchymal disease can be distin-
guished on ultrasound by increased echogenicity (96% 
specificity).33 This finding alone cannot distinguish 
between AKI and CKD; however, the finding along with 
that of small kidneys correlates well with CKD.34 One to 
three percent of AKI cases in the ICU are due to obstruc-
tion, and ultrasound is the imaging choice in the evalu-
ation for this. Most patients with obstruction will have 
hydronephrosis; sensitivity is nearly 100% when moderate 
to severe hydronephrosis is noted.33

Ultrasound with Doppler imaging is helpful to look 
at blood flow velocity by way of resistive index (RI); the 
larger the RI, the more resistance to blood flow during 
diastole.33 Increased RI is seen in AKI due to obstruction, 
sepsis, and hepatorenal syndrome, among other reasons, 
and portends worse outcomes. Prerenal azotemia and glo-
merular diseases do not affect RI.33 Vessel wall compliance, 
systemic vascular resistance, and heart rate are factors that 
can affect the RI.33

Contrast-enhanced ultrasound is imaging that uses 
microbubble-based contrast agents to look at vascular 
structures and detect blood flow down to the level of the 
capillaries.37,38 This technique is especially sensitive and 
specific in detecting infarction and cortical necrosis in isch-
emic renal transplants, but its use in the early diagnosis of 
AKI remains to be determined.37,39

PREVENTION OF ACUTE KIDNEY INJURY

General Measures

The primary goal is to correct any reversible detrimental 
factors that could contribute to AKI. Detrimental factors 
include volume depletion, hypotension, decreased cardiac 
output and renal perfusion, sepsis, obstruction, high intra-
abdominal pressure, and nephrotoxic agents (Table 56-5). 
The most common nephrotoxic agents are radiocontrast, 
nonsteroidal anti-inflammatory drugs (NSAIDs), and anti-
biotics (aminoglycosides, amphotericin, and vancomycin). 
These agents should be avoided if possible in patients at 
risk for AKI. The use of diuretics, angiotensin-receptor 
blockers, and angiotensin-converting enzyme inhibitors 
should be avoided in prerenal settings.
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Specific Interventions (Table 56-6)

Optimizing Volume Status and Treating Hypotension

The effect of fluid expansion on hemodynamic status and 
renal function is often assessed by trial and error because 
clinical parameters are unreliable to assess volume status. 
In prerenal states, fluid administration can improve organ 
perfusion and renal function. In ischemic ATN, experi-
mental data suggest that autoregulation is lost and that 
renal blood flow becomes linearly pressure dependent 
so that subsequent hypoperfusion due to volume deple-
tion or vasodilatation can cause new kidney lesions.43 In 
severe congestive heart failure or diastolic dysfunction, 
renal perfusion is inadequate despite normal volume sta-
tus or volume overload. In these patients, fluid expansion 
can lead to worsening of cardiac function and pulmonary 
edema.

Unfortunately, there are no absolute guidelines on how 
hemodynamic and fluid status can be used to optimize 
renal function. Recommendations from the Surviving Sep-
sis Campaign can be helpful.44 The recent randomized trial 
of protocol-based care for early septic shock (ProCESS), 
designed to examine the effects of early therapy with 
intravenous fluids, vasopressors, inotropes, and blood 
transfusions on 60-day in-hospital mortality, found inci-
dence of renal failure (new need for RRT) to be higher in 
the standard protocol group, but duration of therapy was 
not significantly different. Overall, there was no significant 
advantage in morbidity or mortality and no significant 
benefit of central hemodynamic monitoring.45

Volume Expanders

There have been several studies published on the effect of 
different types of fluids on outcomes over the last years. 
The Kidney Disease: Improving Global Outcomes (KDIGO) 
AKI guidelines suggest that isotonic crystalloids should be 
used instead of synthetic (hydroxyethyl starch [HES]) and 
nonsynthetic colloids (albumin) for intracellular volume 
expansion in patients at risk or presenting with AKI in the 
absence of hemorrhagic shock.3 For HES, these recommen-
dations are supported by two large randomized controlled 
trials (RCTs) in severe sepsis and critically ill patients 
showing that HES was detrimental to kidney function and 
survival and increased the need for RRT.46,47

For albumin, the Saline versus Albumin Fluid Evalua-
tion (SAFE) RCT, which included 6997 critically ill patients, 
did not demonstrate any difference in either mortality or 
duration of RRT with 4% (iso-oncotic) albumin versus 
saline.48 However, kidney function was not independently 
reported, and only severe cases of AKI were collected.49 
The recently published ALBIOS (Albumin Italian Out-
come Sepsis) RCT on the effect of hyperoncotic albumin 
(20%) versus crystalloids in hypoalbuminemic patients 
with severe sepsis and septic shock did not show any dif-
ference in mortality and severe AKI between the groups.50 
Importantly, the ALBIOS study differed from other stud-
ies because albumin was administered not according to the  
clinical context but on a daily basis if the albumin level  
was less than 30 g/L. The cumulative fluid balance was 
also lower in the albumin group. The only group in which 
albumin seems to be beneficial is patients with cirrhosis.51

Regarding crystalloids, saline infusions have been 
proven of benefit in RCTs to prevent the nephrotoxicity 
of radiocontrasts, cisplatin, and amphotericin.52-54 Lower 
levels of evidence support a prompt use of saline for rhab-
domyolysis.55,56 However, in ICU patients, a retrospective 
study has shown that chloride-restrictive fluids (lactated 
solution with balanced buffer–chloride concentration of  
98 mmol/L or chloride-poor 20% albumin–chloride con-
centration of 19 mmol/L) compared with chloride-rich 
intravenous fluids (0.9% saline, gelatin, or 4% albumin) 
were associated with a significant decrease in AKI inci-
dence and RRT requirement.56 These results will need to be 
confirmed with other studies.

Loop Diuretics, Natriuretics, and Vasoactive Agents

A few small single-center studies on the use of diuret-
ics to prevent AKI have failed to demonstrate benefit.3 A 
small RCT in high-risk cardiac surgery patients treated 
with prophylactic nesiritide, a B-type natriuretic pep-
tide, did not show any effect on RRT requirement or 
lengths of stay, although AKI rates were lower with 
nesiritide.57 Additional studies are needed on this topic. 
Meta-analyses including RCTs have confirmed that so-
called “renal-dose” dopamine (0.5 to 3 μg/kg/min) 
increases UO but does not prevent AKI.58-60 In a meta-
analysis, fenoldopam, a pure dopamine type-1 receptor 
agonist, was shown to reduce the risk of AKI in critically 
ill patients.61 However, several concerns present in this 
study limit confidence in the results.61 Large RCTs are 
required to confirm these findings before this agent can 
be recommended to prevent AKI.

Statins

Statins have recently been studied in several RCTs to pre-
vent contrast-induced acute kidney injury (CI-AKI).62,63 In 
a recent meta-analysis, statins were shown to prevent CI-
AKI (relative risk [RR], 0.54; 95% confidence interval [CI], 
0.38 to 0.78) in patients with a glomerular filtration below 
and above 60 mL/min.64 However, technical issues have 
raised concerns. Therefore it is unclear if statins should be 
prescribed to prevent CI-AKI in the absence of other indica-
tions. In a recent meta-analysis, statins did not reduce post-
operative AKI when restricting the analysis to the RCTs.65 
Future RCTs are warranted to assess the role of statins to 
prevent postoperative AKI.

Table 56-5 Common Nephrotoxic Agents

 •  Contrast dye
 •  NSAIDs
 •  Antimicrobials
 •  Acyclovir
 •  Aminoglycosides
 •  Amphotericin
 •  Beta-lactams (penicillins, 

cephalosporins)
 •  Vancomycin
 •  Angiotensin-converting en-

zyme inhibitors
 •  Angiotensin receptor  

blockers

 •  Chemotherapy drugs
 •  Cisplatin
 •  Methotrexate
 •  Diuretics
 •  Loop
 •  Thiazides
 •  Proton-pump inhibitors
 •  Lansoprazole
 •  Omeprazole
 •  Pantoprazole
 •  Miscellaneous
 •  Allopurinol
 •  Phenytoin
 •  Ranitidine
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Other Agents

In 2007, a meta-analysis examining the effect of insu-
lin on the prevention of AKI pointed toward a reduction 
in the incidence of AKI in medical and surgical ICUs.66 
The KDIGO guidelines suggest insulin therapy targeting 
plasma glucose 110 to 149 mg/dL (6.1 to 8.3 mmol/L).3 Mul-
tiple RCTs that included patients at risk for or with early  
ATN indicate that N-acetylcysteine is not effective in pre-
venting AKI.67-72 In a systematic review and meta-analysis, 
Tie et al. found that sodium bicarbonate did not prevent 
cardiac surgery–associated AKI and increased the length of 
ventilation and ICU stay and the risk of alkalemia.73 A large 
multicenter RCT, Prevention of Serious Adverse Events 

Following Angiography (PRESERVE), is currently ongo-
ing to compare the effectiveness of intravenous isotonic 
sodium bicarbonate with intravenous isotonic sodium 
chloride and oral N-acetylcysteine with oral placebo for 
the prevention of serious adverse outcomes after angio-
graphic procedures in high-risk patients.74 Calcium chan-
nel blockers were studied in small RCTs that demonstrated 
some benefits on renal clearance, although no convincing 
data are available for the incidence of AKI.75 Multipotent 
mesenchymal stem cells were assessed in a phase I clinical 
trial in patients undergoing on-pump cardiac surgery and 
seemed a promising agent because postoperative kidney 
function remained stable in the treatment group whereas 
20% of controls had AKI.76

Table 56-6 Strategies Used for Prevention of AKI

Strategy Effect Comments

Crystalloids Volume expansion KDIGO recommendation; in absence of  
hemorrhagic shock3

Saline Prevent nephrotoxicity due to radiocontrast, 
cisplatin, amphotericin52-54

In RCTs

Lactated Ringer’s solution Decrease in AKI incidence and  
RRT requirement

Retrospective study in ICU patients; fluids with lower 
chloride concentrations vs. higher  
concentrations56

HES Detrimental to kidney function
Increased RRT need

In severe sepsis; compared to Ringer’s acetate
In ICU patients46,47

Albumin No difference in mortality or duration of RRT
No difference in mortality or severity of AKI

SAFE RCT involved 4% albumin vs. saline48

ALBIOS RCT used 20% albumin vs. crystalloid in hypoal-
buminemic patients with severe sepsis/septic shock50

Loop diuretics No effect on kidney function Few small single-center studies3

Nesiritide Lower rates of AKI; no effect on RRT  
requirement or hospital length of stay

Small RCT in high-risk cardiac surgery  
patients57

Dopamine Increases UO; does not prevent AKI Meta-analyses using “renal dose”  
(0.5-3 μg/kg/min)58-60

Fenoldopam Reduce the risk of AKI Meta-analysis in critically ill patients but  
limitations in studies61

Statins Prevent CK-AKI
Did not reduce AKI after major surgery

Meta-analysis in patients with GFR below and  
above 60 mL/min but limitations in studies64

Meta-analysis of RCTs65

Insulin Decrease AKI incidence In medical and surgical ICU settings66

KDIGO recommends target blood glucose 110-149 mg/dL 
 (6.1-8.3 mmol/L)3

N-Acetylcysteine Does not prevent AKI In patients at risk or with early ATN67-72

Used in prevention of radiocontrast AKI

Sodium bicarbonate Does not prevent perioperative AKI after  
cardiac surgery

Meta-analysis73

Calcium-channel blockers Some benefits on renal clearance Demonstrated in small RCTs75

Multipotent mesenchymal 
stem cells

Maintained stable renal function after  
surgery

Phase I clinical trial of on-pump cardiac surgery76

RIPC No effect on frequency of AKI
May be beneficial to prevent AKI

RCT of patients with CKD and cardiac surgery77

Meta-analysis in patients having cardiac/vascular sur-
gery or percutaneous coronary interventions78

AKI, acute kidney injury; ALBIOS, Albumin Italian Outcome Sepsis; ATN, acute tubular necrosis; CK-AKI, contrast-induced acute kidney injury; CKD, chronic kidney 
disease; GFR, glomerular filtration rate; ICU, intensive care unit; KDIGO, Kidney Disease: Improving Global Outcomes; RCT, randomized controlled trial; RIPC, 
remote ischemic preconditioning; RRT; renal replacement therapy; SAFE, Saline versus Albumin Fluid Evaluation; UO, urine output.
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Remote Ischemic Preconditioning

In remote ischemic preconditioning (RIPC), mild and nonle-
thal ischemia and reperfusion to an organ or tissue protects 
a different organ or tissue from subsequent lethal ischemia  
and reperfusion injury. In a recent RCT including 86 patients 
with CKD undergoing cardiac surgery, RIPC had no effect 
on the frequency of AKI.77 A recent meta- analysis has con-
cluded that RIPC may be beneficial to prevent AKI in 
patients undergoing cardiac or vascular surgery or percuta-
neous coronary interventions; however, larger trials will be 
necessary before making any firm recommendation on the 
use of RIPC to prevent AKI.78

MANAGEMENT OF ACUTE KIDNEY INJURY

Measures used in the prevention of AKI are also applicable 
to established AKI. In addition, the Vasopressin in Septic 
Shock Trial (VASST) trial found no differences in mortal-
ity or organ dysfunction when comparing vasopressin to 
norepinephrine, although a post hoc analysis showed that 
vasopressin may reduce AKI severity in patients with AKI 
stage 1.79,80

Late and prolonged aggressive fluid resuscitation in 
critically ill patients with AKI has been associated with 
worse kidney outcomes and increased mortality in large 
observational studies, but no RCTs have been performed 
on this subject in AKI.81,82 Nevertheless, fluid expansion 
should probably be stopped when patients are no longer 
fluid responsive.

Loop Diuretics

A meta-analysis did not support the use of loop diuretics to 
reduce mortality or improve renal recovery, but it did dem-
onstrate a need for a shorter course of RRT in the setting of 
AKI.83 Two meta-analyses have confirmed the lack of ben-
efit for in-hospital mortality, the need for RRT, or a reduc-
tion in the number of dialysis sessions required, although a 
trend was seen in one study.84,85 An initial cohort study of 
552 patients suggested that the use of diuretics was associ-
ated with increased mortality, but a prospective multicenter 
epidemiologic study of 1743 patients failed to confirm 
this finding despite hazard ratios greater than 1.86,87 An 
increased risk for ototoxicity may occur with high doses of 
diuretics.84 Despite controversial data, a multinational sur-
vey on the clinical use of diuretics in AKI concluded that 
diuretics are often prescribed in this setting (67.1%) and are 
most commonly delivered intravenously in bolus.88 Two 
RCTs are currently underway, but they are probably too 
small to provide a definite answer.

Natriuretics

Atrial natriuretic peptide (ANP) has been studied as a 
treatment for AKI in four RCTs.89-92 The largest study 
showed that ANP did not improve overall dialysis-free 
survival except in oliguric patients.90 A subsequent trial in 
222 oliguric patients failed to confirm the earlier findings. 
Both trials used ANP for 24 hours and at high doses, which 
could have influenced the results. The most recent study, 

which included only 61 patients after cardiac surgery and 
used a longer treatment period (5.3 ± 0.8 days), found a 
decreased probability of dialysis and an improvement in 
dialysis-free survival.91 Further studies in a larger number 
of patients are required to determine the value of ANP in 
AKI. The KDIGO AKI guidelines do not support the use of 
nesiritide to treat AKI because there is no current evidence 
that its use decreases RRT requirement or mortality.3

Vasoactive Agents

The current evidence does not support the use of dopamine 
to treat AKI. In a meta-analysis published in 2005, low-dose 
dopamine was shown to increase UO but did not have any 
effect on renal dysfunction or mortality.58 Two previous 
meta-analyses had confirmed these findings.59,60

Vasopressors are often considered detrimental to organ 
perfusion. A small prospective study in 14 septic patients 
revealed that norepinephrine had beneficial effects on cre-
atinine clearance when raising mean arterial pressure over 
70 mm Hg.93 However, another small RCT including 28 
patients did not demonstrate any benefit on creatinine or 
creatinine clearance by increasing mean arterial pressure 
from 65 to 85 mm Hg.94

A meta-analysis found that fenoldopam, a dopamine 
receptor-1 agonist that increases blood flow to the renal 
cortex and outer medulla, reduced the risk for AKI as pre-
viously mentioned, the need for RRT (6.5% vs. 10.4%; 95% 
CI, 0.34 to 0.84), and in-hospital mortality (15.1% vs. 18.9%; 
95% CI, 0.45 to 0.91) in postoperative or ICU patients.61 
No single prospective study has shown that fenoldopam 
can reduce the need for RRT. These results need to be con-
firmed with an adequately powered trial before the use 
of fenoldopam is promoted in this setting. In an RCT, the 
use of fenoldopam has not been shown to reduce contrast-
induced nephropathy.96 Targeted renal delivery of fenoldo-
pam may benefit kidney function in patients undergoing 
contrast procedures compared with intravenous fenoldo-
pam.97 RCTs are needed to support these preliminary 
results.

Other Agents

In a secondary outcome of an often-cited 2001 study on 
the use of intensive insulin therapy, the need for RRT was 
reduced by 41%. However, a more recent meta-analysis 
showed that tight glucose control did not improve mor-
tality or new need for dialysis.98 There are no convincing 
data that calcium-channel blockers can reduce the need for 
RRT.75 Neither thyroid hormone nor insulin-like growth 
factor-1 provided benefit in AKI patients in RCTs.99,100

Correction of Electrolytes and Acid-Base Status

AKI limits the ability of the kidneys to maintain electro-
lyte and acid-base balance. In oliguric states, this equilib-
rium is even more difficult to achieve, justifying frequent 
monitoring of electrolytes to avoid severe and sometimes 
fatal hyperkalemia. A Cochrane meta-analysis supported 
the use of salbutamol and intravenous insulin and glu-
cose alone or in combination.101 Although there are no 
RCTs to support the use of ion-exchange resins and chlo-
ride calcium, ion-exchange resins were recommended in 
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the absence of gastrointestinal disease and intravenous 
calcium in the presence of electrocardiogram changes or 
arrhythmias.101

Hypocalcemia and hyperphosphatemia are common 
in AKI. However, no randomized study has evaluated 
the benefits of treating these disorders. Hyperphospha-
temia caused by oral phosphorus-containing medications 
and tumor lysis syndrome have been proposed as etio-
logic factors for AKI.102,103 Thus, severe hyperphospha-
temia (>6 mg/dL) should be avoided to prevent further 
damage. Calcium-based phosphate binders and other 
 phosphate binders can be used in this setting along with 
a low- phosphate diet.

Metabolic acidosis is the most frequent acid-base dis-
turbance in critically ill patients suffering from AKI.104 
The treatment of metabolic acidosis in AKI has never been 
the subject of randomized trials, and the consequences of 
metabolic acidosis in AKI patients are not clear. Therefore, 
the bicarbonate level to target is unknown. Most acid-base 
authorities have recommended that a pH value below 7.1 
serve as a threshold to administer bicarbonate.105,106 An 
online survey by Kraut and Kurtz found that 40% of inten-
sivists would not administer bicarbonate unless pH was 
less than 7, whereas only 6% of nephrologists would do 
this. In addition, more than 80% of nephrologists consid-
ered the level of partial pressure of carbon dioxide in decid-
ing when to treat with bicarbonate; only 59% of intensivists 
did this.107 It has been suggested to administer bicarbonate 
to achieve an arterial pH of 7.2, but treatment should be 
individualized and potential complications (e.g., cardiac 
dysfunction, hypocalcemia, hypernatremia, volume over-
load) should be kept in mind.105,106 In patients with CKD, 
it is recommended to maintain serum bicarbonate levels 
above 22 mEq/L because of the detrimental effects of aci-
dosis on protein catabolism.108

Medication Dose Adjustments

In AKI, doses of drugs that are metabolized and excreted 
by the kidneys may need to be adjusted to prevent accu-
mulation and toxicity.109 One key but often misunderstood 
concept is that it is inappropriate to use the Cockcroft-
Gault (CG) equation to estimate the GFR in the  presence 
of AKI.110 For example, with total renal shutdown, the 
 creatinine level will increase by 1 to 1.5 mg/dL per day. 
Therefore a normal creatinine might increase from 1 to 
2.5 mg/dL.111 The calculated GFR with the CG  equation 
would be 30 mL/min. However, the “true” GFR in this 
condition is 0 mL/min. Thus, when medications are 
adjusted for a patient with progressive AKI, the  predicted 
GFR should be minimized to reflect the real GFR.

Other pharmacokinetic parameters are altered in renal 
failure. These include drug absorption, volume of distri-
bution, protein binding, and hepatic biotransformation.110 
Thus, dosage may be altered by factors other than GFR, 
and adjustments must reflect this.

Gadolinium-Based Contrast Agents

Gadolinium-based contrast agents are commonly used 
for magnetic resonance imaging. These agents have been 
linked to nephrogenic systemic fibrosis.112 In addition, 
gadolinium chelates may cause pseudohypocalcemia and 
may be nephrotoxic, especially in CKD.113 At the present 

time, we do not know whether gadolinium nephrotoxic-
ity is related to free gadolinium or gadolinium chelates. In 
May 2007, the FDA cautioned that gadolinium be avoided 
in patients with acute or chronic renal insufficiency 
(defined as GFR <30 mL/min/1.73 m2) unless the diagnos-
tic information to be obtained is essential. In addition, the 
FDA advised that gadolinium be avoided in patients with 
AKI due to hepatorenal syndrome or in the perioperative 
liver transplantation period irrespective of the GFR value. 
Updated information is available on the FDA website at 
www.fda.gov.

PROGNOSIS

There is increasing interest in the effect of AKI on the 
development of end-stage renal disease (ESRD). The 
U.S. Renal Data System listed ATN as the cause of ESRD 
in 1.7% of patients from 1999 to 2003.119,120 It is known 
that in- hospital mortality for AKI patients requiring 
RRT is greater than 50% and 48% in adults and children, 
respectively, but long-term outcomes are not as well 
described.120,121 In their review of adult literature, Gold-
berg and Dennen found that 12.5% of AKI survivors who 
required RRT were dialysis dependent at 1 to 10 years of 
follow-up and that approximately 25% have CKD; nearly 
40% of patients who had AKI and required RRT have CKD 
or ESRD.120 Studies in children with AKI have also noted 
progression to dialysis dependence or CKD.121 Therefore 
improving the prognosis of AKI patients might reduce the 
incidence of CKD and ESRD. No study has evaluated the 
use of drugs to reduce the incidence of progressive CKD 
after AKI, although three cohort trials showed that the use 
of continuous renal replacement therapy (CRRT) reduced 
dialysis dependence when compared with intermittent 
hemodialysis.122-124 However, in four RCTs and one recent 
meta-analysis, the use of CRRT did not reduce the rate of 
dialysis dependence at hospital discharge.125-129 Thus it is 
important to have survivors of AKI see nephrologists for 
follow-up because there is a 40% risk of death in the 2 years 
after hospitalization.130 Currently, only approximately 8% 
of patients see a nephrologist within the first year after 
hospital discharge.131 KDIGO guidelines recommend fol-
low-up within 90 days of an AKI event3; follow-up within 
this time period was associated with a 24% lower hazard 
ratio at 2 years by Harel et al.132

CONCLUSION

Evidence-based management of AKI is compromised by 
the heterogeneity of patients and underlying conditions 
as well as a lack of clear endpoints for trials. However, 
given that minor short-term changes in serum creatinine 
are linked to increased morbidity and mortality, any 
reversible detrimental factor contributing to AKI should 
be promptly corrected. Many different drugs have been 
tried to prevent or treat AKI with mixed results. The con-
sequences of acute renal dysfunction on other organs, 
drug elimination, and progression of CKD should also 
be considered in the management of patients suffering 
from AKI.

http://www.fda.gov
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The aim of this chapter is to review the evidence sur-
rounding the use of renal replacement therapy (RRT) in 
the intensive care unit (ICU) setting. It examines the con-
ventional indications for emergency RRT and assesses the 
emerging evidence for earlier commencement of RRT and 
the expanded role of RRT in the management of sepsis and 
multiorgan failure (MOF).

WHAT ARE THE CONVENTIONAL 
INDICATIONS FOR COMMENCING RENAL 
REPLACEMENT IN ACUTE KIDNEY 
INJURY?

There is a paucity of consensus guidelines internationally 
with regard to RRT use in the ICU, and this has resulted 
in variable prescribing practices for continuous dialy-
sis. However, some pathophysiologic states are gener-
ally considered absolute indications for this intervention 
(Table 57-1).

Intravascular Volume Overload and Pulmonary 
Edema Refractory to Diuretic Therapy

The role of negative or neutral fluid balance in acute kid-
ney injury (AKI) with pulmonary edema but without lung 
injury is unclear. Studies performed in critically ill chil-
dren with AKI after cardiac surgery have suggested that 
early institution of continuous renal replacement therapy 
(CRRT) improves respiratory parameters with an associ-
ated improvement in multiple clinical outcomes.1-3 Ran-
domized controlled trials (RCTs) in adults are lacking, 
although observational data indicate that a positive fluid 
balance in critically ill patients with AKI is independently 
associated with a higher 60-day mortality rate (hazard ratio 
[HR], 1.21; P < .001).4

There is no evidence to support the common practice of 
trial of diuresis in AKI-associated pulmonary edema. Indeed, 
the use of diuretic therapy may increase the probability of 
nonrecovery of renal function.5-8 In addition, studies in ani-
mal models suggest that ultrafiltration is more effective than  
diuresis in reducing extravascular lung water in ARDS.9  

In conclusion, RRT should be considered early in patients 
with AKI complicated by refractory pulmonary edema.

Metabolic Acidosis Refractory  
to Medical Management

Metabolic acidosis is a common complication of AKI, 
resulting from a combination of chloride-rich fluid resus-
citation and the accumulation of lactate, phosphate, and 
unexcreted metabolic acids. RRT can be highly effective 
in correcting this acidosis.10,11 CRRT as a modality may be 
superior to intermittent hemodiafiltration (IHD) in terms 
of duration of treatment effect.12 Importantly, RRT avoids 
systemic administration of sodium bicarbonate therapy 
with its associated risk for exacerbating fluid overload and 
hypernatremia. The threshold pH or base deficit at which 
to commence RRT has not been established. Because a pH 
lower than 7.1 is associated with negative inotropic and 
metabolic effects, in general, one would consider interven-
ing before this level is reached.

Hyperkalemia Refractory to  
Medical Management

No specific treatment threshold has been established for 
when to treat hyperkalemia with RRT. In general, myocar-
dial toxicity is considered unlikely when the serum potas-
sium concentration is less than 6.5 mmol/L. Potassium 
excretion by diuresis is generally ineffective in renal failure. 
For this reason, the threshold for commencing RRT in AKI 
might be lowered further, particularly if there is minimal 
response to initial emergency treatment (insulin-glucose, 
inhaled beta-agonist, exchange resins).13

The Uremic State

Manifestations of the “uremic state” include encephalop-
athy, pericarditis, and bleeding diathesis. Mental status 
changes and bleeding propensity can be multifactorial in 
the septic, critically ill patient, and they can be difficult to 
attribute solely to renal failure. Uremic pericarditis requires 
urgent initiation of renal support once it is detected because 
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it carries a high risk for intrapericardial hemorrhage and 
tamponade.

Intoxication with a Dialyzable Drug or Toxin

Toxins of low molecular weight residing in the extracellu-
lar space, which have little or no protein-binding proper-
ties, can be effectively removed by RRT. In general, IHD 
is preferable to CRRT for this purpose because it more 
rapidly clears solute. A review of the U.S. Poison Center’s 
“Toxic Exposure Surveillance System” records from 1985 
to 2005 found that 19,351 cases received extracorporeal 
toxin removal over this time period.14 IHD was most com-
monly used for the treatment of lithium, ethylene glycol, 
salicylate, valproate, acetaminophen, methanol, ethanol,  
and theophylline poisoning, although some cases of IHD, 
used for removal of methotrexate and phenobarbital, 
were reported. Hemoperfusion techniques are used in the 
enhanced elimination of toxic levels of lipid-soluble or 
highly protein-bound substances when intervention will 
remove the substance more rapidly than endogenous clear-
ance. An important consideration is the platelet-depleting 
effect of hemoperfusion.

Severe Electrolyte Derangements

AKI can be associated with an array of electrolyte 
distur bances, including hyponatremia, hypernatremia, 
hyperphosphatemia, hypercalcemia, hypocalcemia, and 
hypermagnesemia. CRRT may be helpful in the manage-
ment of many of these disorders.12

Progressive Azotemia or Oliguria 
Unresponsive to Fluid Administration

In the modern era, RRT is most often initiated before suf-
ficient time has passed for the previously discussed sce-
narios to develop. Instead, the decision to commence 
treatment is made when urea and creatinine levels climb, 
or urine output falls, despite conservative measures.  

The threshold values of these parameters that should  
trigger a decision to commence RRT have not been estab-
lished and are discussed later.

SHOULD RENAL REPLACEMENT 
THERAPY BE INITIATED IN ACUTE KIDNEY 
INJURY BEFORE COMPLICATIONS HAVE 
DEVELOPED?

Although undisputed indications generally point to RRT as 
being a “rescue remedy” used when other measures have 
failed, several studies have examined the value of earlier 
commencement of therapy in improving patient outcomes 
(Table 57-2).

It should be noted that there is no clear consensus on 
what is meant by “earlier” initiation of RRT; initiation at 
lower urea and creatinine levels,15,16 initiation closer to the 
time of renal injury,17 initiation sooner after urine output 
is noted to fall,18,19 and initiation sooner after admission to 
the ICU have all been studied (see Table 57-2). This makes 
study comparison and meta-analysis difficult. In addition, 
the effect of earlier initiation of RRT is likely to be influ-
enced by the etiology of the AKI; thus, the heterogeneity of 
the populations studied renders meaningful meta-analysis 
even more difficult.

A small and retrospective study in post-traumatic AKI 
using a blood urea nitrogen (BUN) threshold for early ini-
tiation of RRT of 60 mg/dL demonstrated a significantly 
lower mortality rate for the early compared with the 
delayed RRT cohort (relative risk [RR] for death, 0.77; 95% 
confidence interval [CI], 0.58 to 1.0; P = .04).15 These results 
suggest that the BUN threshold for considering the initia-
tion of RRT should be lowered to at least 60 mg/dL.

Further support for a strategy of earlier initiation of 
RRT was provided by retrospective studies in the post-
operative coronary artery bypass graft (CABG) patient 
population.18,19 These studies used reduced urine out-
put (<100 mL within 8 hours consecutively after surgery,  
despite frusemide administration) as their criterion for 
early initiation of CRRT. The attainment of specified BUN, 
serum creatinine, or potassium thresholds was the trig-
ger for late commencement of therapy. The first of these 
studies examined the outcomes of 64 patients with a 
high baseline prevalence of class 3 or 4 heart failure and 
chronic kidney disease. It reported a survival rate of 78% 
in the early initiation group compared with 57% in the  
late initiation group (P < .05).18 The early initiation group 
was also found to have had a significantly shorter ICU 
stay (12.5 vs. 8.5 days; P < .05), shorter hospital stay (20.9 
vs. 15.4 days; P < .05), and lower rate of MOF (19% vs. 29%; 
P = .01). The second study, a retrospective analysis of post-
CABG AKI using a historical control group, again showed 
significantly improved survival (77% vs. 45%; P = .016), 
shorter length of ICU stay (12 vs. 8 days; P = .0001), and 
shorter length of hospital stay (30 vs. 15 days) in the early 
treatment group.19

Clinical benefit of early initiation of RRT was also 
reported in a secondary analysis of a prospectively col-
lected AKI database.16 Despite there being, on average, 
more failed organ systems in the early intervention group, 
the RR for death associated with delayed initiation was 

Table 57-1 Conventional Indications for Renal 
Replacement Therapy

 •  Intravascular volume overload unresponsive to diuretic 
therapy

 •  Metabolic acidosis (pH < 7.1) refractory to medical  
management

 •  Hyperkalemia (K > 6.5 mEq/L) refractory to medical  
management

 •  Uremic state (encephalopathy, pericarditis, bleeding  
diathesis)

 •  Intoxication with a dialyzable drug or toxin

 •  Hyperthermia refractory to conventional cooling  
techniques

 •  Severe electrolyte derangements in the setting of AKI

 •  Progressive azotemia or oliguria unresponsive to fluid  
administration
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1.85 (95% CI, 1.16 to 2.96) after covariate adjustment for 
age, hepatic failure, sepsis, thrombocytopenia, serum cre-
atinine, study site, and initial dialysis modality.

Although these observational studies generally sup-
port earlier commencement of RRT, available higher-level 
evidence is less convincing. In a prospective RCT of 106 
patients examining the effects of timing of initiation of 
dialysis and dose of dialysis on 28-day survival rates in 
AKI, there was no survival advantage to early initiation of 
RRT (survival 69% in the early low-volume group vs. 75% 
in the late low-volume group, nonsignificant).17 In addi-
tion, and of particular interest, the authors did not find a 
survival advantage to higher-dose therapy compared with 
lower-dose therapy (survival 74% in the high-volume 
group vs. 69% in the low-volume group, nonsignificant). 
In this trial, patients were randomized to three different 
treatment groups: an early high-volume hemofiltration 
group, an early low-volume hemofiltration group, and a 

late low-volume hemofiltration group. “Early treatment” 
was defined by treatment initiation within 12 hours of 
meeting the study’s AKI definition, whereas “late treat-
ment” was initiated only when the patient’s BUN was 
higher than 112 mg/dL or hyperkalemia (>6.5 mmol/L) 
or pulmonary edema developed. Mean BUN in the early 
treatment group was 48 mg/dL, compared with a mean 
BUN of 105 mg/dL in the late treatment group. Unfortu-
nately, this study was underpowered to detect a clinically 
significant treatment effect; six patients in the late group 
did not require dialysis because they recovered renal 
function or died.

A recent meta-analysis evaluated the evidence for 
and against early initiation of RRT in AKI.20 Two main 
questions were asked: (1) Does early RRT improve 
survival? and (2) Is early initiation of RRT associated 
with improved renal recovery? Marked heterogeneity 
was noted among study groups in terms of population 

Table 57-2 Studies Evaluating the Timing of Initiation of RRT

Study Mode Design
Number of 
Patients

GROUP DEFINITION SURVIVAL

Early Late Early Late

Teschan, 
196053

IHD Case series 15 <100 mg/dL — 33% —

Parsons, 
196154

IHD Single-arm  
(historical 
control)

33 BUN reaching  
120-150 mg/dL

Clinical deterioration or 
BUN 200 mg/dL

75% 12%

Fischer, 
196655

IHD Retrospective 
cohort study

162 Clinical deterioration or  
BUN increase to ∼150 mg/dL

Hyperkalemia BUN  
∼200 mg/dL

43% 26%

Kleinknecht, 
197256

IHD Retrospective 
cohort study

500 To maintain BUN <93 mg/dL  
(blood urea <200 mg/dL)

BUN >163 mg/dL (blood 
urea >350 mg/dL) or 
severe electrolyte  
disturbance

73% 58%

Conger, 
197557

IHD RCT 18 BUN <70 mg/dL or  
SCr <5 mg/dL

BUN ∼150 mg/dL, SCr 
10 mg/dL, or clinical 
indication

64% 20%

Gillum, 
198658

IHD RCT 34 Maintenance of  
BUN <60 mg/dL

Maintenance of BUN  
∼100 mg/dL

41% 53%

Gettings 
et al., 
199915

CRRT Retrospective 
cohort study

100 BUN <60 mg/dL  
(mean 42.6 mg/dL)

BUN ≥60 mg/dL (mean, 
94.5 mg/dL)

39% 20%

Bouman 
et al., 
200217

CVVH RCT 106 Within 12 hours of developing 
UO <20 mL/h and Cr  
clearance <20 mL/min

Urea >40 mmol/L  
(BUN >112 mg/dL),  
SK >6.5 mEq/L  
(>6.5 mmol/L) or severe 
pulmonary edema

69% 75%

Demirkilic 
et al., 
200419

CVVHDF Retrospective 
cohort study

61 UO <100 mL over 8 hours  
after surgery, despite  
furosemide bolus

SCr >5 mg/dL or  
SK >5.5 mEq/L

77% 45%

Elahi et al., 
200418

CVVH Retrospective 
cohort study

64 UO <100 mL over 8 hours  
after surgery, despite  
furosemide infusion

BUN >84 mg/dL,  
SCr >2.8 mg/dL, or  
SK >6 mEq/L

57%

78%

—

—

Liu et al., 
200616

IHD, CRRT Prospective 
cohort study

243 BUN <76 mg/dL BUN >76 mg/dL 65% 59%

BUN, blood urea nitrogen; Cr, creatinine; CRRT, continuous renal replacement therapy; CVVH, continuous venovenous hemofiltration; CVVHDF, continuous veno-
venous-hemodiafiltration; IHD, intermittent hemodiafiltration; RCT, randomized controlled trial; SCr, serum creatinine; SK, serum potassium; UO, urine output.
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settings, baseline disease severity, cutoff value defini-
tions of early compared with late initiation, dialysis 
technique, and duration of study follow-up. The overall 
study method quality scores were low, and most trials 
(78%) were observational in nature. Primary analysis of  
the five included randomized trials that concluded that 
early RRT was associated with a 36% mortality risk 
reduction (not significant, P = .08). A secondary analysis 
of nonrandomized trials supported this hypothesis (26% 
mortality risk reduction; P < .001). The meta-analysis of 
renal recovery included two RCTs and five comparative 
cohort studies—there was no significant difference in 
outcomes.

There is clearly a need for a large, multicenter RCT to 
confirm or refute these hypotheses. The development of 
novel biomarkers that might estimate the severity of renal 
injury more accurately than current methods (creatinine, 
urea, urine output) and better predict likelihood of sponta-
neous renal recovery would assist greatly in informing the 
decision to commence early RRT.

Until such time as more definitive evidence is available 
to confirm the role of earlier initiation of RRT in improving 
outcome, clinicians must perform a risk-to-benefit analy-
sis for each patient on a case-by-case basis. Decisions can 
be aided by expert-derived management guidelines, such 
as the U.K. Renal Association Clinical Practice Guidelines, 
relating to timing of initiation of renal replacement treat-
ment in AKI (Table 57-3).

WHAT IS THE ROLE OF RENAL 
REPLACEMENT THERAPY IN THE 
MANAGEMENT OF PATIENTS WITH THE 
SYSTEMIC INFLAMMATORY RESPONSE 
SYNDROME IN THE SETTING OF SEPSIS 
OR MULTIORGAN FAILURE?

The most common contributing factor to AKI in the mod-
ern ICU setting is septic shock.21 Septic AKI carries a  
significantly increased mortality when compared with 
other forms of AKI21,22 and is often associated with con-
current MOF.21,22 For these reasons, a significant amount of 
research has been performed to specifically investigate the 
role of RRT in managing the patient with sepsis or MOF. 
Several key questions have been raised:
 •  Can extracorporeal “blood purification” alter the systemic 

inflammatory response?
 •  Should higher doses of ultrafiltration than are conven-

tionally used be prescribed in cases of septic AKI?
 •  Is CRRT superior to IHD when AKI occurs in the setting 

of sepsis or MOF?
 •  Can ultrafiltration serve as a means of support for  

organs other than the kidney?

CAN EXTRACORPOREAL BLOOD 
PURIFICATION ALTER THE SYSTEMIC 
INFLAMMATORY RESPONSE THAT 
OCCURS IN SEPSIS AND MULTIORGAN 
FAILURE?

It is widely believed that hemofiltration removes, or alters 
the production of, inflammatory mediators and thereby 
restores immune homeostasis.23 Adsorption of inflamma-
tory mediators onto the surface of hemofilters, in particu-
lar polyacrylonitrile filters,24 plays a complementary role to  
simple convection in this process. Furthermore, the molecular 
weight of many inflammatory mediators exceeds the cutoff 
value of standard hemofilters, “high-flux” membranes have 
been developed to further enhance clearance, and their use 
has been associated with positive hemodynamic effects.25 
The IVOIRE (hIgh VOlume in Intensive caRE) study aimed 
to evaluate the early effects of higher volume hemofiltra-
tion (70 mL/kg/h) versus the conventional prescription in 
septic shock patients. This multicenter RCT was stopped  
prematurely, but analysis of the data does not demonstrate 
a benefit in 28-day mortality in the intervention arm.26

SHOULD HIGHER DOSES OF 
ULTRAFILTRATION THAN ARE 
CONVENTIONALLY USED BE  
PRESCRIBED IN CASES OF  
SEPTIC ACUTE KIDNEY INJURY?

The question of whether higher-intensity RRT is associ-
ated with improved AKI outcomes when compared with 
standard-intensity RRT has been a matter of debate for 
many years. Two studies, the Veterans Affairs/National 

Table 57-3 Renal Association Clinical Practice 
Guidelines on Acute Kidney Injury: Timing of 
Initiation of Renal Replacement Treatment

Guideline 11.1 – AKI: Timing of initiation of renal replacement 
treatment

We recommend that the decision to start RRT in patients with AKI 
should remain a clinical decision based on the fluid, electrolyte, 
and metabolic status of each individual patient. (1C)

Guideline 11.2 – AKI: Timing of initiation of renal replacement 
treatment

We recommend that RRT should be initiated once AKI is  
established and unavoidable but before overt complications 
have developed. (1B)

Guideline 11.3 – AKI: Timing of initiation of renal replacement 
treatment

We recommend that the threshold for initiating RRT should be 
lowered when AKI occurs as part of MOF. (1C)

Guideline 11.4 – AKI: Timing of initiation of renal replacement 
treatment

We recommend that the initiation of RRT may be deferred if the 
underlying clinical condition is improving and there are early 
signs of renal recovery. (1D)

Guideline 11.5 – AKI: Timing of discontinuation of renal  
replacement treatment

We recommend that an improvement in the patient’s clinical condi-
tion and urine output would justify temporary discontinuation 
of ongoing renal support to see if AKI is recovering. (1D)

Renal Association Clinical Practice Guidelines—Acute Kidney Injury. From Dr. 
Andrew Lewington, Dr. Suren Kanagasundaram. http://www.renal.org/gui
delines/modules/acute-kidney-injury.

http://www.renal.org/guidelines/modules/acute-kidney-injury
http://www.renal.org/guidelines/modules/acute-kidney-injury
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Institutes of Health (VA/NIH) Acute Renal Failure Trial  
Network study27 and the RENAL (Renal Replacement 
Therapy) study,28 addressed this question. The VA study 
group defined high-intensity RRT as (1) IHD or slow, low-
efficiency dialysis 6 times per week in hemodynamically 
stable patients or (2) continuous veno-venous-hemodiafil-
tration (CVVHDF) at a rate of 35 mL/kg/h in hemodynam-
ically unstable patients. Standard-intensity treatment was 
defined as three intermittent treatment sessions per week 
or CVVHDF at 20 mL/kg/h, respectively. This study found 
that higher-intensity treatment was not associated with 
reduced mortality (the mortality rate by day 60 was 53.6% 
with high-intensity therapy and 51.5% with lower inten-
sity therapy [P = .47]), improved renal recovery, or reduced 
rate of nonrenal organ failure when compared with less-
intensive therapy.

The RENAL study, performed in Australia and New 
Zealand, enrolled 1508 critically ill patients with AKI: 
747 to a high-intensity approach involving CVVHDF and  
40 mL/kg/h effluent dose (high-volume ultrafiltration) 
and 761 to a lower-intensity approach of CVVHDF plus  
25 mL/kg/h effluent dose (standard approach). At 90 days, 
322 deaths had occurred in the high-intensity group and 
332 deaths in the standard-intensity group: There was no 
statistical significance in outcomes (the mortality rate was 
of 44.7% in each group [odds ratio 1.00; 95% CI, 0.81 to 1.23; 
P = .99]). There was no difference in the need for continued 
RRT at 90 days.

Although outcomes in the VA study27 appear to have 
been worse than in the RENAL study,28 the populations 
were unlikely to have been comparable. However, spe-
cific to AKI in the setting of sepsis and MOF, an argument 
may still be made that higher-dose ultrafiltration can clear 
inflammatory mediators better than standard-dose ultra-
filtration. Although this may not necessarily hasten renal 
recovery, or even improve survival, it may have a positive 
effect on the patient’s overall clinical condition and vaso-
pressor requirement.29 For this reason, despite the findings  
of the VA/NIH trial, a strategy of somewhat higher- 
volume ultrafiltration than is conventionally prescribed 
may be reasonable when specifically treating sepsis- 
associated AKI.

There has been no convincing evidence to date to sup-
port the use of RRT in the management of sepsis in the 
absence of coexisting AKI. Therefore its use, at present, 
cannot be advocated.

IS CONTINUOUS RENAL REPLACEMENT 
THERAPY SUPERIOR TO INTERMITTENT 
HEMODIALYSIS WHEN ACUTE KIDNEY 
INJURY OCCURS IN THE SETTING OF 
SEPSIS OR MULTIORGAN FAILURE?

Advocates of CRRT propose that its use is associated with 
less hemodynamic instability than is seen with IHD, an 
important consideration in the septic patient with MOF. 
A second potential advantage to this method is that it 
may increase rates of dialysis independence at hospital 
discharge when compared with IHD,30,31 although all 
reported studies supporting this association have been 
observational in nature. To date, RCTs exploring this 

issue have failed to find any significant difference in 
terms of hemodynamic effects or survival between the 
two methods.32-34 Meta-analyses have found both IHD 
and CRRT to have comparable mortality outcomes.35,36 
It is likely that critically ill patients can be safely treated 
with IHD.35

On balance, it appears that CRRT and IHD are equally 
effective in the management of AKI in terms of patient 
survival and renal recovery; the theoretical concern for 
increased hemodynamic instability during IHD has not 
been confirmed in clinical trials. Nevertheless, in some 
specific clinical scenarios, CRRT may still be preferable 
to IHD:
 •  AKI in the setting of cerebral edema: The slower and 

more gradual reduction in plasma osmolality seen with 
CRRT can prevent dialysis dysequilibrium and has been 
associated with improved hemodynamic stability and 
better preserved cerebral perfusion pressure in patients 
with AKI and cerebral edema.37

 •  AKI in the setting of hypercatabolism: CRRT facilitates 
delivery of full-dose nutrition. CRRT may also be pref-
erable for patients requiring high-volume intravenous 
fluids (blood products, antibiotics). These are nearly 
universal scenarios in the ICU, where CRRT ensures 
tight hour-by-hour control of volume.

 •  AKI in the setting of congestive heart failure: Although 
CRRT has been shown to improve cardiac function (see 
earlier), it has not been proved to be superior to IHD in 
this context. However, CRRT does have the theoretical 
advantage of being associated with fewer hemodynamic 
alterations, which may be preferable in the individual 
patient in cardiogenic shock.

CAN ULTRAFILTRATION SERVE AS A 
MEANS OF SUPPORT FOR ORGANS 
OTHER THAN THE KIDNEY?

In the intensive care setting, AKI occurs in 20% to 40% of 
patients with ARDS,38 33% of patients with cardiogenic 
shock,39 and 55% of patients with fulminant hepatic fail-
ure.40 Experience using CRRT in the management of these 
patients has generated interest in whether this intervention 
can improve outcomes even in patients without AKI; that 
is, whether CRRT has a supportive role in the management 
of heart, lung, or liver failure.

Cardiac Support

In an RCT of patients with decompensated heart failure, 
continuous ultrafiltration was reported to produce greater 
weight and fluid loss than intravenous diuretics, in addi-
tion to reducing patient rehospitalization rates.41 Another 
older study, this time observational, found that, in patients 
with diuretic-resistant congestive cardiac failure, hemo-
filtration can restore dry body weight, improve urinary 
output, decrease neurohumoral activation, and prolong 
symptom-free and edema-free time.42 This benefit appears 
greater than would be expected due to fluid removal alone 
and may be related to the removal of myocardial depres-
sant factors from the circulation.43
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Lung Support

Ultrafiltration with continuous arteriovenous hemofil-
tration for oleic acid-induced pulmonary edema in dogs 
was more effective than diuresis in reducing extravascu-
lar lung water.2 This was despite significantly less over-
all fluid loss, suggesting an additional role of RRT over 
and above simple fluid removal. ARDS is often second-
ary to systemic inflammation, associated with increased 
levels of tumor necrosis factor-α, interleukin (IL)-1β, and 
IL-6 found in the bronchoalveolar lavage fluid of affected 
patients. Hence, there is a potential unproven advan-
tage of CRRT over diuretics associated with the removal  
of humoral mediators of lung injury from the circulation. 
Presently, CRRT is only indicated for patients with ARDS 
who have coexisting AKI.

Liver Support

Application of blood purification strategies to humans 
with liver failure has mainly occurred in trial settings and 
is not yet common practice. Experimental approaches have 
included hemodiabsorption44 and the molecular adsorbent 
recirculating system.45,46 Small studies using these tech-
niques in the management of hepatic failure showed ben-
efit in patients with acute-on-chronic hepatic failure,44 the 
hepatorenal syndrome,45 and even fulminant hepatic fail-
ure.46 However, in the absence of more robust evidence to 
confirm these findings, no recommendation can be given to 
support their routine use in clinical practice.

WHAT TYPES OF ANTICOAGULATION ARE 
AVAILABLE FOR CONTINUOUS RENAL 
REPLACEMENT THERAPY?

There are two primary approaches to achieving antico-
agulation during CRRT: (1) systemic anticoagulation (with 
unfractionated heparin) and (2) regional anticoagulation 
in the extracorporeal circuit with the use of a citrate-based 
regime. Although widely used worldwide, citrate is not 
currently approved by the U.S. Food and Drug Administra-
tion for anticoagulation in continuous venovenous hemo-
filtration therapy. Two multicenter randomized control 
trials have compared these regimens with regard to patient 
survival, safety, and cost. No difference was seen in terms 
of mortality between the two regimens, and citrate-based 
anticoagulation was associated with longer filter survival 
times, lower cost, and fewer bleeding complications.47,48 
A further single-center randomized trial comparing both 
regimes also found superior filter survival times with a 
citrate-based regimen.49 Longer filter survival times reduce 
underdosing of RRT. Citrate has also been compared to 
low molecular weight heparin (nadroparin) and was asso-
ciated with superior survival outcomes and fewer bleeding 
events.50 Relative contraindications with systemic heparin 
include bleeding risk on a case-by-case basis. Relative con-
traindications to citrate use include advanced liver failure 
and lactic acidosis. Less commonly used regimens with 
limited evidence include prostacyclin,51 which antagonizes 
platelets, thereby reducing anticoagulation use, or direct 
thrombin inhibitors such as argatroban.52
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How Should Acid-Base Disorders 
Be Diagnosed and Managed?

Patrick J. Neligan

Arterial blood gas (ABG) analysis, a core component of 
critical care monitoring, provides immediate informa-
tion on the status of the patient’s respiratory system and 
whether a state of acidosis or alkalosis is present. With a 
variety of empiric “rules” applied, the information con-
tained in an ABG is often sufficient to allow one to iden-
tify the presence, cause, and progression of a disease. The 
diagnostic sensitivity of blood gas analysis is augmented 
when a serum chemistry panel and glucose, lactate, and 
ketone measurements are added. Unlike abnormalities of 
serum and urinary electrolytes, radiographic or electrocar-
diographic changes, there is no clear agreement between 
intensive care specialists regarding the optimal method of 
evaluating acid base balance.

Several different approaches to acid–base balance are 
in widespread use.1 These can be described as descrip-
tive, based on changes in the Henderson-Hasselbalch 
equation; semiquantitative, based on calculations and 
nomograms; or quantitative, based on physical chemis-
try. The descriptive approach uses the interrelationship 
between partial pressure of carbon dioxide in arterial 
blood (Paco2) and bicarbonate [HCO3

− ] to detect and 
diagnose acid base abnormalities. An extension of this 
is the anion gap (AG). The semiquantitative approach 
includes the buffer base concept, the standardized base 
deficit–excess, and the base-deficit gap (BDG). The quan-
titative approach uses strong ion difference (SID) and 
total weak acid concentration (ATOT) and is quantified 
with the strong ion gap (SIG).

SCIENTIFIC BACKGROUND

In the early part of the twentieth century it was widely 
known that, in critical illness, the carbon dioxide (CO2) 
content of the blood fell. As early as 1831 O’Shaughnessy 
identified loss of “carbonate of soda” from the blood as a 
fundamental disturbance in patients dying of cholera.2 L. J.  
Henderson, in 1909, coined the term “acid base” balance.3 
He was able to define this process in terms of carbonic acid 
equilibrium. This work was later refined by Hasselbalch in 
1916.4 Their method described acid-base balance in terms 
of the hydration equation for CO2, the only clinical chemis-
try test available at that time.

CO2 + H2O → H2CO3 → H + + HCO3
−

pH = pKa + log [HCO3
− ]/ [H2CO3]

Total CO2 = [HCO3
− ] + [Dissolved CO2]

+ [Carbamino CO2] + [H2CO3]

≈ PCO2 × 0.03mmol CO2/L/mm Hg

thus, substituting into the equation above:

pH = 6.1 + log [HCO3
− ]/PCO2 × 0.03:

The Henderson-Hasselbalch equation

Svante Arrhenius (1859-1927) in 1903 established the 
foundations of acid–base chemistry. In an aqueous solution,  
an Arrhenius acid is any substance that delivers a hydrogen 
ion into the solution.2 A base is any substance that delivers 
a hydroxyl ion into the solution. Water is a highly ionizing 
amphiprotic solution, so substances with polar bonds will 
dissociate into their component part in it. Water may act as 
an acid or a base.

The degree of dissociation of substances in water deter-
mines whether they are strong acids or strong bases. Thus 
lactic acid, which has an ion dissociation constant (pKa) of 
3.4, is completely dissociated at physiologic pH, and is a 
strong acid. Conversely, carbonic acid, which has a pKa of 
6.4, is incompletely dissociated, and is a weak acid. Simi-
larly, ions, such as sodium, potassium, and chloride, which 
do not easily bind to other molecules, are considered strong 
ions—they exist free in solution.

In any solution, the ion dissociation constant for 
water, Kw′, dictates that the relative ratio of [H+] to 
[OH−] must always be constant, and electrical neutral-
ity must always hold. Consequently, strong cations, Na+, 
K+, Ca2+, Mg2+, will act as Arrhenius bases (they deliver 
hydroxide into the aqueous solution), and strong anions, 
Cl−, LA−, ketones, sulfate, and formate, will act as Arrhe-
nius acids (they deliver hydrogen ions into the aqueous 
solution).

The Arrhenius theory was superseded in 1923 by Brøn-
sted and Lowry. They defined acids as proton donors and 
bases as proton acceptors.

NH3 + H2O ↔ NH4
+ + OH −

58
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In this situation, water is the proton donor, the  
Brønsted-Lowry acid, and ammonia the proton acceptor, 
the Brønsted-Lowry (BL) base. Conversely, consider the 
following reaction:

HCL + H2O → H3O+ + Cl−

In this reaction, hydrogen chloride acts as a Brønsted-
Lowry (BL) acid and water as a BL base.

CO2 + H2O ↔ H2CO3 ↔ H + + HCO3
−

In this reaction, CO2 is hydrated to carbonic acid, a BL 
acid that subsequently dissociates to hydrogen and bicar-
bonate.

STRONG IONS

Strong ions are completely dissociated at physiologic pH. 
The most abundant strong ions in the extracellular space 
are sodium (Na+) and chloride (Cl−). Other important  
strong ions include K+, SO4

2 −, Mg2+, and Ca2+. Each applies  
a direct electrochemical and osmotic effect.

In the extracellular space the difference between the 
charge carried on strong cations and strong anions is cal-
culated by

SID = ([Na+] + [K+] + [Ca2+] + [Mg2+]) 
 − ([Cl−] + [Other strong anions: A−]) = 40-44 mEq

This excess of positive charge, called the strong ion dif-
ference, by Peter Stewart,5 is always positive, and is bal-
anced by an equal amount of “buffer base,” principally in  
the form of phosphate, albumin, and bicarbonate.6 SID 
independently influences water dissociation, determined 
by electrical neutrality and mass conservation. If all other 
factors (Pco2, albumin, and phosphate) are kept constant, 
an increase in SID, due to a relative increase in the ratio of 
strong cations to strong anions, will decrease hydrogen ion 
availability causing alkalosis. A decrease in SID, due to a 
relative decrease in the relative ratio of strong cations to 
strong anions, results in greater accumulation of hydrogen 
ions causing acidosis.

The chief determinant of SID is the relationship 
between the relative concentrations of sodium, chloride, 
and free water in extracellular fluid (ECF). The normal 
ratio of sodium to chloride is approximately 1.4:1. Any 
process that reduces that ratio reduces SID and leads to 
acidosis (sodium loss, chloride gain, or free water gain). 
Any process that increases that ratio increases SID and 
leads to alkalosis (sodium gain, chloride loss, or free 
water gain).

WEAK ACIDS

Albumin and phosphate are weak acids, in which the 
degree of dissociation is related to temperature and pH. 
Weak acids, represented by the symbol ATOT, indepen-
dently influence acid base balance, depending on absolute 
quantity and dissociation equilibria.5,7

The principal limitation of traditional approaches to 
acid base balance has been the limited attention paid to 

changes in ATOT.8 Although this may be valid in otherwise 
healthy patients, perioperative care and critical illness 
cause hypoalbuminemia due to crystalloid administration, 
hepatic reprioritization, and capillary leak.9 A reduction 
in serum albumin or phosphate leads to metabolic alkalo-
sis.10 Hypophosphatemia is associated with malnutrition, 
refeeding, diuresis, and hemodilution. Hyperphosphate-
mia occurs in renal failure. Hyperphosphatemia leads to 
metabolic acidosis.

CARBON DIOXIDE

Aerobic metabolism results in the production of large 
quantities of CO2. CO2 is hydrated by carbonic anhydrase 
in red cell erythrocytes to carbonic acid. This liberates the 
equivalent of 12,500 mEq of H+ per day. Hydrogen ions 
bind to histidine residues on deoxyhemoglobin, and bicar-
bonate is actively pumped out of the cell. CO2 exists in four 
forms: CO2 [denoted CO2(d)], carbonic acid (H2CO3), bicar-
bonate ions (HCO3

− ) and carbonate ions CO3
2 −. The prin-

cipal mechanism of excretion is via alveolar ventilation, 
although some CO2 is excreted from the kidney as bicar-
bonate as part of a sodium-chloride cotransporter.

Chronic respiratory acidosis is associated with 
increase in total body CO2 content, reflected principally 
by an increase in serum bicarbonate. Mathematically 
Δ HCO3

− = 0.5 Δ PaCO2.11 It is important that this is not 
confused with “metabolic compensation for hypercarbia,” 
a relatively slow process that reduces SID by increased uri-
nary chloride excretion.12

ACID-BASE DISTURBANCES

Acid-base disturbances are an important part of clinical 
and laboratory investigation of perioperative and critically 
ill patients.

There are six primary acid-base abnormalities (Table 
58-1):

 1.  Acidosis due to increased Paco2
 2.  Acidosis due to decreased SID
 ‐  Increased chloride (hyperchloremic), reduced sodi-

um (dilutional)/increased free water
 ‐  Acidosis due to the increased presence of lactate,  

ketones, or unmeasured anions (UMA)
 3.  Acidosis due to increased ATOT
 ‐  Hyperphosphatemia, hyperproteinemia
 4.  Alkalosis due to decreased Paco2
 5.  Alkalosis due to increased SID
 ‐  Decreased chloride (hypochloremic), increased so-

dium/decreased free water (contraction)
 6.  Alkalosis due to decreased ATOT
 ‐  Hypophosphatemia, hypoalbuminemia

ACUTE RESPIRATORY ACIDOSIS  
AND ALKALOSIS

Acute respiratory acidosis results from hypoventila-
tion, due to loss of respiratory drive, neuromuscular or 
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chest wall disorders, or rapid-shallow breathing, which 
increases the fraction of dead space ventilation. Acute 
respiratory acidosis is often associated with a precipitous 
reduction in pH due to the absence of a rapid buffering 
system for large quantities of CO2. Acute respiratory 
alkalosis (pH > 7.5) is caused by hyperventilation due 
to anxiety, central respiratory stimulation (as occurs 
early in salicylate poisoning), or excessive artificial ven-
tilation. Acute respiratory alkalosis usually accompa-
nies acute metabolic acidosis (pH < 7.35). A useful rule 
of thumb in this case is that the reduction in Pco2 from 
baseline (usually 40 mm Hg) is equal to the magnitude of  
the base deficit (see later). For example, in a patient with 
lactic acidosis, with a lactate of 10 mEq/L, the base defi-
cit should be −10, and the Pco2 30 mm Hg. If the Pco2 
is higher than expected, then there is a problem with 
the respiratory apparatus. This is seen, for example,  
in a multitrauma patient in which there is massive blood 
loss, causing lactic acidosis, plus a flail chest, causing 
respiratory acidosis.

ACUTE METABOLIC ACIDOSIS

Acute metabolic acidosis is caused by an alteration in SID or 
ATOT. SID is changed by an alteration in the relative quan-
tity of strong anions to strong cations. This can be caused 
by anion gain, as occurs with lactic acidosis, renal acidosis, 
ketoacidosis, and hyperchloremic acidosis, or cation loss, 
as occurs with severe diarrhea. Acidosis also results from 
increased free water relative to strong ions—dilutional aci-
dosis, which results from excessive hypotonic fluid intake, 
certain poisonings (methanol, ethylene glycol, or isopropyl 
alcohol), or hyperglycemia.

Metabolic Acidosis Due to Unmeasured Anions

In acute metabolic acidosis, three diagnoses should be 
immediately investigated: lactic acidosis, ketoacidosis 
due to diabetes (hyperglycemic) or starvation (normo-
glycemia), and acute kidney injury, demonstrated by 
high serum urea and creatinine and low total Paco2. The 
presence of a low serum sodium (<135 mEq/L), or an 
otherwise unexplained metabolic acidosis in a comatose 
patient, should alert the clinician to the possibility of a 
dilutional acidosis, caused by alcohol poisoning. Alco-
hols such as ethanol, methanol, isopropyl alcohol, and 
ethylene glycol are osmotically active molecules that 
expand extracellular water (glucose and mannitol have 
the same effect but also promote diuresis, as the mole-
cules are small enough to be filtered by the kidney). Alco-
hol poisoning is suspected by the presence of an osmolar 
gap: a difference between the measured and calculated 
serum osmolality of greater than 12 mOsm demonstrates 
the presence of unmeasured osmoles. Toxicology labo-
ratories can investigate for the presence of various toxic 
alcohols.

Hyperchloremic and Dilutional Acidosis Associated 
with Intravenous Fluids

The administration of intravenous fluids to patients 
has significant impact on acid-base balance. There are 
changes in free water volume, SID, and ATOT (principally 
albumin). “Dilutional acidosis” results from administra-
tion of pure water to extracellular fluid (which is alka-
line).13 This can occur with large volume administration 
of any fluid whose SID is 0: 5% dextrose, 0.9% saline (NS, 
contains 154 mEq of both Na+ and Cl+), or other hypo-
tonic saline infusions.14 Hence the administration of each 
liter of NS results in a net ECF gain of 50 mEq/L chloride, 
or, put another way, hydrochloric acid. Hyperchloremic 
acidosis is frequently seen in perioperative patients after 
large volume administration of 0.9% saline solution,15 or 
6% hetastarch (both formulated in normal saline), hyper-
tonic saline, or gelatin-based solutions.16-22 The adminis-
tration of albumin results in metabolic acidosis due to an 
increase in ATOT.23,24

Renal Tubular Acidosis

In metabolic acidosis, chloride is preferentially excreted by 
the kidney. Indeed this is the resting state of renal physiol-
ogy because sodium and chloride are absorbed in the diet in 
relatively equal quantities.25 In metabolic acidosis chloride 
is preferentially excreted.26 In metabolic alkalosis, chloride 
is retained, and sodium and potassium are excreted. Acet-
azolamide corrects metabolic alkalosis by increasing SID 
secondary to reduced chloride excretion.27

Abnormalities in the renal handling of chloride may be  
responsible for several inherited and acquired acid-base dis-
turbances. In critical illness, acquired renal tubular acidosis  
appears to be quite common.28 In inherited renal tubular 
acidosis, there is an inability to excrete Cl− in proportion to 
Na+.29 Similarly, pseudohypoaldosteronism appears to be 
due to high reabsorption of chloride.30 Bartter syndrome 
is caused by a mutation in the gene encoding the chloride 
channel, CLCNKB, which regulates the Na-K-2Cl cotrans-
porter (NKCC2).31

Table 58-1 Classification of Acid-Base 
Abnormalities

Acidosis Alkalosis

Respiratory Increased Pco2 Decreased Pco2
↑ SID+ + ↓ [Cl−]

METABOLIC

 1.  Abnormal SID+

 a.  Due to water Water excess = 
dilution

↓ SID+ ↓ [Na +]

Water deficit = 
contraction

↑ SID+ ↑ [Na +]
 b.  Due to electrolytes
Chloride (measured)

Chloride excess
↓ SID+ ↑ [Cl−]

Chloride deficit
↑ SID+ + ↓ [Cl−]

Others
(Unmeasured anions)
e.g., lactate, keto acids

↓ SID+ ↑ [A−] -

 2.  Abnormal ATOT

 a.  Albumin [alb] ↑ [Alb−] (intrave-
nous albumin)

↓ [Alb−]

 b.  Phosphate [Pi] ↑ [Pi−] ↓ [Pi−]

A–, abnormal ATOT; ATOT, total weak acid concentration; Cl−, chloride; Pco2, 
partial  pressure of carbon dioxide; Na, sodium; SID, strong ion difference.
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Clinical Relevance of Hyperchloremic Acidosis

What is the clinical relevance of hyperchloremic acidosis? 
The most common cause of hyperchloremia in clinical 
medicine is fluid resuscitation with 0.9% saline; the relative 
addition of hydrochloric acid in this fluid results in hyper-
chloremic acidosis. Although hyperchloremia is often 
dismissed as less relevant to “pathologic” acidosis, lactic 
acidosis or ketoacidosis,32 it is important to note that meta-
bolic acidosis regardless of origin can depress myocardial 
contractility and reduce cardiac output and tissue perfu-
sion. Acidosis inactivates membrane calcium channels and 
inhibits the release of norepinephrine from sympathetic 
nerve fibers, leading to vasodilatation and maldistribution 
of blood flow.

There are emerging data that hyperchloremia, per se, 
may negatively affect splanchnic33 and renal function. 
In the human diet, sodium and chloride are ingested in 
roughly equimolar concentrations. A major component of 
renal function is the excretion of relatively more chloride 
than sodium. Hence chloride in and of itself, when deliv-
ered to an injured or ischemic kidney, may potentially act 
as a nephrotoxin. Plasma chloride levels affect afferent 
arteriolar tone through calcium-activated chloride chan-
nels and modulate the release of renin.34 Hyperchloremia 
can reduce renal blood flow and glomerular filtration 
rate.35 Hyperchloremia reduces overall splanchnic blood 
flow.36 In a study of healthy volunteers, normal saline was 
associated with reduced urinary output compared with 
lactated Ringer’s solution.37 A crossover trial of 12 healthy 
male volunteers that received 2-L intravenous infusions of 
0.9% saline or PlasmaLyte 148 over 1 hour demonstrated 
a significant reduction in mean renal artery flow velocity 
(P = .045) and renal cortical tissue perfusion (P = .008) from 
baseline after saline, but not after PlasmaLyte 148 (a bal-
anced salt solution).38

In a study of fluid prehydration to prevent contrast 
nephropathy, the use of (chloride free) sodium bicarbonate 
was associated with a 11.9% absolute reduction in the risk 
of renal injury (defined as a 25% increase in creatinine).39 
Haase and colleagues compared perioperative NaHCO3 or 
NS (4 mmol/kg over 24 hours) in patients undergoing car-
diac surgery.40 There was a 20% absolute risk increase of 
renal dysfunction in the patients receiving NS (odds ratio, 
0.43; 95% confidence interval [CI], 0.19 to 0.98) (P = .043). 
After liver transplantation, perioperative administration 
of more than 3200 mL chloride liberal fluids (resulting in 
hyperchloremia) resulted in a substantial increase in the 
risk of acute kidney injury (hazard ratio, 6.25; 95% CI, 2.69, 
14.5; P < .000).41

An observational study of 31,000 surgical patients 
comparing intravenous saline to intravenous balanced 
salt solutions (BSS) demonstrated significant outcome 
differences, favoring BSS.42 Complications that were 
increased by the use of 0.9% saline included postop-
erative infections, blood transfusions, and kidney injury 
requiring dialysis. Patients with perioperative metabolic 
acidosis, either hyperchloremic acidosis or lactic acidosis, 
have prolonged duration of hospital stay.43 In a relatively 
large before-and-after cohort study of patients treated 
in an Australian intensive care unit (ICU), the use of 

chloride-rich fluids was associated with a 3.7% absolute 
increase in the risk for need in renal replacement therapy 
relative to balanced salt solution.44

Renal Acidosis and the Impact of Dialysis

Renal acidosis is widely thought to be caused by accumula-
tion of strong ion products of metabolism excreted exclu-
sively by the kidney. Although “renal acids” such as sulfate 
and formate are usually considered the cause of “renal 
acidosis,” hyperchloremia is the major cause of strong ion 
gain.26,45-47 In addition, there is accumulation of a weak 
acid, phosphate. Moreover, free water gain may result in a 
concomitant hyponatremic dilutional acidosis.48

Continuous renal replacement therapy (CRRT) is used 
in critical illness to hemofiltrate and hemodialyze patients 
who are hemodynamically unstable. Rocktaschel49 and col-
leagues have demonstrated that CRRT resolves the acidosis 
of acute kidney injury by removing strong ions and phos-
phate, but metabolic alkalosis was unmasked because of 
hypoalbuminemia. Serum lactate may increase (depending 
on the dialysis fluid), but this does not result in acidosis.22 
In the setting of severe hepatic failure, weak acids are no 
longer effectively removed by the liver, and metabolic aci-
dosis will require more aggressive dialysis to resolve.50

ACUTE METABOLIC ALKALOSIS

Hyperventilation of patients with chronic respiratory fail-
ure results in acute metabolic alkalosis, due to chronic com-
pensatory alkalosis associated with chloride loss in urine. 
More frequently, metabolic alkalosis is associated with 
increased SID due to sodium gain. This occurs because of 
administration of fluids in which sodium is “buffered” by 
weak ions, citrate (in blood products),51 acetate (in paren-
teral nutrition), and, of course, bicarbonate.52,53 In each of 
these situations, the anion is converted to CO2 (usually by 
hepatic metabolism) and excreted through respiration; net 
sodium gain follows because of mass conservation.

The most frequent single disturbance in acid–base chem-
istry in critically ill patients is hypoalbuminemia.54 This is 
ubiquitous and causes an unpredictable metabolic alkalo-
sis. Hypoalbuminemia may mask significant alterations 
in SID, such as lactic acidemia. All intravenous fluids that 
do not contain albumin are alkalizing. Thus, all patients 
that receive significant volumes of intravenous fluid in 
the operating room develop a hypoalbuminemic alkalo-
sis. It is unknown whether this anomaly has any clinical 
significance. Morgan and colleagues, in a series of elegant  
studies, have determined that the optimal SID of resuscita-
tion fluid should be 24 mEq/L, rather than 40 mEq/L.13,55 
Progressive dilution of albumin is alkalinizing; thus net 
chloride gain is required to maintain the normal balance 
between SID and ATOT.56

Other Acid-Base Problems in Critical Illness

Critically ill patients are vulnerable to significant changes 
in SID and free water. Nasogastric suctioning causes chlo-
ride loss; diarrhea leads to sodium and potassium loss.57 
Surgical drains placed in tissue beds may remove fluids 
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with varying electrolyte concentrations (the pancreatic bed, 
for example, secretes fluid rich in sodium). Fever, sweating, 
oozing tissues, and inadequately humidified ventilator cir-
cuits lead to large volume insensible loss and contraction 
alkalosis.58 Loop diuretics and polyuric renal failure may 
be associated with significant contraction alkalosis, due to 
loss of chloride and free water.

Parenteral infusions may be responsible for stealth 
alterations in serum chemistry. Many antibiotics, such as 
piperacillin–tazobactam, are diluted in sodium-rich solu-
tions. Others, such as vancomycin, are administered in 
large volumes of free water (5% dextrose). Lorazepam is 
diluted in propylene glycol, large volumes of which will 
cause metabolic acidosis similar to that seen with ethylene 
glycol.59 Mannitol may cause metabolic acidosis by the 
same mechanism.60

ANALYTICAL TOOLS USED IN ACID–BASE 
CHEMISTRY

In this section, some of the tools that have evolved over 
the past 60 years to assist in the interpretation of acid–
base conundrums are considered. None are entirely accu-
rate,61 and each has a dedicated group of followers.62 The 
approaches can be described as descriptive, based on 
changes in the in the Henderson-Hasselbalch equation; 
semiquantitative, based on calculations and nomograms; 
or quantitative, based on physical chemistry.

DESCRIPTIVE CARBON DIOXIDE–
BICARBONATE (BOSTON) APPROACH

In the early 1960s, Schwartz, Relman, and colleagues, at 
Tufts University in Boston, developed an approach to acid–
base chemistry, based on a large series of observational 
data that derived nomograms and mathematical constructs 
that related Paco2 to [HCO3

− ].63 A number of patients with 
known acid–base disturbances, at steady states of compen-
sation, were evaluated. The degree of compensation, from 
what was considered normal, was measured for each dis-
ease state. The investigators were able to describe six pri-
mary states of acid–base imbalance, using linear equations 
or maps, relating hydrogen ion concentration to Paco2 for 
respiratory disturbances, and Paco2 to HCO3

−concentra-
tion, for metabolic disturbances (Table 58-2). For any given 
acid–base disturbance, an expected [HCO3

− ] was deter-
mined. This resulted in the development of several simple 
“rules of thumb” (see Table 58-2). For example, in acute 
respiratory acidosis, the [HCO3

− ] will increase by 1 mEq/L 
for every 10 mm Hg elevation in Paco2 above 40 mm Hg. 
In chronic respiratory acidosis, the [HCO3

− ] will increase 
by 4 mEq/L for every 10 mm Hg elevation in Paco2 above  
40 mm Hg. In metabolic acidosis, the expected Paco2 fol-
lows the 1.5 × HCO3

− + 8 (range: +/− 2) rule.
In general, this approach has remained very popu-

lar with pulmonologists and nephrologists, particularly 
in North America, in clinical situations where acid-base 
abnormalities are relatively straightforward. There are 
several inherent pitfalls to the PCO2 − HCO3

− approach, 

particularly in relation to the metabolic component. The 
system neither explains nor accounts for many of the com-
plex acid–base abnormalities seen in perioperative and 
critically ill patients, such as those with acute acidosis in 
the setting of hypoalbuminemia, hyperchloremic acidosis, 
or dilutional acidosis or with lactic acidosis in the setting of 
chronic respiratory acidosis.

ANION GAP APPROACH

For the primary limitation of the Boston approach to be 
addressed, the AG was developed by Emmit and Narins 
in 197564 to deal with metabolic acidosis. The AG is 
based on the law of electrical neutrality. The sum of the 
difference in charge of the common extracellular ions 
reveals an unaccounted for “gap” of −12 to −16 mEq/L (
the original anion gap = [Na + ] − ([CL − ] + [HCO3

− ]) (Fig. 
58-1). If the patient has a metabolic acidosis and the gap 

Table 58-2 Rules of Thumb for Boston Approach 
to Acid–Base Balance

Disturbance HCO3
− vs. Paco2

Acute respiratory 
acidosis

Expected [HCO3
− ] = 24 + Paco2 − 40)/10

Acute respiratory 
alkalosis

Expected [HCO3
− ] = 24 − 2 (40 − Paco2)/10

Chronic respiratory 
acidosis

Expected [HCO3
− ] = 24 + 4 (Paco2 − 40)/10

Metabolic acidosis Expected Paco2 = 1.5 × [HCO3
− ] + 8

Metabolic alkalosis Expected Paco2 = 0.7 [HCO3
− ] + 20

HCO3
−, bicarbonate; Paco2, partial pressure of carbon dioxide in arterial blood.

Measured
cations

Measured
anions

Cl–, HCO3
–

A–

UMA

Anion gap

Anion
gap

Figure 58-1. The anion gap. A− represents phosphate and albumin; 
A− refers to the charge carried on albumin and phosphate. UMA, 
unmeasured anions.
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“widens” to, for example, −20 mEq/L (because of consump-
tion of bicarbonate), then the acidosis is caused by UMA— 
lactate or ketones or “renal acids.” If the gap does not 
widen, then the anions are being measured, and the acido-
sis has been caused by hyperchloremia (bicarbonate cannot 
independently influence acid-base status).

There are three widely used variants of the AG, depend-
ing on whether potassium and lactate are included:

Anion Gap (simple) =
([

Na + ]
− ([CL − ] + [HCO3

− ])
)

= 12 to 14 mEq/L

Anion Gap (conventional) =
([

Na + ]
+

[
K + ]

− ([CL − ] + [HCO3
− ])

= 14 to 18 mEq/L

Anion Gap (modern) =
([

Na + ]
+

[
K + ]

− ([CL − ] + [HCO3
− ] + [lactate − ])

= 14 to 18 mEq/L

The AG frequently underestimates the extent of the 
metabolic disturbance.65 Although this is a useful tool, it is 
weakened by the assumption of what is or is not a “normal 
gap.”66 Most critically ill patients are hypoalbuminemic, 
and many are also hypophosphatemic.67 Consequently, the 
gap may be normal in the presence of unmeasured anions. 
Fencl and Figge developed a useful variant known as the 
corrected anion gap (AGC)68:

Anion Gap Corrected (for albumin) = calculated  
anion gap + 2.5 (normal albumin [g/dL] − observed  

albumin [g/dL]).

The AG remains a very simple, useful, and reliable 
screening tool in acute illness and it usefully distinguishes 
metabolic acidosis due to hyperchloremia from acidosis 
due to UMA. Moviat and colleagues have demonstrated 
that the AG corrected for albumin accurately detects com-
plex acid-base abnormalities in intensive care.69

Another version of the AG is the delta AG—an approach 
that has successfully been used to predict adverse out-
comes in critical illness—where prehospital and following 
admission AGs were compared.70 Confusingly, other clini-
cians use the delta ratio (delta Δ/Δ)71:

Delta Ratio = Δ Anion gap/ Δ [HCO3
− ]

Simply, if the AG is normal, or unchanged and the bicar-
bonate level falls, then the delta ratio will be less than 0.4, 
and a hyperchloremic acidosis is present. A delta ratio 
between 1 and 2 is what one would expect from metabolic 
acidosis due to unmeasured anions or lactate. If the ratio is 
greater than 2, mixed acid-base abnormalities are present.

SEMIQUANTITATIVE (BASE DEFICIT/
EXCESS [COPENHAGEN]) APPROACH

In metabolic acidosis, additional anions introduced to the 
extracellular fluid result in a net gain of one hydrogen ion for 
each anion. This is “buffered,” principally by bicarbonate, 
such that each anion gained results in an equivalent fall in 
the bicarbonate concentration (and the generation of CO2). 
Adherents to the descriptive approach to acid base refer to 
this as the “delta” bicarbonate. This is problematic, though, 

because it does not separate out the effect of CO2 metabo-
lism on the [HCO3

− ]. Singer and Hastings, in 1948, decided 
to look at acid-base abnormalities from a different angle, 
Henderson-Hasselbalch, by quantifying the metabolic com-
ponent.6 They proposed that changes in whole blood buffer 
base (BB) could be used to quantify metabolic abnormalities. 
The BB represented the sum of the bicarbonate and the non-
volatile buffer ions (essentially the serum albumin, phos-
phate, and hemoglobin). With the law of electrical neutrality 
applied, the buffer base was forced to equal the electrical 
charge difference between strong (fully dissociated) ions. 
Thus, normally BB = [Na+] + [K+]−[Cl−]. Alterations in BB 
represented changes, essentially, in strong ion concentrations 
(which could not be easily measured in 1948). BB increases 
in metabolic alkalosis, and decreases in metabolic acidosis. 
The major drawback of the use of BB measurements is the 
potential for changes in buffering capacity associated with 
alterations in hemoglobin concentration.

Siggard-Anderson and colleagues developed this con-
cept further by providing a simpler measure of metabolic 
acid-base activity, the base deficit–excess (BDE).72 This, 
they defined, is the amount of strong acid or base required 
to return the pH of 1 L of blood in vitro to 7.4, assuming a 
Paco2 of 40 mm Hg and temperature of 38° C. The initial use 
of whole blood BDE was criticized because of the dynamic 
activity of red cells within the acid–base paradigm—gas and 
electrolyte exchange. This approach was modified in the 
1960s to use only serum BDE and the calculation became 
the standardized base excess (SBE). Current algorithms for 
computing the SBE are derived from the Van Slyke equation 
(1977).73 The BDE approach to acid-base chemistry has been 
successfully validated by Schlichtig74 and Morgan.75

Simple mathematic rules can be applied with the BDE 
approach in each of the common acid–base disturbances 
(Table 58-3). For example, in acute respiratory acidosis or 
alkalosis, BDE does not change. Conversely, in acute meta-
bolic acidosis, the magnitude of change of the Pco2 (in 
millimeters of mercury) is the same as that of the BDE (in 
milliequivalents per liter), and the change in BDE repre-
sents the overall sum total of all acidifying and alkalinizing 
effects. This makes interpretation of acid-base abnormali-
ties simple but misleading.

The major advantage of the BDE approach is that it  
allows a simple “eyeballing” of a blood gas result to indicate 

Table 58-3 Changes in Standardized Base Deficit 
or Excess in Response to Acute and Chronic 
Acid-Base Disturbances

Disturbance BDE vs. Paco2

Acute respiratory acidosis ΔBDE = 0

Acute respiratory alkalosis ΔBDE = 0

Chronic respiratory acidosis ΔBDE = 0.4 ΔPaco2

Metabolic acidosis ΔPaco2 = ΔBDE

Metabolic alkalosis ΔPaco2 = 0.6 ΔBDE

Modified from Narins RB, Emmett M. Simple and mixed acid–base disorders: a 
practical approach. Medicine. 1980;59:161–187.11

BDE, base deficit–excess; Paco2, partial pressure of carbon dioxide in arterial blood.
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to the clinician the presence of a metabolic acidosis or alka-
losis. The BDE has, however, two significant limitations. 
The first problem is that BDE does not account for changes 
in acid-base chemistry associated with hypoproteinemia 
(ATOT); indeed, the Van Slyke equation assumes normal 
serum proteins, which is not the case in critical illness.10 
The second limitation is that this approach does not distin-
guish between metabolic acidosis associated with hyper-
chloremia and that associated with unmeasured anions.

To address the problem of ATOT, Wooten corrected SBE 
for weak acids (albumin and phosphate) and produced an 
accurate multicompartment model (SBEc)76:

SBEc =




(HCO3 − 24.4)

+
(

[8.3 × albumin g/dL × 0.15] +
[0.29 × phosphate mg/dL × 0.32]

)

× [pH − 7.4]




With Wooten’s multicompartment model,76 it can be 
seen that the SBE is the quantity of strong anions or strong 
cations required to bring SID back to normal, with the pH 
corrected to 7.4 and the Pco2 at 40 mm Hg.

For the second problem to be addressed, the BDG was 
developed by Gilfix and colleagues,77 evaluated by Bala-
subramanyan et al.,78 and simplified by Story and Bellomo 
(Table 58-4).79 This allows the physician, at the bedside, to 
recalculate the BDE for strong ions, free water, and albu-
min. Subtracting the measured BDE from the calculated 
BDE provides a BDG, and this represents the quantity 
of strong anions or cations in the system (it can be used 
for metabolic acidosis and alkalosis). Acid-base abnor-
malities that are undetected with either the bicarbonate or 
the base deficit–excess approach may be found with this 
approach.80 In addition, this approach teases out the com-
ponents of BDE represented by Na+, Cl−, and albumin. 
The BDG should mirror the SIG and, indeed, corrected 
AG. Caution is advised, though, because in cardiac surgi-
cal patients, the BDG does not correlate well with SIG.81

STEWART–FENCL (QUANTITATIVE) 
APPROACH

A more accurate reflection of true acid-base status can be 
derived with the Stewart–Fencl approach. This, like the AG, 
is based on the concept of electrical neutrality. There exists, 
in plasma, an SID [(Na+ + Mg2+ + Ca2+ = K+) − (Cl− + A−)] of 40 
to −44 mEq/L, balanced by the negative charge on bicarbon-
ate and ATOT (the buffer base). There is a small difference 

between SIDa (apparent SID) and weak acid buffers (SIDe 
[effective SID]). This represents an SIG that quantifies the 
amount of unmeasured anion present (Fig. 58-2).

The SIDa (apparent SID) = ([Na+] + [K+] + [Mg2+] + [Ca2+]) 
 − [Cl−].

The SIDe (effective SID) is [HCO3
–] + [charge on  

albumin] + [charge on Pi] (in mmol/L)

Weak acids’ degree of ionization is pH dependent,  
so one must calculate for this:

[alb–] = [alb g/L] × (0.123 × pH − 0.631)

[Pi] (in mg/dL) = [Pi]/10 × pH – 0.47.

SIG = SIDa−SIDe.

The BDE and SIG approaches are consistent with one 
another, and can be derived from a master equation.82 The 
Stewart approach,83 refined by Figge,10,84 Fencl,2,65 and oth-
ers, more accurately measures the contribution of charge 
from weak acids, which change with temperature and pH.

The weakness of this system is that the SIG does not 
necessarily represent unmeasured strong anions, merely 
all anions that are unmeasured. Furthermore, SID changes 
quantitatively in absolute and relative terms, when there 
are changes in plasma water concentration. Fencl65 has 
addressed this by correcting the chloride concentration for 
free water (Cl− corr) using the following equation:

[Cl−]corr = [Cl−]observed × ([Na+]normal/[Na+]observed.

This corrected chloride concentration may then be 
inserted into the SIDa equation above. Likewise, the 
derived value for UMA should also be corrected for free 
water with UMA instead of Cl− in this equation.65 In a series 
of nine normal subjects, Fencl estimated the “normal” SIG 
as 8 ± 2 mEq/L.65

Although few refute the accuracy of the SID–SIG 
approach as a new gold standard for addressing, in par-
ticular, metabolic acidosis, calculation of SIG is cumber-
some. The data required are more extensive and thus 
more expensive than other approaches and there is much 

Table 58-4 The Base Deficit Gap

BDENaCl = ([Na+]−[Cl−]) − 38

BDEAlb = 0.25 (42 − albumin g/L)

BDENaCl − BDEAlb = BDEcalc

BDE − BDEcalc = BDE gap = the effect of unmeasured anions or 
cations.

This approach involves calculating the base deficit–excess (BDE) for sodium, 
chloride, and free water (BDENaCl) and the BDE for albumin (BDEAlb). The 
result is the calculated BDE (BDEcalc). This is subtracted from the measured 
BDE to find the BDE gap.

Strong
cations

SIDa

Strong ion gap

150mEq/L

SIG

SIDe
SIDe

HCO3
– 

ATOT

Strong
anions

UMA

Figure 58-2. The strong ion gap. SID, strong ion difference; SIDa, 
apparent SID; SIDe, effective SID; SIG, strong ion gap; ATOT, total weak 
acid concentration; UMA, unmeasured anions.
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confusion about the normal range of SIG. It is unclear, in 
standard clinical practice, that SIG has any advantage over 
AGc (which is SIG without calcium, magnesium, and phos-
phate, which usually cancel each other’s charges out).85,86

ACID-BASE TOOLS AND OUTCOME 
PREDICTION

Lactic acidosis on admission to the emergency department 
is a marker of severity of illness. The magnitude of acidosis 
and the degree of elevation of serum lactate correlate well 
with patient outcomes.87-89 Also, the speed of clearance 
of lactate from the circulation is also a known prognostic 
indicator.89-92 Base deficit does not reliably reflect lactate in 
the emergency setting.93-95 Kaplan and Kellum looked at 
a variety of acid-base measurements in the acute trauma 
setting. SIG was superior at predicting outcome versus 
all other measures.96 Only one (2%) survivor had an SIG 
greater than 5 mEq/L, and only two (7%) nonsurvivors 
had an SIG less than 5 mEq/L. Admission pH, HCO3

−, 
and lactate were poor predictors of hospital mortality after 
trauma. Similar data have been reported by a variety of 
groups in emergency settings.97-99

To date, studies of critically ill patients have failed to dem-
onstrate that SIG predicts outcomes.100,101 This may be due 
to the complexity of the medley of acid-base disturbances 
that are going on simultaneously. For example, Moviat and 
colleagues found that unmeasured strong anions were pres-
ent in 98%, hyperchloremia was present in 80%, and ele-
vated lactate levels were present in 62% of patients.102

CONCLUSIONS

Much of the confusion regarding acid–base chemistry 
relates to the attempt to apply observational approaches, 
such as that of Henderson-Hasselbalch and Schwartz 
and Relman, to the entire spectrum of pathophysiologic 
processes. The use of physical chemistry principles has 
improved our ability to teach, understand, and diagnose 
acid-base abnormalities. All acid-base disorders can be 
explained in terms of SID, ATOT, and Pco2. This is impor-
tant to intensivists, who are routinely faced with complex 
acid-base abnormalities in practice.
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What Is the Meaning of a 
High Lactate? What Are the 
Implications of Lactic Acidosis?

Stephen R. Odom, Daniel Talmor

An imbalance of oxygen delivery and demand with 
 resultant organ dysfunction is the hallmark of critical 
 illness. Measuring oxygen delivery, recognizing tissue 
hypoperfusion, and monitoring the response to therapeu-
tic interventions on clinical grounds can be frustrating 
and unreliable.1,2 To this end, the use of serum lactate as 
a  surrogate for tissue hypoperfusion and stress has been 
studied in many states of critical illness.

Here, we review the current data related to the use of 
lactate as an objective measure of tissue hypoperfusion; as 
a tool for screening, diagnosis, and risk stratification; and 
as a marker for monitoring the progression of resuscitation 
and interventions in critical illness.

PRODUCTION OF LACTATE

Under basal conditions, lactate is produced by muscle, 
skin, brain, red blood cells, and intestine. In critical illness, 
additional sources include the lungs, white blood cells, and 
splanchnic organs.1 Importantly, activated white blood 
cells have relatively few mitochondria; thus, they favor 
anaerobic metabolism. When oxygen is present, glucose is 
most often metabolized to pyruvate and enters the citric 
acid cycle to produce adenosine triphosphate, essentially 
bypassing lactate production. When oxygen supply to tis-
sue is limited, lactate is produced and shunted to the liver 
as a substrate for gluconeogenesis. Under some circum-
stances, such as exercise and some states of critical illness, 
pyruvate may accumulate despite abundant oxygen avail-
ability and can be shunted to  lactate production.3

Other measures of acid-base balance in the critically 
ill patient may be misleading. Anion gap and base excess 
are associated with lactate production, but they do not 
always accurately predict lactate concentration. Both are 
generally regarded as inferior screening tools for tissue 
hypoperfusion because they do not account for unmea-
sured ions and hypoalbuminemia, a common occur-
rence.4 In addition, “cryptic” or “occult” shock may be 
present in the critically ill and may be identified only by 
lactate elevations in the absence of other indicators gener-
ally associated with this state.5-8

MEASUREMENT OF LACTATE

Only the l-lactate isomer is clinically measured. d-Lactate 
is a bacterial product only rarely relevant to human acid-
base balance.9

Arterial and venous lactate are generally regarded 
as equivalent,10 although recent evidence suggests that 
venous and arterial peripheral lactates may vary widely in 
patients with an initially elevated lactate.11 Future research 
on this topic is required because it is in these patients that 
discrimination is most important.

Elevated serum lactate can be a function of increased 
production, decreased clearance, or both. Myocardial 
depression, relative hypovolemia (i.e., vascular dilation 
and fluid loss from capillary leak), mitochondrial dysfunc-
tion,12 excessive adrenergic stimulation,3,13,14 and micro-
circulatory insufficiency15 all contribute to decreased 
oxygen delivery or utilization in shock. Research into 
hyperlactatemia basically focuses on the use of lactate 
as a “biomarker” or screening tool to stratify risk and 
characterize the severity of injury in critical illness and 
trauma. Additional studies have attempted to character-
ize lactate as an endpoint of resuscitation in many forms 
of critical illness.

PREHOPSITAL MEASUREMENT  
OF LACTATE

Capillary lactate in the prehospital setting is  associated 
with injury severity in trauma patients.16 Coates and 
colleagues demonstrated that elevated capiillary lac-
tate levels, in the prehospital setting, equate with injury 
severity in trauma patients. The investigators also 
 determined that lactate was helpful in the triage of patients 
with normal vital signs despite evidence of tissue hypoper-
fusion. Additional evaluation in the prehospital setting has 
demonstrated that lactate is associated with hospital mor-
tality even in patients with initially normal vital signs.17  
In addition, lactate is significantly different in shocked ver-
sus nonshocked patients, and elevated lactate is associated 
with increased hospital length of stay (LOS), intensive care 

59



420    Section XII METABOLIC ABNORMALITIES IN CRITICAL ILLNESS

unit (ICU) LOS, and increased mortality (12.2% vs. 44.3%), 
especially in patients with normal vital signs on admission 
(mortality of 35% vs. 7%, P < .001).18 Thus the prehospital 
use of lactate as a screening and triage tool may be useful 
to uncover subtle organ hypoperfusion.

MEASUREMENT OF LACTATE IN THE 
EMERGENCY DEPARTMENT

Many studies have been performed assessing presenting 
lactate levels in the emergency department (ED). Shapiro 
and colleagues19 examined 1278 consecutive ED patients 
with an infection-related diagnosis and uncovered a lin-
ear relationship between mortality and lactate. In addi-
tion, they found that initial lactate was 36% sensitive and 
92% specific for any death within 28 days, whereas lactate 
was 55% sensitive and 91% specific for early death (within 
72 hours of presentation). The same group7 found a 15% 
mortality rate in septic patients with a lactate greater than  
4.0 mmol/L and normal admission systolic blood pressure. 
In a multivariate analysis, the odds ratio (OR) of death was 
2.1 in patients with lactate between 2.5 and 4 mmol/L and 
was 7.1 when lactate was greater than 4 mmol/L. The ini-
tial lactate level is associated with increased mortality in 
patients with normal vital signs (“occult” shock) as well as 
those with overt shock.20

LACTATE MEASUREMENT IN THE 
INTENSIVE CARE UNIT

Investigations into the prognostic value of lactate levels in 
the ICU have yielded variable results because of uneven-
ness in patient populations, diagnoses, time course of 
treatment, and the complexity of evolving critical illness. 
In a well-designed retrospective analysis of 134 mixed ICU 
patients, receiver-operator analysis was used to investigate 
the relationship between elevated lactate and Sequential 
Organ Failure Assessment scores.21 The risk of organ fail-
ure or death increased in patients with a prolonged eleva-
tion of lactate. This effect was most profound early in the 
ICU stay, suggesting that early resuscitation improves 
mortality in critical illness. In a prospective observational 
study of 394 consecutive patients, the same group22 found 
that mortality decreased in septic patients whose lactate 
decreased within 12 hours of admission. This difference 
was independent of hemodynamic status.

GOAL-DIRECTED THERAPY AND  
LACTATE CLEARANCE

It has been proposed that measurement of lactate levels pro-
vides a simple point-of-care test to determine an endpoint 
of resuscitation in critical illness. Recent large prospective 
randomized trials have confirmed that early goal-directed 
therapy (EGDT) provides no survival benefit over stan-
dard care. The ProCESS (Protocolized Care for Early Septic 
Shock) investigators randomized 1341 patients with septic 
shock at 31 centers to protocol-based EGDT, protocol-based 
standard therapy, or usual care.23 Although there was 

significant variability in the use of hemodynamic monitors, 
as well as blood, fluid, and vasopressor use, there was no 
difference in 60-day or 1-year mortality and no difference 
in the need for organ support. Supplemental data from 
this study suggested that EGDT may provide a survival 
benefit in patients with an initial lactate level greater than  
5 mmol/L. Likewise, the ARISE (Australasian Resuscita-
tion in Sepsis Evaluation) investigators found no difference 
in survival time, in-hospital mortality, or duration of organ 
support in 1600 randomized patients with septic shock to 
either EGDT versus standard care.24 Neither study used 
lactate level as a goal of resuscitation; rather, they used it as 
a marker for tissue hypoperfusion and as a means of inclu-
sion in the study. With this information, it cannot be sug-
gested that lactate be used as a target of resuscitation for 
shocked patients. The results of another large prospective 
evaluation of EGDT, the ProMISe (The Protocolised Man-
agement in Sepsis Trial) study from the United Kingdom, 
were similar. Again the investigators did not use lactate as 
a goal of resuscitation.24a

Other investigators have found that the early use of 
physiologic targets in resuscitation is associated with 
improved survival and decreased organ failure in several 
clinical shock scenarios, including trauma25 and sepsis.26 
This effect has been most thoroughly studied in septic 
shock. To prevent morbidity and overcome obstacles to 
placement of invasive monitors in septic shock, the use of 
lactate and its clearance has been proposed as a less inva-
sive measure of the progress of resuscitation.27

In a randomized trial by Jansen and colleagues,28 348 
septic patients were allocated to a lactate-driven protocol 
versus a lactate-blinded treatment. The study was under-
powered, and mortality was not statistically different 
between the groups (33.9% in the lactate group vs. 43.5% 
in the control group [P = .067]); however, a post hoc multi-
variate analysis demonstrated an observed 9.6% reduction 
in hospital mortality. In addition, multiple retrospective 
observational studies have suggested lactate as a monitor 
of the therapeutic response during EGDT.29-31 A random-
ized prospective trial of septic patients randomly chosen to 
receive therapy guided by central venous oxygen or lactate 
showed no difference in outcome, although mortality was 
lower in the lactate group (23% vs. 17%).32

Assuming proper hepatic and renal function, serum 
lactate should be rapidly cleared. Clearance of lactate has 
been associated with increased survival in various clini-
cal settings, including trauma,30,33,34 mixed populations of 
critically ill patients,35,36 sepsis,2,37-40 and after myocardial 
infarction.41

Recent experience suggests that lactate clearance may 
function as a more robust resuscitative endpoint than 
central venous oxygen saturation or other traditional 
oxygen-derived variables.28,32 The ability to achieve only 
a central venous oxygen saturation goal was associated 
with 41% mortality in septic shock, whereas lactate clear-
ance was associated with only 8% mortality.42 A recent 
meta- analysis that reviewed 15 original studies examining 
lactate clearance in critically ill patients found that lactate 
clearance predicted mortality with 75% sensitivity and 
72% specificity.6

In summary, the promise of lactate as a goal of resus-
citation remains unanswered. It cannot be recommended 
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with current data that lactate be used as the sole endpoint 
of resuscitation, but it appears to be a reasonable marker 
for success of resuscitation in shock, particularly in 
patients with infections and after trauma. If lactate clear-
ance has a role as a goal of resuscitation, then more study 
is needed.

CLINICAL APPROACH TO ELEVATED 
LACTATE IN VARIOUS CLINICAL 
SCENARIOS

Shock—cardiogenic: Several studies have demonstrated 
the utility of lactate measurement in the identification of 
acute coronary syndromes41,42 and to predict the devel-
opment of shock after acute coronary syndrome.43 In 
 addition, high lactate levels have been associated with 
30-day mortality after percutaneous interventions for myo-
cardial  infarction44,45 and death in the ICU after admission 
for myocardial infarction.46

Attana47 studied 51 consecutive patients in cardio-
genic shock after ST-elevation myocardial infarction 
and determined that lactate clearance was higher in 
 survivors.  Lactate clearance less than 10% was associated 
with  particularly poor survival. Park and colleagues48 
found a mortality of 53% in 96 consecutive patients with 
 cardiogenic shock requiring percutaneous cardiopulmo-
nary support.  Multivariate analysis found that a lactate 
clearance less than 70% at 48 hours was associated with 
death.

Shock—after arrest: Mullner et al.49 studied 167 out-of-
hospital witnessed cardiac arrest patients and found that 
lactate levels greater than 16.3 mmol/L were 100% spe-
cific for death or poor neurologic recovery. In a review of 
394 cardiac arrest patients, multivariate analysis revealed 
that lactate was an independent predictor of mortality (OR 
1.49 per 1 mmol/L increase). Lactate levels greater than  
2 mmol/L at 48 hours predicted mortality with a specific-
ity of 86% and predicted poor neurologic outcome with a 
specificity of 87%. Lactate correlates with good neurologic 
outcome in out-of-hospital cardiac arrest patients treated 
with therapeutic hypothermia.50

Trauma: Initial serum lactate has been shown in 
several studies to predict outcome in trauma patients. 
In a recent study,51 1941 patients were retrospectively 
reviewed.  Initial serum lactate (drawn within 35 minutes  
of admission) was lower in survivors (21 vs. 32 mg/dL, 
P < .001). In multivariate analysis, initial lactate was a 
 significant predictor of mortality and of the need for opera-
tive  intervention.

In a broad cohort of trauma patients, initial lactate 
and clearance of lactate at 6 hours was associated with 
decreased mortality.34 In patients with an initial lactate 
level greater than 4 mmol/L, lactate clearance of greater 
than 60% was associated with a mortality of 7.5% whereas 
a lactate clearance of less than 30% was associated with a 
mortality rate of 28.1% (P = .001).

Burns: In a study of 166 burn patients,52 a high initial 
lactate and an inability to clear lactate at 24 hours were 
 predictive of death (68% survival in lactate clearers vs. 
32% in patients whose lactate remained above normal 
after 24 hours).

Drugs/alcohol: Despite being metabolized via  pathways 
that can produce lactate, alcohol and drugs do not appear 
to influence the significance of lactate measurement or alter 
its clinical utility.53

Postoperative: Li and colleagues54 found that elevated 
lactate after major abdominal surgery was associated 
with complications. They studied 114 consecutive patients 
undergoing elective surgery with a Physiologic and Opera-
tive Severity Score for the enumeration of Mortality and 
Morbidity (POSSUM) score of 4 or greater. The degree of 
lactate elevation and the time-weighted average of lactate 
over the first 24 hours after surgery correlated with the 
severity of complications. Lactate clearance at 24 hours 
was significantly associated with better outcome. They 
suggested the use of lactate as a therapeutic target in early 
resuscitation after major abdominal surgery.

In one study of postoperative patients, mortality was 
increased from 3.9% if lactate cleared in the first 24 hours 
after surgery to 13.3% if lactate cleared in 48 hours, 42.5% 
if cleared in the first 96 hours, and 100% if not cleared by  
96 hours.36 Other studies have highlighted the phenome-
non of lactate as a marker for poor outcome in surgical ICU 
patients,55 in whom mortality was 10% if lactate normal-
ized in the first day after admission versus 67% mortality if 
lactate did not normalize.

LIMITATIONS IN THE USE OF LACTATE 
MEASUREMENTS

There are several studies indicating that lactate levels 
may not be helpful in caring for the critically ill. Between 
20% and 30% of patients in overt septic shock have initial 
lactate values less than 2 mmol/L.56 A study of vasopres-
sor-dependent patients in septic shock found that lactate 
did not exceed 2.4 mmol/L in 45% of patients, many of 
whom went on to die.57 Lactate levels were normal in 
11.1% of patients with mesenteric ischemia.58 Lactate lev-
els can be misleading in patients with hepatic disease or 
in those who are taking medications such as metformin, 
which interferes with the metabolism of lactate and may 
impair mitochondria. The optimal use of lactate clearance 
in many settings remains to be defined. Future research 
should focus on an appropriate level of lactate clearance 
or if normalization of lactate is the appropriate early goal 
of resuscitation or remains only a marker of severity in 
critical illness.

CONCLUSION

Serum lactate levels can function as a surrogate measure 
of tissue hypoperfusion and severity of stress in critical 
illness. In addition, they can serve as a screening or diag-
nostic tool for occult  hypoperfusion, they can be useful 
for risk stratification and prognosis, and they may be 
useful for monitoring the  progression of resuscitation. 
The value of lactate clearance has yet to be fully defined 
in the management of critical  illness. Despite some nota-
ble limitations, lactate is a  readily available and interpre-
table piece of data in the management of these complex 
patients.
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How Does Critical Illness  
Alter Metabolism?

Mark E. Nunnally

Globally increased metabolism fuels critical illness. The 
body provides and consumes basic substrates taken from 
its own structures to run at an accelerated metabolic rate, 
a rate that cannot be indefinitely sustained. Clinicians in 
the critical care setting are familiar with the long-term con-
sequences of catabolic processes in patients whose illness 
is not alleviated; outcomes are poor and mortality is high. 
This archetype contrasts with a stress response that tran-
sitions to a later period of recovery and anabolism with 
recovery. Patterns vary, but all critically ill patients experi-
ence increased metabolism in a neurologic, hormonal, and 
immunologic milieu that reprioritizes many functions of 
the healing process. This process is adaptive and, in pro-
longed and uncontrolled situations, pathogenic.

Cuthbertson was among the first to describe and 
explain the stress response, a pattern of metabolic changes 
in injured patients.1 In his framework, the physiology of 
response was viewed as adaptive. Metabolic changes from 
“normal” were thought to be necessary to heal serious 
injury. As part of this process, patients might become ill 
enough to require aggressive therapy. Indeed, in patients 
with underlying comorbidities, intervention to correct or 
reverse the stress response might be helpful. Unfortunately, 
although the metabolic changes induced by “stress” have 
been described, their meaning remains subject to interpre-
tation, and intervention must be undertaken with trepida-
tion. Our understanding of most aspects of the metabolic 
response to injury is, by and large, characterized by a 
dearth of clear evidence, a glut of theory, and an absence 
of consensus. This chapter considers the predictable pat-
tern in response to injury, the interventions that alter this 
pattern, and the diagnostic utility of comparing a patient’s 
clinical data to a generalized stress response pattern.

PATHOPHYSIOLOGY AND MECHANISM  
OF ACTION

Cells metabolize glucose, lactate, amino acids, fatty acids, 
ketones, and their derivatives. They assemble these com-
ponents into larger carbohydrates (glycogen), proteins, and 
triglycerides for energy storage and cellular function. Ana-
bolic processes assemble small molecules into larger ones 
and consume energy. Catabolic processes deconstruct these 

larger molecules and release energy. Thus, large molecules 
can be viewed as sites of stored energy.

Catabolism, the hypermetabolic recovery period of 
“flow” that follows the “ebb” of shock in Cuthbertson’s 
original description,2 is the trademark of critical illness. 
These two phases are followed by a third: an anabolic 
recovery phase that commences after resolution of the 
stress response and persists for weeks to months (Fig. 60-1). 
Changes affect the entire body, alter activity in each organ 
system, and are reflected in secondary dysfunction in these 
systems. Available evidence supports the theory that this 
adaptive response enables tissue healing.

Resting energy expenditure increases in critical illness. 
Glucose and fatty acids are consumed at accelerated rates. 
Serum levels of both exceed the normal range. Proteins are 
catabolized to amino acids, which in turn are converted by 
the liver to glucose. Patients develop hyperglycemia. Lev-
els of lactate increase because of a metabolic shift and do 
not necessarily reflect tissue hypoperfusion, as is the case in 
acute shock. The catabolism of stress is not the same as that 
of starvation. In the former tissue, protein is consumed pref-
erentially rather than spared. The liver produces acute phase 
reactants, such as C-reactive protein, immunoglobulins, 
fibrinogen, and haptoglobin, often at the expense of other pro-
teins such as prealbumin, albumin, and transferrin. Muscle 
tissue provides most of the amino acids for fuel and protein 
synthesis. Ketosis is rare because hyperglycemia stimulates 
insulin release and insulin suppresses ketogenesis. Provi-
sion of exogenous substrate cannot completely attenuate the 
loss of body proteins. The intestines continue to absorb glu-
tamine, but conversion to citrulline drops, suggesting nutri-
tional reprioritization.3 Serum amino acid profiles change in 
septic patients with their illness trajectory.4 These findings 
underscore the fact that nutrient use is altered during critical 
illness and that metabolic priorities are changed. Critically ill 
patients will not respond to endocrine, nutritional, or meta-
bolic therapies in the same way that unstressed patients do.

Some end-organ cells lose part of their ability to oxi-
dize fuels in the mitochondria.5 For these cells, metabolism 
and oxygen use decrease, leading to a metabolic “shunt” 
and organ dysfunction. This bioenergetic failure correlates 
with illness severity. It may be adaptive, and recovery is 
sometimes possible, but the resulting organ dysfunctions 
frequently require supportive interventions.

60
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Endocrine and neurologic axes drive part of the change in 
metabolism. The anterior pituitary releases large amounts 
of growth hormone, thyroid-stimulating hormone, lutein-
izing hormone, and prolactin, but there is peripheral 
resistance to normal metabolic effects.6-10 Metabolism and 
cardiovascular function change as a consequence of ele-
vated levels of catecholamines and vasopressin. Although 
insulin, glucagon, and cortisol levels are increased, their 
anabolic effects are attenuated.

Changes in organ systems function characterize the 
acute phase of critical illness. Recognition of these findings 
sometimes heralds a new diagnosis, such as sepsis, and 
should provoke clinicians to increase monitoring and per-
haps begin empiric therapy.

Neurologic. Brain tissue uses a wide variety of metabolic 
fuel. During stress, glucose, amino acid, and lactate metab-
olism increases. Encephalopathy frequently develops, pos-
sibly related to the presence of elevated levels of aromatic 
amino acids and their metabolites.11-13 Global cerebral 
function declines, manifested as alterations ranging from 
delirium to overt coma.

Cardiovascular. Stress accelerates oxygen consumption 
in the periphery. To compensate, cardiac output increases 
and peripheral vascular tone decreases, augmenting blood 
flow to peripheral tissues, possibly at the expense of flow 
to other vascular beds. That oxygen consumption is high-
est in leukocyte-dense tissues suggests that heightened 
oxygen delivery is destined for cells that repair tissue and 
control infection.14,15 Capillary beds leak because of altera-
tions in glycocalyx function.16 The balance between fluid 
extravasation and reabsorption favors the formation of 
edema because plasma proteins accumulate outside vessel 
walls, pulling fluid and electrolytes with them.

The result of these changes is a hyperdynamic circulation 
and accumulation of edema. In some patients, myocardial 
injury may ensue. Damage may lead to a failure to supple-
ment oxygen delivery, which is associated with a high mor-
tality in critical illness lung injury.17 Although adaptive, 
there is little associated benefit from attempts to enhance this 
response by supplementing oxygen delivery.18,19

Fluids, Electrolytes, and Nutrition. Tissue edema and intra-
vascular resuscitation increase body water, and patients 

characteristically gain weight. The distribution of water 
during the stress response was explored by Moore and col-
leagues.20 The extracellular and vascular compartments 
expand,20-23 but intracellular water is lost. This effect sug-
gests that water shifts from the intracellular space to the 
extracellular space and back again as edema resolves, which 
has implications for electrolyte balance.

Insensible water loss and diuretic use produce hyper-
natremia. Sometimes renal water retention dominates, 
causing hyponatremia. As the stress response abates, 
water shifts back into the intracellular space, stimulating a 
concomitant inward flux of potassium, magnesium, phos-
phate, and proteins from the plasma. Thus hypokalemia, 
hypomagnesemia, and hyperphosphatemia are common. 
Hypermetabolism or the refeeding syndrome also may 
cause hypophosphatemia.24,25

Whole-body glucose delivery increases as a consequence 
of decreased peripheral uptake26,27 and increased produc-
tion. Hepatic gluconeogenesis converts amino acids and 
glycerol to glucose, even during hyperglycemia.28,29 Amino 
acids, freed from peripheral protein stores, feed this pro-
cess. It is likely that the driving force for increased glucose 
production and decreased utilization is leukocyte demand 
in injured areas. Hyperglycemia and edema formation 
deliver glucose to relatively avascular injured areas. Lipid 
metabolism increases in the stress response, but not as much 
as triglyceride hydrolysis and re-esterification, resulting in 
elevated serum triglycerides.30,31 Many fat stores undergo 
mobilization and subsequent recomposition.

Pulmonary. Pulmonary insufficiency accompanies the 
stress response. Enhanced oxygen consumption and car-
bon dioxide production put greater demand on the pulmo-
nary system. Tachypnea and type I (oxygenation) and type 
II (ventilation) failure occur. Perivascular flux forces fluids 
and proteins into alveoli. Inflammatory infiltration exac-
erbates extravasation in certain patients. Altered immune 
function and risk for aspiration foment pulmonary infec-
tion. Such changes culminate in pulmonary dysfunction, 
including the adult respiratory distress syndrome.

Gastrointestinal. Intestinal villi atrophy and the gut 
swells.32 Ileus heralds worsening stress. These changes 
confound attempts to provide enteric nutrition and 

“Flow”: hypermetabolism

“Ebb”: shock and hypoperfusion

Anabolic recovery

Time

Peak
amplitude
influenced by
type of stressor

Cardiac output
Oxygen delivery
Substrate delivery
Stress hormones

Time course varies by stress: classically 6-7 days

Figure 60-1. Stress response curve, as described by Cuthbertson. A period of shock may or may not precede the hyperdynamic phase during 
which nutrient and oxygen delivery are increased to peripheral tissues. For details on organ-specific alterations, see chapter text.
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increase the risk of bowel obstruction. Hepatic metabolic 
changes include impaired excretion of bilirubin and other 
metabolites.

Renal. Peripheral vasodilatation steals blood flow from 
the kidneys. Reduced perfusion and circulating mediators 
produce a syndrome of oliguria. Metabolically active tubu-
lar cells suspend function and become quiescent until the 
stress has long resolved. The extreme example of this con-
dition is acute kidney injury. With recovery, renal function 
usually returns.33

Immunologic. Cell-mediated immunity is classically sup-
pressed during inflammation.34 Susceptibility to infection 
increases as systemic inflammatory signals are elevated.

Endocrine. Cortisol, catecholamines, and glucagon drive 
part of stress hyperglycemia.27 Relative cortisol deficiency 
worsens vasodilatory shock and stalls recovery.35 The 
peripheral response to insulin changes with immunologic 
signaling in peripheral muscle and fat.36-39 Changes in 
endocrine signaling include the euthyroid sick syndrome, 
disorders of sleep cycles, and altered immunologic func-
tion. Eventually, pituitary hypersecretion and altered 
peripheral sensitivity may give way to exhaustion.

If critical illness continues unabated, then metabolic 
signaling changes. Adiponectin levels decrease with acute 
critical illness, but they then normalize as illness contin-
ues,40 suggesting changing immune and metabolic sig-
naling. In this setting, catabolism continues and may be 
increased. Anterior pituitary hormone levels decline in a 
functional state of neuroendocrine exhaustion.

Ongoing stress leads to a state of persistent critical illness. 
In this state, neuroendocrine exhaustion is compounded 
by widespread bioenergetics/mitochondrial failure, organ 
dysfunction, kwashiorkor-like protein malnutrition, and a 
stymied immune response. Regular biologic oscillators lose 
their signaling,41 adiponectin levels increase again, and tis-
sue macrophages adopt an “anti-inflammatory” pheno-
type.40 These patients are susceptible to infection and are 
dependent on life-sustaining organ support therapies.

Recovery from any of these phases entails source control 
followed by prolonged anabolism. Tissue protein stores 
slowly recover. It takes time to replete proteins, endocrine 
axes, and immune responses to their normal function. 
Myopathies, neuropathies, and wound healing are the 
most visible manifestations of the slow recovery.

AVAILABLE DATA

Several clinical trials suggest ways in which the physiology 
of critical illness is mediated and how attempts to interfere 
with it might help or harm. Herndon et al.42 studied the 
use of beta-blockade in burned children to reduce the loss 
of muscle mass. They found that large doses of propranolol 
(average 6.3 mg/kg/day) produced a 6% absolute difference 
in lean body mass after 2 weeks of hospitalization. This trial 
examined the role of catecholamines in stress hypermetabo-
lism and showed that blockade of rampant protein catabo-
lism might improve outcomes in certain settings.

Adrenal hormone replacement may treat septic shock 
and other forms of acute critical illness, but the metabolic 
and immunologic consequences of this therapy are difficult 
to disentangle. Large doses of cortisol worsened mortality.43 

One study reported increased survival with selective admin-
istration of lower doses of cortisol in patients in whom a 
cosyntropin stimulation test signaled impaired response.35 
Other investigators44 have found no survival benefit. The 
value of diagnostic tests for adrenal insufficiency has been 
questioned because protein binding is so variable among 
critically ill patients.45 Current evidence shows little benefit 
from therapeutic administration of steroids to patients dur-
ing the stress response. This volume contains a comprehen-
sive discussion of the topic elsewhere.

The amount of nutrition needed during critical illness 
is an ongoing source of debate. Nutritional support mod-
estly prevents excessive protein loss, hyperglycemia, or 
hyperlipidemia and may improve organ and immune func-
tion. The available literature is highly prone to bias. A few 
findings are consistent. Very high levels of nutrients are 
associated with worse outcomes, “underfeeding” may be 
beneficial, and parenteral nutrients do not have the same 
effects as enteric nutrition.46 Nutritional topics are treated 
elsewhere in this text.

Attempts to alter stress metabolism can have adverse 
consequences. Although administration of anabolic hor-
mones might attenuate loss of lean muscle mass and 
improve outcomes in critical illness, studies of andro-
gen supplementation show mixed results.47 In one study, 
growth hormone supplementation increased mortality.48 In 
a surgical population, aggressive insulin therapy improved 
survival and reduced organ dysfunction when serum glu-
cose was driven to nonstress levels.49 A subsequent study of 
patients in a medical intensive care unit by the same inves-
tigators50 and studies by others51-53 failed to replicate these 
results. The original study was criticized for its large pro-
portion of cardiac surgery patients, the restriction of benefit 
to patients who stayed in the ICU longer, and the aggres-
sive nutrition given to the patients.54 Given the changes 
and variability in stress metabolism during critical illness, 
it is conceivable that the goals of insulin therapy should 
vary with a patient’s position on the stress curve such that 
catabolism is not overly suppressed early and anabolism is 
supported late. This concept remains unstudied.

INTERPRETATION OF DATA

Stress metabolism is incompletely characterized, variable, 
and multifaceted. Attempts to regulate specific elements 
on the arc of inflammation have been largely unsuccess-
ful, but available data do provide useful tools for the care 
of critically ill patients. The original model proposed by 
Cuthbertson is a template on which a patient’s progress 
can be mapped. Signs of increased metabolism and neu-
rohormonal stress should prompt a search for a cause and 
aggressive, sometimes empiric, therapy. As an example, 
the triad of encephalopathy, hyperglycemia, and impaired 
intestinal motility may herald the onset of sepsis. Con-
versely, signs that stress is abating, such as a spontane-
ous negative fluid balance and hypokalemia, can inform 
decisions to de-escalate monitoring and therapy, reduc-
ing iatrogenic risk. In the future, aminograms, lipograms, 
and even biograms of endogenous flora may help inform 
clinicians about these transitions. Given that bacteria out-
number somatic cells and mostly fulfill commensal roles, 
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cultivating and monitoring a healthy resident flora is justi-
fiably the subject of ongoing investigation.

Nutrition goals are incompletely characterized and 
should be tailored to patient response. Clinicians should con-
sider decreasing or even eliminating exogenous dextrose if it 
worsens hyperglycemia. Protein and fat goals, and the best 
way to provide them, require further study. Using lactate as 
a marker for adequate resuscitation may be helpful in early 
shock, but lactate has a limited effect once the stress response 
commences. Therapies must be tested in patients with acute, 
prolonged, and persistent critical illness because improved 
outcomes are desperately needed.55-57 The evidence suggests 
that preventing the transition to persistent critical illness 
with aggressive source control is the best available strategy.

SUMMARY

Metabolism increases with critical illness. The pattern of 
increase and decline is predictable, affects every organ sys-
tem, and is known as the stress response. Increased oxygen 
and nutrient delivery underlies the observed physiologic 
changes. The stress response pattern is a useful tool to 
guide clinical therapy.
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Is It Really Necessary to Measure 
Intracranial Pressure in Brain-
Injured Patients?

Randall M. Chesnut

A search of the literature on the management of severe 
traumatic brain injury (sTBI) will reveal evidence-based 
guidelines1 and consensus-based recommendations2 
supporting intracranial pressure (ICP) monitoring 
(Table 61-1). These documents support the predominant 
position of academic neurotraumatologists in highly 
resourced medical environments that successfully low-
ering elevated ICP improves recovery by attenuating 
the morbidity associated with intracranial hyperten-
sion. The publication of a randomized controlled trial 
(RCT)3 that questions the efficacy of our current use of 
monitored ICP, as well as the economic and clinical chal-
lenges associated with ICP monitoring in less affluent 
environments, invites a review of the current evidence 
surrounding the necessity and utility of monitoring ICP 
in managing sTBI.

The utility of any monitor lies in its interpretation. 
Most ICP data are treated as end-hour ICP, reflecting the 
prior 60 minutes, although few studies actually specify 
their collection technique. End-hour ICP may be the 
instantaneous ICP value; a nurse’s subjectively derived 
value representing the prior hour; or, more rarely, an 
average that is based on some algorithm (often unspeci-
fied). None of these represent the way ICP is used clini-
cally, which generally reflects instantaneous values, 
trends, responses to stimulation, spontaneous fluctua-
tions, and the effect of treatment. More recently, higher 
resolution (real-time) ICP data have been collected, 
allowing averaging and trending as well as alternative 
analytic methods (e.g., area under the curve [AUC], ICP 
variability). The overall lack of rigor in the current lit-
erature has greatly hampered studies of the prognostic 
value of ICP, its optimal treatment threshold(s), the effi-
cacy of treatment on altering outcome, and the definition 
of a “dose” of intracranial hypertension. Finally, the lack 
of natural history studies means that all ICP studies are 
performed with data from patients concomitantly treated 
at some threshold (most frequently 20 mm Hg). This con-
founds toxicities of treatment with the detrimental effects 
of intracranial hypertension, in particular greatly ham-
pering analysis of the predictive value on ICP elevation 

and the determination of physiologic treatment thresh-
olds. This is the evidentiary environment within which 
one approaches an analysis of the role of ICP monitoring 
in sTBI management.

INTRACRANIAL PRESSURE  
AND PROGNOSIS

In addition to the previously mentioned standardization 
considerations and the lack of natural history studies, 
the analysis of ICP as a predictive variable is confounded 
by irregularities in populations studied (e.g., excluding 
patients for “futility”), uncontrolled variability in manage-
ment approaches, treatment toxicities, and mixed injury 
types.

Most studies evaluate the prognostic utility of ICP 
based on a set threshold. In general, such analyses 
support that intracranial hypertension is predictive of 
increased mortality.4-17 When morbidity is evaluated 
with mortality included, intracranial hypertension cor-
relates with poor outcome (e.g., Glasgow Outcome 
Scale score [GOS] 1 to 3 or Extended GOS [GOS-E] 1 to 
4), although this correlation appears to hold better for 
diffuse injuries than mass lesions.18,19 If morbidity is 
analyzed separately from mortality, then intracranial 
hypertension is frequently not predictive of poor-grade 
survival.5,6,11,17,20-22 A recent systematic review of ICP 
and outcome reported that the degree of intracranial 
hypertension (especially >40 mm Hg) was associated 
with unfavorable outcome if death was included but not 
for survivors alone.23 It was concluded that the pattern of 
ICP elevation and ICP that is refractory to treatment were 
more powerful predictors than peak values or threshold  
violations.

Analyzing the “refractoriness” of ICP involves evalu-
ating the correlation between outcome and the response 
of intracranial hypertension to treatment. All such stud-
ies have used a 20–mm Hg treatment threshold and have 
reported significantly higher mortality for intracranial 
hypertension refractory to treatment.19,24-27 The systematic 

61
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Table 61-1 Published Indications for ICP Monitoring

BTF GUIDELINES FOR ADULTS1

 •  Level II recommendations (based on Class II evidence):
 •  ICP should be monitored in all salvageable patients with an sTBI (GCS of 3-8 after resuscitation) and an abnormal CT scan (one that 

reveals hematomas, contusions, swelling, herniation, or compressed basal cisterns).
 •  Level III recommendations (based on Class III evidence):
 •  ICP monitoring is indicated in patients with sTBI with a normal CT scan if two or more of the following features are noted at admission:
 -  Age older than 40 years
 -  Unilateral or bilateral motor posturing
 -  Systolic blood pressure <90 mm Hg

MILAN CONSENSUS CONFERENCE2

Diffuse brain damage

 •  ICP monitoring recommended:
 •  Comatose patients* with initial CT scan demonstrating diffuse damage with signs of brain swelling (e.g., compressed/absent basal 

cisterns)
 •  No indication for monitoring:
 •  Comatose patients* with clinically available examinations and a normal initial CT scan
 •  Comatose patients* with clinically available examinations and abnormal initial CT scan showing minimal signs of injury (e.g., SAH, 

petechial hemorrhages)
 -  ICP monitoring should be started for CT worsening
 -  Recommend second CT within 6-12 hr in stable patients
 -  Recommend urgent CT for neurologic worsening

Traumatic brain contusions

 •  ICP monitoring may not be indicated:
 •  Older patients despite large-sized traumatic contusions
 •  ICP monitoring should be considered:
 •  Noncomatose patients with large bifrontal contusions and/or hemorrhagic mass lesions near the brainstem
 •  ICP monitoring recommended:
 •  Comatose patients* with an initial CT showing traumatic contusions in whom the interruption of sedation to check neurologic status is 

dangerous or when the clinical examination is not completely reliable (e.g., severe maxillofacial trauma, spinal cord injury)
 •  Patients with large bifrontal contusions and/or hemorrhagic mass lesions near the brainstem regardless of the initial GCS

After decompressive craniectomy for intracranial hypertension (secondary DC)

 •  ICP monitoring is generally recommended after a secondary DC to assess the effectiveness of DC in terms of ICP control and to guide 
further therapy.

After evacuation of intracranial traumatic hematomas (primary DC)

 •  ICP monitoring should be considered for salvageable patients after evacuation of an acute supratentorial intracranial hematoma in the 
presence of the following features associated with an increased risk of intracranial hypertension:

 •  Preoperative clinical findings/imaging data:
 -  GCS motor score ≤ 5
 -  Pupillary abnormalities (anisocoria or bilateral mydriasis)
 -  Prolonged/severe hypoxia and/or hypotension
 -  Compressed or obliterated basal cisterns
 -  Midline shift exceeds 5 mm
 -  Midline shift exceeds thickness of the extra-axial clot
 -  Additional extra-axial hematomas, parenchymal injuries (e.g., contusions), or swelling
 •  Intraoperative clinical findings:
 -  Brain swelling

*Comatose patients defined as patients without eye opening, not obeying commands, and not speaking understandable words after hemodynamic and respiratory 
stabilization and in the absence of anesthetic or paralyzing agents.

BTF, Brain Trauma Foundation; CT, computed tomography; DC, decompressive craniectomy; GCS, Glasgow Coma Scale; ICP, intracranial pressure; SAH, subarach-
noid hemorrhage; sTBI, severe traumatic brain injury.

review of Treggiari et al. concluded that the odds ratios 
(ORs) of mortality and poor survivorship were signifi-
cantly associated with intracranial hypertension refractory 
to treatment.23

Overall, the absolute value of ICP appears to be of 
marginal utility as a prognostic variable, primarily 

acting as a marker of disease severity in terms of mortal-
ity. The pattern of resistance to treatment, particularly 
a refractory course, offers more prognostic power and 
is relevant to the critical value of quality of survival. 
However, its value as an independent predictive value 
remains unclear.
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USE OF INTRACRANIAL PRESSURE 
MONITORING AND OUTCOME

Intracranial Pressure-Monitor-Based 
Management Protocols

The association between monitoring ICP and outcome has 
been evaluated as validation of its use. Studies from single 
centers not using monitoring showing no associated dif-
ference versus historical controls from monitoring centers 
have been too flawed to be conclusive.28,29 Small prospec-
tive30 and larger retrospective16,31,32 single-center reports of 
the influence of instituting sTBI protocols focused around 
ICP and cerebral perfusion pressure (CPP) management 
have uniformly demonstrated increased efficiency (e.g., 
decreased ventilator days, decreased number of treat-
ments) and generally supported associated improvements 
in short-term outcomes. Care system modifications ranged 
from preprinted orders, through explicit algorithms, to for-
mal care pathways. However, one small prospective study 
reported that initiating an sTBI protocol was not associated 
with improved outcome and that the significant benefits 
on management efficiency were statistically independent 
of whether patients underwent ICP monitoring.33 A simi-
lar, larger, two-paper retrospective series reported that 
the significant improvements in mortality associated with 
protocol initiation were independent of ICP monitoring, 
which was significantly associated with increased use of 
treatment modalities and intensive care unit (ICU) length 
of stay.34,35

In aggregate, it appears that, if associated with adequate 
attention to protocol compliance, monitoring of deviations, 
and definition of the interventions (preprinted orders, 
flowcharts, management protocols, care pathways), the lit-
erature supports that the establishment and enforcement 
of protocols/care pathways focused on ICP-monitor-based 
management of sTBI patients can be expected to gener-
ally result in decreased resource use and improvements in 
short-term patient outcome. However, the degree and even 
direction of the specific contribution of ICP monitoring to 
these improvements is unclear.

CENTER-BASED STUDIES

Multicenter studies of the association between ICP moni-
toring and outcome can be divided into center-based and 
patient-based approaches. Center-based studies focus on 
“aggressive care” as associated with more frequent ICP 
monitoring. Bulger et al. analyzed prospective data from 33 
level I/II trauma centers, classifying those who monitored 
ICP in more than 50% of patients that met the Brain Trauma 
Foundation (BTF) guidelines monitoring criteria1 (GCS ≤ 8 
and an abnormal admission computed tomography [CT] 
scan) as aggressive.36 Only 36% of centers met these crite-
ria. This designation strongly covaried with the availabil-
ity of traumatic brain injury (TBI)-related resources and 
personnel and with treatment intensity. Overall hospital 
mortality was significantly lower at “aggressive” centers, 
suggesting that this ICP monitoring frequency-based defi-
nition of aggressive care strongly covaries with practices 
supportive of improved survival.

This study contrasts with the report of Cremer et al., 
which retrospectively compared two level I trauma cen-
ters, one of which treated suspected intracranial hyperten-
sion based on imaging and clinical examination (ICE), the 
other predominantly directing care based on ICP monitor-
ing (67% of studied patients).37 The monitoring center used 
significantly more resources, but there was no difference in 
survival-to-discharge between centers.

The contrasting results of these two frequently quoted, 
center-based studies suggest that, although the frequency 
of ICP monitoring may be a useful index of beneficially 
attentive care in multicenter studies, it should not be used 
in isolation as a marker of effective care of sTBI patients. 
Mauritz et al. found that the frequency of ICP monitoring 
varied according to center size (increasing from small to 
medium centers, then decreasing for larger institutions) 
and severity of injury (increasing, then decreasing as sever-
ity increased).38 It also varied by age. If aggressiveness of 
care is to be usefully studied, then it clearly warrants a 
more complex definition derived via multivariate analysis.

PATIENT-BASED STUDIES

Multicenter, patient-based studies have analyzed large 
databases to investigate the association between ICP moni-
tor insertion and outcomes. Two large studies have been 
reported based on general trauma databases. An analysis 
of 5507 patients with abbreviated injury scale (AIS) head 
scores greater than 3 from the Ontario Trauma Registry 
found that 9.8% were monitored, with a very wide center-
specific range (0.5% to 21.4%). Multivariate analyses con-
trolling for AIS head score, injury severity score (ISS), and 
injury mechanism indicated that ICP monitoring was asso-
ciated with significantly improved survival.39 However, 
different results were gleaned from sTBI patients (GCS ≤ 8  
and an abnormal CT) with ICU stays of 3 or more days 
from the National Trauma Data Bank.40 Worse risk-adjusted 
hospital mortality and discharge functional status as well 
as increased complications (pneumonia, renal failure, and 
infections) were reported for 708 monitored patients as 
compared with 938 nonmonitored patients. Only 43% of 
patients meeting the BTF guidelines criteria for ICP moni-
toring were actually monitored.

Although these reports presumably reflect “real-life” 
treatment of TBI patients at general trauma centers, they 
lack the neurologic indices necessary for rigorous adjust-
ment for TBI severity. Their disparate findings under these 
conditions suggest that the use of ICP monitoring as a qual-
ity benchmark should be considered relative, not absolute.

Prospective, TBI-specific databases provide the best 
data for rigorous risk adjustment. Farahvar et al. prospec-
tively analyzed collected data from 1307 sTBI patients who 
received treatment for intracranial hypertension within 
48 hours of injury, 1083 (83%) of who were monitored.41 
Nonmonitored patients were significantly older and had 
significantly more pupillary abnormalities. Controlling for 
age, GCS score, CT abnormalities, pupil abnormalities, and 
hypotension, multivariate logistic regression modeling of 
2-week mortality in adults revealed a strong trend toward 
reduced risk for patients having ICP monitoring (OR, 0.64, 
95%; confidence interval [CI], 0.41 to 1.00; P = .05).
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Mauritz et al. attempted to model the decision to moni-
tor by creating an ICP-monitoring propensity score derived 
on the basis of severity of injury indices.38 They applied 
this score to 1856 prospectively studied sTBI patients from 
32 ICUs. When adjusted based on this model, they found 
no significant independent association between ICP moni-
toring and risk-adjusted discharge mortality. As noted 
previously, the frequency of ICP monitoring in this study 
varied according to age, center size, and severity of injury.

META-ANALYSIS OF PATIENT-BASED 
STUDIES

Stein et al. performed a meta-analysis of 127 sTBI patient-
based studies, analyzing the influence on outcome of 
aggressive treatment based on ICP monitoring frequency.42 
Their analysis was study-based; they did not use pooled 
data. They reported significant independent associations 
of improved outcome and decreased recovery associated 
with aggressive treatment.

RANDOMIZED CONTROLLED TRIALS

The BEST TRIP (Benchmark Evidence from South Ameri-
can Trials: Treatment of Intracranial Pressure) trial, a recent 
RCT, compared the outcomes of patients managed accord-
ing to a protocol based on monitored ICP versus a group 
treated for intracranial hypertension based on serial ICE 
without implanted monitors.3 Both groups were aggres-
sively resuscitated and managed in small ICUs according 
to specified protocols by intensivists with special interest in 
neurotrauma, who did the serial examinations themselves. 
They reported no significant difference at 6 months in a 
composite outcome score combining mortality, morbidity, 
functional outcome, and neuropsychological testing. ICP 
monitor-based treatment was associated with significantly 
fewer ICU days of treatment for intracranial hypertension 
and 50% fewer individual ICP treatments. Both groups had 
equal incidences of neurologic deterioration.

Smith et al. performed a smaller RCT in which patients 
with ICP monitors were randomized to ICP-based mannitol 
administration with escalation to high-dose pentobarbital for 
refractory intracranial hypertension versus scheduled man-
nitol regardless of monitored ICP, escalated only for neuro-
logic worsening.43 There was no difference between groups 
in dichotomized GOS scores at 1 year. ICP was 5.5 mm Hg  
higher in the group treated based on monitored ICP.

All of the these nonrandomized studies analyzing the 
association between ICP monitoring and outcome suffer 
from the inability to describe and control for the individual 
decision making related to the insertion of an ICP monitor in 
a particular patient. Each such decision reflects an unquanti-
fied admixture of individual evaluations, physician prefer-
ences, physician policies, institutional policies, and other 
approaches. The wide center-specific monitoring range in 
the Lane study,39 the low compliance with the BTF monitor-
ing guidelines in the Shafi paper,40 and the low fraction (36%) 
of level I and II centers that inserted ICP monitors in more 
than 50% of patients meeting the BTF guidelines criteria for 
monitoring in the Bulger report36 highlight the variations 

in practice associated with this decision making. Age and 
severity of injury have been reported to be greater in patients 
treated for intracranial hypertension but not monitored when 
compared with those monitored.8,38 The size of the managing 
center may also influence monitoring decisions.38 The critical 
relationship between the decision to monitor, the perceived 
prognosis, and the intention to manage intracranial hyperten-
sion is uncontrolled in these studies. For instance, it should 
not be expected that an sTBI patient who is not monitored 
(and therefore managed expectantly) because of a perceived 
poor prognosis would have the same outcome as an inten-
sively managed patient who is not monitored based on insti-
tutional practices. The vagaries in the association between 
ICP monitoring and outcome reflected in these studies likely 
reflects their inability to control for such decision making.

The process of randomizing the use of ICP monitoring 
removes the above decision making-related vagaries from 
the study. In addition, the specification of treatment proto-
cols for all randomized groups defines the level of aggres-
siveness independent of the monitor. Neither of the RCTs 
supports an association between improved outcome and 
implantation of an ICP monitor if all patients receive inten-
sive treatment of intracranial hypertension.

Of note, all of these studies examine ICP monitoring 
in the composite group of patients with sTBI rather than 
just the subset with established intracranial hypertension. 
Nevertheless, if aggressiveness of care is actually benefi-
cial to improving outcome from sTBI in general, it does not 
appear that ICP monitor insertion is a sensitive or specific 
benchmark or quality assurance indicator.

DOES SUCCESSFUL MANAGEMENT OF 
INTRACRANIAL PRESSURE IMPROVE 
OUTCOME?

Whether acting as an indicator of disease severity or as a 
treatable entity, uncontrolled intracranial  hypertension is 
strongly associated with poor outcome. Therefore, for ethi-
cal reasons, modern natural history data or randomized 
investigations into whether treating elevated ICP improves 
outcome are lacking. As a proxy, the association between 
treatment response and outcome is used to address this 
question.

INTRACRANIAL PRESSURE RESPONSIVE 
TO ROUTINE TREATMENT

Because the prior individual studies lacked patient numbers 
sufficient to allow for differentiating the outcomes of patients 
with elevated ICP who responded to treatment from those 
with normal ICP or refractory intracranial hypertension, 
Treggiari et al. combined the available data into a systematic 
review.23 They reported that patients with elevated ICP who 
responded to treatment represented a distinct group with 
better outcome and lower morbidity and mortality than 
those with refractory intracranial hypertension, but poorer 
outcomes than those with normal ICP throughout their 
course. They concluded that ICP response patterns were 
more powerful predictors of outcome than ICP values. Their 
inability to perform thorough risk adjustment prevented 
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them from determining if the intermediate group benefited 
from ICP manipulation versus simply represented an injury 
subpopulation with a higher probability of survival.

Subsequently, Farahvar et al. examined ICP response 
patterns and short-term mortality in 369 prospectively 
studied patients with ICP greater than 25 mm Hg for 1 hour 
or more.8 They defined nonresponders as patients having 
ICP greater than 25 mm Hg for 1 hour or more within 2 con-
secutive days after initial treatment. The 25.7% who met 
their definition of responders had a significantly lower risk 
of 14-day mortality by multivariate modeling. They did 
not report outcome for survivors. They concluded that this 
paper demonstrated that successful treatment of intracra-
nial hypertension improves outcome. Their interpretation 
is confounded by their finding that there was a 20% greater 
likelihood of responding to treatment for every 1-hour 
decrease in the number of hours of ICP over 25 mm Hg dur-
ing the first 24 hours. In addition, their conclusion is very 
sensitive to their definition of nonresponders, which repre-
sents a very low threshold and renders it very difficult to 
estimate what percentage of the mortality difference might 
be due simply to severity of injury.

REFRACTORY INTRACRANIAL PRESSURE 
RESPONDING TO “SECOND-TIER” 
THERAPIES

Recognizing the correlation between outcome and the 
degree of intracranial hypertension and the pattern of ICP 
response to treatment, it is useful to examine studies of 
“resistant” ICP.

Eisenberg et al. randomized patients with intracranial 
hypertension refractory to conventional medical therapy to 
high-dose pentobarbital versus continued “first-tier” treat-
ment.44 Mortality was strongly correlated with ICP control 
for both randomization groups as well as for patients who 
crossed over into the barbiturate group after failure of con-
tinued first-tier treatment. It is interesting to note that 13% 
of patients whose ICP did not respond to treatment sur-
vived, although further detail is lacking on their recovery.

Shiozaki et al. randomized patients with intracranial 
hypertension resistant to high-dose barbiturates to hypo-
thermia versus continued normothermic management.45 
Six-month mortality was significantly correlated with ICP 
response to treatment. Sixteen (76%) of 21 patients with 
persistently resistant intracranial hypertension died of 
intracranial hypertension. ICP remained above 20 mm Hg 
in all 17 normothermia patients, although 3 of the 4 whose 
ICP decreased after 4 to 7 days survived, 1 with good out-
come. Fifty percent of the hypothermia patients whose ICP 
responded to cooling had a good or moderate outcome.

These studies strongly suggest that the mortality asso-
ciated with elevated ICP, particularly resistant intracranial 
hypertension, can be reduced by successful treatment. 
Unfortunately, small study populations and a focus on 
mortality prevent drawing reliable conclusions regarding 
the effect of treatment on morbidity, although the system-
atic review by Treggiari et al. suggest that response to treat-
ment may be associated with improved survivorship.

In the Eisenberg trial, it was noted that patients random-
ized before 52 hours after injury had only a quarter chance 

of responding to either therapy versus those assigned later 
despite the ratio of barbiturate versus control therapy effi-
cacy being the same for both time epochs. In the Shiozaki 
trial, in which ICP remained uncontrolled in all of those ran-
domized to normothermia, 18% of those patients survived 
(one with good outcome) whereas all of those randomized 
to hypothermia whose ICP remained high died. These 
findings underscore that, in addition to the magnitude of 
intracranial hypertension, the pattern of ICP response and 
degree of resistance to treatment are important prognostic 
attributes. Differentiating which patients with intracranial 
hypertension will benefit from treatment from those in 
which their ICP values and course are simply indicators of 
mortal disease remains a major clinical problem.

Both of these studies reveal that not all patients with 
“uncontrollable ICP” die, and some may survive to have 
good outcomes. It is clear that our current clinical interpre-
tation of ICP data remains primitive.

INTRACRANIAL PRESSURE THRESHOLD

Is there an ICP threshold the violation of which represents 
a detrimental “dose” of intracranial hypertension or where 
keeping sTBI patients below such a level is beneficial to 
recovery? The origin of the threshold values currently most 
widely used for treatment (20, or, less frequently, 25 mm Hg) 
is unclear, likely representing a desire to prevent ICP val-
ues above those accepted as the upper limit of normal ICP. 
However, the value of a well-validated treatment threshold 
is the ability to balance the risks and complications of over-
treatment (e.g., longer ICU stay, more interventions with 
their associated toxicities) against the physical hazards of 
threshold violation. Therefore knowing whether there is a 
general threshold value or, if not, whether it is possible to 
define patient-specific thresholds is critical to understand-
ing the value of monitoring.

In the absence of natural history studies, the effects of 
ICP-threshold-driven treatment on physiologic variables 
and outcome of all sTBI study populations have con-
founded attempts at determining an ICP threshold. Smith 
et al. placed ICP monitors into all sTBI patients (admission 
GCS < 8) and randomized them to either treatment trig-
gered at 20 mm Hg or scheduled mannitol without ICP-
based treatment.43 Only neurologic worsening prompted 
treatment escalation in the threshold-free group. There was 
no significant difference between groups in 1-year dichoto-
mized GOS. Although this study presents acceptable out-
comes without a specific treatment threshold, such patients 
were treated for anticipated intracranial hypertension and, 
indeed, their mean ICP was 5.5 mm Hg less than that of the 
threshold group.

Saul and Ducker attempted to study the effects of chang-
ing their treatment threshold from 20 to 25 mm Hg to 15 mm 
Hg in a sequential cohort study and reported significantly 
better outcome associated with the latter. Unfortunately, 
their inability to control for the numerous other changes 
that occurred concomitantly with the threshold variation 
prevent attributing any degree of causality to the observed 
decrease in mortality associated with the lower threshold.16

Ratanalert et al. randomized patients with ICP of 20 mm 
Hg or higher to treatment at 20 or 25 mm Hg using the same 
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protocol, which included CPP and jugular venous oxygen 
saturation control.46 They found no significant difference 
in GOS at 6 months. However, with only 27 patients, this 
study was underpowered and little design or management 
detail is provided.

Marmarou et al. looked at the magnitude of ICP eleva-
tions above levels from 0 to 80 mm Hg as variables in a 
multivariate outcome model in 428 sTBI patients from the 
Traumatic Coma Data Bank.47 They found the percentage 
of monitored time above 20 mm Hg to be the fourth most 
powerful predictor, whereas the average of ICP values 
above individual thresholds did not merit inclusion in the 
model. Of note, ICP was treated at 20 mm Hg and CPP was 
not a therapeutic variable during that study. This analysis 
does support that attempts to incorporate time-based mag-
nitude calculations into the analysis of ICP strengthen its 
predictive value.

Chambers et al. used receiver operating curve analysis 
to evaluate optimal predictive thresholds for ICP and CPP 
in 213 sTBI patients.48 They analyzed hourly average maxi-
mal ICP and minimal CPP values against 6-month dichot-
omized GOS scores. In adults, mathematically optimal 
predictive thresholds appeared to be 55 mm Hg for CPP 
and 35 mm Hg for ICP, with CPP being the predominant 
variable. The clinical relevance of this analytic approach 
is unclear, although these values likely represent injury 
thresholds for the variables as defined.

SURVIVORS DESPITE REFRACTORY 
INTRACRANIAL HYPERTENSION

As noted in the discussion of the Eisenberg study,44 not all 
patients with intracranial hypertension resistant to treatment 
die or have poor outcomes. Another report on 37 patients 
with resistant intracranial hypertension (ICP > 20 mm Hg  
for ≥96 hours) reported 38% favorable outcome (GOS 4 to 5) 
at 6 months.49 Age was strongly correlated with favorable 
outcome in this group. Low admission GCS did not pre-
clude acceptable recovery. Although peak ICP and minimal 
CPP values did not differ between groups, little additional 
data on secondary insults were reported. Another case series 
of nine patients with persistent ICP over 25 mm Hg reported 
a survival rate of 44%, all with GOS scores of 4 (mild dis-
ability).50 All were vigorously managed, including attempts 
at maintaining CPP above 60 mm Hg, despite intracranial 
hypertension.

Although lacking detail on the intracranial hypertension 
magnitude or its interaction with CPP or other secondary 
insults, these studies remind us that the ICP thresholds cur-
rently commonly used are not absolute and that patients with 
intracranial hypertension resistant to such values may have 
satisfactory outcomes if aggressive support is maintained.

ALTERNATIVE APPROACHES 
TO INTRACRANIAL PRESSURE 
INTERPRETATION

The traditional method of recording ICP is to have the 
nurse record the end-hour value. Whether the actual value 

is truly that on the monitor at the hour or is an “estimated 
average” of the prior hour seems to depend on the nurse. 
Until recently, these are the data points used in studies 
of intracranial hypertension. Automated data recording 
increases consistency and possibly accuracy in addition 
to facilitating higher resolution analysis. Several studies 
comparing “traditional” with automated methods have 
demonstrated systematically higher rates of intracranial 
hypertension associated with automated recording meth-
ods.51-53 In their analysis of automated versus manual 
data, Kahraman et al. compared mean values versus the 
ICP AUC above a set threshold (20 mm Hg).51 In addition 
to demonstrating improved sensitivity of continuously 
collected data to threshold violations, they found that 
the AUC was significantly more powerful as an outcome 
 predictor.

Vik et al. suggested that a “dose” of intracranial hyper-
tension might be estimated by the ICP AUC above a set 
threshold (20 mm Hg) over the course of the monitoring 
period.54 Dividing their patients’ AUC values into four 
dosage categories, they found a strong correlation between 
the probabilities of death or poor outcome and the dose of 
ICP at 6 months.

Lazaridis et al. used automated data collection and 
AUC analysis to examine the possibility of individualizing 
the ICP thresholds used to calculate the AUC estimates of 
intracranial hypertension.55 They determined the ICP value 
associated with an index value of cerebrovascular pressure 
autoregulation status (pressure reactivity index [PRx] <0.2) 
that had previously been found associated with increased 
mortality.56 The mean ICP threshold values based on PRx 
was 26 ± 10, ranging from 20 to 32. They reported that the 
AUC-based dosage measurements based on the individu-
alized ICP thresholds were stronger predictors of 6-month 
mortality than dosages based on universal thresholds of 20 
or 25 mm Hg.

These studies suggest that the traditional methods of 
recording and analyzing ICP are insufficiently developed. 
Alternative methods of recording, displaying, and ana-
lyzing ICP appear to hold promise toward improving the 
clinical relevance of ICP in general and adapting treatment 
thresholds for individual patients. Such developments 
should improve our ability to use ICP in treating patients 
and improve the poor signal-to-noise ratio that currently 
plagues our ability to strongly demonstrate the role of ICP 
in sTBI management. The concept of determining individ-
ual patient “dosages” of intracranial-hypertension-related 
insults is particularly attractive.

CONSIDERATIONS GERMANE TO 
SEVERE TRAUMATIC BRAIN INJURY 
MANAGEMENT WITHOUT MONITORING 
INTRACRANIAL PRESSURE

Although it has not been rigorously established that ICP 
monitoring is required to provide superior outcome from 
sTBI, the large amount of circumstantial evidence in sup-
port suggests that the decision not to monitor ICP man-
dates providing an optimized management environment. 
As noted above, ICP frequently strongly covaries with the 
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availability of resources (e.g., neurosurgical consultation, 
prehospital intubation, CT scan use) and the aggressive-
ness of overall trauma management that is associated with 
improved outcome from sTBI in general.3,36,42 Although the 
precise contribution of ICP monitoring to these relation-
ships has not been established, it would be expected that 
centers choosing to manage sTBI patients without routine 
ICP monitoring should provide all of these other aspects 
of attentive sTBI care if they are to expect similar levels of 
recovery.

Because it appears that the development, adoption, 
and enforcement of treatment protocols is associated with 
improved outcome from sTBI (vide supra), it is notable 
that there is a severe dearth of evidence-based treatment 
algorithms to guide management in the absence of moni-
toring. The only explicit protocol that has been rigorously 
evaluated is that of the ICE protocol from the BEST TRIP 
ICP RCT.3 The ICE protocol was developed ad hoc for this 
study, in the absence of alternatives from the literature. 
Although apparently effective in this study, it has not been 
tested in other studies or outside of the specific environ-
ment in which that study was performed. Whether the ICE 
protocol now serves as a forme fruste practice standard is 
undetermined.

Overall, it should not be expected that the decision not 
to monitor ICP in sTBI patients would lessen the workload 
associated with their care. Uncertainty as to whether the 
decreased monitoring cost would increase overall ICU 
resource use renders the economic effects of such a deci-
sion unclear.

REAL AND POTENTIAL ADVANTAGES OF 
INTRACRANIAL PRESSURE MONITORING

The RCT demonstrated increased patient care efficiency 
associated with ICP monitoring, including fewer ICU 
days directed at brain-specific care, and half of the num-
ber of overall ICP-directed interventions.3 The relative 
value of such efficiencies in achieving similar outcomes 
should be considered against the benefits, expenses, and 
risks associated with ICP monitoring in individual care 
environments.

The BEST TRIP ICP RCT was performed in small ICUs 
continuously staffed by intensivists with special interest in 
neurocritical care. Serial examinations were personally per-
formed by these physicians, using study protocols, which 
included explicit definitions of neurologic worsening crite-
ria that required documented interventions within 1 hour 
of occurrence. In situations that do not afford as high a 
level of personal neurointensivist scrutiny as was practiced 
in the BEST TRIP trial, ICP monitoring may be considered 
to potentially serve as a “backup system” toward identify-
ing patients at risk of deterioration.

To date, the value of ICP monitoring has generally been 
studied in the aggregate of sTBI patients as a whole. The 
value of ICP monitoring in directing care of that subset of 
sTBI patients who manifest established intracranial hyper-
tension has not been rigorously evaluated. If it is true 
that successful ICP management in those specific patients 
improves outcome, then it is likely that the availability of 

accurate, quantitative ICP data would be valuable. Per-
forming such a study would be difficult and would greatly 
benefit from the availability of a reliable, noninvasive 
means of identifying this patient subgroup.

CONCLUSIONS

There is no clear evidence that ICP-monitor-based treat-
ment of sTBI patients in aggregate is required to pro-
vide optimal recovery if aggressive, attentive care is 
offered in an environment where other critical resources 
are available (e.g., neurosurgical consultation, ready  
access to imaging, well-executed prehospital care, expe-
ditious resuscitation). However, the many remarkable 
shortcomings in our current clinical application of ICP 
(e.g., optimizing analysis and display, personalized 
threshold determination based on multimodality moni-
toring) suggest that much of the problem may be that 
those methods that have been tested are “undercooked” 
(Table 61-2). In particular, insufficient knowledge exists 
regarding whether there is an identifiable subset of 
patients with established intracranial hypertension 
whose outcome depends on successful ICP manage-
ment. In addition, the utility of ICP in facilitating the 
understanding of other monitored values (e.g., brain 
tissue oxygen tension, microdialysis, cerebral blood 
flow pressure autoregulation) is only now starting to be 
addressed. Finally, there is almost no information avail-
able to guide modern acute management of sTBI in the 
absence of ICP monitoring. Therefore the balance of evi-
dence would seem to support monitoring ICP in patients 
felt to be at risk of intracranial hypertension. However, 
the interpretation and application of the ICP data so 
derived is less clear.

There are critical aspects of ICP-based care that are 
indeterminate. There is no evidence-based ICP manage-
ment algorithm and, indeed, many feel that there should 
not be a single such protocol for all patients. Treating 
intracranial hypertension requires balancing the toxic-
ity of treatment against the risk of elevated pressures; 
however, there are no well-defined methods for setting 
an individual patient’s treatment threshold or deter-
mining a dangerous dose of intracranial hypertension. 
Currently, most of these decisions are made by the 
management teams, in which the benefits of experience 
and frequent contact with sTBI patients become para-
mount. In this light, the author strongly supports sTBI 
management being done at regional neurotrauma cen-
ters, where intensivists and neurologic surgeons with 
special interest and training in neurotrauma can deal 
with the uncertainties surrounding our most basic TBI  
monitor.

From a research viewpoint, it is unlikely that interest in 
ICP will disappear from TBI care in the future. The true 
value of the BEST TRIP ICP RCT is to illustrate how much 
of what we have taken for granted in ICP management is 
questionable. A redefinition of ICP and its proper role in 
the multimodality-based approach to targeted therapy that 
appears to be slowly emerging in the neurocritical care of 
sTBI is needed.
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Table 61-2 Shortcomings of Current Understanding of ICP

Problem Manifestation Solution/Work Around

Limited prognostic  
value

Overreliance on ICP for prognostic  
decision-making

Cautiously use “intermediate” ICP values
Focus on prediction of mortality above morbidity
Consider ICP resistance and trending as prognostic tools

Limited value of  
end-hour ICP

Inexact understanding of “dosage” of  
intracranial hypertension

Use high-resolution, automated ICP analysis, including trending
Improve bedside displays to include trending
Develop alternative methods of analyzing ICP (e.g., AUC)

Variable utility of ICP 
monitoring as a 
quality-assurance 
benchmark

Inexact assessment of quality of care in sTBI
Inability to rigorously determine the  

independent role of ICP monitoring as 
a practice option, recommendation, or 
standard

If used, then analyze in parallel with other indices of “aggressiveness” 
(e.g., time to OR, time to first CT, absence of hypotension, lack of 
neurologic worsening)

Refine decision pathways and improve explicit documentation 
regarding decisions to monitor ICP in individual patients

Add TBI-specific data points to general trauma databases (e.g., 
pupillary examination, CT classification)

Develop noninvasive methods of estimating ICP as indicator for 
invasive monitoring

Unclear treatment 
thresholds

Overtreatment (toxicity)
Undertreatment?

Cautiously adjust the ICP treatment threshold from 20 to 25 mm Hg 
based on serial examination and imaging and other monitors as 
the ICU course develops

Develop algorithms to assist in determining and following  
individual treatment thresholds

Be aware that “resistant ICP” is not inconsistent with reasonable 
survival in all cases if aggressive management is maintained

Uncertainty of which 
patients specifically 
benefit from ICP  
management

Undertreatment and overtreatment
Treating all ICP elevations in all patients  

in a similar fashion

Improve the taxonomy of sTBI patients regarding treatment  
categories

Correlate changes in other variables (e.g., examination, imaging, 
other monitors) with ICP parameters and response to treatment

Target ICP treatment toward the pathophysiology underlying the 
intracranial hypertension

AUC, area under the curve; CT, computed tomography; ICP, intracranial pressure; ICU, intensive care unit; OR, operating room; sTBI, severe traumatic brain injury; 
TBI, traumatic brain injury.

AUTHOR’S RECOMMENDATIONS

 •  There are no clear data to support ICU monitor-based therapy 
in sTBI.

 •  A non-ICP monitoring approach to sTBI requires meticulous 
clinical and radiologic attention.

 •  There are many problems associated with the methodology of 
measuring and recording ICP and with interventions per-
formed based on the data derived.

 •  There may be a subset of patients with established intracranial 
hypertension whose outcome depends on successful ICP man-
agement.

 •  The utility of ICP in facilitating the understanding of other 
monitored values (e.g., brain tissue oxygen tension, microdialy-
sis, cerebral blood flow pressure autoregulation) is only now 
starting to be addressed.

 •  There is almost no information available to guide modern acute 
management of sTBI in the absence of ICP monitoring.

 •  Therefore the balance of evidence would seem to support 
monitoring ICP in patients thought to be at risk of intracranial 
hypertension.

 •  Treating intracranial hypertension requires balancing the toxic-
ity of treatment against the risk of elevated pressures.

 •  Management of sTBI patients is best performed at regional 
neurotrauma centers.  
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How Should Traumatic Brain 
Injury Be Managed?

Danielle K. Sandsmark, Larami MacKenzie, W. Andrew Kofke

The morbidity and mortality resulting from traumatic 
brain injury (TBI) stem not only from the primary brain 
damage caused by the initial impact but also from the  
secondary insults that follow. Although the primary 
injury occurs nearly immediately and is largely irrevers-
ible, secondary insults include a variety of ischemic,  
metabolic, and inflammatory disturbances that occur in 
the vulnerable brain tissue. These insults develop over 
hours to days after injury. Given the delayed presenta-
tion, these secondary insults represent an opportunity 
for clinical intervention. Recognition and treatment of 
these evolving processes are critical to ensuring optimal 
outcome following serious brain injury.

In the following discussion, we outline the evidence 
supporting various intensive care unit (ICU) practices in 
the management of the severely brain injured to prevent 
secondary brain damage. We follow and summarize the 
general format of the Brain Trauma Foundation (BTF) man-
agement guidelines.1 The specific studies that are included 
were evaluated with GRADE (Grading of Recommenda-
tions Assessment, Development and Evaluation) criteria, 
as detailed in Table 62-1.

SYSTEMIC BLOOD PRESSURE AND 
OXYGENATION

Background

Both hypotension and hypoxemia contribute to second-
ary brain injury and influence outcomes after trauma.2 
Because of ethical constraints, it is not possible to perform 
randomized studies to establish absolute thresholds for 
oxygenation and blood pressure support. In the follow-
ing section, we discuss the available evidence that can  
provide some guidance to these thresholds.

Evidence

Hypoxemia

Analysis of the prospectively collected Traumatic Coma 
Data Bank showed that episodes of hypoxemia (partial 
pressure of oxygen in arterial blood [Pao2] <60 mm Hg 
or apnea/cyanosis in the field) in the acute period after 
injury were associated with increased mortality.2 Studying 

prehospital trauma patients, Stocchetti et al.3 found that 
hypoxemia (defined as a peripheral oxygen saturation 
<60%) at the accident scene was associated with a univer-
sally poor prognosis (death or severe disability), as was 
severe hypotension (defined as systolic blood pressure 
<60 mm Hg). In 3240 patients included in the San Diego  
County trauma registry, both hypoxemia (Pao2 <110 mm 
Hg) and extreme hyperoxemia were associated with 
increased mortality and poorer clinical outcomes in survi-
vors of TBI.4 Hypoxemia in head-injured patients cared for 
in the ICU also increases mortality.5

Hypotension

Similar results have been reported with prehospital and 
in-hospital hypotension.6 A single episode of hypoten-
sion with a systolic blood pressure lower than 90 mm Hg 
was associated with increased morbidity and doubled 
mortality.2 Similarly, Marmarou and colleagues7 used the  
Traumatic Coma Data Bank to study 428 patients with 
severe TBI and found that as the proportion of systolic 
blood pressure measurements <80 mm Hg or intracranial 
pressure (ICP) >20 mm Hg increased, patient outcome 
worsened. A series of prospective studies by Vassar and 
colleagues8 evaluating resuscitative fluids given before 
hospital admission in hypotensive trauma patients demon-
strated that hyperosmolar fluid resuscitation (7.5% hyper-
tonic saline [HTS] ± dextran) more effectively raised blood 
pressure than isotonic solutions, and patients who received 
hyperosmolar resuscitation had better outcomes than pre-
dicted. In the subset of trauma patients with a Glasgow 
Coma Scale (GCS) score of 8 or less, the hyperosmolar 
treatment group fared significantly better than the isotonic 
group. A follow-up prospective study looking specifically 
at prehospital resuscitation of hypotensive patients with 
severe TBI showed no difference in neurologic outcome 
at 6 months in patients resuscitated with hypertonic fluids 
versus conventional fluid resuscitation.9

Recommendations

Hypoxemia and hypotension are associated with poor 
outcomes from TBI and should be avoided. GRADE B evi-
dence supports a threshold value of 90 mm Hg systolic and 
Pao2 mm Hg less than 60 with O2 saturation less than 90%, 
respectively.

62
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CEREBRAL PERFUSION THRESHOLDS

Background

On the basis of Pouiselle’s law describing laminar flow, 
cerebral blood flow (CBF) is directly related to the cerebral 
perfusion pressure (CPP), which is defined as mean arterial 
pressure (MAP) – ICP and is inversely related to the cere-
bral vascular resistance (CVR) (CBF = CPP/CVR). Under 
normal conditions, CBF remains constant despite changes 
in CPP by constriction and dilation of the cerebral blood 
vessels, termed cerebral autoregulation. After brain injury, 
cerebral autoregulation is often disrupted such that blood 
vessel radius either remains constant, despite changes in 
MAP and CPP, or varies directly (inversely) with CPP. In 
both cases, even small changes in CPP can trigger altera-
tions in CBF, blood flow velocity, and ICP, which, in turn, 
compromises oxygen and glucose delivery to the brain  
tissue. Given the lack of tools to directly and continuously 
measure CBF, CPP has been used as a monitoring param-
eter reflective of cerebral perfusion.

Evidence

Low CPP (generally defined as less than 50 mm Hg), typi-
cally caused by systemic hypotension (low MAP) or intra-
cranial hypertension (high ICP), is associated with poor 
clinical outcome as well as poor physiologic variables, 
including jugular venous oxygen saturation, brain oxygen 
saturation, and cerebral microdialysis parameters.10-13

Rosner and Daughton originally reported manage-
ment on head-injured patients based on CPP thresh-
olds.14 They studied 34 patients and used a variety of 
interventions to achieve CPP greater than 70 mm Hg 
and concluded that this was associated with a decreased  
mortality and an improvement in functional outcome 
over prior cohorts, although it was unclear whether this 

was just due to a lower incidence of systemic hypoten-
sion.15 Follow-up studies, however, suggested that there 
were risks of CPP augmentation. Robertson et al.16  
performed a randomized controlled trial (RCT) of CPP-
guided versus ICP-guided management and found a 
fivefold increase in the development of acute respira-
tory distress syndrome (ARDS) in patients managed by 
CPP, presumably a consequence of overenthusiastic fluid 
resuscitation. Contant et al.17 found a similar incidence of 
ARDS in their CPP-managed TBI patients. This compli-
cation was associated with an increased risk of mortality 
and poor neurologic outcome.

TBI is, by its very nature, a heterogeneous disease  
process with varying cerebral physiologies not only 
between patients but also between brain regions in a single 
patient. Thus, it is likely overly simplistic to believe that 
every individual (or, perhaps, every region of the brain) 
requires the same CPP to maintain adequate perfusion and 
avoid hyperperfusion or ICP changes. To this end, methods 
to measure individual cerebral autoregulation have been 
developed. Steiner et al.18 retrospectively calculated a cor-
relation coefficient defining the relationship between CPP 
and ICP to determine the CPP at which autoregulation was 
best preserved. When the mean CPP was maintained near 
the level of autoregulation, there was an association with 
better outcomes; patients whose CPPs were either higher 
or lower than the optimal CPP faired more poorly. These 
data suggest that CPP can be optimized on an individual 
basis with adjunctive physiologic monitoring. However, 
the efficacy of this approach remains to be tested in large, 
prospective RCTs.

Another consideration in optimizing CPP is how the 
CPP is measured. Lassen originally defined CPP based 
on “arterial blood pressure measured at the level of the 
head,” using the tragus of the ear as an external land-
mark.19 However, there is much heterogeneity in current 
practice, and the MAP is often measured at the level of the 
right atrium.20 When the head of the bed is elevated, as it 
should be for the management of head-injured patients, 
MAP measurements at the level of the right atrium may 
be higher than those measured at the tragus by up to 
18 mm Hg, thereby overestimating CPP.21 This variabil-
ity in practice may contribute to difficulty in defining 
optimal CPP and MAP targets after head injury. In this 
regard, the Neuroanesthesia Society of Great Britain and 
Ireland and the Society of British Neurologic Surgeons 
recently issued a joint position statement advocating for 
measurement of CPP at the level of the tragus in patients 
with TBI (http://www.nasgbi.org.uk/media/uploads/
NASGBI_and_SBNS_CPP_statement_final.pdf).

Recommendation

We recommend measuring CPP at the level of the tragus. 
Low CPP, generally defined as less than 50 mm Hg, should 
be prevented (GRADE B). Augmentation of CPP with  
fluids should be avoided because of the risk of iatrogenic 
complications based on GRADE B evidence. Adjunctive 
physiologic monitors to determine the CPP at which auto-
regulation is optimized may be helpful to individualize 
care, but there is currently no evidence to support a recom-
mendation regarding their use.

Table 62-1 GRADE System: Determination of the 
Quality of Evidence

Underlying method
 1.  RCT
 2.  Downgraded RCT or upgraded observational studies
 3.  Well-done observational studies
 4.  Case series or expert opinion

Factors that may decrease the strength of evidence
 1.  Poor quality of planning and implementation of available 

RCTs, suggesting high likelihood of bias
 2.  Inconsistency of results (including problems with subgroup 

analyses)
 3.  Indirectness of evidence (differing population, intervention, 

control, outcomes, comparison)
 4.  Imprecision of results
 5.  High likelihood of reporting bias

Main factors that may increase the strength of evidence
 1.  Large magnitude of effect (direct evidence, RR ≥ 2 with no 

plausible confounders)
 2.  Very large magnitude of effect with RR ≥ 5 and no threats to 

validity (by two levels)
 3.  Dose-response gradient

RCT, randomized controlled trial; RR, relative risk.

http://www.nasgbi.org.uk/media/uploads/NASGBI_and_SBNS_CPP_statement_final.pdf
http://www.nasgbi.org.uk/media/uploads/NASGBI_and_SBNS_CPP_statement_final.pdf
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INTRACRANIAL PRESSURE THRESHOLDS

Background

The bony, rigid skull and vertebral canal contain a fixed vol-
ume including the brain parenchyma, cerebrospinal fluid 
(CSF), and blood, creating a nearly incompressible system. 
Any increase in the volume of one of these compartments 
is met first with a compensatory shift in another compart-
ment (e.g., CSF shifting down the less rigid spinal column). 
When compensatory changes are exhausted, however, the 
ICP increases dramatically and can cause secondary brain 
injury due to brain compression, herniation, and cerebral 
perfusion compromise. However, treatment of ICP must 
be balanced with the potential side effects of medical and 
pharmacologic ICP management.

Evidence

There are no prospective randomized studies designed to 
determine the threshold for initiation of ICP-reducing ther-
apy. Several prospective observational studies reviewed sug-
gest that outcomes improve when ICP is maintained at less 
than 20 to 25 mm Hg and that brain herniation is more likely 
above these thresholds.7,22,23 However, in situations with-
out intracranial mass lesions, ICP greater than 20 mm Hg  
may be tolerated.24

Chesnut et al.25 performed the first study to compare out-
comes in brain-injured patients who had their management 
guided by ICP monitoring with those who did not. In this 
study, the focus was on monitoring ICP, not its treatment. 
Thus, both arms underwent ICP-reducing therapy. In this 
population, there was no difference in ICU length of stay 
or 14-day or 6-month mortality in those who had aggres-
sive management to maintain ICP less than 20 mm Hg 
compared with patients who were managed on the basis of 
clinical examination and radiographic imaging alone. The 
generalizability of these findings has been questioned,26 but 
this study raises the important point that ICP monitoring in 
and of itself may not influence clinical outcomes.

Recommendations

Despite an absence of high-quality evidence, in most cases, 
an ICP higher than 20 to 25 mm Hg should be an indication 
to increase ICP-reducing therapy (GRADE C). This must 
be tempered with the iatrogenic risks of ICP-lowering ther-
apy. When ICP monitoring is unavailable, management 
based on clinical examination and imaging is reasonable 
based on the available evidence.

SEIZURE PROPHYLAXIS

Background

Posttraumatic seizures (PTSs) are classified as early  
(<7 days after TBI) or late (>7 days after TBI). The incidence 
of PTS varies from 4% to 25% early and 9% to 42% late in 
untreated TBI patients.27 Early PTS may contribute to sec-
ondary brain injury by inducing cerebral hypermetabolism, 
elevated ICP, and hypertension. It has been proposed that 
early PTSs beget late PTSs and epilepsy through neuronal 

kindling. Epilepsy can have a significant impact on quality 
of life in TBI survivors.28

Evidence

Temkin et al. performed a randomized, placebo-controlled 
trial in 404 patients with severe head trauma who received 
phenytoin or placebo for 1 year after head injury.29 They 
found that patients receiving phenytoin had a decrease in 
the incidence of seizures in the acute period (<7 days) but 
no difference in late seizures. The same group found that 
both valproic acid and phenytoin also decreased seizures 
in the acute period.30 The BTF meta-analysis concluded 
that anticonvulsant prophylaxis with phenytoin, carbam-
azapine, or valproic acid is indicated in the first 7 days after 
TBI but longer treatment is not warranted.1 The Cochrane 
meta-analysis31 of 11 RCTs and the American Academy 
of Neurology meta-analysis32 of 8 RCTs arrived at similar 
conclusions.

Given the potential toxicities and need for drug level 
monitoring with both phenytoin and valproic acid, neu-
rointensivists have begun to use levetiracetam for seizure 
prophylaxis after TBI.33 In a retrospective review, Cabal-
lero et al. found that rates of seizure activity were not dif-
ferent between patients treated with levetiracetam and 
those treated with phenytoin.34 Levetiracetam therapy was 
slightly cheaper. Larger, prospective studies are needed to 
determine if levetiracetam is efficacious and cost-effective 
in preventing acute seizures after TBI.

Recommendations

Seizure prophylaxis is indicated in the first 7 days after TBI 
for seizure prophylaxis (GRADE A). Phenytoin, valproic 
acid, and carbamazapine are all reasonable antiseizure 
medications for prophylaxis. In the absence of PTS, treat-
ment should be stopped after 7 days. Levetiracetam may 
be a reasonable option for seizure prophylaxis in patients 
in whom phenytoin is contraindicated, but further studies 
are needed. There is no evidence to support antiepilep-
tic administration for longer than 7 days after TBI in the 
absence of clinical or electrophysiologic seizure activity.

MANAGEMENT OF ELEVATED 
INTRACRANIAL PRESSURE: 
HYPERVENTILATION

Background

During hyperventilation, carbon dioxide concentrations 
fall, resulting in constriction of cerebral blood vessels. Vaso-
constriction decreases CBF to reduce intravascular volume 
in the cranial cavity and lower ICP. In this regard, volun-
tary hyperventilation may be one of the first clinical signs 
of elevated ICP as consequent tissue acidosis from high 
ICP produces compensatory hyperventilation. Similarly, 
hyperventilation and maintenance of a modestly lower 
partial pressure of carbon dioxide in arterial blood (Paco2) 
(30 to 35 mm Hg) are the first measures that can be used 
to lower ICP in the mechanically ventilated patient. Given 
that hypocarbia triggers intracranial vasoconstriction, the 
risk of decreased CBF and resultant cerebral ischemia as 
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a consequence of hyperventilation must be considered, 
although hyperventilation has not been reported to cause 
brain injury in the absence of TBI.

Evidence

Several studies of CBF suggest that CBF is dangerously 
low in the acute period after TBI, leading the BTF to advise 
against aggressive hyperventilation (Paco2 <25 mm Hg) 
after TBI.1 Muizelaar et al.35 performed a prospective, ran-
domized study of hyperventilation in TBI and found a 
worse functional outcome, though no difference in mortal-
ity, at 3 and 6 months, but not at 12 months, in the hyper-
ventilated patients.

Recommendations

Prolonged prophylactic hyperventilation to Paco2 of 25 
to 30 mm Hg should be avoided in TBI patients (GRADE 
B) because of risks of cerebral ischemia. It may be justi-
fied if accompanied by a monitoring of CBF adequacy. It 
also may be justified as a temporary intervention in emer-
gency and temporary sudden increases in ICP such as 
with life-threatening herniation syndromes. Hypercarbia 
(Paco2 > 45) should be avoided as this can trigger hyper-
emia, decreased CPP, and potentially trigger a sudden ICP 
elevation. There is insufficient evidence to determine the 
effect of hyperventilation on patient outcome after TBI.

MANAGEMENT OF ELEVATED 
INTRACRANIAL PRESSURE: 
HYPEROSMOLAR THERAPY

Background

Osmotic agents are thought to lower ICP primarily by 
drawing free water out of the brain parenchyma and into 
the systemic vasculature. The simplest way to maintain a 
modest osmotic gradient is to maintain the serum sodium 
on the upper range of normal (∼145) in the euvolemic 
patient. When a stronger gradient is needed, mannitol and 
HTS are the two most commonly used agents.

Evidence

Although RCTs are lacking, mannitol and HTS are both 
effective agents for lowering ICP after TBI. Mannitol was 
superior to barbiturates in ICP control, maintenance of 
CPP, and mortality when given as a 20% bolus at 1 g/kg 
and repeated to maintain ICP greater than 20.36

Early studies focused on the use of HTS for resuscitation 
in trauma patients.37,38 Shackford and colleagues were the 
first to specifically look at HTS infusion and ICP, finding 
that HTS significantly lowered ICP.39 Several studies report 
efficacy of HTS in decreasing ICP, notably being effective 
in cases where ICP is refractory to mannitol therapy.40,41 
A trial evaluating equiosmolar doses of mannitol and 3% 
HTS in the operating room revealed an equivalent effect 
on “brain relaxation,” suggesting equivalent ICP reduction 
with equiosmolar therapy.42

Another prospective, randomized study of 20 TBI 
patients looked at the effect of equivalent volumes of 7.5% 

HTS and 20% mannitol (2400 mOsm/kg HTS, 1160 mOsm/
kg mannitol), showing a lower incidence of treatment fail-
ure with HTS.38 A recent study using brain tissue oxygen  
monitoring in TBI found that, compared with 0.75 g/kg 20% 
mannitol, 7.5% HTS boluses were associated with lower 
ICP and higher CPP and cardiac output. They concluded 
that in patients with severe TBI and elevated ICP refractory 
to previous mannitol treatment, 7.5% HTS administered as 
second-tier therapy is associated with a significant increase 
of brain oxygenation and improved cerebral and systemic 
hemodynamics.43

Recommendations

Both mannitol and HTS are effective in the treatment of 
elevated ICP based on GRADE B evidence. Although small 
studies suggest that HTS may result in better ICP control 
in patients who no longer respond to mannitol therapy, no 
RCTs have directly compared the two treatments. As such, 
it is not possible to recommend one agent over the other 
agent. Other factors, such as volume status or kidney func-
tion, may favor use of one agent over another but should be 
assessed on a case-by-case basis.

MANAGEMENT OF ELEVATED 
INTRACRANIAL PRESSURE: SURGICAL 
DECOMPRESSIVE THERAPY

Background

When severe cerebral edema causes elevated ICP, decom-
pressive craniectomy, a surgical procedure in which a por-
tion of the skull is removed and the dura is opened, can 
provide definitive management. With the rigid cranium 
opened, brain swelling can occur outside of the cranial 
cavity without compromising surrounding structures. The 
surgical approach varies depending on the site and extent 
of injury. Hemispheric, bifrontal, or bihemispheric bone 
flaps may be removed. A durotomy is also performed to 
provide additional space into which the swelling brain can 
expand. The use of decompressive craniectomy to control 
elevated ICP has a long history dating to the early twen-
tieth century. Only recently has the procedure started to 
undergo scrutiny for impact on outcome.

Evidence

In 26 patients who underwent bifrontal craniectomy for the 
treatment of refractory elevated ICP after severe TBI, surgi-
cal intervention was associated with significant reductions 
in ICP, and outcomes were favorable in 69% of patients, a 
significant improvement over similarly described cohorts.44 
In this regard, Aarabi et al.45 found that decompressive cra-
niectomy significantly lowered ICP in 85% of patients and 
was associated with a favorable outcome in 51% of patients 
at 3 months.

On the basis of these initial observations, 155 patients 
with severe, diffuse TBI who had elevations in ICP refrac-
tory to standard first-line therapies were enrolled in the 
first RCT of craniectomy after TBI.46 Subjects were ran-
domized to undergo bifrontotemperoparietal craniectomy 
or standard medical therapy. Although decompressive 
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craniectomy did control ICP and result in fewer ICU days, 
surgical intervention was associated with more unfavor-
able outcomes (death, vegetative state, or severe disability) 
than standard medical therapy. There remain questions, 
though, regarding the generalizability of these data, par-
ticularly given that a large proportion (27%) of patients in 
the surgical arm had bilateral unreactive pupils at random-
ization (as compared with 12% in the medical management 
arm), a clinical finding historically associated with very 
poor outcomes.47

Recommendations

Surgical decompressive therapy is an effective measure for 
the management of persistently elevated ICP. However, 
there is no evidence that decompression improves clini-
cal outcomes. We recommend that surgical decompressive 
therapy be considered as a lifesaving measure in patients in 
whom other measures to control ICP have failed and who 
may have a chance of functional outcome. It is important 
that families consenting for this procedure be counseled 
that the surgical procedure may be lifesaving but does not 
guarantee a satisfactory functional outcome.

ANESTHETICS, ANALGESICS,  
AND SEDATIVES

Background

Pain and agitation after TBI contribute to ICP elevations 
and increased cerebral metabolic demand. Thus, control-
ling anxiety, pain, and agitation is an important first step 
toward controlling ICP after TBI. High-dose barbiturates, 
benzodiazepines, and propofol decrease metabolic rate in 
intact brain areas, resulting in decreased CBF and ICP. The 
use of these medications must be balanced with the need 
for careful neurologic clinical examinations that may be 
limited in the presence of sedating medications. Although 
the use of sedation is generally easy for the neurointensiv-
ist to justify when ICP is an issue, pain can be difficult to 
quantify in these severely injured patients.

Evidence

There is no prospective randomized data supporting 
treatment of pain and agitation as a means for prevent-
ing elevated ICP. In a single, prospective randomized 
study comparing propofol to morphine for sedation in TBI 
patients, propofol use was associated with a trend toward 
lower ICP that did not reach statistical significance. Post 
hoc analysis of patients who received high-dose propofol 
suggested a better neurologic outcome despite the lack of 
a difference in ICP, suggesting a potential neuroprotective 
effect. Barbiturates have been shown to decrease ICP22 but 
are so often complicated by severe hypotension that these 
risks seem to outweigh any benefits.1,48

More recently, dexmedetomidine, an alpha-2 agonist, 
has been used to effectively control agitation and allow 
for serial neurologic examinations49 and has been shown 
to decrease CBF without affecting cerebral metabolic rate.50 
When directly compared with propofol, dexmedetomidine 
and propofol had similar cerebral physiologic effects with 

multimodal monitoring.51 The effect of dexmedetomidine 
on intracranial pressure has not been studied.

Recommendations

Propofol is recommended for sedation in severe TBI over 
morphine with GRADE C evidence. GRADE A evidence sug-
gests that barbiturates should not be given prophylactically 
for TBI. Barbiturate use is supported in cases of severe refrac-
tory intracranial hypertension with GRADE C evidence.

PROPHYLACTIC HYPOTHERMIA AND 
THERAPEUTIC NORMOTHERMIA

Background

Fever is common in patients with severe brain injuries and 
has been associated with poor outcome.52-54 The mecha-
nisms by which fever worsens outcomes are unclear but 
likely include potentiation of inflammatory cascades, 
increased tissue metabolic demand, and excitotoxicity. As 
such, fever control (induced normothermia) is frequently 
employed early in the care of brain-injured neurocritical 
care patients.

Hypothermia (generally defined as cooling to 32 to 
33° C, though protocols vary) appears to be neuroprotec-
tive in preclinical55 and single institution human studies 
and improves neurologic outcomes after cardiac arrest.56,57 
These data suggest that it may be useful in the care of TBI 
patients.

Evidence

Studies have been conflicting regarding the efficacy of 
prophylactic hypothermia in TBI. Most consistent have 
been studies demonstrating the beneficial impact of hypo-
thermia on ICP control.58 Although hypothermia can aid 
in ICP control, the influence on patient outcome has been 
less obvious. Despite the preclinical evidence of neuro-
protection associated with hypothermia, a randomized, 
prospective multicenter trial failed to show improvement 
when TBI patients were treated with induced hypother-
mia.59 This study was limited by significant heterogene-
ity in therapeutic protocols between centers. A follow-up 
analysis suggested that better outcomes were achieved in 
high-volume centers.60 Several meta-analyses concluded 
that evidence was insufficient to confidently recommend 
the use of prophylactic hypothermia in TBI.61-64 In the BTF 
analysis, although a mortality effect favoring hypothermia 
was not significant, there was a statistically significant 46% 
increased chance of a good outcome in the hypothermic 
patients.1 Further analysis indicated that a minimum dura-
tion of 48 hours of induced hypothermia was needed to see  
a protective effect but was associated with an increased 
risk for pneumonia. The BTF and American Association of 
Neurological Surgeons thus issued a level III recommenda-
tion for cautious and selective use of moderate hypother-
mia for TBI.

Since those recommendations, several additional stud-
ies have been reported. One proposed limitation of the 
earlier studies was a relatively late induction of hypother-
mia. Clifton et al.65 conducted a prospective, multicenter, 
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RCT of hypothermia versus normothermia induced 2  
to 5 hours after injury. The study was terminated early 
because of futility, showing no benefit of hypother-
mia despite a relatively fast time to cooling. Recently 
Maekawa et al.66 reported a prospective, multicenter, RCT  
of prolonged hypothermia (32 to 34° C for > 72 hours) 
versus monitored temperature management (35 to 37° C) 
after TBI but found no improvement in neurologic out-
come. Similarly, in children with severe TBI, hypothermia 
did not reduce mortality or improve functional outcome 
over fever control.67

It is possible that hypothermia may cause additional 
physiologic effects (immunosuppression, bleeding diathesis, 
and cardiac arrhythmias, among others) and complications 
due to related therapies (for example, induced paralysis, 
shivering control) that may negate the positive effects of 
cooler temperature. In this regard, a case series comparing 
prophylactic hypothermia at 33° C versus 35° C after severe 
TBI found equivalent ICP control at the milder hypothermia 
target with fewer complications, including hypokalemia, 
infection, ventricular tachycardias, pulmonary embolus, 
renal failure, and tendency to lower mortality.68 Fever  
control (induced normothermia), rather than true hypo-
thermia, with an intravascular cooling catheter similarly 
controlled ICP in 21 patients with severe TBI.69 Although 
the effect of induced normothermia after TBI has not been 
prospectively studied, studies of other serious brain injuries, 
including stroke70 and subarachnoid hemorrhage,71,72 have 
been mixed.

Recommendations

In severe TBI, there is GRADE C evidence for selective and 
cautious application of prophylactic moderate hypother-
mia from 32 to 35° C for 48 hours. The higher temperature 
may provide equivalent ICP control with fewer adverse 
effects. Rewarming should be done slowly to minimize 
the possibility of a rebound increase in ICP. Therapeutic 
normothermia (monitored temperature management) 
using endovascular cooling is supported by GRADE D 
evidence. Hyperthermia should be avoided.

BRAIN OXYGEN MONITORING

Background

CBF ensures delivery of glucose and oxygen to the brain 
parenchyma and should be proportional to the metabolic 
demands of the tissue. Brain oxygen monitors have been 
used as indirect indicators of adequate CBF.

Oxygen delivery to the brain can be measured both glob-
ally (whole brain) and regionally. Jugular bulb catheters 
use a fiberoptic oximeter to measure the content of oxygen 
in the jugular veins to measure global brain oxygenation. 
The jugular venous oxygen concentration is compared 
with the oxygen content in the arterial system; the differ-
ence between the two (SvjO2) serves as a surrogate mea-
sure of the balance between CBF and metabolic demand 
(normal values: 55% to 69%). Regional oxygenation can be 
measured using a Clarke-type electrode. Oxygen molecules 
diffuse from the brain parenchyma into the probe through 
a diffusible membrane and are reduced at the cathode,  

creating an electrical current that is proportional to the par-
tial pressure of oxygen in brain tissue (PbtO2) in the sam-
pled region (normal values Pbto2>20 mm Hg).

Evidence

In the BTF meta-analysis,1 numerous studies of jugular 
bulb oxygen monitoring in TBI were reviewed. Worse out-
comes were seen in patients who had episodes of SvjO2 
of less than 50%, as may occur in tissue ischemia or states 
of high metabolic demand such as status epilepticus. Epi-
sodes of SvjO2 higher than 75%, which may be associated 
with hyperemia or infarcted, metabolically inactive tissue, 
were also associated with poor outcomes. These studies  
suggest that SvjO2 be kept between 50% and 75%. How-
ever, there are no randomized prospective studies that test 
this hypothesis.

Using a regional brain oxygen monitor, Meixensberger 
et al.73 compared 53 patients who had brain oxygen–directed 
therapy with 40 historic controls who had ICP/CPP–
directed therapy. They found that, over the whole monitor-
ing period, the partial pressure of brain oxygen was higher 
in the group who received brain oxygen–directed therapy; 
this was not statistically significant. Spiotta et al.74 prospec-
tively compared 70 patients with severe TBI who received 
brain oxygen–directed therapy with 53 patients receiving 
ICP/CPP–directed therapy and found that patients who 
had brain oxygen–directed therapy had improved survival 
and clinical outcomes at 3 months. In patients who had brain 
oxygen monitoring and later died, there was a longer mean 
duration of compromised brain oxygen and a lower rate of 
response to efforts to increase brain oxygen. Using historic 
controls, Stiefel and colleagues75 compared the impact of a 
change in local practice to use PbtO2 to guide therapy and 
reported a significant improvement in outcome. This report 
was neither prospective nor randomized, and the historic 
controls had a higher mortality than would otherwise have 
been expected.

However, not all studies have found an improvement 
in patient outcome with brain oxygen–directed therapy. 
Adamides et al.76 studied 30 patients who had brain oxygen 
monitoring. Twenty patients in whom treatment was aimed 
at targeting a predefined goal brain oxygenation value 
(>15 mm Hg) had less cerebral hypoxia during the dura-
tion of monitoring, but neurologic outcome at 6 months was 
not different between groups. Martini et al.77 studied 123 
patients who underwent brain tissue oxygen monitoring 
compared with 506 patients who had ICP-directed therapy. 
The study found that patients treated on the basis of brain 
oxygen thresholds had longer lengths of stay in the ICU and 
a greater use of clinical resources without any improvement 
in survival or neurologic outcome at hospital discharge. 
Notably, patients who received brain oxygen–directed 
therapy had more severe injury at the time of enrollment 
as measured by admission GCS and injury severity scores.

Although the effect of brain oxygen–guided manage-
ment on patient outcomes (and whether that is even the 
best endpoint to measure) remains to be determined, 
PbtO2 or SvjO2 monitoring does provide unique insight 
into aspects of brain physiology not provided by other 
monitors. For example, Eriksson et al.78 found that survi-
vors of severe head injury had significantly higher brain 
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oxygen values than nonsurvivors, though there was no  
difference in ICP and CPP values for the two groups. Thus 
brain oxygen monitoring may provide unique physiologic 
information that can be used in conjunction with other 
physiologic monitors in the management of these complex 
patients to optimize their clinical outcomes.

Recommendations

GRADE C evidence supports the use of SvjO2 and PbtO2 
monitoring as supplements to ICP monitoring in TBI. 
SvjO2 of less than 50% and PbtO2 less than 15 mm Hg 
should be avoided. The extent of time and the depth of 
the drop in brain oxygen values below these thresholds 
likely also affect outcome. Clinicians are cautioned regard-
ing the lack of prospective randomized studies document-
ing an impact of the use of these modalities on outcome 
after severe TBI. Toxicity from the therapy recommended 
to achieve these goals (e.g., prolonged 100% oxygen) must 
be weighed against the lack of more robust evidence sup-
porting their use.

STEROIDS

Background

Corticosteroids have been used extensively to decrease 
brain edema from brain tumors and inflammatory 
 processes. Therefore corticosteroids have been examined 
for their effects on secondary injury due to brain swelling 
following TBI.

Evidence

Saul et al. first explored the use of high-dose methylprednis-
olone (5 mg/kg/day) in patients with severe TBI but found 
no difference in outcomes at 6 months.79 Braakman et al. 
similarly found no benefit from high-dose dexamethasone 
given within 6 hours of injury.80 In 2005, a meta-analysis of 
20 studies including more than 12,000 patients concluded 
that there was an increased risk of death associated with 
the use of corticosteroids,81 and thus their use is not recom-
mended by the Brain Trauma Foundation.1

Recommendations

Corticosteroids should not be given after TBI (Grade A).

NUTRITION

Background

Hypermetabolism and nitrogen wasting have long been 
reported in patients after head injury, resulting in an 
increase of approximately 140% of the expected metabolic 
expenditure.82-84

Evidence

Among 797 severe TBI patients treated at 22 trauma cen-
ters, patients who were not fed within 5 days after TBI had 
a twofold increase in mortality.85 Results were even worse 

when feeding was delayed for 7 days; mortality in that 
cohort was increased fourfold. The researchers found that 
the amount of nutrition during the first 5 days inversely 
correlated with mortality even after correcting for other 
factors known to affect mortality after TBI. They were able 
to calculate a 30% to 40% increase in mortality for every  
10 kcal/kg decrease in caloric intake.

A few small studies have compared enteral with par-
enteral nutrition after TBI and have found no substantial  
differences between methods of feeding.86,87
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Subarachnoid Hemorrhage  
Be Managed?

Paulomi K. Bhalla, Ting Zhou, Joshua M. Levine

Aneurysmal subarachnoid hemorrhage (SAH), a type of 
hemorrhagic stroke due to rupture of an intracranial aneu-
rysm, affects approximately 30,000 Americans each year 
and has a mortality rate of nearly 45%.1 At least 15% of 
people with SAH die before reaching the hospital. Of those 
who survive, a substantial proportion is left with significant 
disability.2 Prompt diagnosis, treatment, and anticipation 
of complications may improve outcome. Case fatality rates 
have been declining and functional outcomes have been 
improving.3 These changes in the natural history of SAH 
may be attributable to early aneurysm repair and aggres-
sive management of medical complications. This chapter 
reviews major clinical management points and discusses 
the relevant literature.

EMERGENCY SETTING

In the emergency setting, once the diagnosis of SAH has been 
established, initial goals are to stabilize the patient’s airway, 
breathing, and circulation. Early referral to a large-volume 
center with experienced vascular neurosurgeons, neuro-
endovascular specialists, and dedicated neurointensivists 
should be considered. Four studies have demonstrated that 
hospital volume of SAH patients and procedural experience 
correlate with improved mortality.4-7

SAH-RELATED COMPLICATIONS

Rebleeding

Aneurysmal rebleeding is one of the most serious initial 
threats to the patient. The incidence may be as high as 30%,8 
with the greatest risk ( roughly 4%) during the first 24 hours.9 
Temporizing medical measures are used to reduce the risk of 
rebleeding until the culprit aneurysm is excluded from the 
circulation through surgical or endovascular means.

Medical Measures

Bed rest does not alter the incidence of rebleeding,10 but 
it has become a standard practice. Blood pressure control 

is widely recommended to reduce the risk of aneurysmal 
rebleeding. The benefit of blood pressure reduction must 
be weighed against the risk of precipitating cerebral isch-
emia.11 Although there are no prospective studies that 
demonstrate the efficacy of antihypertensive therapy, ret-
rospective data suggest an association between hyperten-
sion and aneurysmal rebleeding.12,13 Ohkuma et al. found 
a statistically significant increase in the incidence of pre-
hospitalization rebleeding in patients whose systolic blood 
pressure was greater than 160 mm Hg.13 Interpretation 
of these data is confounded by variable times at which 
rebleeding was observed and variations in antihyper-
tensive therapies. Because rebleeding may be related to 
aneurysm expansion, which is largely dictated by changes 
in transmural pressure, surges in blood pressure may be 
more important than absolute levels of blood pressure.13,14 
Therefore, it is reasonable to treat extreme hypertension 
and to minimize blood pressure lability with a short- acting, 
intravenous agent that has a predictable dose–response 
relationship. Premorbid baseline blood pressure should be 
taken into consideration for setting blood pressure goals, 
and hypotension should be avoided.

Antifibrinolytics

Antifibrinolytic agents such as tranexamic acid and epsilon-
aminocaproic acid have been well studied. Ten prospective 
randomized studies (1904 participants) have been per-
formed (Table 63-1) and were included in a 2013 Cochrane 
Review.15 In sum, death and poor outcome (death, veg-
etative state, or severe disability) were not influenced by 
treatment.15-25 It appears that, although antifibrinolytic 
medications reduce the risk of rebleeding, their benefit is 
offset by an increased risk of cerebral infarction.16,23,24 In 
several of these studies, patients received antifibrinolytic 
therapy for weeks, well after the risk for rebleeding had 
declined and the risk of delayed cerebral ischemia (DCI) 
increased. Two recent case-control studies have shown 
that an early and short course of epsilon-aminocaproic 
acid before exclusion of the aneurysm from the circulation 
might reduce the risk of rebleeding without significantly 
increasing complications.26,27 In one study, patients treated 
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with epsilon-aminocaproic acid had an eightfold increase 
in deep venous thrombosis without an increase in pulmo-
nary embolism.26 This nonrandomized study was not ade-
quately powered to determine the effect of antifibrinolytic 
therapy on overall patient outcome. A Dutch multicenter, 
randomized, open-label study, Ultra-Early Tranexamic 
Acid after Subarachnoid Hemorrhage (ULTRA), began 
enrolling patients in 2013.28 It is designed to study the 
effect on functional outcome (blinded endpoint) of early 
administration of tranexamic acid in patients with moder-
ate to high-grade aneurysmal SAH for a duration of up to 
24 hours. The results of this study might inform whether 
an early and short course of antifibrinolytic therapy is 
clinically warranted. The Neurocritical Care Society Con-
sensus Guidelines advise that an early and short course of 
antifibrinolytic therapy should be considered for patients 
who are at high risk of rebleeding (such as those with high 
clinical grade) and in whom definitive aneurysm treatment 
will be delayed.29 However, antifibrinolytic agents should 
be avoided in patients who are at high risk of thromboem-
bolic complications and in whom the risk of rebleeding 

is reduced. Patients treated with antifibrinolytic therapy 
should be monitored for systemic and cerebral thrombotic 
complications.

Surgical and Endovascular Measures

There are two primary methods for excluding aneurysms 
from the circulation: (1) surgical, in which a craniotomy is 
performed and a clip is placed across the aneurysm neck 
and (2) endovascular, in which detachable coils are placed 
into the aneurysm by means of catheter-based techniques. 
On occasion, an endovascular technique known as flow 
diversion may be used, in which a stent is placed into the 
parent vessel across the neck of the aneurysm, allowing 
blood flow to bypass the aneurysm. The International Sub-
arachnoid Aneurysm Trial (ISAT) is the only large prospec-
tive trial comparing the two primary methods.30 In this trial, 
2143 of 9559 patients were deemed good candidates for 
either therapy and were randomized to surgical or endo-
vascular aneurysm treatment. In the short term, endovas-
cular therapy was associated with less disability (15.6% vs. 
21.6%) but lower rates of complete aneurysm obliteration 

Table 63-1 Summary of Randomized Controlled Trials Evaluating Antifibrinolytic Therapy in SAH

Study, Year*

Number of Subjects 
(Intervention/No 
Intervention) Study Design Intervention Control Outcomes

Girvin, 1973 66 (39/27) Episilon-aminocaproic 
acid

Standard treatment No effect on rebleeding, 
 ischemia, or mortality

van Rossum, 1977 51 (26/25) DB, P Tranexamic acid Placebo No effect on rebleeding or 
mortality

Chandra, 1978 39 (20/19) DB, P Tranexamic acid Placebo No effect on rebleeding or 
mortality

Maurice, 1978 79 (38/41) Tranexamic acid Standard treatment No effect on rebleeding or 
mortality

Kaste, 1979 64 (32/32) DB, P Tranexamic acid Placebo No effect on rebleeding or 
mortality

Fodstad, 1981 59 (30/29) Tranexamic acid Standard treatment No effect on rebleeding,  cerebral 
ischemia, or  mortality

Vermeulen, 1984 479 (241/238) DB, P Tranexamic acid Placebo Decreased rebleeding,  increased 
cerebral ischemia; no effect on 
outcome or mortality

Tsementzis, 1990 100 (50/50) DB, P Tranexamic acid Placebo Increased cerebral ischemia; no 
effect on rebleeding, outcome, 
or mortality

Roos, 2000 452 (229/223) DB, P Tranexamic acid Placebo Decreased rebleeding; no effect 
on ischemia, outcome, or 
mortality

Hillman, 2002 505 (254/251) Tranexamic acid Standard treatment Decreased rebleeding; no effect 
on cerebral ischemia, out-
come, or mortality

ULTRA 940 (470/470) Tranexamic acid Standard treatment Primary endpoint: functional 
outcome; secondary endpoints: 
case fatality, rebleeding rate, 
complication rates

*Items in italics indicate ongoing studies.
DB, double blind; P, placebo; SAH, subarachnoid hemorrhage.
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(58% vs. 81%) and higher recurrent SAH rates (2.9% per 
year vs. 0.9% per year). At 1 year, there was no difference 
in mortality. Long-term follow-up of these patients found 
low rates of rebleeding from the treated aneurysm in both 
groups (10 in the coiling group, 3 in the clipped group), 
which was insignificant by intention-to-treat analysis. At 
5 years, the risk of death was significantly lower in the 
endovascular arm compared with the surgical arm (11% vs. 
14%), but in patients who survived there was no difference 
in good outcome (modified Rankin Scale [mRS] >2).31

Although endovascular therapy has proven to be effec-
tive in the short term, aneurysm re-canalization remains a 
significant limitation. In a retrospective analysis, aneurysm 
recurrence was found in 33.6% of coiled aneurysms within 
1 month and up to 2 years at 0.5 to 24 (mean ± SD) after 
treatment.32 Another retrospective review suggested that 
the use of a high-porosity stent (to retain coils within the 
aneurysm) was associated with a higher rate of complete 
aneurysm obliteration but also with increased morbidity 
and mortality, likely due to the need for dual-antiplatelet 
therapy.33 Therefore the use of stents should be avoided if 
safer alternatives exist.

Whether to clip or to coil an aneurysm is a complex deci-
sion that depends on patient factors (age, comorbidities), 
aneurysm factors (size, shape, location), and availability of 
local resources and expertise. On the basis of several sin-
gle-institution retrospective case series and nonrandom-
ized prospective studies, there is evidence that patients 
with middle cerebral artery (MCA) aneurysms and large  
(> 50 mL) hematomas might benefit from microsurgical 
clipping,34-36 whereas patients who are older, are seen dur-
ing the vasospasm period, have poor clinical grade, or have 
a basilar apex aneurysm might be considered for endovas-
cular therapy.35,37-39 Ideally, experienced neurosurgeons 
and interventional neuroradiologists collaboratively make 
the decision.30

Timing

In recent years, there has been a trend toward early aneu-
rysm treatment. Multiple retrospective and prospective 
studies have established an association between a longer 
interval to treatment and increased risk of pretreatment 
hemorrhage. The International Cooperative study on the 
Timing of Aneurysm Surgery explored early versus late 
surgical intervention based on the neurosurgeons’ inten-
tion to treat.40 Patients whose surgery was planned for 
within the first 3 days had an overall mortality rate equal 
to the patients whose surgery was planned for between 
days 11 and 32. However, patients in the early surgical 
group had a significantly better clinical recovery than 
those whose surgery was delayed (P < .01). The patients 
with the highest mortality were those whose surgery was 
planned for days 7 to 10 after ictus, a time when risk of 
vasospasm and delayed cerebral injury is greatest. On the 
basis of this study, early surgery/endovascular therapy is 
recommended.

Hydrocephalus

Acute hydrocephalus (enlargement of the ventricles) 
occurs in 15% to 30% of SAH patients.41-45 The presence 
of hydrocephalus correlates with worse radiographic and 

clinical grades and with an unfavorable prognosis.41-44 
The symptoms associated with hydrocephalus range from 
no symptoms to signs of intracranial hypertension, such 
as impairment of upward gaze, sixth nerve palsy, and 
headache. Hydrocephalus may be “noncommunicating” 
because of obstruction (by blood) within the ventricular 
system or “communicating” because of obstruction of cere-
brospinal fluid (CSF) reabsorption into the venous system.

If severe, hydrocephalus may impair the level of con-
sciousness and should be treated immediately with CSF 
diversion. Ventriculostomy is the most common method of 
treatment; however, in a select group of patients with com-
municating hydrocephalus, who are not at risk for central 
or tonsillar herniation, lumbar drainage may be reason-
able. Two small, single-institution studies suggested that 
in appropriately selected patients, lumbar CSF drainage is 
associated with a reduction in “clinical vasospasm” (i.e., 
neurological deficits not attributable to other structural or 
metabolic causes).46,47 The EARLYDRAIN (Outcome After 
Early Lumbar CSF-drainage in Aneurysmal SAH) trial is 
an ongoing two-arm randomized controlled study com-
paring the effect of early continuous lumbar CSF drainage 
and standard neurointensive care with standard neuro-
intensive care alone on functional outcome (disability at  
6 months).48 CSF drainage usually leads to an improve-
ment in symptoms.45,49,50

Hydrocephalus and the need for CSF diversion are 
typically temporary. In some patients, hydrocephalus does 
not resolve, and ongoing CSF diversion with a permanent 
indwelling shunt is necessary.51 In a single-center, prospec-
tive, randomized controlled trial, extending the duration 
of weaning external ventricular drainage for more than  
24 hours did not affect the need for permanent shunting 
and was associated with increased length of both intensive 
care unit (ICU) and hospital stay.52 There is no role for rou-
tine fenestration of the lamina terminalis to decrease the 
rate of permanent shunting.53 Data regarding treatment of 
hydrocephalus in SAH are largely retrospective; optimal 
management of patients with mild symptoms is unknown.

Seizures

The evidence regarding the incidence, prophylaxis, and 
treatment of seizures is mostly retrospective. The reported 
incidence of seizures after SAH varies from 8% to 35%.54-60 
In one retrospective cohort study, most seizures after SAH 
occurred before hospitalization, and the incidence of in-
hospital seizures was 4.1%. These seizures occurred despite 
prophylaxis with an antiepileptic drug (AED) and occurred 
at least 1 week after aneurysmal rupture.54 Risk factors asso-
ciated with the development of seizures include ruptured 
MCA aneurysm, intracerebral hemorrhage, thicker cisternal 
clot, rebleeding, ischemic infarct, and a history of hyperten-
sion.54-57 Two studies demonstrated no difference in out-
come between patients who had seizures and those who did 
not.54,58 However, a third study found that seizures at the 
time of hemorrhage were associated with poor outcome.61

The incidence of generalized convulsive status epilepticus 
(GCSE) is 0.2%, but the incidence of nonconvulsive status epi-
lepticus (NSE) is much higher.62,63 A prospective study found 
that 31% of stuporous or comatose SAH patients had NSE 
when monitored with continuous electroencephalography 



Chapter 63 How Should Aneurysmal Subarachnoid Hemorrhage Be Managed?    453

(cEEG). The mean onset of NSE was 18 days after hemor-
rhage.63 GCSE and NSE are associated with worse out-
come.62-64 Therefore it is reasonable to use periodic or cEEG 
to assess unconscious patients and those who have a change 
in neurologic examination for seizures.

The benefit of prophylactic AEDs has not been defini-
tively established.65-67 It is reasonable to use AEDs before 
aneurysm treatment because of the risk of seizure-related 
rebleeding (due to a surge in blood pressure). However, 
there is no evidence to support the long-term use of AEDs 
in patients without a history of seizure. In fact, cumulative 
phenytoin exposure is associated with a worse cognitive 
outcome at 3 months.68

Delayed Cerebral Ischemia

DCI (also referred to as delayed ischemic neurologic deficits 
[DINDs]) is defined as neurologic deterioration presumed 
to be ischemic that lasts for more than an hour and that 
cannot be attributed to another cause.69 DCI accounts for 
most morbidity and mortality from SAH; therefore its 
detection and treatment are the major foci of intensive care. 
Although historically attributed exclusively to cerebral 
vasospasm (narrowing of the large caliber arteries at the 
base of the brain), DCI likely has protean causes, includ-
ing a local inflammatory and hypercoagulable state that 
result in formation of microthrombi and microembolism.70 
Consequently, consensus statements recommend that the 
term vasospasm be reserved to describe only radiologic 
findings of vessel narrowing and not clinical deteriora-
tion.29,69 DCI may present with agitation followed by an 
indolent decrease in level of consciousness or focal neu-
rologic deficits that vary depending on the affected arte-
rial distribution.71 Vasospasm and DCI usually begin at 
day 3 after bleed, peak at days 6 to 8, and resolve over 2 to  
4 weeks.71,72 Thickness of cisternal clot has been associated 
with the development of vasospasm.73 Almost one third 
of patients who survive the initial SAH have DCI,40,74 and 
approximately half of these patients die.75

The diagnosis of and the decision to treat DINDs due 
to vasospasm are made with an observed clinical deterio-
ration along with the radiographic finding of vasospasm. 
For SAH patients who have impaired consciousness and 
in whom subtle clinical deteriorations are not easily seen, 
bedside monitoring modalities such as cEEG, transcranial 
Doppler ultrasound (TCD), and invasive physiologic mon-
itors might serve as surrogates for clinical changes.

Detection: Monitoring for ischemia includes clinical, 
radiologic, and physiologic assessments. Although by defi-
nition, DCI is detected by serial neurologic examination, 
not all ischemic insults are clinically apparent, especially in 
comatose patients.

Radiologic monitoring includes methods to assess 
for cerebral vasospasm and methods that assess cerebral 
blood flow (CBF) (perfusion). The gold standard for vaso-
spasm detection is invasive digital subtraction angiogra-
phy (DSA). Risks associated with DSA include hematoma, 
infection, peripheral thromboembolic events, and stroke. 
The rate of neurologic complications in SAH patients is 
1.8%.76 Noninvasive angiography with computed tomog-
raphy (CT) or magnetic resonance imaging (MRI) is less 
sensitive for detecting vasospasm.77-80 CT angiography 

(CTA) has a sensitivity of 86% to 91.6%77-79 and is better 
suited to detect vasospasm of proximal arterial segments. 
CTA has a high negative predictive value (95% to 99%); 
therefore it may be used as a screening tool to limit the use 
of DSA. Magnetic resonance angiography (MRA) has a sen-
sitivity for vasospasm detection of 45.6% compared with 
conventional angiography.80

TCD detects increased cerebral blood flow velocity 
(CBFV) associated with vasospasm. This noninvasive study 
may be performed daily at the bedside and is less expensive 
than many other monitoring tests.81 TCD is most useful in 
detecting evidence of vasospasm in the middle cerebral and 
basilar arteries.81,82 Compared with DSA, TCD has a rela-
tively high specificity for, but poor sensitivity (42% to 67%) 
for, vasospasm detection.82,83 Several conditions other than 
cerebral vasospasm increase CBFV, such as increased blood 
pressure and hyperemia.84,85 The Lindegaard ratio (hemi-
spheric index), the ratio between the blood flow velocities 
in the MCA and the ipsilateral extracranial internal carotid 
artery, may be used to distinguish increased CBFV due to 
vasospasm from other causes. Lindegaard ratios between 
3 and 6 correlate with mild and moderate vasospasm, 
whereas indices greater than 6 suggest severe vasospasm.85 
Importantly, elevated TCD velocities do not correlate with 
the development of DIND.86 No study has shown that TCD 
monitoring affects outcome after SAH.

Although imaging blood flow may be a more direct 
way to assess for ischemia than imaging of blood vessels 
(for vasospasm), it has been less well studied. Methods for 
blood flow imaging include CT perfusion (CTP), xenon CT  
(Xe-CT), MR perfusion, and single-photon emission CT. In 
the ICU, CT-based imaging studies (CTP, Xe-CT) are typi-
cally more practical because they involve less time than 
MRI and nuclear imaging studies and may be done at the 
bedside with a portable CT scanner. Although Xe-CT is 
a well-established tool that provides quantitative blood 
flow information, xenon gas is no longer approved by the 
U.S. Food and Drug Administration for this use. There-
fore Xe-CT blood flow imaging is currently not in clinical 
use. The literature regarding the utility of CTP consists of 
multiple small studies, and there are considerably fewer 
studies on the utility of MR perfusion. Neither CT nor MR 
perfusion imaging is widely used for detection of DCI, and 
further study of these modalities is required.

Physiologic monitoring for DCI includes invasive tech-
niques, such as regional brain tissue oxygen monitoring, 
regional CBF monitoring, and regional biochemical moni-
toring, and noninvasive techniques, such as quantitative 
cEEG and near-infrared spectroscopy. Although there is 
much enthusiasm for regional brain tissue oxygen moni-
toring and cerebral microdialysis, there is little supportive 
evidence in this setting.29 Although traditionally used to 
detect seizures, cEEG is also becoming a tool for detection of 
ischemia. Ischemia produces characteristic changes on EEG, 
namely loss of fast-frequency waves followed by an increase 
in slow-frequency waves and ultimately suppression of 
brain waves. Various software analytic tools are available 
that provide some measure of the relative proportion of fast 
waves to slow waves; therefore, they might allow cEEG to 
serve as a continuous, noninvasive ischemia detector. The 
optimal EEG parameters for DCI detection and the effect on 
outcome of therapy based on cEEG ischemia monitoring are 
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unknown. The literature consists exclusively of small pro-
spective and retrospective single-center observational stud-
ies that used varying definitions of DCI and that included 
patients with varying severities of SAH. These studies sug-
gest that it might be possible to detect ischemia by cEEG 1 to 
3 days before changes in clinical examination. As with other 
physiologic monitors, quantitative cEEG is not widely used 
and its utility requires further study.

Prevention and Treatment: Table 63-2 summarizes the ran-
domized trials that have been performed on therapies to 
treat vasospasm and DCI. Therapy consists of medical and 
endovascular measures.

Hemodynamic Augmentation Strategies: Although induced 
hypertension, hypervolemia, and hemodilution (“Triple-H 
therapy”) have historically been the mainstay of medical 
treatment for vasospasm and DIND, this strategy is at best 
supported by moderate quality evidence. Hypovolemia 
is associated with worsening vasospasm, and DCI and 
should be avoided87-89; however, volume loading is associ-
ated with harm. Two randomized controlled trials (RCTs) 
evaluated the effect of prophylactic hypervolemia on CBF 
and the incidence of vasospasm.90,91 Neither study found 
a significant improvement in CBF, incidence of symptom-
atic vasospasm, or functional outcome in patients receiving 
hypervolemic therapy compared with those receiving nor-
movolemic therapy.90,91 Patients receiving hypervolemic 
therapy had more complications, including bleeding, con-
gestive heart failure, and infection.91 On the basis of these 
studies, prophylactic hypervolemia is not recommended, 
and patients should be maintained in a euvolemic state.

Induced hypertension is widely used and supported 
only by case series. The HIMALAIA (Hypertension Induc-
tion in the Management of AneurysmaL subArachnoid 
haemorrhage with secondary IschaemiA) trial is a Dutch 
multicenter, randomized, controlled, single-blinded study 
on the effect of induced hypertension on functional out-
come and CBF in patients with DCI after SAH. This study 
began enrolling patients in 2014, and it is projected to be 
completed by July 2017.92

Endovascular Treatments: When neurologic deterioration 
due to vasospasm is refractory to maximal medical therapy, 
endovascular treatment should be considered. Translumi-
nal balloon angioplasty mechanically dilates the vasospas-
tic vessels to improve CBF. Although the effect is durable, 
balloon angioplasty is associated with a higher rate of 
vessel rupture beyond the level of the carotid and M1 seg-
ments and does not affect long-term outcome.93,94 Disrup-
tion of aneurysm clips and thrombus formation are other 
recognized complications of balloon angioplasty.95-97 Cath-
eter-based intra-arterial delivery of vasodilators, including 
papaverine, verapamil, nicardipine, nimodipine, and milri-
none, may be more effective in the treatment of vasospasm 
in the distal vessels.98-102 Patients should be monitored  
for increased ICP and systemic hypotension during intra- 
arterial vasodilator therapy. RCTs to establish the efficacy 
of these agents are lacking.

Magnesium: Magnesium is a physiologic antagonist 
of calcium and has neuroprotective properties. Magne-
sium modulates calcium channels and relaxes vascular 
smooth muscles. Hypomagnesemia is associated with 
vasospasm and should be corrected.103 Pilot data sup-
porting an association between intravenous magnesium 

therapy and improved clinical outcomes104-108 were not  
corroborated in two multicenter, randomized, placebo-
control trials. Both the IMASH (Intravenous Magnesium 
Sulphate for Aneurysmal Subarachnoid Hemorrhage)109 
and MASH-2 (Magnesium for Aneurysmal Subarachnoid 
Hemorrhage)110 studies were unable to detect a functional 
outcome benefit at 6 months and 3 months, respectively, 
in patients treated with intravenous magnesium infusion 
compared with the placebo group. Although hypomagne-
semia should be avoided, magnesium administration to 
achieve supranormal levels is not recommended.

Calcium Channel Blockers: Calcium channel blockers may 
improve outcome after SAH. Five double-blinded, placebo-
controlled trials of oral nimodipine demonstrated improved 
functional outcomes despite no effect on the incidence 
or severity of vasospasm.111-115 Two RCTs of intravenous 
nicardipine demonstrated no effect on 3-month outcome 
despite a reduction in the incidence of symptomatic vaso-
spasm.116,117 A Cochrane Review of 16 trials, involving 3361 
patients, found that oral nimodipine alone reduced the risk 
of poor outcome by 33%. For intravenous nimodipine and 
other calcium channel blockers, the results were not statis-
tically significant.118 Patients with SAH should receive oral 
nimodipine 60 mg every 4 hours for 21 days.119

Statins: Statins have pleotropic vascular and neuropro-
tective effects, which created interest in their use for the 
treatment of SAH. Several small studies suggested that 
pravastatin and simvastatin administration was associated 
with a decreased incidence of vasospasm and DCI and a 
shorter duration of vasospasm.120,121 In addition, mortal-
ity due to vasospasm and clinical outcomes at 6 months 
were improved.122 However, in a well-designed multicenter  
RCT, 40 mg simvastatin instituted within 96 hours of SAH 
for up to 21 days was not associated with improved 6-month 
functional outcome (modified Rankin scale score).123 There-
fore de novo initiation of statin therapy is not recommended; 
however, continuation of statin therapy in patients with  
premorbid statin use is reasonable. An ongoing trial com-
paring the effects of 80 with 40 mg of simvastatin on out-
come after SAH is currently underway.124

Hyponatremia

Approximately one third of SAH patients have hyponatre-
mia.89,125-127 Hyponatremia is associated with an increased 
incidence of DCI and is more common in patients with ante-
rior communicating artery aneurysms, higher grade of SAH, 
and hydrocephalus.89,125,126 Although hyponatremia may be 
due to the syndrome of inappropriate secretion of antidi-
uretic hormone (SIADH), treatment with fluid restriction 
is detrimental and leads to increased mortality from DCI.89 
Alternatively, hyponatremia may be due to cerebral salt wast-
ing, a form of hypovolemic hyponatremia that is treated with 
volume replacement and salt.128 Irrespective of the cause of 
hyponatremia, oral or intravenous sodium chloride is usu-
ally sufficient to correct mild hyponatremia. In patients with 
symptomatic vasospasm or severe hyponatremia, hyper-
tonic saline may be given.129 Two small prospective, random-
ized trials found that fludrocortisone may reduce natriuresis 
and prevent hyponatremia.130,131 In patients with SIADH, a 
prospective trial found that conivaptan, an oral vasopressin 
receptor agonist, effectively corrects hyponatremia.132



Table 63-2 Summary of Randomized Controlled Trials Evaluating the Prevention of Vasospasm  
and DINDs in SAH

Study, Year*

Number of 
Subjects 
(Intervention/No 
Intervention)

Study 
Design Intervention Control Outcomes

HEMODYNAMIC AUGMENTATION

Lennihan, 2000 82 (41/41) Hypervolemic therapy Normovolemic 
therapy

No difference in symptomatic vasospasm

Egge, 2001 32 (16/16) Hypervolemic 
 hypertensive 
 hemodilution 
therapy

Normovolemic 
therapy

No difference in DIND or TCD vasospasm

HIMALAIA 240 (120/120) Induced hypertension Standard therapy 
without induced 
hypertension

Primary endpoint: functional outcome
Secondary endpoints: adverse effects, CBF 

 measured by perfusion CT

MAGNESIUM THERAPY

van den Bergh, 
2005

283 (139/144) DB, P Magnesium IV Placebo Decreased incidence of DINDs; improved 
clinical outcome at 3 months

Veyna, 2002 40 (20/20) Magnesium IV Standard therapy Trend toward improved clinical outcome

Wong, 2006 60 (?/?) DB Magnesium IV Saline Trend toward decrease in symptomatic 
 vasospasm; decrease TCD vasospasm 
 timeframe; no difference in clinical outcome

Schmid-Eisaeser, 
2006

104 (53/51) Magnesium IV Nimodipine IV Incidence of vasospasm and clinical outcome 
comparable

Muroi, 2008 58 (31/27) P Magnesium IV Placebo No difference in DINDs; improved clinical 
outcome at 3 months

IMASH, 2010 328 (169/159) DB, P Magnesium IV Saline No difference in clinical outcome at 6 months

MASH-2, 2012 1203 (606/597) DB, P Magnesium IV Saline No difference in clinical outcome at 3 months

CALCIUM CHANNEL BLOCKERS

Allen, 1983 116 (56/60) DB, P Nimodipine PO Placebo Decreased incidence of DINDs

Philippon, 1986 70 (?/?) DB, P Nimodipine PO Placebo No difference in vasospasm; decreased 
 incidence of DINDs; improved mortality

Neil-Dwyer, 1987 75 (?/?) DB, P Nimodipine PO Placebo Improved clinical outcome at 3 months

Petruk, 1988 154 (72/82) DB, P Nimodipine PO Placebo Decreased incidence of DINDs; improved 
clinical outcome at 3 months

Pickard, 1989 554 (278/276) DB, P Nimodipine PO Placebo Decreased incidence of DINDs; improved 
clinical outcome at 3 months

Haley, 1993 906 (449/457) DB, P Nicardipine IV Placebo Decreased incidence of vasospasm; no 
 difference in clinical outcome

Haley, 1994 365 (184/181) DB High-dose  
nicardipine IV

Low-dose 
 nicardipine IV

Incidence of vasospasm and clinical outcome 
comparable

STATIN THERAPY

Lynch, 2005 39 (19/20) DB, P Simvastatin Placebo Decreased incidence of vasospasm

Tseng, 2005 80 (40/40) DB, P Pravastatin Placebo Decreased incidence of vasospasm and 
DINDs; improved mortality

Tseng, 2006 80 (40/40) DB, P Pravastatin Placebo Improved clinical outcome at 6 months

Chou, 2008 39 (19/20) DB, P Simvastatin Placebo No difference in vasospasm or DINDs; trend 
toward decreased mortality

STASH, 2014 812 (391/421) DB, P Simvastatin Placebo No difference in short- and long-term outcome

Wong 240 (120/120) DB Simvastatin 80 mg Simvastatin 40 mg Presence of DIND at 1 month

OTHER APPROACH

Bulters, 2013 71 (35/36) Intra-aortic balloon 
pump

Hypervolemic 
therapy

No difference in clinical outcome, mean 
 cardiac output, or CBF

*Items in italics indicate ongoing studies.
CBF, cerebral blood flow; CT, computed tomography; DB, double blind; DIND, delayed ischemic neurologic deficit; IV, intravenously; P, placebo; PO, by mouth; 

SAH, subarachnoid haemorrhage; TCD, transcranial Doppler ultrasound.
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Cardiac Dysfunction

Electrocardiographic Abnormalities: Ninety percent of 
patients with SAH experience cardiac arrhythmias, includ-
ing supraventricular and ventricular premature com-
plexes, supraventricular and ventricular tachyarrhythmias, 
and sinoatrial and atrioventricular block. Life-threatening 
arrhythmias—usually torsade de pointes or ventricular 
flutter/fibrillation—are seen in 3% to 4% of patients. They 
occur most commonly in the first 48 hours and are asso-
ciated with QT prolongation and with hypokalemia. The 
clinical and radiographic findings of SAH do not correlate 
with the presence of arrhythmias.133,134 Patients with QT 
prolongation are more likely to have increased serum car-
diac troponin I.135 A total of 6% to 12% of patients have ST-
segment elevations or, more commonly, depressions.134,135 
These abnormalities are associated with neurogenic 
stunned myocardium (see later) and are not usually due to 
coronary artery disease or to coronary vasospasm.136

Cardiomyopathy: SAH patients are susceptible to a 
reversible cardiomyopathy known as neurogenic stunned 
myocardium. One purported mechanism is activation of 
the sympathetic nervous system with consequent catechol-
amine toxicity.137 Fifteen percent of patients have global 
left ventricular dysfunction, and another 13% to 18% have 
regional wall motion abnormalities (RWMAs). The RWMAs 
do not respect coronary arterial vascular distributions but 
may occur in the distribution of myocardial sympathetic 
nerve terminals.138-140 Predictors of neurogenic stunned 
myocardium include poor clinical grade, temporal proxim-
ity to aneurysm rupture, female gender, larger body sur-
face area, larger left ventricular mass index, elevated serum 
cardiac troponin I, tachycardia, lower systolic blood pres-
sure, higher doses of phenylephrine, and previous cocaine 
or amphetamine use.140,141 RWMA most commonly affect 
the mid regions of the anteroseptal, anterior, inferoseptal, 
and anterolateral left ventricular walls (apical-sparing pat-
tern) or the left ventricular base (“inverted Takotsubo” pat-
tern). The apex occasionally is disproportionately involved 
(“Takotsubo” pattern). RWMAs are independent risk 
factors for DCI, death, and poor functional outcome.142 
Patients may have a range of symptoms from mild heart 
failure to cardiogenic shock. Treatment is supportive and 
prognosis is excellent.140

Fever

The incidence of fever in patients with SAH is 23% to 
70%.143-147 Risk factors for developing fever include the pres-
ence of intraventricular blood, older age, and poor clinical 
grade.143,145,147 Pyrexia has been associated with poor clini-
cal outcome in multiple studies.145,147,148 In one prospective 
study, fever was associated with poor outcome indepen-
dent of the presence of DCI, infection, or disease sever-
ity.148 It remains unclear whether fever is merely a marker 
of disease severity or is causally related to poor outcome. 
In one case control study, compared with conventional 
fever management (with acetaminophen and water-cooled 
blankets), aggressive temperature control (with a modern 
servo-controlled temperature-management device) was  
associated with improved outcomes at 12 months, increased 
ICU length of stay, increased use of sedatives, and higher 

rates of tracheostomy.149 Despite a paucity of evidence, fever 
control has become a standard of care.

Anemia

Anemia, defined as a hemoglobin level less than 10 g/dL,  
is common in patients with aneurysmal SAH and devel-
ops in 39% to 57% of patients.150-152 Higher hemoglobin 
levels have been associated with improved outcomes in 
two retrospective studies,153,154 and another study that 
incorporated positron-emission tomography (PET) stud-
ies found improved oxygen delivery without reduction 
in global CBF.155 These benefits must be weighed against 
the increased rates of medical complications and infections 
associated with blood transfusion in this population.151,156 
A recent prospective, single-institution RCT trial compared 
hemoglobin transfusion thresholds of 10 and 11.5 g/dL  
and found no significant difference in rates of fever or ven-
tilator days but less cortical infarction in the higher hemo-
globin threshold group.157 Further study is required to 
define the optimal triggers for red blood cell transfusion in 
patients with aneurysmal SAH.

CONCLUSION

The goal of critical care management of patients with SAH 
is to limit further neurologic injury. Prompt diagnosis and 
treatment of SAH are crucial. Anticipating complications 
from rebleeding, hydrocephalus, seizures, and DCI is imper-
ative. Further prospective randomized trials are needed to 
establish the efficacy of new and existing therapies.

AUTHORS’ RECOMMENDATIONS

 •  Rebleeding is the most serious initial threat to the patient with 
SAH. Aneurysms should be promptly clipped or coiled. Blood 
pressure should be controlled until the aneurysm is secured. 
An early and brief course of antifibrinolytic therapy until 
 aneurysm treatment may be considered for patients who are at 
low risk of thromboembolic events.

 •  Prophylactic AEDs are reasonable in the acute setting, but there 
is no evidence supporting their long-term use.

 •  The maximal risk for DCI occurs between postbleed days 3 and 14. 
Vasospasm is one cause of DCI. The gold standard for vasospasm 
detection is conventional cerebral angiography; however, TCD 
may be used to monitor for vasospasm. The utility of monitoring 
for DCI with quantitative cEEG, near-infrared spectroscopy, and 
invasive physiologic probes requires further study.

 •  Treatment of DCI includes maintenance of euvolemia and 
 induced hypertension. In patients with vasospasm and 
 symptomatic ischemia refractory to medical measures,  balloon 
angioplasty and intra-arterial vasodilator administration 
should be considered.

 •  Oral nimodipine improves outcome in SAH and should be 
given to all patients unless contraindicated.

 •  Hypomagnesemia should be corrected. Supplemental 
 magnesium administration to achieve supranormal levels is not 
recommended.

 •  De novo initiation of statin therapy in the setting of acute SAH 
is not recommended.

 •  Hyponatremia, anemia, fever, and cardiac dysfunction are 
 common medical complications of SAH.  
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Stroke is the fourth leading cause of death in the United States 
and is a leading cause of long-term disability for adults.1,2 
The health-care cost of stroke patients in 2010 was estimated 
at $37 billion. Acute ischemic stroke (AIS) accounts for 
almost 90% of all stroke subtypes.1 Comprehensive stroke 
centers have been shown to reduce mortality and morbid-
ity.3,4 Neurointensive intensive care units (NICUs) play an 
integral role in comprehensive stroke centers and have been 
associated with reduced in-hospital mortality and length of 
hospitalization.5,6 The cornerstone of therapy in the NICU is 
to minimize secondary brain injury.

Roughly 15% to 20% of ischemic stroke patients require 
intensive care.7 There are no universally agreed on inten-
sive care unit (ICU) admission criteria for patients with 
AIS; however, common indications include the presence 
of hemorrhagic transformation, the presence or risk of 
significant cerebral edema and herniation, intubation due 
to brainstem compression, hemodynamic instability, and 
postprocedural or postsurgical care.8

EMERGENCY SETTING

Stroke remains a clinical diagnosis; therefore history and 
physical examination are critical. Given the narrow thera-
peutic window for acute treatment, timely diagnosis and 
identification of symptom onset are essential. Approxi-
mately 1 to 2 million neurons are lost per minute of delay.9 
Intravenous (IV) recombinant tissue plasminogen activa-
tor (rt-PA) (alteplase [Activase]) is the only medication 
approved by the U.S. Food and Drug Administration for the 
treatment of AIS.10 The randomized multicenter National 
Institute of Neurological Disorders and Strokes (NINDS) 
rt-PA study demonstrated roughly double the odds of a 
very favorable outcome in patients who were treated with 
rt-PA within 3 hours of symptom onset compared with 
placebo.10 This benefit was observed at 3 months in the 
primary outcome of a composite of the National Institutes 
of Health (NIH) Stroke Scale (NIHSS), modified Rankin 
Scale (mRS), Barthel Index, and Glasgow Outcome Scale.10 
Subsequent randomized trials, including Alteplase Throm-
bolysis for Acute Noninterventional Therapy in Ischemic 

Stroke (ATLANTIS),11 European Cooperative Acute Stroke 
Study (ECASS),12 and ECASSII,13 failed to show benefit for 
thrombolysis in the 3- to 6-hour time window. ESCASS III, 
however, identified a significant but slightly smaller ben-
efit in patients treated with rt-PA between 3 and 4.5 hours 
of symptom onset (mRS 0 to 1 in 52.4% treatment arm vs. 
placebo 45.2%).14 A recent meta-analysis of 27 randomized 
trials (n = 10,187) reviewing thrombolysis in AIS showed 
that thrombolysis (IV and intraarterial) up to 6 hours after 
AIS significantly reduced morbidity and mortality at 3 to 
6 months (odds ratio [OR] 0.85; confidence interval [CI], 
0.78 to 0.93)15 and that treatment within 3 hours was asso-
ciated with more benefit (OR, 0.66; 95% CI, 0.56 to 0.79).15

The major contraindications to IV rt-PA include major 
surgery within the past 14 days, international normalized 
ratio (INR) greater than 1.7, platelet count less than 100,000, 
history of intracerebral hemorrhage, and sustained blood 
pressure greater than 185/110 mm Hg.10 The American 
Heart Association/American Stroke Association (AHA/
ASA) recommends administration of IV rt-PA (0.9 mg/kg 
with 10% given as a bolus and the remainder as an infusion 
over 1 hour) to eligible patients within 4.5 hours of stroke 
symptom onset and a door-to-needle time of less than 
60 minutes.8 Many centers have adopted an approach that 
was developed in Helsinki, Finland, in which suspected 
acute stroke patients are taken directly from the door to 
the computed tomography (CT) scanner and, if eligible, 
are given IV rt-PA immediately after the CT scan, reducing 
door-to-needle time to about 20 minutes.16

Given worse outcomes in patients ineligible for IV rt-PA, 
especially for those with middle cerebral artery (MCA) 
occlusions, intra-arterial rt-PA has been evaluated for safety 
and efficacy. The Prolyse in Acute Cerebral Thromboem-
bolism (PROACT) study randomized 40 patients to intra-
arterial infusion of prourokinase or placebo. The treatment 
arm was associated with a significant increase in vessel 
recanalization; however, there was a concomitant increase 
in symptomatic intracerebral hemorrhage (sICH) (15.4% 
vs. 7.1%).17 PROACT II, a multicenter single blind trial in 
which 180 patients were randomized to treatment with 
intra-arterial prourokinase plus heparin or heparin alone 
demonstrated improved outcome at 90 days for patients 
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with stroke due to MCA occlusion who were treated with 
prourokinase within 6 hours of symptom onset.18 The pri-
mary endpoint of mRS 0 to 2 was achieved in 40% of the 
treatment arm and 25% in the control group, with a 66% 
recanalization rate in the treatment group versus 18% in 
the control group. There was an increase in early sICH in 
the treatment arm (10% vs. 2%).18 This study opened the 
window for intervention for AIS to up to 6 hours with 
intra-arterial thrombolysis.

Nonpharmacologic approaches to thrombolytic therapy 
have also been developed. Four devices are available in the 
United States: the MERCI retriever,19 the Penumbra suction 
catheter,20 the Solitaire stentriever,21 and the Trevo retrieval 
system.22 Each has been shown to successfully open throm-
bosed arteries, but none has been subjected to a random-
ized comparison to placebo or IV tissue plasminogen 
activator (tPA). The one randomized clinical trial (RCT) in 
this arena compared the MERCI with Solitaire devices and 
found improved recanalization rates and clinical outcomes 
with the Solitaire stentriever.21

The combination of IV and endovascular thrombolytic 
therapy has also been studied. The Interventional Man-
agement of Acute Stroke (IMS) series of trials evaluated 
the feasibility and safety of combining IV rt-PA and intra-
arterial thrombolysis.23,24 Ultimately the IMS III random-
ized trial of standard IV rt-PA versus IV rt-PA followed by 
intra-arterial thrombolysis was stopped early because of 
futility after more than 650 patients were randomized.24 
There was no significant difference in functional outcome 
(mRS of 2 or less) at 90 days (40.8% with endovascular 
therapy, 38.7% with IV rt-PA). On the basis of these data, 
the AHA/ASA suggested that it is reasonable to consider 
endovascular thrombolytic therapy in patients who are 
not candidates for IV rt-PA or for patients with a proxi-
mal MCA occlusion who are at an experienced stroke 
center with qualified interventionalists.8 Evidence does 
not support substitution of intra-arterial thrombolysis for 
IV rt-PA.

There is emerging evidence to support the use of ther-
apeutic protocols that combine rt-PA and intra-arterial 
stenting. The EXTEND-IA (Extending the Time for Throm-
bolysis in Emergency Neurological Deficits–Intra-arterial) 
study,25 based in Australia and New Zealand, random-
ized patients already receiving rt-PA (0.9 mg/kg) for AIS, 
within 4.5 hours of onset, to endovascular thrombectomy 
with the Solitaire FR (Flow Restoration) stent retriever or to 
continue receiving IV rt-PA alone. The study was limited to 
patients with strokes in specified locations (internal carotid 
and middle cerebral arteries) and who had clearly salvage-
able brain tissue: the ischemic core had to be less than 70 
mL on CT perfusion imaging.

Only 70 patients were enrolled in the trial before it was 
stopped because of significant outcome benefits in the 
intervention (stent) group. There were two observable 
benefits. First, the proportion of ischemic tissue that was 
reperfused was significantly greater in the endovascular-
therapy group than in the rt-PA–only group (median, 100% 
vs. 37%; P < .001). In addition, there were significant neu-
rologic improvements at 3 and 90 days. There were no sig-
nificant differences in death or intracranial hemorrhage. 
Endovascular therapy was initiated at a median of 210 
minutes after the onset of stroke symptoms.

A Dutch multicenter study, MR CLEAN (Multicenter 
Randomized Clinical trial of Endovascular treatment for 
Acute ischemic stroke in the Netherlands),26 randomized 
patients with proximal arterial occlusion (distal intracra-
nial carotid artery, middle cerebral artery [M1 or M2], or 
anterior cerebral artery [A1 or A2]), in the anterior cere-
bral circulation, within 6 hours of symptom onset, 89% 
of whom were receiving rt-PA, to intra-arterial therapy—
intra-arterial rt-PA or endovascular stenting, or standard 
therapy—the majority of whom received continued IV 
thrombolysis. Five hundred patients were enrolled at 16 
centers, and 190 of 223 patients randomized to the “intra-
arterial” group received endovascular stents. There was 
significant improvement in functional outcome at 90 days 
in the intervention group, as measured by the modified 
Rankin Score (0 to 2) (32.6% vs. 19.1%; OR, 1.67; CI, 1.21 to 
2.30; absolute risk reduction [ARR], 13.5%; number needed 
to treat [NNT], 8). There were no significant differences in 
mortality or intracranial hemorrhage.

The ESCAPE (Endovascular Treatment for Small Core 
and Proximal Occlusion Ischemic Stroke) trial27 was a 
large, international, 22-center trial that randomized a simi-
lar cohort of patients with proximal intracranial occlusion 
in the anterior circulation but stretched the time limit to 
12 hours after symptoms had become apparent. Of the 
316 participants enrolled, 238 received IV alteplase, and of 
those, 120 received endovascular stenting. Again, the study 
was stopped early for efficacy; mortality was significantly 
reduced in the group who received endovascular stents 
(10.4% vs. 19.0% in the control group; P = .04; ARR, 8.6%; 
NNT, 12). The intervention group also had significantly 
better functional outcomes at 90 days (53.0% vs. 29.3% in 
the control group; P < .001; ARR, 23.7%; NNT, <5). There 
was no difference in the development of intracranial hem-
orrhage (3.6% vs. 2.7%, control group; P = .75).

In summary, endovascular stenting appears to be a 
highly effective therapy for patients suitable for throm-
bolysis who have proximal anterior circulation or middle 
cerebral strokes, small infarct cores, reasonably good col-
lateral circulation, and rapid access to an interventional 
neuroradiology unit.

CRITICAL CARE MANAGEMENT

Airway, Ventilation, and Oxygenation

As in all medical emergencies, airway management is par-
amount. In AIS, common reasons for intubation include 
depressed level of consciousness, hypoventilation, and 
oropharyngeal dysfunction that may increase the risk of 
aspiration. In patients with brainstem infarction, and less 
commonly with hemispheric infarction, protective swal-
low and cough reflexes may be diminished, leading to air-
way compromise. A major therapeutic goal is prevention 
of further tissue hypoxia and worsening of brain injury. 
The need for intubation portends a poor prognosis, with 
50% mortality in 30 days.28 Tracheostomy is recommended 
for patients with brainstem dysfunction that compromises 
central respiratory drive or that results in bulbar palsies 
and in patients with prolonged mechanical ventilation. 
Tracheostomy allows for less sedation, increased patient 
comfort, less airway dead space, and decreased work of 
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breathing. A prospective randomized trial, Stroke-related 
Early Tracheostomy versus Prolonged Orotracheal Intu-
bation in Neurocritical Care Trial (SETPOINT), evaluated 
the optimal timing of tracheostomy in ventilated patients 
with severe stroke.29 Early tracheostomy (within 1 to 3 days 
of intubation) was safe, did not increase length of stay in 
the ICU, and decreased the need for sedation; however, its 
effect on mortality and outcome is unknown.29 It is reason-
able to discuss tracheostomy with the AIS patient or family 
members on a case-by-case basis and when the patient is 
expected to be intubated for more than 7 to 10 days.

Studies in nonintubated patients with AIS do not sup-
port the use of supplemental oxygenation unless oxygen 
saturation falls below 94%.8 Hypoxia should be evaluated 
and treated similar to that for any critically ill patient. In 
practice, most nonintubated stroke patients do not require 
supplemental oxygen.

BLOOD PRESSURE CONTROL  
AND CARDIAC CARE

High blood pressure after AIS occurs in up to 80% of 
patients.8,30 The ideal blood pressure after AIS is unknown; 
however, both high and low blood pressures are associ-
ated with poor outcome.31,32 Ideally, blood pressure should 
be monitored continuously by an intra-arterial catheter to 
detect rapid fluctuations. High blood pressure is associ-
ated with an increased risk of recurrent AIS within 14 days; 
patients in whom systolic blood pressure (SBP) is more than 
200 mm Hg have a 50% or more greater risk of recurrence 
compared with patients in whom SBP is 130 mm Hg.31 
There is a U-shaped relationship between blood pressure 
and mortality.31,32 A post hoc analysis of data from the Inter-
national Stroke Trial (IST) suggests that for every 10 mm Hg 
below 150 mm Hg the risk of early death increases by nearly 
18%, and for every 10 mm Hg above 150 mm Hg early death 
increases by 3.8%.31 A smaller observational study sug-
gested that for every 10 mm Hg below 180 mm Hg of SBP, 
the risk of early poor outcome increased by 25%, whereas 
for every 10 mm Hg above 180 mm Hg, the risk of poor 
outcome increased by 23%.32 It is presumed that hyperten-
sion is associated with poor outcome because of increased 
risk of recurrent stroke, hemorrhagic conversion of ischemic 
infarct, continued vascular damage, and worsening of cere-
bral edema.

Although hypertension is associated with poorer out-
come, the impact of lowering blood pressure is unclear. 
The angiotensin-receptor blocker candesartan for treat-
ment of acute stroke trial (SCAST) randomized more than 
2000 patients to an angiotensin-receptor blocker (candesar-
tan) or a placebo for 1 week after stroke. At 6 months the 
treatment group had a significantly lower blood pressure 
but also a higher risk of poor functional outcome as mea-
sured by the mRS (OR, 1.17).33 Current recommendations 
from the AHA/ASA include permissive hypertension for 
patients who did not receive thrombolytic therapy (SBP 
<220 mm Hg; diastolic blood pressure [DBP], < 120 mm 
Hg). For patients who are to be treated with rt-PA, blood 
pressure should be maintained below 185/110 mm Hg 
before drug administration and below 180/105 mm Hg for 
the first 24 hours after treatment.8 In most patients, blood 

pressure declines without any medical intervention.34 If 
antihypertensive therapy is needed, then the drug of choice 
should be short acting and have a reliable dose-response 
curve. Although labetalol and nicardipine are commonly 
used in the ICU, there are no data to guide choice of opti-
mal antihypertensive agents.

Frank hypotension is relatively uncommon in stroke 
patients and should be avoided. Patients who have hypo-
tension should be evaluated for myocardial ischemia and 
for aortic dissection, which may be causally related to the 
stroke. Neurogenic myocardial stunning may result from 
the stroke and may result in cardiogenic shock. Between 
10% and 18% of patients with AIS have an elevated serum 
troponin level.35,36 Patients who become hypotensive after 
thrombolytic therapy should be promptly evaluated for 
extracranial hemorrhage and for cardiac tamponade from 
hemopericardium.

Pharmacologic augmentation of blood pressure in 
patients who are normotensive (induced hypertension) is 
not routinely recommended. Theoretically, induced hyper-
tension might increase cerebral blood flow to ischemic 
regions of brain. Small pilot studies suggest that raising 
blood pressure with vasopressors might be safe, but its 
impact on outcome is not known.37,38

FLUID MANAGEMENT

Stroke patients can become volume depleted from insen-
sible losses and decreased oral intake from dysphagia and 
altered mental status. Euvolemia should be maintained in 
all patients. IV fluids should be dosed and adjusted daily 
based on clinical determination of volume status. There is no 
evidence to support routine placement of a central venous 
catheter to guide volume administration by measurement 
of central venous pressure. Isotonic crystalloid IV fluid 
solutions, such as 0.9% saline, Normosol-R, or Plasma Lyte 
148, are preferred. Hypotonic solutions increase cerebral 
edema and exacerbate brain injury.8 Hypertonic solutions 
have not been proven to be beneficial. A large randomized 
double-blinded trial found no benefit to administration of 
25% albumin compared with normal saline with respect to 
90-day outcome.39

GLUCOSE CONTROL

Hyperglycemia is present in up to one third of AIS 
patients and in observational studies is independently 
associated with poor outcomes.40-42 Whether hyperglyce-
mia is a marker of injury severity or is causally related to 
brain injury, or both, remains unclear. Deleterious effects 
of hyperglycemia might include increased brain tissue 
acidosis, increased blood–brain barrier permeability, and 
increased odds of hemorrhagic transformation.41,43 Persis-
tent hyperglycemia (>200 mg/dL) within the first 24 hours 
after stroke correlates with expansion of stroke volume 
and poor neurologic outcome.42 The optimal blood glu-
cose level is unknown, and treatment targets vary across 
guidelines. In the Intensive Insulin Therapy Trial (ITT), 
AIS patients were randomized to receive intensive insu-
lin infusion (<126 mg/dL) versus standard subcutaneous 



464    Section XIII NEUROLOGIC CRITICAL CARE

insulin treatment for 24 hours. Intensive insulin therapy 
was associated with better glucose control over the first 
24 hours but also with increased infarct size on magnetic 
resonance imaging.44 A 2014 Cochrane review analyzed 
1583 patients from 11 RCTs and suggested that intensive 
insulin therapy was associated with an increased risk of 
symptomatic hypoglycemia and did not affect functional 
outcome or mortality.45 The Stroke Hyperglycemia Insulin 
Network Effort (SHINE) trial is an ongoing multicentered, 
randomized double-blinded trial that aims to compare 
aggressive glycemic control with IV insulin to maintain 
blood glucose in the range of 80 to 130 mg/dL versus 
“routine” glycemic control with subcutaneous insulin to 
a target of below 180 mg/dL.46 Current AHA/ASA guide-
lines recommend maintenance of glucose between 140 
and 180 mg/dL (7 to 10 mmol/L) and use of an insulin 
infusion if needed.8 Frequent monitoring of blood glucose 
levels should be performed, and hyperglycemia should be 
minimized.

Hypoglycemia is a potential mimic of AIS, and serum 
glucose levels should be checked in the emergency setting. 
Hypoglycemia after AIS is uncommon and is typically 
related to diabetic medications.8 Hypoglycemia (glucose 
level <60 mg/dL [3.3 mmol/L]) should be identified and 
treated rapidly.

TEMPERATURE

Fever occurs in 25% to 50% of patients with AIS and is 
consistently and independently associated with increased 
morbidity and mortality in cohort studies.47-49 Fever on 
admission and within the first 24 hours after stroke onset is 
associated with worse outcome.50,51 For each 1° C increase 
in admission body temperature, the relative risk of poor 
outcome increases by 2.2.52 Fever may be due to a systemic 
inflammatory response, but an infectious cause should be 
sought.

Although fever control is recommended as standard of 
care, there have been no randomized trials of fever con-
trol. Trials have, however, examined fever prevention. In 
the Paracetamol (Acetaminophen) in Stroke (PAIS) trial, 
patients with admission temperature (36° C to 39° C) were 
randomized to paracetamol (6 g) or placebo within 12 hours 
of stroke onset. There was no difference between groups in 
outcome (mRS) at 3 months.53 A post hoc analysis identified 
a modest increase in functional improvement in patients 
with baseline temperature higher than 37° C. To corroborate 
these results, a PAIS II trial is currently ongoing.54

Patients who have hypothermia may have reduced 
mortality and better long-term outcomes.52,55 The impact 
of therapeutic hypothermia on outcome is unknown. Two 
clinical trials have shown feasibility of both surface and 
endovascular cooling methods in patients with AIS.56,57 
The Intravascular Cooling in the Treatment of Stroke 
(ICTuS-L) trial suggested that the combination of hypo-
thermia (induced by an endovascular cooling catheter) 
and thrombolysis is feasible. Hypothermia was not associ-
ated with an increased risk of bleeding; however, there was 
an association with pneumonia.58 The ongoing ICTuS 2/3 
study aims to further test the safety of hypothermia and 
the difference in outcome between patients treated with 

hypothermia plus thrombolysis and patients treated with 
thrombolysis alone.59 An international multicenter phase 
III clinical trial is also underway to determine whether 
hypothermia improves functional outcome after AIS.60

HEMOGLOBIN MANAGEMENT

Both anemia and polycythemia may be deleterious in 
patients with AIS. A prospective cohort study of more than 
800 AIS patients showed an association between anemia 
and increased mortality, and the worst outcomes present 
in those with both low and high hemoglobin levels (i.e., 
a “U-shaped” relationship between hemoglobin and out-
come).61 A retrospective analysis of 109 patients with AIS 
showed that low hemoglobin count and red blood cell 
transfusion was associated with prolonged NICU stay and 
duration of mechanical ventilation but was not associated 
with mortality or 3-month functional outcome.62 In this 
study nearly all patients (97.2%) had anemia, and one third 
received blood transfusions (at the discretion of the phy-
sician), which did not confer an advantage in long-term  
outcome.62

The impact of red blood cell transfusion on outcome 
is unclear, and no prospective randomized trials have 
addressed the optimal transfusion threshold in patients with 
AIS. In the general critical care population, a meta-analysis 
demonstrated an increased risk of health-care–associated 
infections, such as pneumonia and sepsis, with a liberal 
transfusion policy (hemoglobin count <10 g/dL) compared 
with a restrictive policy (hemoglobin count <7 g/dL).63  
A second meta-analysis showed that restrictive blood trans-
fusion (hemoglobin count <7 g/dL) was associated with 
a decreased incidence of coronary events, bacterial infec-
tions, and mortality.64

In patients with AIS, the risks associated with both ane-
mia and red blood cell transfusion should be weighed on 
an individual basis. It is recommended that both anemia 
and aggressive transfusion practice be avoided.

ANTITHROMBOTIC MEDICATIONS

For patients who are not candidates for reperfusion ther-
apy, antithrombotic therapy is the mainstay of treatment. 
The Chinese Acute Stroke Trial (CAST), a randomized 
placebo-controlled trial of more than 20,000 patients, and 
the International Stroke Trial (IST), a randomized trial of 
almost 20,000 patients, demonstrated a decrease in isch-
emic stroke recurrence rate when aspirin was given within 
48 hours of symptom onset (1.6% vs. 2.1%; P = .01; and 
2.8% vs. 3.9%; P < .001, respectively), with no significant 
increase in hemorrhagic conversion.65,66 In the CAST study, 
there was also a small but significant decrease in mortal-
ity in aspirin-treated patients (3.3% vs. 3.9%).65 Treatment 
effect was independent of age, stroke severity, and stroke  
subtype.

More recent studies corroborate the benefit of early 
antithrombotic drug administration in patients with AIS. 
In the Fast Assessment of Stroke and Transient Ischemic 
Attack to Prevent Early Recurrence (FASTER) trial, almost 
400 patients with transient ischemic attack (TIA) or stroke 
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(NIHSS <4) were randomized to treatment with clopido-
grel or placebo and simvastatin or placebo. All patients also 
received aspirin. The clopidogrel arm had a 7.1% stroke risk 
within 90 days compared with 10.8% in the placebo arm 
(risk ratio, 0.7 [95% CI, 0.3 to 1.2]; ARR, 3.8% [95% CI, 9.4 to 
1.9]; P = .19).67 In the randomized, double-blinded placebo 
controlled Clopidogrel with Aspirin in Acute Minor Stroke 
or Transient Ischemic Attack (CHANCE) trial, 5170 Chinese 
patients were assigned to clopidogrel and aspirin or to pla-
cebo plus aspirin within 24 hours of minor stroke or TIA.68 
The primary endpoint, stroke at 90 days, occurred in 8.2% 
of patients in the clopidogrel-aspirin group and in 11.7% of 
the aspirin-alone group (hazard ratio, 0.68; 95% CI, 0.57 to 
0.81; P <.001). There was no difference in hemorrhage rate 
(0.3%). An ongoing randomized, double-blinded, placebo-
controlled study in the United States, the Platelet-Oriented 
Inhibition in New TIA and Minor Ischemic Stroke (POINT) 
trial, is assessing the impact on outcome (ischemic vascular 
event at 90 days) of clopidogrel and aspirin initiated within 
12 hours of symptom onset. Additional antiplatelet agents 
are also being studied. The Acute Stroke of Transient Isch-
emic Attack Treated with Aspirin or Ticagrelor and Patient 
Outcomes (SOCRATES) trial is an ongoing double-blinded 
RCT that aims to compare the effect on outcome of ticagre-
lor versus aspirin.

Currently, most patients with AIS should be treated with 
aspirin 325 mg within 24 to 48 hours after stroke symp-
tom onset.8 The primary effect of aspirin is a reduction in 
early recurrent stroke.8 Aspirin is not recommended as a 
substitute for rt-PA. For patients who receive thromboly-
sis, antithrombotic agents must be avoided for the first 24 
hours. Aspirin is usually initiated after a head CT obtained 
24 hours after rt-PA administration demonstrates absence 
of intracerebral hemorrhage. There is no convincing evi-
dence to support the use of other oral antiplatelet agents 
such as clopidogrel, dipyridamole, ticagrelor, and ticlopi-
dine. Administration of IV antiplatelet agents, such as the 
glycoprotein IIb/IIIa inhibitor (abcixamab), is largely inef-
fective.69

Data do not support the routine use of systemic antico-
agulation with heparin in AIS.8 Therapeutic heparin may 
be considered in select patients with carotid artery dissec-
tion, although there are no randomized clinical trials to 
support this practice.70 The decision about whether to use 
systemic anticoagulation in the acute to subacute period 
should be made on a case-by-case basis. A detailed discus-
sion is beyond the scope of this chapter.

MALIGNANT INFARCTION

Malignant infarction refers to life-threatening cerebral 
edema from AIS. It is observed in 1% to 10% of patients 
with supratentorial infarction71-73 and typically in patients 
with occlusion of the internal carotid artery or proximal 
MCA (Fig. 64-1).71 Peak swelling usually occurs 2 to 5 days 
after stroke onset, but up to one third of patients may have 
neurologic deterioration in the first 24 hours.74,75 Clinical 
features of malignant infarction include headache, declin-
ing level of consciousness, nausea/vomiting, paralysis 
ipsilateral to the hemispheric infarction, and signs of brain-
stem dysfunction. The prognosis of malignant infarctions 

is poor, with mortality of up to 80% in malignant MCA 
infarction.76,77 In a retrospective case-controlled study, pre-
dictors of malignant infarction included early hypodensity 
involving more than 50% of the MCA territory, a history 
of hypertension or heart failure, increased baseline white 
blood cell count, and involvement of additional vascular 
territories.78 An autopsy series of 192 patients identified 45 
patients with nonlacunar malignant MCA territory strokes, 
and predictors of malignant edema included younger age, 
no history of stroke, carotid occlusion, higher heart weight, 
and abnormal ipsilateral circle of Willis, with a slight pre-
dominance of female sex.79

Medical therapy has limited success in patients with 
malignant infarction. Measures to decrease intracranial 
pressure (ICP) such as hyperventilation, osmotic therapy, 
steroids, and barbiturates are not effective long-term thera-
pies.80-82 ICP monitors are not routinely used because of the 
focal nature of the compressive lesion, which may cause 
herniation without a global rise in ICP.

In contrast to medical therapy, surgical intervention has 
been shown to decrease both mortality and functional dis-
ability. Surgery provides an immediate reduction in ICP and 
improvement in blood flow and allows the brain to herniate 
out of the craniectomy defect instead of toward the brain-
stem. There have been four randomized clinical trials look-
ing at functional outcome after decompressive surgery: 
Decompressive Craniectomy in Malignant Middle Cerebral 
Artery Infarcts (DECIMAL), Decompressive Surgery for the 

Figure 64-1. Noncontrast computed tomography (CT) scan of the 
head showing a right malignant middle cerebral artery (MCA) isch-
emic stroke with surrounding edema and midline shift.
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Treatment of Malignant Infarction of the Middle Cerebral 
Artery (DESTINY), Hemicraniectomy after Middle Cere-
bral Artery Infarction with Life-threatening Edema trial 
(HAMLET), and Decompressive Surgery for the Treatment 
of Malignant Infarction of the Middle Cerebral Artery (DES-
TINY II).83-86 Before the completion of DECIMAL, DESTINY, 
and HAMLET, a prospectively planned pooled meta-analysis 
was undertaken to hasten the available data and reliably esti-
mate treatment effect.75 In total, 93 patients who were no more 
than 60 years old were randomized to either decompressive 
surgery within 48 hours of AIS or conservative management. 
Surgery was associated with improved functional outcome 
and reduced mortality (28% vs. 78% in the medical arm). The 
probability of having an mRS of less than 3 (moderate disabil-
ity but able to walk unassisted) nearly doubled; however, the 
probability of having an mRS of 4 (severe disability, unable 
to attend to bodily needs, cannot walk without assistance) 
increased more than 10 times.75 The NNT was 2 to prevent 
one death, 2 to prevent mRS of 5 or death, and 4 to prevent 
mRs of 4 or death.75

DESTINY II evaluated the role of decompressive hemi-
craniectomy versus conservative management in older 
patients (>60 years) with MCA stroke.86 Hemicraniectomy 
improved the primary outcome of survival without severe 
disability (defined as mRS 0 to 4) at 6 months (38% vs. 
18%). However, most survivors required assistance with 
most bodily needs, and no patients had an mRS of 0 to 2 
(survival with no disability or minor disability).86

Although hemicraniectomy improves mortality, functional 
outcomes are improved to some extent and only in patients 
younger than 60 years. The decision to pursue decompressive 
hemicraniectomy should be made on an individual basis.

CEREBELLAR INFARCTION

Cerebellar infarction often presents with minor, seemingly 
benign symptoms such as ataxia and dysarthria; however, 
patients may experience precipitous fatal deterioration. Cer-
ebellar infarctions are life threatening because the posterior 
fossa is a relatively small and rigid compartment. Edema 
from cerebellar infarction may therefore result in direct 
compression of the brainstem, compression of the fourth 

ventricle and acute noncommunicating hydrocephalus, and 
upward or downward cerebellar herniation (Fig. 64-2).87-89 
In patients who have acute hydrocephalus, an external ven-
tricular drain may be placed to rapidly drain cerebral spinal 
fluid and lower ICP; however, there remains a risk of upward 
herniation.87,88,90,91 Suboccipital decompressive craniectomy 
(SDC) is a lifesaving intervention that is less controversial 
than decompressive hemicraniectomy.92,93 There are no 
RCTs guiding timing or patient selection for SDC; however, 
its benefit is considered self-evident, and it is recommended 
as the therapy of choice by the ASA to relieve both hydro-
cephalus and acute brainstem compression.8

COMPLICATIONS OF ISCHEMIC STROKE

Hemorrhagic Transformation and 
Complications of Thrombolytic Therapy

The risk of spontaneous hemorrhagic transformation of 
AIS is generally low (0.6%) but increases with the use of 
IV rt-PA or intra-arterial thrombolytic therapy.10,66 The 
risk of symptomatic intracerebral hemorrhage after IV 
rt-PA is about 5%, and after intra-arterial pharmacologic or 
mechanical thrombolysis is 10%.10,94 Predictors of hemor-
rhagic transformation include age, high NIHSS, elevated 
serum glucose level, and early mass effect.95,96

Treatment of spontaneous hemorrhagic conversion is 
generally supportive. With any decline in neurologic status 
during thrombolysis the infusion should be immediately 
stopped, and emergent noncontrast head CT should be 
obtained, along with complete blood count and coagulation 
profile. No therapy has been proven successful in reversing 
the effects of rt-PA; reasonable options include fibrinogen, 
cryoprecipitate, fresh frozen or thawed plasma (FFP or TP), 
and platelets. Neurosurgical consultation may be helpful 
in select cases where there is concern for increased ICP and 
mass effect.

A rare complication of rt-PA is angioedema, which occurs 
in 1% to 3% of patients. It typically manifests 30 to 120 min-
utes after the initial infusion and classically occurs contralat-
eral to the ischemic lesion.97 Activation of the complement 
and kinin cascades due to the presence of increased plasmin 
has been implicated. This risk is increased in patients taking 

A B

Figure 64-2. Noncontrast computed tomography (CT) scan of the head with an acute ischemic infarct of the left cerebellar hemisphere. A, There 
is mass effect and effacement of the fourth ventricle. B, After suboccipital decompressive hemicraniectomy.
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angiotensin-converting enzyme inhibitors, which act along 
a similar pathway.98 Management for mild angioedema 
includes administration of 50 mg IV diphenhydramine fol-
lowed by 100 mg of IV methylprednisolone or nebulized 
epinephrine.99 In cases where there is airway compromise, 
urgent intubation or establishment of an emergency surgi-
cal airway may be required.

Additional complications associated with intra-arterial 
therapy include arterial perforation, intracranial arterial 
embolization, subarachnoid hemorrhage, groin site pseu-
doaneurysm, and retroperitoneal hematoma. These com-
plications occur infrequently (<5%).100 In a retrospective 
case series, postoperative patients treated with intra-arterial 
therapy for AIS had a higher risk of systemic bleeding 
(25%), usually at the surgical site.101

Seizures

The incidence of seizure after stroke has a reported range 
of 2% to 33%, depending on the study design;102-104 how-
ever, prospective studies suggest a lower frequency of 2% to 
8%.105-110 Although clinical seizures in the acute setting are 
relatively uncommon, prolonged electroencephalography 
reveals nonconvulsive seizures in up to one third of patients 
with an abnormal level of consciousness.111,112 Risk factors 
for seizure include greater stroke severity, cortical infarc-
tion, a cardioembolic cause of AIS, and hemorrhagic conver-
sion.106,110 In theory, seizures may worsen stroke outcome 
by increasing the risk of aspiration, causing blood pres-
sure and vital sign fluctuations, and increasing ICP. How-
ever, mounting evidence suggests an association between 
burden of antiepileptic drug exposure and worse cogni-
tive outcomes.105,113,114 It is recommended to treat seizures 
aggressively if they occur but not to administer prophylactic 
anticonvulsants. Electroencephalogram monitoring should 
be considered in AIS patients with depressed levels of con-
sciousness, although data are lacking regarding the impact 
on the outcome of treating nonconvulsive seizures.
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How Should Status Epilepticus  
Be Managed?

Debbie H. Yi, Kathryn A. Davis, Joshua M. Levine

Status epilepticus (SE) may be defined as continuous clini-
cal and/or electrographic seizures lasting at least 5 minutes 
or recurrent discrete seizures without interictal recovery 
of consciousness.1 It is a medical emergency and requires 
prompt recognition and treatment to limit morbidity and 
mortality. Few randomized controlled trials exist to inform 
treatment, and practice algorithms vary. In response to the 
heterogeneity of practice, in 2012, the Neurocritical Care 
Society published authoritative evidence-based expert 
consensus guidelines for the evaluation and management 
of status epilepticus.2 This chapter provides background 
on the epidemiology, classification, pathophysiology, and 
causes of SE and focuses on evidence-based clinical man-
agement.

EPIDEMIOLOGY

Studies pertaining to the epidemiology of SE are limited 
by the changing definitions of SE over time and under-
reporting. For more than 50% of cases, SE is the result of 
a patient’s first seizure.1 The incidence is thought to be 
grossly underestimated but has been cited as 65,000 to 
150,000 in the United States per year.3 In a prospective pop-
ulation analysis of SE in Richmond, Virginia, patients were 
followed for 30 days after seizures were controlled or to the 
time of death. The incidence was found to be 41 per 100,000 
per year, and there was a bimodal age distribution with 
clustering in the first year of life and in people older than 
60 years. Those older than age 60 had the highest incidence 
and the highest rate of recurrence. Overall mortality was 
22% despite a pediatric mortality of approximately 3%.4

CLASSIFICATION

A common way to categorize SE is based on whether sei-
zures are focal or generalized and whether consciousness 
is impaired. In simple partial SE (also termed epilepsia 
partialis continua when there is motor involvement), sei-
zures emanate from a focal brain region and produce focal 
symptoms (e.g., unilateral twitching of a limb, aphasia) 
without impairment of consciousness. In complex partial 
SE, seizures emanate from a focal brain region, produce 

focal symptoms, and are associated with impaired con-
sciousness. In generalized SE, seizures involve the entire 
brain, and consciousness is always impaired. Generalized 
and complex partial SE is considered more threatening 
than simple partial SE. The latter typically does not require 
treatment in an intensive care unit (ICU) and will not be 
addressed in this chapter. In the ICU, SE often occurs in 
patients who have preexisting altered mental status from 
other causes (e.g., cardiac arrest, traumatic brain injury). 
Therefore, for practical purposes in the ICU, seizures may 
be classified as (1) convulsive or nonconvulsive and (2) 
responsive to therapy or refractory. Convulsive SE consists 
of tonic-clonic movements (rhythmic jerking) and altered 
mental status (either as coma, lethargy, or confusion). On 
electroencephalogram (EEG), there are bilateral, symmet-
ric discharges.1 More than half of patients with general-
ized convulsive SE respond to a single antiepileptic drug 
(AED).5 Development of generalized convulsive SE dur-
ing hospitalization, older age, and longer duration and 
severity of impaired consciousness are associated with a 
poor outcome.2 Nonconvulsive SE (NCSE) is defined as 
seizure activity without convulsions (shaking) and is only 
reliably diagnosed with an EEG. In the ICU, NCSE might 
be included on the differential diagnosis of any patient 
with altered mental status. Patients with NCSE may have 
alterations in behavior, including agitation; aggression; 
alterations in thought, including confusion and psycho-
sis; and alterations in level of arousal, ranging from leth-
argy to coma. There may be subtle motor signs, such as 
muscle twitching, nystagmus, or eye deviation, or none at 
all.6 Factors associated with a poor outcome include more 
serious illness as the cause of seizures, severely altered 
mental status, and longer seizure duration.2 Refractory SE 
may be defined as SE that does not abate after standard 
initial treatments, typically a benzodiazepine and a bolus 
of an AED.5 Refractory SE may be convulsive (“clinical”) 
or nonconvulsive (“subclinical” or “electrographic”). This 
diagnosis can be subjective because it is sometimes diffi-
cult to ascertain whether “adequate” therapy was admin-
istered (e.g., in the prehospital or emergency department 
setting). Patients with a more severe cause, advanced 
age, longer seizure duration, and high APACHE-2 (Acute 
Physiology and Chronic Health Evaluation II) scores have 
worse outcomes.2
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PATHOPHYSIOLOGY

Seizures have an immediate and often dramatic direct effect 
on systemic and cerebral physiology at the organ, cellular, 
and molecular level. SE may result in secondary systemic 
complications that contribute to morbidity and mortality.

Widespread neuronal depolarization during SE results 
in a significant increase in the cerebral metabolic rate for 
oxygen. Because of metabolic autoregulation, this leads to 
increased systemic blood pressure and cardiac output and 
results in an increase in cerebral blood flow. In turn, this 
causes an increase in cerebral blood volume, which causes 
increased intracranial pressure. This can be especially prob-
lematic in patients with low intracranial compliance and can 
result in catastrophic intracranial hypertension and death. 
Systemic complications of SE include hypoxia, hypoten-
sion, metabolic acidosis, hyperthermia, rhabdomyolysis, and 
hypoglycemia. Hyperthermia is a result of the increased 
motor activity seen in seizures. For this reason, patients can 
also manifest secondary rhabdomyolysis and metabolic  
acidosis. Initial acute hypertension may give way to normo-
tension or even hypotension. Low blood pressure potenti-
ates brain damage because of inadequate cerebral perfusion. 
Hypoglycemia can be seen in late SE.1 Prolonged seizures 
cause a massive release of glutamate that initiates a cascade 
of processes, including mitochondrial dysfunction, oxida-
tive stress, inflammatory reactions, and immunosuppres-
sion.7 This eventually leads to neuronal excitotoxicity and 
injury as well as cellular ischemia and, inevitably, cell death. 
Animal studies suggest deleterious effects on neurons when 
there is more than 30 minutes of seizure activity.1

ETIOLOGIES

Virtually any insult to the brain may cause seizures and SE. SE 
may be due to acute insults, such as metabolic abnormalities 

(e.g., hypoglycemia, hyponatremia); hypoxia; global brain 
ischemia (e.g., cardiac arrest); medications; toxic ingestions; 
withdrawal from alcohol, benzodiazepines, and other toxins; 
infectious or autoimmune encephalitis; sepsis; cerebral vascu-
lar insults (bleeding more often than ischemia); acute traumatic 
brain injury; hypertensive encephalopathy; eclampsia; and 
neurosurgery. SE may also result from remote structural injury 
to the brain, including prior head injury, meningitis, stroke, or 
hypoxic-ischemic encephalopathy. It is frequently observed 
in patients with epilepsy because of their underlying seizure 
disorder, because of subtherapeutic AED levels, or because of 
a superimposed insult (e.g., infection). However, up to 50% of 
patients who have SE have no prior history of seizures.8

MANAGEMENT

SE is a medical emergency. Time is of the essence to prevent 
permanent brain injury and to limit systemic complications. 
The longer SE lasts, the less likely it will respond to therapy.9 
Treatment of seizures and diagnostic efforts typically proceed 
in parallel. Initial measures involve stabilization of the airway, 
breathing, and circulation coupled with emergent efforts to 
terminate seizures. Seizure termination occurs in successive 
stages, which are described in detail in the following sections. 
Definitive seizure control should be obtained within 60 min-
utes of onset if possible. There is a scarcity of randomized 
controlled studies to inform the optimal bundle of therapies 
(preferred drugs, dosages, sequence of administration) for SE, 
and the treatment approach outlined is largely the product of 
observational data and expert opinion (Figs. 65-1 and 65-2).

FIRST-TIER (EMERGENCY) THERAPIES

A short-acting benzodiazepine is the initial drug of choice 
for seizure termination. Intravenous (IV) access should be 

First-tier therapy

Airway protection and management

+/− intubation

Finger stick blood glucose + vital signs: HR, BP, O2 saturation

+/− vasopressors

IV access

Fluid resuscitation

Nutrient (i.e., thiamine) resuscitation then dextrose 

Second-tier therapy Neurologic exam Lab tests

Refractory SE management

Diagnostic testing: CT, LP, MRI

Continuous EEG

0−10 min

0−2 min

0−5 min

0−5 min

0−10 min

20−60 min

0−60 min

15−60 min

Figure 65-1. Critical care management of status epilepticus (SE). BP, blood pressure; CT, computed tomography; EEG, electroencephalogram; 
HR, heart rate; IV, intravenous; LP, lumbar puncture; MRI, magnetic resonance imaging; O2, oxygen. (Adapted from the Neurocritical Care Society’s 
Guidelines for the Evaluation and Management of Status Epilepticus [Neurocrit Care. 2012;17:3–23.])
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obtained immediately, and therapy typically begins with 
administration of lorazepam (4 mg IV). This decision is 
guided by the double-blind multicenter Veterans Admin-
istration cooperative trial, in which 384 patients with gen-
eralized convulsive SE were randomized to one of four 
initial IV treatments: (1) diazepam (0.15 mg/kg) followed 
by phenytoin (18 mg/kg), (2) lorazepam (0.1 mg/kg), (3) 
phenobarbital (15 mg/kg), or (4) phenytoin (18 mg/kg). 
The study endpoint (“success”) was defined as cessation 
of motor and electrographic seizures within 20 minutes 
of the start of drug infusion and no seizure recurrence 
within 40 minutes. Treatments ordered by success were 
as follows: lorazepam (64.9%), phenobarbital (55.8%), 
diazepam and phenytoin (55.8%), and phenytoin (43.6%; 
P = .02 for overall comparison among the four groups). 
In an intention-to-treat analysis, the difference between 
groups was no longer significant. The authors concluded 
that lorazepam is more effective than phenytoin (P = .002 
for pairwise comparison), and although it is no more 
effective than phenobarbital or diazepam plus phenytoin, 
it is easier to use.3 If the first dose of IV lorazepam fails to 
terminate seizures, then a second dose should be admin-
istered within 5 to 10 minutes in conjunction with a sec-
ond-line AED. If IV access has not been established, then 
intraosseous access should be considered. Alternatively, 
IV, intramuscular (IM), intranasal, or buccal midazolam, 
or rectal diazepam, may be administered. Midazolam is 
likely as effective as lorazepam and has more predictable 
pharmacokinetics. A double-blind, randomized, noninfe-
riority trial of 448 subjects with SE suggested that in the 
prehospital setting, IM midazolam was safe and at least 
as effective as IV lorazepam for seizure termination.10 In 
parallel with efforts to abort seizures, the cause of SE is 
sought, and select life-threatening causes (e.g., bacterial 
meningitis, viral encephalitis, hypoxia) are empirically 

treated. IV access must be expeditiously obtained. If oxy-
genation or ventilation is compromised, then intubation 
is performed. It is imperative to understand that neuro-
muscular blocking (NMB) agents will stop tonic-clonic 
activity but will have no impact on seizures. Once NMBs 
are administered, it must be assumed that SE is still pres-
ent until proven otherwise (with EEG). For patients who 
have SE and fever or in whom there is history or examina-
tion findings suggestive of meningoencephalitis, empiric 
antibiotics and acyclovir are administered, and unless 
contraindicated, a lumbar puncture should be performed. 
Routine laboratory testing includes measurement of 
serum glucose and electrolytes, blood urea nitrogen, cre-
atinine, liver function tests, and AED levels. When there 
is a suspicion for a toxic cause or there is no clear cause 
of seizures, a urine toxicology screen and measurement 
of the levels of alcohol, salicylates, acetaminophen, and 
tricyclics may be helpful. Metabolic abnormalities, such 
as hypoglycemia or hyponatremia, should be treated 
immediately if they are considered causative. If SE is due 
to hypoglycemia or hyponatremia, then correction of the 
underlying abnormality usually obviates the need for 
AED therapy.

SECOND-TIER (CONTROL) THERAPIES

The vast majority of patients with SE will require sec-
ond-tier AED therapy. If first-tier therapies were suc-
cessful in aborting seizures, then the goal of second-tier 
therapies is to prevent recurrence. If first-tier therapies 
were unsuccessful, then the goal of second-tier thera-
pies is to terminate SE. The aim of second-tier therapy 
is to rapidly achieve a therapeutic AED level and to sus-
tain it with scheduled maintenance doses. The optimal 

Lorazepam 4 mg IV

IV phenytoin/fosphenytoin, IV valproate
sodium, IV phenobarbital

Other options: intramuscular, intranasal, or buccal midazolam, rectal diazepam

Other option: IV levetiracetam

Continuous AED infusion: midazolam, pentobarbital, propofol,
thiopental (outside the U.S.)

Less common therapies: ketamine, inhaled anesthetics, ketogenic
diet, hypothermia

First-tier (emergent) therapy

Second-tier (urgent) therapy

Third-tier therapy (for refractory SE)

Figure 65-2. Treatment algorithm for status epilepticus (SE). AED, antiepileptic drug; IV, intravenous.



Chapter 65 How Should Status Epilepticus Be Managed?    473

second-tier AED is unknown, and both data and expert 
opinion are conflicting. Available options include IV 
phenytoin, fosphenytoin, sodium valproate, levetirace-
tam, and phenobarbital (phenobarbitone). Given the 
lack of data, no strong recommendations may be made 
for one particular AED over another; selection of an 
agent is typically based on local protocol or based on 
individual patient and drug characteristics. A thorough 
knowledge of AED side effects is crucial to anticipate 
and rapidly respond to complications. IV phenytoin is 
diluted in propylene glycol, resulting in a highly basic 
solution. Infiltration into soft tissue may result in severe 
injury (“purple glove syndrome”) that, in extreme cases, 
may result in limb amputation. Phenytoin is associated 
with significant hypotension, particularly at rapid infu-
sion rates, and may cause arrhythmias. Fosphenytoin is 
a prodrug developed as an alternative to phenytoin.11 
It is not diluted in propylene glycol; therefore it likely 
does not carry the same risk of soft tissue injury. As 
with phenytoin, fosphenytoin administration may be 
complicated by hypotension and arrhythmias. Monitor-
ing of cardiac rhythm and blood pressure is mandatory 
for safe administration. Sodium valproate is associated 
with hyperammonemia, thrombocytopenia, hepatotox-
icity, and pancreatitis. Levetiracetam is relatively well 
tolerated; however, there exists only level IIb evidence 
for its efficacy as a second-line agent. Phenobarbital and 
midazolam are associated with respiratory depression, 
hypotension, and deep sedation.

THIRD-TIER THERAPIES (FOR 
REFRACTORY SE)

SE that does not respond to first- and second-tier ther-
apy may be considered refractory. There are no data 
to guide the optimal waiting period for initiation of 
third-tier therapies. Current recommendations based 
on expert opinion suggest immediate initiation of treat-
ment.2 Treatment options include (1) repeating bolus 
administration of a second-tier AED, and if seizures per-
sist, then initiation of a continuous infusion of an AED 
at anesthetic doses or (2) directly resorting to a continu-
ous AED infusion. Options for continuous AED infu-
sions include midazolam, pentobarbital, propofol, and 
thiopental (thiopentone). Lack of sufficient comparative 
data regarding relative safety and effectiveness preclude 
a recommendation of one AED over the other; the choice 
of agent is dictated by local protocol or by consider-
ation of patient and drug characteristics. Less common 
therapies include ketamine, volatile inhaled anesthetics, 
a ketogenic diet, and mild to moderate hypothermia. 
These are supported only by case reports and are not rec-
ommended as routine therapies.12-15 The dose of medica-
tion (infusion rate) should be titrated to the lowest dose 
necessary to achieve an EEG endpoint—either seizure 
cessation or burst suppression (alternating high-ampli-
tude electrical activity [bursts] and periods of no appar-
ent brain activity [suppression]).16 There are no data to 
suggest that one approach is better than the other; how-
ever, consideration should be given to the side effect pro-
file of individual agents and context-sensitive half-life. 

From this perspective, propofol causes significantly 
more hypotension than benzodiazepines, but it is more 
titratable with a shorter duration of action. Barbiturates 
have a large volume of distribution and undergo zero-
order kinetics, resulting in prolonged duration of action. 
Continuous electroencephalography is widely used to 
guide therapy in refractory SE, although there is a lack 
of data to guide duration of use. Data are lacking to 
guide duration of pharmacologic coma.17 Customarily, 
burst suppression is achieved for 24 to 48 hours followed 
by gradual weaning of the anesthetic while monitoring 
for recurrent seizures with continuous EEG. Should SE 
recur during weaning of an AED infusion, then the dose 
is increased to achieve seizure suppression, and an addi-
tional AED may be necessary. If a continuous infusion of 
one AED fails to suppress seizures, then adding a second 
agent or switching therapy should be considered.

NATURAL HISTORY AND PROGNOSIS

The longer SE persists, the more difficult it becomes to 
terminate the seizures. With the progression of SE, there 
are changes to the GABA (γ-aminobutyric acid)–receptor 
action, NMDA (N-methyl-d-aspartate) receptor–mediated 
transmission, receptor trafficking, and mitochondrial func-
tion. These changes are thought to contribute to refracto-
riness. (The North London Convulsive Status Epilepticus 
in Childhood Surveillance Study [NLSTEPSS] found that 
when prehospital treatment was not  administered, there 
was an association with episodes of SE longer than 60 
 minutes).8 Patients treated within an hour had 80%  success 
rate at terminating seizure activity. If 2 or more hours 
elapsed, then 40% to 50% were successfully  terminated. 
If SE lasts longer than 60 minutes, then there is 30% mor-
tality.3 Functional outcome is affected by the duration of 
refractory SE. There is a 21% likelihood of a return to base-
line function after refractory SE as compared with 63% for 
nonrefractory SE.18,19 However, there are case reports of 
patients being treated for weeks to months and still mak-
ing an excellent functional recovery.19

AUTHORS’ RECOMMENDATIONS

 •  SE is defined as continuous clinical and/or electrographic 
seizures lasting at least 5 minutes or recurrent discrete seizures 
without interictal recovery of consciousness.

 •  SE may occur in any ICU, consequent of a medley of clinical 
conditions.

 •  Morbidity and mortality directly correlate with the duration of 
seizures.

 •  Therapy is directed at terminating, as quickly as possible, the 
seizures by using an escalating therapeutic protocol, and at 
detecting and treating the underlying cause (if any).

 •  Initial therapy usually involves administration of a rapidly 
acting benzodiazepine (lorazepam or midazolam), followed by 
AEDs, such as phenytoin or valproate.

 •  For refractory cases, general anesthetic agents are administered, 
usually titrated, to specified EEG endpoints.

 •  Functional outcome appears to be dependent on the duration 
of seizure activity.  
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How Should Guillain-Barré 
Syndrome Be Managed in the ICU?

Joy Vijayan, Nobuhiro Yuki

Guillain-Barré syndrome (GBS) is a rapidly progressive 
motor, sensory, and autonomic neuropathic disorder that 
may present to critical care with acute respiratory failure 
or bulbar palsy. Correct diagnosis and implementation 
of therapy usually results in favorable outcomes. This 
chapter considers management of GBS in the intensive 
care unit (ICU).

PATHOGENESIS

GBS is a prototype of a postinfectious autoimmune disease. 
Most patients develop GBS 1 to 3 weeks after a microbial 
infection.1 Histopathologically, GBS can be divided into 
acute inflammatory demyelinating polyneuropathy and 
acute motor axonal neuropathy based on the site of involve-
ment of the inflammatory process within the peripheral 
nerve (Fig. 66-1). Infections such as Campylobacter jejuni 
or cytomegalovirus induce the development of antibodies 
that subsequently bind to target antigens on the peripheral 
nerves as a result of molecular mimicry. These autoantibod-
ies attach to the outer surface of Schwann cells or axonal 
membranes at the nodes of Ranvier, resulting in activation 
of the compliment system. This subsequently leads to the 
detachment of the paranodal myelin, resulting in motor 
conduction failure and muscle weakness.

DIAGNOSIS

The presentation of GBS and related conditions can be 
heterogeneous, making the clinical diagnosis at times 
challenging. Classically, GBS presents with a rapidly pro-
gressive weakness of the extremities with variable involve-
ment of the bulbar and respiratory muscles. There are 
localized subtypes of GBS that tend to involve only a spe-
cific group of muscles (Table 66-1).2 These include (1) the 
pharyngeal-cervical-brachial subtype with involvement of 
the bulbar and proximal upper limb muscles; (2) the para-
paretic subtype; and (3) the bifacial variant, which pres-
ents with isolated facial weakness. Miller Fisher syndrome 
(MFS), which presents with ophthalmoplegia, ataxia, and 
areflexia, is a variant of GBS. MFS may present in incom-
plete form as acute ophthalmoplegia or acute ataxic  
neuropathy. Bickerstaff brainstem encephalitis, which 

presents with hypersomnolence, ophthalmoplegia, and 
ataxia, is a central nervous system subtype of MFS. Some of 
these patients go on to have involvement of other groups of  
muscles and thus phenotypically resemble the classical 
type of GBS. Pharyngeal-cervical-brachial weakness, MFS, 
and Bickerstaff encephalitis are often misdiagnosed as 
having brainstem stroke, myasthenia gravis, botulism, or  
Wernicke encephalopathy (Table 66-2).

Nerve conduction studies and cerebrospinal fluid (CSF) 
analysis are not always conclusive, especially at admission, 
and the diagnosis should be based on clinical grounds 
(Table 66-3). A lumbar puncture is performed primarily 
to rule out infectious processes, such as Lyme disease, or 
malignancies, such as lymphoma. Albuminocytologic  
dissociation (elevation in CSF protein [>0.55 g/L] with-
out an elevation in white blood cells) is present in 
approximately 50% of patients with GBS during the 
first week of illness. Brain and spinal imaging studies 
are unhelpful. A history of antecedent infectious symp-
toms such as sore throat, cough, or diarrhea is useful for 
the clinical diagnosis as well as the presence of distal 
paraesthesias immediately before, and at the onset of,  
weakness or ataxia.

PREDICTORS

Need for Mechanical Ventilation

The development of respiratory compromise requiring 
mechanical ventilation is the most common fatal compli-
cation of GBS and occurs in up to 30% of patients. Early 
identification of respiratory deterioration and transfer to 
critical care usually leads to a positive outcome. There 
are several prediction tools that are used to recognize 
the development of respiratory dysfunction. The Eras-
mus GBS Respiratory Insufficiency Score (EGRIS) is a 
point-based tool (Table 66-4) that can accurately predict 
the probability of development of respiratory failure in 
90% of patients. Figure 66-2 shows the clinical variables 
used in this tool, including the days between onset of 
weakness and admission, the presence of facial and bul-
bar weakness, and the Medical Research Council (MRC) 
sum score (a sum of the MRC scores of six different mus-
cles measured bilaterally, ranging from 0 [tetraplegic] to 
60 [normal]).3
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The French Cooperative study prospectively analyzed 
a group of 722 patients to identify possible predictors 
of need for mechanical ventilation. The six predictors 
included time from onset to admission of less than 
7 days, inability to cough, inability to stand, inability 
to lift the elbows or head, and elevated liver enzymes. 
Mechanical ventilation was required in more than 85% 
of patients with at least four predictors. The authors also 
recommended monitoring patients in the ICU if they 
have one of these predictors.4 A second French study 
looking at objective parameters noted that a reduction 

in vital capacity by 20% and peroneal nerve conduction 
block was associated with an increased risk of need for 
mechanical ventilation.5

There have been several studies that have used serial 
assessment of spirometric parameters to indicate the need 
for mechanical ventilation. Factors associated with pro-
gression to respiratory failure included vital capacity of 
less than 20 mL/kg, maximal inspiratory pressure of less 
than 30 cm H2O, maximal expiratory pressure of less than 
40 cm H2O, or a reduction of more than 30% in any of the 
above parameters from baseline at admission.6,7
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Figure 66-1. Possible immunopathogenesis of GBS. A, The immunopathogenesis of acute inflammatory demyelinating polyneuropathy. 
 Although autoantigens have yet to be unequivocally identified, autoantibodies may bind to myelin antigens and activate complement. This is 
followed by the formation of membrane attack complex (MAC) on the outer surface of Schwann cells and the initiation of vesicular degeneration. 
Macrophages subsequently invade myelin and act as scavengers to remove myelin debris. B, The immunopathogenesis of acute motor axonal 
neuropathy. Myelinated axons are divided into four functional regions: the nodes of Ranvier, paranodes, juxtanodes, and internodes. Gangliosides 
GM1 and GD1a are strongly expressed at the nodes of Ranvier, where the voltage-gated sodium (Nav) channels are localized. Contactin-associat-
ed protein (Caspr) and voltage-gated potassium (Kv) channels are respectively present at the paranodes and juxtanodes. Immunoglobulin G (IgG) 
anti-GM1 or anti-GD1a autoantibodies bind to the nodal axolemma, leading to MAC formation. This results in the disappearance of Nav clusters 
and the detachment of paranodal myelin, which can lead to nerve-conduction failure and muscle weakness. Axonal degeneration may follow at 
a later stage. Macrophages subsequently invade from the nodes into the periaxonal space, scavenging the injured axons. (Adapted from Yuki N, 
Hartung HP. Guillain-Barré syndrome. N Engl J Med 2012;336:2294–2304. With permission from Massachusetts Medical Society.)
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Mortality

The reported mortality rate in GBS ranges from 3% 
to 11%.8,9 Factors associated with increased mortality 
included advanced age, antecedent gastroenteritis, grade 
of disability on the Hughes disability scale, an axonal type 
of neuropathy, a shorter latency from onset to nadir of ill-
ness, and longer disease duration. Pneumonia and cardiac 
dysrhythmias were the main cause death. Of importance, 
mortality occurred with almost equal frequency during 
the progressive, plateau, and recovery phase of the illness. 
The presence of concomitant medical comorbidities has 
been shown to increase the overall mortality in certain GBS 
study groups in comparison with cohorts with isolated 
GBS.

Poor Long-Term Outcome

There are several prognostic factors and scoring scales used 
to predict the long-term outcome of patients with GBS.10 
The factors that have been used commonly are the Eras-
mus GBS Outcome Score (EGOS; Table 66-5)11 and the 
modified EGOS (mEGOS) score (Table 66-6).12 The former 
scoring scale takes into consideration the age, presence 
of diarrhea, and the disability functional score at admis-
sion and is used to predict the patients’ probability of 
ambulating independently at 6 months after the hospi-
tal admission (Fig. 66-3). The newer version, or mEGOS  
(Fig. 66-4), relies on the same variables except that the MRC 
sum score replaces the disability functional score (i.e., the 
sum of scores ranges from 0 [tetraplegic] to 60 [normal] 
and is a measure of six different muscle groups from 
both sides). The outcome measures include the functional  
disability at 4 weeks, 3 months, and 6 months after hospital 
admission.

Table 66-1 Clinical Features of Guillain-Barré Syndrome, Miller Fisher Syndrome, and Their Subtypes

Pattern of Weakness Ataxia Hypersomnolence

Guillain-Barré syndrome Four limbs Yes

 •  Pharyngeal-cervical-brachial weakness Bulbar/cervical/upper limbs

Incomplete form

 •  Acute pharyngeal weakness Bulbar

 •  Bifacial weakness with paraesthesias Facial

 •  Paraparetic Guillain-Barré syndrome Lower limbs

Miller Fisher syndrome Ophthalmoplegia Yes

Incomplete forms

 •  Acute ophthalmoparesis Ophthalmoplegia

 •  Acute ataxic neuropathy No weakness Yes

 •  Acute ptosis Ptosis

 •  Acute mydriasis Paralytic mydriasis

Central nervous system subtype

 •  Bickerstaff brainstem encephalitis Ophthalmoplegia Yes

Incomplete form

 •  Acute ataxic hypersomnolence No weakness Yes

Table 66-2 Differential Diagnosis of Guillain-Barré 
Syndrome, Miller Fisher Syndrome, and Their 
Subtypes

Guillain-Barré Syndrome
 •  Acute spinal cord disease
 •  Carcinomatous or lymphomatous meningitis
 •  Myasthenia gravis
 •  Critical illness neuropathy
 •  Thiamine deficiency
 •  Corticosteroid-induced myopathy
 •  Toxins (e.g., neurotoxic shellfish poisoning)
 •  Acute hypophosphatemia
 •  Prolonged use of neuromuscular blocking drugs
 •  Tick paralysis
 •  West Nile poliomyelitis
 •  Acute intermittent porphyria

Miller Fisher Syndrome, Bickerstaff Brainstem Encephalitis, and 
Pharyngeal-Cervical-Brachial Weakness

 •  Basilar artery occlusion
 •  Myasthenia gravis
 •  Wernicke encephalopathy
 •  Botulism
 •  Brainstem encephalitis
 •  Diphtheria
 •  Tick paralysis

Paraparetic Variant
 •  Lumbosacral plexopathy
 •  Diabetic
 •  Neoplastic
 •  Inflammatory (e.g., sarcoidosis)
 •  Infective (e.g., cytomegalovirus, Lyme disease)
 •  Lesions of cauda equine

Bifacial weakness with paraesthesias
 •  Lyme disease
 •  Sarcoidosis
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MANAGEMENT

Monitoring

The development of respiratory and cardiac dysfunction 
usually runs in tandem with the progression of the active 
disease phase. Prompt recognition of the evolution of the 
neurologic deficits and recognition of worsening respira-
tory and cardiac function with timely intervention can 
lead to satisfactory outcomes in most GBS patients. It is 
imperative that these patients are closely monitored for 
worsening pharyngeal weakness with incipient develop-
ment of a compromised airway and frequently assessed 
for respiratory muscle weakness through bedside clinical 
examination or lung function studies.

The initial clinical course of patients with GBS is charac-
terized by a rapidly evolving weakness of the extremities. 
The subsequent evolution and severity of disease is varied. 
Respiratory failure and the need for mechanical ventila-
tion is one of the most serious short-term complications of 
GBS, and early triaging to critical care can be of paramount 
importance. Historic clues that would suggest the need for 
early intubation include a hyperacute presentation with a 
very short latent period from onset to nadir, involvement of 
bulbar muscles, inability to converse in full sentences, com-
plaints of shortness of breath, and difficulty in generating 
a good cough. Clinical signs that can suggest impending 
respiratory compromise include weak neck muscles, a poor 
cough, reduced chest expansion, paradoxical abdominal 

Table 66-3 Diagnostic Criteria for Guillain-Barré Syndrome, Miller Fisher Syndrome and Their Subtypes

Core Clinical Features Supportive Features

 •  Relatively symmetric pattern of limb and/or motor cranial nerve 
weaknessa,b

 •  Monophasic illness pattern and interval between onset and nadir  
of weakness between 12 hours and 28 days and subsequent plateau

 •  Absence of identifies alternative diagnosis

 •  Antecedent infectious symptomsc

 •  Presence of distal paraesthesias before or at the onset of 
 weakness

 •  Cerebrospinal fluid albuminocytologic dissociationd

 1.  Guillain-Barré syndrome

 •  Weakness in all four limbsa,e,f and areflexia/hyporeflexiag  •  Neurophysiologic evidence of neuropathy

 1.1  Pharyngeal-cervical-brachial weakness

 •  Oropharyngeal weakness and neck weakness and arm weakness  
and arm areflexia/hyporeflexiaa,b,h

 •  Absence of leg weakness and ataxiai,j

 •  Neurophysiologic evidence of neuropathy
 •  Presence of anti-GT 1a or anti-GQ1b

 1.2  Paraparetic Guillain-Barré syndrome

 •  Leg weakness and areflexia/hyporeflexiaa

 •  Absence of arm weakness
 •  Neurophysiologic evidence of neuropathy

 1.3  Bifacial weakness with paraesthesias

 •  Facial weakness and areflexia/hyporeflexiaa

 •  Absence of ophthalmoplegia and limb weakness

 2.  Miller Fisher syndrome

 •  Ophthalmoparesis and ataxia and areflexia/hyporeflexiaa,b,k,l

 •  Absence of limb weaknessm and hypersomnolence
 •  Presence of anti-GQ1b antibodies

 2.1  Bickerstaff brainstem encephalitis

 •  Hypersomnolence and ophthalmoparesis and ataxiaa,b,n

 •  Absence of limb weaknessm
 •  Presence of anti-GQ1b antibodies

aWeakness may be asymmetric or unilateral.
bIn Miller Fisher syndrome, Bickerstaff brainstem encephalitis, and pharyngeal-cervical-brachial weakness, the clinical severity of each component may vary from 

partial to complete. In acute ataxic neuropathy and acute ataxic hypersomnolence, there is no weakness.
cThe presence of upper respiratory infectious symptoms or diarrhea 3 days to 6 weeks before the onset of neurologic symptoms.
dCerebrospinal fluid with total white cell count <50 cells/μL and protein above the normal laboratory range.
eWeakness usually starts in the legs and ascends but may start in the arms. Weakness may be mild, moderate, or complete paralysis.
fCranial nerve-innervated muscles or respiratory muscles may be involved.
gMuscle stretch reflexes may be normal or exaggerated in 10% of cases.
hThe absence of certain features indicated incomplete pharyngeal-cervical-brachial weakness as follows: absence of upper limb weakness with and without neck weakness.
iLeg weakness may vary considerably, but oropharyngeal, neck, and arm weakness should be more prominent.
jThe presence of additional features indicates overlap with other Guillain-Barré syndrome variants as follows: ataxia and ophthalmoplegia, “overlap with Miller 

Miller Fisher syndrome; ataxia without ophthalmoplegia, overlap with acute ataxic neuropathy”: ataxia and ophthalmoplegia and disturbed consciousness, “over-
lap with Bickerstaff brainstem encephalitis.”

kThe absence of certain features indicates incomplete Miller Fisher syndrome as follows: absence of ataxia, acute ophthalmoparesis; absence of ophthalmoparesis, 
acute ataxic neuropathy.

lThe presence of a single feature indicates incomplete Miller Fisher syndrome as follows: ptosis, acute ptosis; mydriasis, acute mydriasis.
mThe presence of limb weakness indicates overlap by GBS.
nThe absence of certain features indicates incomplete Bickerstaff brainstem encephalitis as follows: ophthalmoplegia, acute ataxic hypersomnolence.
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movements, and a single breath count less than 20.13-15 
Weakness of the axial muscles including the neck flexors 
and the truncal muscles run in parallel with diaphragmatic 
weakness and other respiratory muscles. A normal person 
with good ventilatory reserve would be able to count up 
to 50 in a single breath after a deep inspiration. Inability 
to count beyond 25 and 10 roughly correlates with a vital 

capacity not greater than 2 L and 1 L, respectively. Counts 
less than 15 are associated with substantial respiratory 
compromise. Prediction models or clinical tools such as 
the ones mentioned above can be of assistance in triaging 
patients to the ICU.

The recommended monitoring for worsening respira-
tory functions includes clinical assessment done every  
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Figure 66-2. Predicted probability of respiratory insufficiency and 
observed percentage of mechanical ventilation (MV) in derivation and 
validation cohorts according to the Erasmus GBS Respiratory Insuffi-
ciency Score (EGRIS). The black line reflects the predicted probability 
of respiratory insufficiency derived from the combined cohorts. The 
size of bullets in the graph reflects the size of the patient group with 
a corresponding EGRIS score in the combined cohorts (n = 565). The 
dark gray line reflects the observed percentage of MV in the derivation 
cohort (n = 377), and the light gray line reflects this percentage in the 
validation cohort (n = 188). Above the line are the number of patients 
requiring MV with a defined EGRIS in the derivation and validation 
cohorts. (Adapted from Walgaard C, Lingsma HF, Ruts L, et al.  Prediction 
of respiratory insufficiency in Guillain-Barré syndrome. Ann Neurol. 2010; 
67:781–787. With permission from John Wiley & Sons.)

Table 66-5 Erasmus GBS Outcome Score

Categories Score

Age at onset (years) ≥60 1

41-60 0.5

≤40 0

Diarrhea (≤4 weeks) Absence 0

Presence 1

GBS disability score  
(at 2 weeks after entry)

0 or 1 1

2 2

3 3

4 4

5 5

Erasmus GBS Outcome Score 1-7

GBS, Guillain-Barré syndrome.

Table 66-6 Modified Erasmus GBS Outcome 
Scores

Prognostic 
Factors Score

Prognostic 
Factors Score

Age at onset 
(years)

Age at onset  
(years)

≤40 0 ≤40 0

41-60 1 41-60 1

>60 2 >60 2

Preceding  
diarrhea*

Preceding  
diarrhea

Absent 0 Absent 0

Present 1 Present 1

MRC sum score 
(at hospital 
admission)

MRC sum score  
(at day 7 of  
admission)

51-60 0 51-60 0

41-50 2 41-50 3

31-40 4 31-40 6

0-30 6 0-30 9

mEGOS 0-9 mEGOS 0-12

*Diarrhea in the 4 weeks preceding the onset of weakness.
GBS, Guillain-Barré syndrome; mEGOS, Modified Erasmus GBS Outcome 

Score; MRC, Medical Research Council.

Table 66-4 Erasmus GBS Respiratory Insufficiency 
Score

Measure Categories Score

Days between onset of  
weakness and hospital  
admission

>7 days 0

4-7days 1

≤3 days 2

Facial and/or bulbar weakness  
at hospital admission

Absence 0

Presence 1

Medical Research Council  
sum score at hospital  
admission

60-51 0

50-41 1

40-31 2

30-21 3

≤20 4

Erasmus GBS Respiratory  
Insuffciency Score

0-7

GBS, Guillain-Barré syndrome.
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2 to 4 hours and periodic spirometric assessment.16 The pos-
sibility of deteriorating respiratory function at night, when  
ventilation is solely dependent on the diaphragmatic mus-
cles during the rapid eye movement stage of sleep, should 
be a period of concern, and close observation is required. 
There is also a drop of approximately 10% in the forced 
vital capacity when assuming the recumbent position in  
comparison to the upright position. Normal forced vital 
capacity is approximately 60 to 70 mL/kg and is expressed 
as a percentage of a predicted value based on the age,  
ethnicity, and anthropological features of the subject. A 
vital capacity of less than 30 mL/kg is associated with a 

weak cough and a subjective sense of dyspnea, one less 
than 25 mL/kg is associated with a weak inspiratory sigh 
with development of peripheral microatelectasis and 
increasing pulmonary vascular shunt, and a value less 
than 15 mL/kg or 1 L (<30% to 35% of predicted) is consid-
ered an indication for elective intubation and ventilation. 
Thus serial monitoring of the vital capacity, negative inspi-
ratory force (NIF), and the maximum expiratory pressure 
are useful parameters for predicting worsening respiratory 
functions. The “20/30/40” rule is often used as a param-
eter to estimate need for intubation and mechanical venti-
lation. Any drop in vital capacity below 20 mL/kg, a NIF 
less than −30 cm H2O, and a maximum expiratory pres-
sure less than 40 cm H2O indicates impending respiratory 
compromise and the need for intubation and mechanical 
ventilation. There is likely no benefit in using noninvasive 
ventilation as a bridge or alternative to intubation. Elective 
intubation and ventilation has been found to be associated 
with a reduced incidence of pneumonia and shorter dura-
tion of mechanical ventilation.17,18

Ventilatory Management

Intubation and Mechanical Ventilation

There are several precautions that should to be taken 
once the decision has been made to intubate and mechan-

ically ventilate the GBS patient. Autonomic dysfunction 
is a common complication. Patients are at elevated risk 
of hemodynamic instability at the time of intubation 
associated with the vasodilatory effects of anesthestic 
agents and reduced venous return associated with posi-
tive pressure ventilation.19,20 Severe hyperkalemia may 
be associated with the use of succinylcholine in patients 
with GBS, and alternative neuromuscular blocking 
agents should be used, if necessary.

No randomized controlled trials of mechanical ventila-
tion strategy in GBS have been performed. The approach 
will clearly be determined by the degree of respiratory 
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Figure 66-3. Predicted fraction of patients unable to walk inde-
pendently at 6 months after randomization on the basis of the Eras-
mus Guillain-Barré syndrome (GBS) outcome score (n = 762). Vertical 
bars indicate 95% confidence intervals. Point sizes are proportion-
ate to the number of patients with a specific score. The probability 
of not walking independently at 6 months is given by the equation  
1/(1 + exp[8.2−1.4 × EGOS]). (Adapted from van Koningsveld R,  Steyerberg  
EW, Hughes RAC, et al. A clinical prognostic scoring system for  Guillain- 
Barré syndrome. Lancet Neurol. 2007;6:589–594. With permission from 
Elsevier Limited.)

100

90

80

70

60

P
re

di
ct

ed
 p

ro
ba

bi
lit

y 
un

ab
le

 to
 w

al
k

(p
er

ce
nt

)

50

40

30

20

10

0

0 1 2 3 4 5

mEGOSA B
6 7 8 9

100

90

80

70

60

50

40

30

20

10

0

0 1 2 3 4 5

mEGOS

6 7 8 9 10 1211

Figure 66-4. Predicted fraction of patients unable to walk independently at 4 weeks (top lines), 3 months (center lines), and 6 months (bottom lines) 
on the basis of modified Erasmus GBS Outcome Score (mEGOS) at hospital admission (A) and at day 7 of admission (B). The gray areas around 
the bottom two lines represent 90% confidence intervals. (Adapted from Walgaard C, Lingsma HF, Ruts L, et al. Early recognition of poor prognosis in 
Guillain-Barré syndrome. Neurology 2011;76:968–975. With permission from Lippincott Williams and Wilkins.)



Chapter 66 How Should Guillain-Barré Syndrome Be Managed in the ICU?    481

muscle weakness and the capacity to trigger the ven-
tilator. Patients with GBS usually have normal lungs; 
therefore meticulous attention should be paid to avoid-
ance of ventilator-induced lung injury (VILI) and venti-
lator-associated pneumonia. A sensible approach would 
be to use volume assist-control ventilation, with tidal  
volume limited to 6 mL/kg or less (predicted body 
weight) initially with minute ventilation set to main-
tain partial pressure of carbon dioxide in arterial blood 
(Paco2) within normal limits, and fraction of inspired 
oxygen targeted as close as possible to room air (0.21%). 
Positive end-expiratory pressure should be adminis-
tered to prevent atelectasis and atelectrauma.21 The 
patient may subsequently transition to pressure support, 
proportional assisted, or neutrally assisted ventilation, 
but to date, few data beyond case reports support one 
approach over another.

Weaning and Ventilator Liberation

Weaning and ventilator liberation in GBS is a major 
challenge for the intensivist.22,23 Prolonged and careless 
mechanical ventilation may lead to complications that 
include ventilator-associated pneumonia, development 
of tracheal injury, VILI, laryngotracheal stenosis, and 
diaphragmatic atrophy. Premature extubation may result 
in respiratory distress, myocardial ischemia, and gastro-
pulmonary aspiration.

Tracheostomy

Tracheostomy improves patient comfort, resulting in mini-
mal sedation; it reduces the risk of laryngeal and vocal cord 
damage; it enhances airway toilet; and it facilitates libera-
tion from mechanical ventilation. The timing of tracheos-
tomy is unclear and depends on local culture, physician 
preference, and disease trajectory. If mechanical ventilation 
is likely to exceed 2 weeks, then tracheostomy at that stage 
would appear appropriate.23 Clinical clues that would  
suggest the need for tracheostomy include persisting neck 
and proximal arm weakness, severe autonomic instabil-
ity, development of ventilator-associated pneumonia, or 
advanced age. The integrated pulmonary function ratio 
based on the summed vital capacity and the inspiratory 
and expiratory pressure can be used to predict the need for 
a tracheostomy.24 A pulmonary function ratio is obtained 
at day 12 after intubation and is calculated by dividing the 
pulmonary function score at day 12 with that obtained at 
day 1. A ratio of less than 1 is highly unlikely to be asso-
ciated with a successful liberation and is an indicator for 
early tracheostomy. The sensitivity of a pulmonary func-
tion ratio of less than 1 for predicting that the duration 
of ventilation would be more than 3 weeks was 70%, and 
the specificity and positive predictive value was 100%. If  
pulmonary function tests are improving, then tracheos-
tomy can be deferred for an additional week. Percutane-
ous dilatational tracheostomy, which is cosmetically more 
acceptable and associated with a lower risk of decannula-
tion, is preferred over the conventional surgical approach.

Indication for Temporary Pacing

Autonomic dysfunction consequent of GBS may result in 
cardiovascular instability. This involves dysfunction or 

hyperactivity of the sympathetic and parasympathetic arm 
of the autonomic nervous system.26 Dysautonomia is more 
likely to occur in patients who are mechanically ventilated. 
Common abnormalities vary from relatively innocuous 
sinus tachycardia to the more serious and life-threatening 
arrhythmias as a result of vagally mediated bradycardia 
and cardiac asystole. This may necessitate the need for 
atropine and temporary pacing. Monitoring for dysautono-
mia includes frequent electrocardiographic recording and  
measurement of supine and standing blood pressure. Those 
with significant sinus tachycardia, episodic arrhythmias, 
or blood pressure fluctuation should be transferred to the 
ICU for telemetry and continuous blood pressure measure-
ment. Persistent bradyarrhythmia is an indication for tem-
porary pacemaker insertion. A fluctuating blood pressure 
level (“roller coaster”) is a well-described complication in 
GBS, and this can be clinically challenging. In general, if 
vasopressors or antihypertensives are to be administered, 
short-acting agents (e.g., esmolol, nicardipine) are prefer-
able. Care should be taken with dosage because patients 
with GBS can be extremely sensitive to even small doses of 
vasoactive agents because of possible denervation super-
sensitivity. Autonomic and motor dysfunction generally 
simultaneously resolve.

Immunotherapy

Treatment specifically targeted at the primary pathophysio-
logic process of GBS is initiated once the patient’s life-threat-
ening hemodynamic and respiratory problems have been 
addressed.27 The principal intervention is immunotherapy. 
Plasma exchange and intravenous immunoglobulin (IVIG) 
have been shown to be effective in hastening the recovery 
of patients with GBS. The greatest benefit is in patients with 
profound motor weakness and ventilator failure. Patients 
with associated autonomic instability, or pressor-dependent 
septic shock, are administered IVIG rather than plasma 
exchange. Due consideration should be given to the associ-
ated underlying medical comorbidities while these specific 
treatment modalities are initiated.

Intravenous Immunoglobulin

IVIG acts by neutralizing pathogenic antibodies and 
inhibiting autoantibody-mediated complement activa-
tion, resulting in reduced nerve injury and faster clini-
cal improvement, as compared with no treatment. IVIG 
has replaced plasma exchange as the treatment of choice 
because of its greater convenience and availability. The 
standard treatment regimen involves administering 2 g/kg 
immunoglobulin over a period of 5 days.28 The pharma-
cokinetics of immunoglobulin vary among patients, and 
some patients have a smaller increase in serum immuno-
globulin G (IgG) after administration of immunoglobulin. 
These patients are likely to have a poorer outcome, with 
fewer able to walk unaided at 6 months. A second course 
of immunoglobulin in severely unresponsive patients was 
reported to be beneficial in one study.29,30

Plasma Exchange

Plasma exchange is most effective when it is started within 
the first 2 weeks after disease onset.31 Plasma exchange 
nonspecifically removes antibodies and complement and 
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appears to be associated with reduced nerve damage 
and more rapid clinical improvement as compared with 
supportive treatment alone. The usual regimen is five 
exchanges over a period of 2 weeks, with a total exchange 
of five plasma volumes.

The combination of plasma exchange followed by a 
course of IVIG is not significantly better than plasma 
exchange or IVIG alone. Neither prednisolone nor meth-
ylprednisolone can significantly accelerate recovery or 
improve long-term outcome in patients with GBS. One 
study showed that combined administration of IVIG and 
methylprednisolone was not more effective than IVIG 
alone, although an analysis corrected for known prognostic 
factors suggested a short-term effect.32

Supportive Treatment

The management of GBS also involves several other sup-
portive measures. These include addressing the standard 
medical comorbidities seen in ICU patients as well as deal-
ing with conditions that are unique to GBS.33

Deep Vein Thrombosis

GBS patients are at high risk for the development of deep 
vein thrombosis (DVT) as a result of prolonged immobili-
zation due to weakness of all four extremities. There have 
been no clinical trials that have addressed pharmacologic 
or mechanical approaches to prophylaxis against DVT in 
GBS. The duration of prophylaxis is unclear as is whether to 
actively screen patients for thrombosis. Prophylactic treat-
ment with subcutaneous heparin or low-molecular-weight 
heparinoids (LMWHs) likely reduces the incidence of DVT. 
In the perioperative literature, elasticated support stockings 
(TED [thromboembolism-deterrent hose]) and sequential 
compression devices (SCDs) have been shown to reduce the 
incidence of DVT by as much as 70%. We recommend the 
use of LMWHs, SCDs, and TED. Aggressive prophylaxis 
should continue until there is significant recovery of motor 
function and the patient is able to ambulate.

Adynamic Ileus

Constipation in GBS is a commonly encountered clinical 
symptom and can result from multiple factors, including 
immobilization, opioids, electrolyte imbalance, and dehy-
dration. Moreover, GBS patients are at increased risk of hav-
ing adynamic ileus, either independently or in conjunction 
with other features of autonomic involvement. Frequent 
monitoring of the abdominal girth and bowel sounds are 
essential components of daily care. Recommendations are 
made on the basis of anecdotal reports. Patients should be 
administered stool softeners because voiding may be com-
promised. Erythromycin and neostigmine have been used 
in the treatment of patients with adynamic ileus. Although 
bladder function is frequently compromised, GBS patients 
are routinely catheterized as part of standard nursing care.

Syndrome of Inappropriate ADH Secretion  
of Antidiuretic Hormone

The syndrome of inappropriate secretion of antidiuretic 
hormone (SIADH) is seen in up to 50% of patient with 
GBS.34 SIADH is also considered to be a prognostic indi-
cator, with lower sodium levels associated with a poor 

outcome. The exact mechanism of hyponatremia in 
SIADH is not understood. Downward osmotic resetting 
and enhanced tubular sensitivity to ADH are some of the 
proposed mechanisms. Prompt recognition of this clinical 
entity is an essential aspect of ICU management to pre-
vent complications such as disorientation and seizures.

Neuropathic Pain

Neuropathic pain is a frequently reported symptom in 
most patients with GBS. These symptoms involve the dis-
tal extremities and occur over the shoulder and lower back 
in those with radicular involvement. In one study, pain 
was reported by 89% of the patients and was severe in half. 
Seventy-five percent of these patients required opioid anal-
gesia in addition to acetaminophen (paracetamol) and non-
steroidal inflammatory agents.35 Opioids are problematic 
in that they may induce bowel and bladder dysfunction. 
In 10% of patients, nonopioid analgesics such as gabapen-
tin and carbamazepine were required.35 Both gabapentin36 
and carbamazepine37 have been shown to significantly 
reduce pain symptoms, compared with placebo, in GBS.

Patients with GBS may also suffer in the ICU as a con-
sequence of anxiety, insomnia, and delirium. Carefully 
titrated anxiolytics and night sedatives are recommended, 
particularly in the early progressive stage of the disease.
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Is It Appropriate to “Underfeed” 
the Critically Ill Patient?

Naomi E. Cahill, Daren K. Heyland

Critically ill patients are often hypermetabolic and can 
rapidly become nutritionally compromised.1 Iatrogenic 
malnutrition is prevalent in these patients and has been 
associated with increased morbidity and mortality.2 Con-
sequently, the provision of nutrition therapy is an integral 
part of standard patient care. Current Clinical Practice 
Guidelines for feeding the critically ill patient recommend 
initiation of nutrition support within 24 to 48 hours of 
intensive care unit (ICU) admission. Furthermore, they rec-
ommend using enteral nutrition (EN) in preference to the 
parenteral route.3-7

Despite agreement across published guidelines on the 
route and timing of artificial nutrition, though, controversy 
exists over what the feeding target or optimal dose of calo-
ries should be. The Surviving Sepsis Campaign guidelines, 
updated in 2012, recommend avoiding “mandatory full 
caloric feeding in the first week but rather suggest low 
dose feeding (e.g., up to 500 calories per day), advancing 
as tolerated (Grade 2B [i.e., weak recommendation based 
on evidence of moderate quality]).”8 This concept of “low 
dose,” “permissive underfeeding,” or “hypocaloric” feed-
ing was initially proposed more than a decade ago as a 
strategy to reduce the metabolic complications associated 
with the acute stress response.9,10 In fact, unplanned hypo-
caloric feeding is common in clinical practice because of 
disruptions in delivery of EN as a result of gastrointesti-
nal intolerance, fasting for procedures, and routine nurs-
ing practices.11,12 Feedings provided to most critically ill 
patients do not meet nutritional requirements, and obser-
vational studies report that average energy intakes are 
approximately 60% of calculated requirements.12,13

In contrast to the updated Surviving Sepsis Campaign 
guidelines, the Canadian Critical Care Nutrition guide-
lines, updated in 2013, do not recommend this practice of 
underfeeding (whether intentional or not) and recommend 
“when starting EN in critically ill patients, [that] strategies 
to optimize delivery of nutrition (starting at target rate, 
higher thresholds of gastric residual volumes, use of proki-
netics and small bowel feedings) should be considered, and 
in patients with Acute Lung Injury, an initial strategy of 
trophic feeds for 5 days should not be considered.”6 These 
disparate recommendations have led to confusion among 
critical care practitioners. This problem has important clini-
cal and policy implications. On the one hand, it may result 
in the implementation of an inappropriate and potentially 

harmful therapy; on the other hand, it may stimulate a 
sense of complacency such that the importance of nutrition 
as a therapeutic modality may result in worse patient out-
comes. Steps to facilitate the timely resolution of this con-
troversy are warranted.

OBSERVATIONAL STUDIES ON 
HYPOCALORIC NUTRITION IN CRITICALLY 
ILL PATIENTS

Over the past decade, several observational studies have 
examined the association between energy intake and clini-
cally important outcomes in critically ill patients. Nine 
observational studies have demonstrated that caloric debt 
or feeding less than goal calories is associated with worse 
clinical outcomes.14-22 However, four additional studies 
found contrasting results, indicating that providing close to 
goal calories has adverse effects in critically ill patients.23-26 
Different methodological approaches may account for the 
inconsistent conclusions across these observational stud-
ies. Consequently, we conducted a large observational 
study to evaluate the association between caloric intake 
and clinical outcome. Our data, using a pooled dataset of 
7872 mechanically ventilated critically ill patients from 352 
ICUs from within 33 countries and including only those 
patients who remained in the ICU for at least 96 hours,  
showed that the result is highly dependent on the statistical 
methods used.21 When the most robust statistical method 
(i.e., excluding patients who permanently progressed to 
oral feeding within 4 days and basing the 12-day aver-
age proportion of prescribed calories received only on 
ICU days before permanent progression to oral intake, in 
addition to adjusting for evaluable days and covariates) 
was applied, we observed that 60-day hospital mortality 
in patients receiving more than two thirds of their caloric 
prescription was significantly lower than patients receiv-
ing less than one-third of their caloric prescription (odds 
ratio [OR], 0.67, 95%; confidence interval [CI], 0.56 to 0.79; 
P ≤ .0001). Furthermore, these results indicated that provid-
ing approximately more than 80% of prescribed calories 
was associated with the optimal clinical outcome. Similar 
results were observed in a more recent analysis restricted 
to 2270 patients with an ICU admission diagnosis of sep-
sis.22 Thus, on the basis of these large-scale “real world” 
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observational studies, one would conclude that “under-
feeding” the critically ill patient (including patients with 
sepsis) is not appropriate. As stated in our prior publica-
tion, though, “the causal association between nutritional 
intake and outcome cannot be definitively established by 
any observational study. No perfect adjustment is avail-
able despite our best efforts to account for the confounding 
effects of the duration of artificial nutrition.”27 To truly find 
the answer, we need to seek evidence from randomized 
controlled trials (RCTs).

RANDOMIZED CONTROLLED TRIALS OF 
INTENTIONAL UNDERFEEDING

Over the past four years, three RCTs comparing intentional 
hypocaloric and full feeding early in the course of ICU 
stay have been published.28-30 The first of these, by Arabi 
et al., adopted a 2 × 2 factorial design to examine the effect 
of permissive underfeeding (i.e., 60% to 70% of calculated 
energy requirements) compared with feeding to goal calo-
ries (i.e., 90% to 100% of calculated energy requirements) 
and of intensive insulin therapy compared with conven-
tional insulin therapy on the clinical outcomes of critically 
ill patients.28 A total of 240 predominantly medical (83%) 
patients with the mean age of 51 years and body mass index 
(BMI) of 28.5 kg/m2 were enrolled in this single- center 
study. Those allocated to the permissive underfeeding  
group received on average 59.0 ± 16.1% of their goal calo-
ries compared with 71.4 ± 22.8% in the target feeding group 
(P < .0001 although the target goal in the second group 
was not reached). The primary outcome of 28-day mortal-
ity was not significantly different between the two groups 
(18.3% vs. 23.3%, relative risk [RR] 0.79; 95% CI, 0.48 to 1.29; 
P = .34), but hospital mortality was significantly lower in 
the permissive underfeeding group compared with the tar-
get feeding group (30.0% vs. 42.5%: RR, 0.71; 95% CI, 0.50 
to 0.99, P = .04). No other differences were observed. Arabi 
et al. are currently repeating this trial in multiple centers, 
the results of which are anticipated in the near future (Cur-
rent Controlled Trials Register Number: ISRCTN68144998).

In the second single-center pilot RCT conducted by 
 Petros et al., 100 critically ill patients who were predicted 
to require artificial nutrition for at least 3 days were ran-
domized to receive either early (within 24 hours of ICU 
admission) full feeding or hypocaloric feeding (50% of 
their estimated caloric requirements based on 25 kcal/
kg/day regimen).29 Patients allocated to the hypocaloric 
feeding group received on average 42.6% of their caloric 
requirements whereas patients allocated to the full feeding 
group received on average 75.5% of goal calories (P = .0001). 
The primary endpoint was the rate of nosocomial infec-
tions during ICU stay. Significantly more infections were 
detected in patients in the hypocaloric group compared 
with the full feeding group (12 of 46 [26.1%] vs. 6 of 54 
[11.1%], P = .046). No other differences were observed in 
clinical outcomes.

In another single-center pilot RCT,30 83 patients with a 
mean age of 52 years and a BMI of 30.5 kg/m2, who were 
admitted to a surgical ICU and projected to require artifi-
cial nutrition for more than 48 hours, were randomized to 
hypocaloric (i.e., 50% of calculated caloric requirements) or 

full feeding (i.e., 100% of calculated caloric requirements). 
Patients randomized to the hypocaloric arm received sig-
nificantly fewer calories compared with patients in the full 
feeding arm (983 [standard deviation [SD], 61] vs. 1338 [SD, 
92] kcal; P = .019). The primary outcome was the proportion 
of patients acquiring infection. No significant differences 
were observed (RR, 70.7% [29 of 41] in the hypocaloric 
arm and 76.2% [32 of 42] in the full feeding arm; P = .57, 
adjusted OR, 0.82; 95% CI, 0.28 to 2.39). No differences 
were observed in other infectious or clinical outcomes.

Given the disparate and preliminary nature of the results 
of these three studies, it is prudent to wait for the results 
of the larger multicenter trials before making conclusions 
regarding early intentional underfeeding.

RANDOMIZED CONTROLLED TRIALS OF 
TROPHIC FEEDS

Two RCTs, conducted by the same research group aimed 
to test the hypothesis that initial trophic EN (i.e., provi-
sion of small volume of EN) would decrease gastrointes-
tinal complications and improve outcomes.31,32 In the first 
single-center study,31 200 patients (mean age, 54 years; 
BMI, 28.7 kg/m2) with acute respiratory failure expected 
to require mechanical ventilation for at least 72 hours were 
enrolled and allocated to receive either full-energy EN 
(EN initiated at 25 mL/hr within 12 hours of randomiza-
tion and advanced every 6 hours until goal rate achieved  
[within 1 to 2 days]) or trophic EN (EN initiated at 10 mL/hr  
and advancing to full-energy EN on study day 6). For 
study days 1 to 5, patients in the full-energy group received 
significantly more calories than patients in the trophic EN 
group (1418 ± 686 kcal/day vs. 300 ± 149 kcal/day, P ≤ .001). 
Overall, there was a trend toward less gastrointestinal 
intolerance (26.5% vs. 39.2%; P = .08), less gastric residual 
volumes of more than 300 mL (2.1% vs. 7.5%; P ≤ .001), and 
less diarrhea (19.1% vs. 24.1%; P = .08) in the trophic EN 
group. No differences were observed in clinical outcomes 
or infectious complications.

The second, more recent RCT was a large, multicenter 
study conducted in 44 ICUs in the United States.32 The 
research team adopted a 2 × 2 factorial design with the inten-
tion of also evaluating the effectiveness of omega-3 fatty 
acid supplementation (the Early versus Delayed Enteral 
Nutrition [EDEN] study). A total of 1000 patients with a 
mean age of 52 years, a BMI of 30 kg/m2, and a diagnosis 
of acute lung injury (ALI) were randomized to receive the 
same full-energy or trophic EN interventions as described 
for the previous single-center RCT. Patients randomized to 
the full-energy EN group received significantly more calo-
ries in the first 5 days than patients in the trophic EN group 
(1300 ± 82 vs. 400  ± 25 kcal/day, P = .001) and achieved the 
goal rate within 1.3 ± 1.2 days compared with 6.7 ± 1.8 days 
(P = .001). Overall, there was a significantly lower incidence 
of gastric residual volumes of greater than 300 mL (2.2% 
vs. 4.9%, P ≤ .001) and a trend toward less diarrhea (16.5% 
vs. 18.7%, P = .16) and vomiting (1.7% vs. 2.2%, P = .05) in 
the trophic EN group. The authors reported no significant 
differences in ventilator-free days, infections, 60-day mor-
tality, physical function, cognitive performance, and other 
outcomes at 6 and 12 months. There was a trend, though, 
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toward improved 6-minute walk test scores with full feed-
ing, and more patients who received trophic feeding were 
admitted to a physical rehabilitation facility (57 [23%] vs. 
30 [14%]; P = .01).33,34

Therefore data from these two trials of trophic feeding 
do not indicate that it improved clinical outcomes, but it 
may reduce gastrointestinal complications. The absence of 
harm from trophic feeds in the initial 6 days of ICU stay 
may reflect the underpowered nature of these studies, 
and early trophic feeding may negatively affect long-term 
recovery and physical function.

RANDOMIZED CONTROLLED TRIALS OF 
EARLY ENHANCED ENTERAL NUTRITION

We identified seven trials designed to answer the questions 
“Is enterally providing more calories compared with fewer 
calories during this early phase beneficial?” Four RCTs that 
have linked increased energy intake from EN begun early 
in the course of critical illness with improved patient-cen-
tered outcomes,35-38 one RCT evaluated a bundle compris-
ing active supervision of nutrition provision together with 
delivery of near target energy requirements determined 
by repeated energy measurements,39 and two cluster RCTs 
evaluated the effects of an enhanced feeding protocol 
intended to increase EN delivery.40,41

The first RCT by Taylor et al. investigated the effects of 
early enhanced EN on clinical outcomes in 82 mechanically 
ventilated patients with severe head injury randomized to 
receive either standard early EN or enhanced early EN.35 
Enteral feeding was started within 24 hours of the injury 
in both groups. In the control group, patients received EN 
starting at 15 mL/hr, which was increased incrementally as 
tolerated according to a predefined protocol. In the inter-
vention group, patients received EN starting at the rate 
that would meet their full energy requirements. During the 
first week after head injury, patients in the enhanced EN 
group received significantly more calories than patients in 
the control group (59.2% vs. 36.8% of caloric goal, P ≤ .001). 
There was a trend toward improved neurologic outcome 
3 months after injury in the intervention group (propor-
tion with good neurologic recovery 25 of 41 [61%] vs. 35 
of 41 [85%]; P = .08), but this difference was not apparent 
at 6 months, suggesting that the aggressively fed group 
had a faster time to recovery. Patients in the intervention 
group also had fewer overall complications, including 
infections, up to 6 months after the initial injury (37% vs. 
61%; P = .046). There was no difference in mortality (12.2% 
in the intervention group and 14.6% in the control group), 
although the study was not adequately powered for this 
endpoint.

The second RCT comparing the use of early enhanced 
EN to standard early EN was conducted by Desachy et al.36 
One hundred patients admitted to two ICUs were enrolled 
and randomized to either initiate EN within 24 hours at goal 
 rate (i.e., to achieve a caloric intake of 25 kcal/kg) or to initi-
ate EN within 24 hours at 25 mL/hr with gradual increase to 
goal rate. Patients in the study group received significantly 
more calories than the control group (1715 ± 331 kcal/day 
vs. 1297 ± 331 kcal/day, P ≤ .001), achieving on average 95% 
of their energy needs compared with 76% in the control 

group. The incidence of high gastric residual volumes of 
more than 300 mL was greater in the early enhanced EN 
group (P = .04). There was no difference in the mortality, 
hospital, and ICU length of stay or incidence of adverse 
events necessitating withdrawal of EN.

The third single-center RCT, conducted by Braunsh-
weig et al., aimed to evaluate the influence of intensive 
medical nutrition therapy in patients with ALI.37 A total 
of 78 patients, the majority of whom were well nourished, 
were enrolled and randomized to receive either intensive 
administration of EN (>75% of goal calories) or standard 
care. Patients in the intervention group received 84.2% of 
goal calories compared with 55.4% in the control group 
(P ≤ .0001). The trial was stopped early because of safety 
concerns surrounding the significantly higher mortality 
rate in the intensive EN group (40% vs. 15.6%, P = .017).

The fourth, and most recent, trial, conducted in five 
ICUs in Australia, randomized 112 mechanically ventilated 
patients who were expected to require EN for more than  
2 days to receive a concentrated 1.5-kcal/mL EN solution 
or a standard 1-kcal/mL EN solution.38 Study EN was 
provided for the duration of the patients’ ICU stay up to a 
maximum of 10 days. Patients allocated to the concentrated 
EN group received significantly more calories than patients 
in the standard EN group (2040 ± 578 vs. 1504  ± 573 kcal, 
P ≤ .001). The study was not powered to detect differences 
in adverse events or clinical outcomes. There was a trend, 
though, toward longer 90-day survival in the concentrated 
EN group (P = .057).

The fifth RCT evaluating the “dose” of nutritional sup-
port was a multicenter cluster-RCT of algorithms for criti-
cal care enteral and parenteral therapy in 14 Canadian 
ICUs (ACCEPT [algorithms for critical-care enteral and 
parenteral therapy]).40 This trial evaluated the impact of 
evidence-based feeding algorithms on nutrition practices 
and patient outcomes. Four hundred and ninety-nine 
patients, ages 16 years or older, who were expected to stay 
in the ICU at least 48 hours were enrolled in the study. An 
intensive educational program was provided at the sites 
assigned to the intervention group. ICUs assigned to the 
control group did not receive any of the interventions. 
Patients at the intervention hospitals received significantly 
more days of EN per 10 days (6.7 vs. 5.4 days; P = .042), had 
a significantly shorter length of hospital stay (25 vs. 35 days;  
P = .003), and demonstrated a trend toward reduced mortal-
ity (27% vs. 37%; P = .058). Length of ICU stay was not dif-
ferent between the two groups, though (10.9 vs. 11.8 days;  
P = .7). Admittedly, it is difficult to understand how such a 
small difference in the dose of EN is associated with such 
large changes in clinical outcomes.

To confirm these observations, Doig and colleagues 
performed a complex, multifaceted intervention in 27 
community and teaching hospitals in Australia and New 
Zealand. The trial involved 18 different strategies to change 
nutrition practice, including an evidence-based feeding 
algorithm.41 ICUs randomized to receive the intervention 
participated in a 2-day guideline development confer-
ence that included an educational workshop on the use 
of the 18 interventions to be used to implement the new 
guidelines. The study found that EN was initiated  earlier 
in patients from intervention ICUs (0.75 vs. 1.37 days; 
P < .001) and patients achieved the caloric goal more often  
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(6.10 vs. 5.02 days per 10 fed-patient days; P = .03). In addi-
tion, more patients were never fed in the control ICUs  
(28.2 vs. 5.7%; P ≤ .001). No significant differences were 
observed in any of the measured clinical outcomes, though.

Finally, a single-center pilot RCT conducted in Israel 
aimed to determine if tight caloric control improved hos-
pital survival.39 One hundred and thirty patients were 
randomized to have their nutritional requirements guided 
either by repeated resting energy expenditure (REE) mea-
surements or by a single, initial weight-based measure-
ment. Although the mean REE was not different between 
the study and control groups, the mean energy delivered 
was significantly higher in the study group (2086 ± 460 vs. 
1480 ± 356 kcal/day; P = .01). An intention-to-treat analysis 
showed a trend toward improved mortality in the study 
group (32.3% vs. 47.7%; P = .058). However, the study 
group also had a longer duration of mechanical ventilation 
(16.1 ± 14.7 days vs. 10.5 ± 8.3 days; P = .03) and ICU stay 
(17.2 ± 14.6 days vs. 11.7 ± 8.4 days; P = .04) as well as more 
infectious complications (37 vs. 20; P = .05). These discrep-
ant results need to be further explored.

META-ANALYSIS OF RANDOMIZED 
CONTROLLED TRIALS OF UNDERFEEDING 
FULL FEEDING

To illuminate our deliberation about the appropriateness 
of underfeeding in the critical care setting, we conducted 
a meta-analysis to aggregate the results of these recent 
RCTs of hypocaloric EN, trophic feeding, and enhanced 
early EN.42 The studies by Martin et al. and Doig et al. 
were cluster RCTs; thus the unit of analysis was the ICU 
and not the individual patient. Therefore the results of 
these trials were not included. In addition, data from 
the study by Singer et al. were omitted because some 
patients received supplemental parenteral nutrition. 
Overall, there was no difference in ICU (RR, 1.01; 95% CI, 
0.70 to 1.45; P = .96) or hospital mortality (RR, 1.14; 95% 
CI, 0.85 to 1.50; P = .38; Fig. 67-1), hospital length of stay 
(weighted mean difference [WMD] –0.16; 95% CI, –3.41, 
3.72), or infectious complications (RR, 0.88; 95% CI, 0.70 
to 1.59; P = .25; Fig. 67-2) in patients who received more 
EN compared with less EN.

WHERE DO WE GO FROM HERE?

In sum, the 13 observational studies and 12 RCTs detailed 
in this review do not appear to favor either feeding to 
goal or underfeeding. In fact, recent trials have, in some 
respects, muddied the water further and led to conflict-
ing practice recommendations. These studies and discus-
sions do not account for the heterogeneity of critically 
ill patients. Clearly, some subgroups of patients are at a 
greater nutritional risk and may therefore benefit from 
more aggressive nutrition therapy in the ICU, whereas 
“low-risk” patient populations would not be expected to 
derive benefit from increased caloric delivery. For exam-
ple, review of the characteristics of patients enrolled in the 
EDEN trial of trophic versus full feeding reveals that, on 
average, they were young (52 years), well nourished (BMI 

30 kg/m2), and had a short ICU stay (requiring mechanical 
ventilation for 5 days).32 The null results observed in this 
trial may be a function of the low nutrition risk nature of 
the population.

In lieu of a definitive answer, it may be reasonable to 
propose that nutritional requirements depend on nutrition 
risk. If a patient is well nourished and not expected to have 
a protracted clinical course, then underfeeding in the first 
week of ICU may be acceptable. Conversely, underfeeding 
a high-risk patient may have a detrimental effect on their 
clinical course and long-term outcomes. We would recom-
mend that future research priorities in critical care nutri-
tion include the following:  
 •  Developing, validating, and applying nutrition risk as-

sessment tools, such as the NUTrition Risk in the Criti-
cally ill Score (NUTRIC score)43 to determine who might 
benefit the most from full feeding.

 •  Conducting high-quality, large-scale RCTs of nutrition 
interventions in the ICU targeting high-risk patients or 
patients stratified by nutritional risk.

 •  Considering long-term effects of nutrition interventions 
such as physical function, muscle mass, and quality of 
life together with the historically evaluated short-term 
outcomes of ICU and hospital mortality, length of stay, 
and infectious complications.

 •  Defining the optimal caloric prescription for critically 
ill patients to enable more accurate measurement of full 
feeding.

 •  Acquiring data on the nutritional status and nutritional 
intake of patients after ICU discharge because the bene-
fits of optimizing nutrition within the ICU may be com-
promised if postdischarge provision is poor.  
Until future trials elucidate the role of intentional under-

feeding in ICU patients, critical care practitioners should 
continue to attempt to assess the nutritional risk of their 
patients and provide early and adequate EN using 80% 
goal calories as a quality benchmark.27 This can be success-
fully operationalized at the bedside through innovative 
feeding protocols and monitoring tools such as the PEP uP 
protocol.44 In high-risk patients in whom enteral delivery is 
proactive, strategies to optimize enteral nutrition delivery 
(prokinetics, postpyloric feeding) should be considered. In 
addition, recent data suggest that early supplemental par-
enteral nutrition may be warranted.45 Conversely, if low-
risk patients receive less than 80% goal calories, their intake 
should continue to be monitored, but no additional steps 
are required.

APPENDIX I: SUMMARY OF SEARCH 
STRATEGY

For the location of relevant articles, four bibliographic 
databases (Medline, Embase, CINAHL, and the Cochrane 
Library) were searched. Search terms included nutritional 
support or enteral nutrition or energy intake or hypocaloric 
feeding or trophic feeding or energy debt and critical care or 
critical illness or intensive care units. These searches spanned 
from 1996 to December 2014. In addition, personal files 
and relevant review articles were searched for additional 
studies. There were no language restrictions on included  
studies. Data only reported in abstract form were excluded. 
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Figure 67-1. Meta-analysis of randomized controlled trials evaluating the effect of underfeeding versus full feeding on hospital mortality in 
critically ill patients. CI, confidence intervals; EN, enteral nutrition. (Reproduced with permission from www.criticalcarenutrition.com.)
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Studies were included in the review process if they met the 
following criteria:  
 •  Study design: RCT or meta-analysis
 •  Population: Mechanically ventilated, critically ill adult 

patients
 •  Intervention (if applicable): Intentional underfeeding, ear-

ly aggressive versus early lower-dose EN
 •  Outcomes: At least one of the following: mortality (ICU, 

hospital, long-term), length of stay, infectious and non-
infectious complication.  
Because our goal was to determine the optimal amount 

of energy to feed the critically ill, we excluded studies that 
examined protein intake and outcomes. In contrast to the 
purported benefits of energy restriction, protein restric-
tion is associated with worse clinical outcomes in animal 
models and clinical studies.46 We also excluded studies that 
considered only obese patients because these studies apply 
to a minority of critically ill patients, limiting our ability to 
apply results to general clinical practice.
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 •  The results of observational studies suggest that the optimal 
dose of enteral nutrition (EN) is greater than 25% but less than 
82% goal calories.
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pursued.  
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How Does Critical Illness Alter  
the Liver?

Michael Bauer, Andreas Kortgen

Liver alterations are common in critical illness. These 
changes can be attributed to diverse factors, including sys-
temic inflammation and poor perfusion but also to drugs 
and parenteral nutrition.1-4 Damage ranges from self- 
limited abnormalities in liver chemistry to fulminant organ 
failure. In addition, critical illness elicits profound changes 
in the concentrations of acute-phase proteins, plasma pep-
tides synthesized by the liver as part of the response to a 
“danger” signal. Although some of these proteins help to 
control damage, the functions of others are obscure. Criti-
cal illness also induced a reprogramming of metabolic 
function. Finally, there is a severity-dependent disruption 
of phase I and II biotransformation and bile transport (i.e., 
excretory failure with important implications for pharma-
cotherapy in the intensive care unit [ICU]). The hepatobili-
ary excretory machinery appears exceptionally sensitive to 
inflammation.5,6 As a result, impaired excretion occurs in 
the absence of traditional markers of (ischemic) liver cell 
death, such as serum transaminases.3 Importantly, these 
changes—acute-phase protein elaboration, altered metabo-
lism, and disrupted biotransformation—occur in parallel. 
With increasing severity of liver impairment, other func-
tions, most notably synthesis of coagulatory proteins and 
glucose homeostasis, fail and impaired clearance of toxic 
compounds affects other organs, as in the case of hepatic 
encephalopathy. Although fulminant liver failure in pre-
viously healthy patients is rare, a deterioration of a pre-
existing liver disease is more common. The extent of the 
dysfunction is often underestimated, especially in surgical 
patients, and is associated with substantial morbidity and 
mortality. Episodes of decompensated cirrhosis are mani-
fested as variceal bleeding, renal insufficiency, and enceph-
alopathy.

MECHANISMS AND MANIFESTATION  
OF LIVER DYSFUNCTION

The liver is a highly perfused organ, and there are com-
plex mechanisms to regulate liver microcirculatory blood 
flow. Under pathophysiologic conditions, these regula-
tory mechanisms can become ineffective and impaired. 
Together with macrocirculatory changes, an altered micro-
circulation may lead to profound changes in critically ill 
patients and may even reduce effective sinusoidal blood 
flow. Globally reduced (e.g., in hemorrhagic shock, right 

heart failure, mechanical ventilation) or redistributed (i.e., 
sepsis, anaphylaxis, endocrinopathies) blood flow with 
shunting are mechanisms for ischemic damage. Shunts can 
be intrahepatic or extrahepatic. In patients with chronic 
liver disease and portal hypertension, an especially large 
amount of portal blood can be redirected via extrahepatic 
shunts. Conversely, increased liver blood flow in acute 
hepatitis has also been described.

Ischemic damage to the liver may accompany low flow 
states (i.e., shock) or reflect congestion as a consequence of 
right heart failure. When severe, ischemia characteristically 
leads to cell death in the pericentral region of the hepatic 
acinus, which is reflected in an increase in serum levels of 
glutamate dehydrogenase. Hypoxic hepatitis leading to 
centrolobular hepatocellular necrosis is associated with a 
rapid increase in serum aminotransferases (aspartate and 
alanine aminotransferase) with levels up to 20 times the 
upper limit of normal.1

Impaired excretory function is a frequent manifestation 
of critical illness. Development of jaundice as a complica-
tion of severe trauma or life-threatening disease was only 
observed with the widespread establishment of ICUs in 
the 1960s. This finding may well be related to prototypi-
cal therapeutic ICU interventions such as multiple trans-
fusions, parenteral nutrition, and potentially hepatotoxic 
medications.7 In a large Austrian multicentric cohort, an 
early increase in plasma bilirubin (>2 mg/dL), noted in 
approximately 10% of critically ill intensive care patients, 
was a strong independent risk factor for subsequent mor-
tality.8

Hepatocellular excretory dysfunction in the critically 
ill might result from altered blood flow or transmem-
brane transport. However, it is more frequently associated 
with systemic inflammation than with ischemic damage. 
Sepsis accounts for approximately 20% of jaundice cases. 
This number is surpassed as a cause only by malignant 
compression of the bile duct.9 Many basolateral and cana-
licular transport proteins are downregulated in critically 
ill patients. This response most likely reflects sensitivity 
to inflammatory stimuli.3,10 Alterations in hepatocellular 
enzyme expression and activity, including those modu-
lating phase I and II metabolism, may lead to profound 
changes in endobiotic and xenobiotic detoxification.4 Duc-
tal cholestasis is another characteristic of hepatic dysfunc-
tion in the critically ill. This abnormality is most often seen 
in association with prolonged shock, in which impaired 
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arterial perfusion may result in ischemic injury to the bili-
ary system. Although hepatocellular impairment is most 
often fully reversible, ductular damage can lead to persis-
tent alterations that may progress to secondary sclerosing 
cholangitis, an underappreciated long-term sequel of criti-
cal illness that carries a very poor prognosis.11

The incidence of excretory impairment is underesti-
mated by traditional “static” measures, such as serum 
transaminases or bilirubin. In contrast, “dynamic” tests, 
such as solute clearance, are much more sensitive. Hepa-
tobiliary transport systems are essential for the uptake and 
excretion of various compounds, including bile acids and 
xenobiotics, and this partial function is best monitored by a 
functional test such as dye excretion.

IMPACT OF LIVER DYSFUNCTION ON 
CRITICAL CARE PHARMACOLOGY

Liver disease induces complex changes in the handling of 
drugs. These alterations are often unpredictable and may 
affect pharmacokinetics and pharmacodynamics. There-
fore administration of medications to these patients must 
be carefully evaluated and strictly controlled, a mandate 
that is especially important when dosing drugs with a nar-
row therapeutic index. The additional risk of (hepatotoxic) 
side effects must be taken into account, and extreme cau-
tion is recommended when such drugs are used. Whenever 
possible, therapeutic monitoring should be performed, and 
dosage should be adjusted based on measured pharmaco-
kinetic and pharmacodynamics properties. For some drugs, 
such as sedatives or analgesics, titrating dosage according 
to clinical effect may be sufficient. However, in the criti-
cally ill, it is essential that initial underdosing be avoided. 
This issue is especially germane with respect to antibiotic 
therapy in septic patients, where early and effective drug 
levels are essential for patient survival. In general, the fol-
lowing recommendations for dosing of drugs eliminated 
by hepatic metabolism and excretion should be observed 
in critically ill patients:

 1.  In drugs with a high extraction ratio (>0.6), oral/en-
teral application leads to high first-pass metabolism 
and therefore low bioavailability. A reduction in hepatic 
blood flow due to shunting (intrahepatic, extrahepatic, 
or artificial following transjugular intrahepatic porto-
systemic shunt) or cirrhosis may substantially  increase 
the bioavailability of such drugs. Thus,  reducing ini-
tial doses and titrating maintenance doses should  
be considered for drugs with a high hepatic extraction 
ratio.

 2.  Intravenous administration of drugs is usually more 
reliable and predictable. If liver blood flow is reduced, 
then maintenance doses should be reduced. Conversely, 
administration of prodrugs that have to be metabolized 
to their active form in the liver can result in reduced 
availability of the active drug (e.g., clopidogrel, enala-
pril).12

 3.  For drugs with a low hepatic extraction ratio (<0.3), 
clearance is dependent on the intrinsic capacity of the 
elimination pathway and on the fraction of drug that 
is not protein bound. Impairment of specific elimina-

tion mechanisms must be taken into account. For drugs 
with protein binding less than 90%, maintenance, but 
not initial, doses should be reduced. The amount of re-
duction can be estimated based on the severity of liver 
dysfunction. For example, in patients with liver dys-
function consistent with Child-Turcotte-Pugh (CTP) 
Class A, doses should be dropped to 50% of normal. A 
decrease to 25% of the normal dose is recommended in 
Class B dysfunction, whereas the more severe impair-
ment associated with Class C requires the use of drug 
monitoring.12 These recommendations have limitations 
because the CTP score represents a rough approxima-
tion of impairment and each individual elimination 
mechanism may be differentially affected. Because 
phase II metabolism may be less severely impaired, 
drugs solely metabolized via this pathway should be 
preferentially used.

 4.  For drugs with a low hepatic extraction ratio and high 
protein binding, changes in pharmacokinetics are un-
predictable. Therefore drug monitoring is recommend-
ed wherever possible, and the unbound fraction should 
be measured.

 5.  For hydrophilic substances, such as β-lactam antibiot-
ics, an increased initial dosage should be considered in 
patients with ascites and edema because the volume of 
distribution may be substantially increased.12 However, 
for maintenance dosage of these drugs, the potential for 
renal dysfunction must be considered.

Recent reports suggest that liver function tests can be 
used to predict the required drug dosages. For example, 
the disappearance rate of indocyanine green from the 
plasma may be used to determine the appropriate argatro-
ban maintenance dose in critically ill patients with heparin-
induced thrombocytopenia type II, whereas the methacetin 
breath test can predict the increase in tacrolimus trough 
levels after liver transplantation.13-15 In the future, such 
testing might be used to govern therapy in which monitor-
ing drug levels is not possible or where correct determina-
tion of the initial dose is crucial with respect to toxicity/
side effects or therapeutic effect.

HEPATIC ADAPTATION TO CRITICAL 
ILLNESS: THE ACUTE-PHASE RESPONSE

Critical illness elicits profound changes in the plasma pro-
teome. Many of the affected peptides are predominantly 
synthesized in the liver and are referred to as “acute-phase 
proteins.” Proteins may be upregulated (as in the case of 
C-reactive protein) or downregulated (as in the case of 
albumin). The response is presumed to be adaptive, and, 
indeed, some acute-phase proteins have been shown to 
control damage and to participate in tissue repair. How-
ever, the role of many acute-phase reactants is unknown. 
In the clinical setting, measurements of acute-phase pro-
teins have diagnostic or prognostic value. Reprogramming 
of metabolic function occurs in parallel with a severity-
dependent disruption of phase I and II biotransformation 
and canalicular transport. Thus activation of the acute-
phase response may not be entirely adaptive but may be 
associated with excretory impairment.
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Overall, a deterioration of hepatobiliary excretion 
reflects an early and poor prognostic event in the critically 
ill. This change has important implications for monitoring 
and pharmacotherapy in the ICU. Early recognition, sup-
portive care, and effective treatment of the underlying dis-
ease process as well as avoidance of hepatotoxic drugs are 
the cornerstones of management of liver dysfunction in the 
critical care setting.
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AUTHORS’ RECOMMENDATIONS

 •  Liver dysfunction in critical illness can be attributed to diverse 
factors, including systemic inflammation and poor perfusion 
but also to drugs and parenteral nutrition.

 •  The hepatobiliary excretory machinery appears exception-
ally sensitive to inflammation; changes in acute phase protein 
elaboration, altered metabolism, and disrupted biotransforma-
tion may occur without changes in traditional liver function 
tests (e.g., transaminases).

 •  Hyperbilirubinemia or frank jaundice is a common complica-
tion of critical illness—and strongly predicts mortality. It results 
from downregulation of many basolateral and canalicular 
transport proteins.

 •  Liver disease induces complex changes in the handling of 
drugs. It is essential that initial underdosing be avoided—par-
ticularly with antibiotics. Drug dosing should be adjusted 
for hepatic extraction ratio, protein binding, and the type of 
metabolism (phase I versus phase II).

 •  Plasma protein levels may change in critical illness, specifically 
reprioritization of visceral proteins for acute phase compounds 
(such as CRP). It is unclear whether this is adaptive or pathologic.  
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How Is Acute Liver Failure 
Managed?

Mark T. Keegan

Acute liver failure (ALF) is a catastrophic condition that 
results in multiple organ failure. The severity of the illness 
and the rapidity of clinical deterioration in a previously 
healthy individual are alarming to patients, their families, 
and the health-care team. Support of the patient with ALF 
requires the full armamentarium of therapies available 
in the modern intensive care unit (ICU) and may require 
orthotopic liver transplantation (OLT).1 Survival rates have 
increased significantly in recent years.2,3

Acute liver failure (the preferred term) is defined as the 
onset of hepatic encephalopathy (HE) and coagulopathy 
within 26 weeks of jaundice in a patient without preexist-
ing liver disease. Terms that signify the duration of ill-
ness such as O’Grady’s “hyperacute” (<7 days), “acute” 
(7 to 21 days), and “subacute” (21 days to 26 weeks); Ber-
nuau’s “fulminant” (<2 weeks) and “subfulminant” (2 to 
12 weeks); and Mochida’s fulminant (<8 weeks) and “late 
onset” (8 to 24 weeks) are popular but less useful because 
they do not have prognostic significance distinct from the 
etiology.4-6

In 2011, the American Association for the Study of Liver 
Diseases (AASLD) updated its position paper detailing the 
management of ALF.7 Recommendations of the U.S. Acute 
Liver Failure Study Group for the ICU management of 
such patients were published in 2007.8 The rarity, heteroge-
neity, severity, and speed of progression of ALF mean that 
there is a paucity of randomized controlled trials evaluat-
ing therapies, and many interventions are empiric or based 
on expert opinion.

EPIDEMIOLOGY

ALF is rare. In developed countries, an incidence of 
between 1 and 6 cases per million people per year has been 
reported.9-11 Approximately 2000 cases of ALF occur per 
year in the United States.12 Rates are probably higher in 
locations with high rates of infective hepatitis and/or lack 
of resources for treatment, but incidence data are sparse. 
The etiology of ALF differs depending on the geographic 
location. In the United States and Europe, medications are 
responsible for most cases.1 Acetaminophen is the prin-
cipal culprit and accounted for 46% of the 1696 cases of 
adult ALF in the U.S. Acute Liver Failure Registry.3,13 As 
described by Larson in a prospective, multicenter study, 

many acetaminophen-induced cases of ALF result from 
unintentional acetaminophen overdose.14 Approximately 
three quarters of cases of ALF in this study were in women, 
and most patients were between 26 and 45 years of age. 
More recent estimates suggest that acetaminophen may 
account for up to 50% of cases of ALF.15 In other parts of 
the world, viruses (especially hepatitis A, B, D, and E) are 
the principal causes. There are several other causes of ALF 
as detailed in Table 69-1.16

CLINICAL PRESENTATION

Although initially a liver insult, ALF quickly becomes a 
multisystem disease. Loss of hepatocyte function (includ-
ing host defense functions) and release of cellular debris 
and inflammatory mediators lead to a generalized inflam-
matory process. The stigma of chronic liver disease is 
absent. HE and coagulopathy are the characteristic features 
of ALF, and both may progress rapidly over days or even 
hours. Diagnosis of ALF is made on clinical grounds, aided 
by laboratory analysis. Imaging studies (e.g., hepatic ultra-
sound to assess the patency of the liver’s vascular supply) 
and liver biopsy may aid in the elucidation of the cause of 
ALF, but the latter is not usually performed.

INITIAL ASSESSMENT AND MANAGEMENT

Most patients are initially admitted to hospital under the 
care of a general medical, gastroenterology or liver service. 
When the diagnosis of ALF has been made, a referral cen-
ter with a liver transplant program should be contacted for 
advice on management and consideration for transfer.1,3,7 
Some have suggested that waiting for the development of 
HE to diagnose ALF leads to crucial delays in treatment. 
When HE develops in a patient with ALF, ICU care is usually 
warranted because of the potential for further deterioration 
and the need for interventions such as intubation, mechanical  
ventilation, and hemodynamic support. Several institu-
tions have developed formal protocols for management of 
patients with ALF.17 Although the utility of such protocols 
has not been studied in a controlled trial, they may help 
to ensure that all relevant aspects of the patient’s care are 
addressed.

69
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PROGNOSIS

With supportive therapy, some patients with ALF will spon-
taneously recover hepatic function. However, in many other 
cases, the patient will die without OLT. Of 1696 patients with 
ALF in the U.S. Acute Liver Failure Study Group dataset, 
overall patient survival was 71%.3 Although these survival 
figures are much better than in the pretransplantation era, 
ALF remains a life-threatening disease entity. The main 
causes of death are cerebral edema with subsequent herni-
ation and multiple organ failure. In data reported by Lee, 
660 (39%) of the 1696 patients were listed for transplanta-
tion; of these, 409 were transplanted with 371 survivors and 
38 deaths. Eight hundred and twenty-six survived without 
transplantation, and 461 died without transplantation.3 In a 
2-year follow-up by Fontana et al., long-term survival was 
significantly higher in 262 transplant recipients compared 
with 506 patients who survived without the need for trans-
plantation, perhaps because of underlying comorbidities.18

The timing of transplantation is crucial. Delay in list-
ing for transplantation may result in the patient’s demise 
before a donor organ is found or may result in periopera-
tive mortality. Premature listing may result in OLT being 
performed in patients who might otherwise have spon-
taneously recovered liver function. Multiple prognostic 
scoring systems have been developed in an effort to iden-
tify those patients at high risk of mortality.19,20 The most 
commonly used criteria are those developed by O’Grady 
and colleagues in the United Kingdom. These are com-
monly known as the King’s College criteria.21 They were 
developed in a cohort of 588 patients with ALF who were 
managed medically between 1973 and 1985. The criteria dif-
ferentiate between acetaminophen-induced ALF and ALF 

due to other causes. They use pH, the international normal-
ized ratio (INR), creatinine, grade of encephalopathy, age, 
duration of jaundice, and bilirubin level for prognostica-
tion. These criteria have been determined to have clinically 
acceptable specificity but more limited sensitivity.22 Other 
well-known prognostic systems include the Clichy criteria 
(which use encephalopathy grade, factor V concentration, 
and age) and the Japanese criteria (age, encephalopathy, bil-
irubin level, and coagulopathy).5,6 The ALF Early Dynamic 
(ALFED) model of Kumar et al. is a prediction model that 
is based on the changes in INR, serum bilirubin, arterial 
ammonia, and HE.23 A recent systematic review of predic-
tion models noted that studies of new models were associ-
ated with methodological flaws and that the performance 
of any new model has yet to be evaluated prospectively in 
a large cohort of patients.24 There are insufficient data to 
recommend a particular scheme because none have been 
found to discriminate well enough and some are method-
ologically flawed or biased or equate transplantation with 
death.8 Table 69-2 identifies potentially helpful indicators 

Table 69-2 Potentially Helpful Indicators of Poor 
Prognosis* in Patients with ALF

Etiology
 •  Idiosyncratic drug reaction
 •  Acute hepatitis B (and other non-hepatitis A viral infections)
 •  Autoimmune hepatitis
 •  Mushroom poisoning
 •  Wilson disease
 •  Budd-Chiari syndrome
 •  Indeterminate cause

Coma grade on admission
 •  III or IV

King’s College criteria
 •  Acetaminophen-induced ALF
 •  Strongly consider OLT listing if arterial lactate >3.5 mmol/L 

after early fluid resuscitation
 •  List for OLT if pH <7.3 or arterial lactate >3.0 mmol/L after 

adequate fluid resuscitation
 •  List for OLT if all three of the following occur within a  

24-hour period: grade III or IV HE, INR >6.5, creatinine  
>3.4 mg/dL

 •  Non-acetaminophen–induced ALF
 •  List for OLT if INR >6.5 and encephalopathy present  

(irrespective of grade)
 •  List for OLT if encephalopathy present (irrespective of grade) 

and any three of the following are present:
 -  Age <10 or >40 years†

 -  Jaundice for >7 days before development of  
encephalopathy†

 -  INR ≥3.5
 -  Serum bilirubin ≥17 mg/dL
 -  Unfavorable cause such as Wilson disease, idiosyncratic 

drug reaction, seronegative hepatitis

From Lee W, et al. Introduction to the Revised American Association for the 
Study of Liver Diseases Position Paper on Acute Liver Failure 2011. Hepatol-
ogy. 2012; 55:965-967.

*Note that none of these factors, with the exception of Wilson disease and pos-
sibly mushroom poisoning, are either necessary or sufficient to indicate the 
need for immediate liver transplantation

†These criteria, in particular, have not been found to be predictive of outcome 
in recent analyses.

ALF, acute liver failure; HE, hepatic encephalopathy; INR, international normal-
ized ratio; OLT, orthotopic liver transplantation

Table 69-1 Causes of Acute Liver Failure

 A.  Viral
Hepatitis A virus, hepatitis B virus ± hepatitis D virus, hepatitis E 

virus, herpes simplex virus, cytomegalovirus, Epstein–Barr virus, 
varicella zoster virus, adenovirus, hemorrhagic fever viruses

 B.  Drugs and toxins
Dose dependent: Acetaminophen, carbon tetrachloride, yellow 

phosphorus, Amanita phalloides, Bacillus cereus toxin, sulfon-
amides, tetracycline, methyldioxymethamphetamine (ecstasy), 
herbal remedies

Idiosyncratic: Volatile anesthetics (especially halothane), isoniazid, 
rifampicin, valproic acid, nonsteroidal anti-inflammatory drugs, 
disulfiram

 C.  Vascular
Right heart failure, Budd-Chiari syndrome, veno-occlusive dis-

ease, shock liver (ischemic hepatitis), heat stroke

 D.  Metabolic
Acute fatty liver of pregnancy, Wilson disease, Reye syndrome, 

galactosemia, hereditary fructose intolerance, tyrosinemia

 E.  Miscellaneous
Malignant infiltration (liver metastases, lymphoma), autoimmune 

hepatitis, sepsis

 F.  Indeterminate
Includes primary graft nonfunction in liver transplant recipients

Modified from Saas DA, Shakil AO. Liver Transplant. 2005;11:594–605.
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of poor prognosis in patients with ALF.25 The etiology of 
ALF appears to be the most important factor, albeit with 
imperfect sensitivity and specificity.

The United Network for Organ Sharing (UNOS), the 
donor organ allocation body in the United States, has cri-
teria that must be satisfied before a patient may be listed 
as a Status IA candidate for liver transplantation (the high-
est priority for organ allocation). These include “acute 
liver failure with a life expectancy of less than seven days 
without a liver transplant” or “primary graft non-function, 
hepatic artery thrombosis and acute Wilson’s disease.”

THERAPY FOR SPECIFIC CAUSES

The cause of the ALF should be sought because it will have 
implications for both therapy and prognosis.7 Diagnosis of 
the cause of ALF requires a detailed history, multiple sero-
logic and imaging tests, and potentially liver biopsy.

On the basis of several studies, N-acetylcysteine (NAC) 
has been shown to be effective in the treatment of acet-
aminophen toxicity.14,26,27 The availability of the antidote, 
coupled with the frequency with which ALF is caused by 
acetaminophen toxicity, mean that an acetaminophen level 
should be drawn in every patient with ALF.20 Acetamino-
phen toxicity may be indicated by the presence of very high 
serum transaminases and low bilirubin levels and assays 
for toxicity-related serum acetaminophen-containing pro-
tein adducts. NAC should be administered even if there 
is doubt regarding the timing or dose of ingestion or of 
the plasma concentration of acetaminophen. Oral admin-
istration has largely been replaced by intravenous (IV) 
administration.7 The duration of NAC administration is 
determined by clinical condition rather than by time or 
serum acetaminophen concentration. Dosing may need 
to be continued beyond 72 to 96 hours.8 In addition to the 
administration of NAC, patients with known or suspected 
acetaminophen overdose within 4 hours of presentation 
should have activated charcoal administered just before 
starting NAC.7

Drug-induced hepatotoxicity (apart from that induced 
by acetaminophen) is usually idiosyncratic and typically 
occurs during the first 6 months of therapy. Antibiotics 
(especially antituberculous medications), nonsteroidal 
anti-inflammatories, and anticonvulsants are most com-
monly implicated.3,28,29 There are no specific antidotes, 
but the offending agent should be identified and stopped. 
Herbal and nutritional supplements also may cause acute 
liver injury, and information regarding such supplements 
should be sought from the patient and family. If the cause 
of ALF remains indeterminate, even after liver biopsy, then 
further investigation of potential drug or toxin exposure 
should be made. In data from the U.S. Acute Liver Failure 
Study Group, 11% of patients with ALF were deemed to 
have (non-acetaminophen) drug-induced ALF, and the 
entity was especially common in women and minorities.29 
Transplant-free (3-week) survival was poor (27.1%), but 
with highly successful transplantation in 42.1%, overall 
survival was 66.2%.

Viral hepatitis has become a relatively infrequent cause 
of ALF in the United States but is more common elsewhere. 
Hepatitis A and B accounted for 4% and 8%, respectively, 

of cases of ALF in the U.S. multicenter cohort.3,13 Acute 
hepatitis D may cause acute liver dysfunction in a patient 
with preexisting hepatitis B, and hepatitis E may cause 
ALF in endemic areas, especially in pregnancy.30 Care of 
a patient with acute viral hepatitis is mainly supportive. 
Lamivudine, used in chronic hepatitis B infection, has been 
reported to be of use for the treatment of hepatitis B-associ-
ated ALF, although a clinical trial has not been performed.7 
Although ALF secondary to herpes simplex or varicella 
zoster virus infection is rare, treatment with acyclovir has 
been recommended for suspected or documented cases 
and transplantation considered.

ALF may develop as an acute presentation of autoim-
mune hepatitis. Corticosteroids (prednisolone starting at 
40 to 60 mg/day) are often administered in this scenario, 
although this practice is based on theory and case series, 
and, in fact, is not supported by the large retrospective anal-
ysis of Karkhanis et al.31 Transplantation may be required.

Acute fatty liver of pregnancy is a rare disease that may 
occur in the second half of pregnancy, most often in the 
third trimester. It resolves with delivery of the fetus. Liver 
transplantation has been performed for this condition but 
should not be necessary with early diagnosis and prompt 
delivery.32

Wilson disease is an uncommon cause of ALF (2% to 3% 
of cases in the U.S. Acute Liver Failure Group cohort) but 
carries a grim prognosis without transplantation. Features 
of Wilson disease include low serum ceruloplasmin, high 
serum and urinary copper, hemolysis, Kayser-Fleischer 
rings (seen on slit-lamp examination), very low serum alka-
line phosphatase and uric acid, and a bilirubin (milligram 
per deciliter)/alkaline phosphatase (IU/L) ratio greater 
than 2.33 Although penicillamine treatment may be used 
in Wilson disease, it is not recommended in the setting of 
ALF.34 Rather, other measures to reduce serum copper and 
prevent further hemolysis (e.g., plasmapheresis) should be 
initiated while the patient is waiting for an emergent liver 
transplant.

Amanita phalloides (mushroom) poisoning has been 
treated with penicillin G, NAC, and silibinin although con-
trolled trials have not been performed, and the latter is not 
available as a licensed drug in the United States.35

When ALF is due to an acute ischemic injury or severe 
congestive heart failure, treatment of the underlying cause 
is required, and the prognosis is related to the response to 
therapy of the inciting insult.

Abdominal pain, prominent hepatomegaly, and ascites 
may indicate acute hepatic vein thrombosis (Budd-Chiari 
syndrome), which may present as ALF.36 Liver transplanta-
tion is indicated based on high survival rates in case series, 
provided underlying malignancy is excluded. Malignant 
infiltration of the liver sufficient to cause ALF is a contrain-
dication to liver transplantation and indicates a very poor 
prognosis.

HEPATIC ENCEPHALOPATHY

HE is one of the hallmarks of ALF.37 In contrast to patients 
with chronic liver disease, the development of HE in a 
patient with ALF often is associated with the development 
of cerebral edema and elevations in intracranial pressure 



500    Section XIV NUTRITION, GASTROINTESTINAL, AND HEPATIC CRITICAL CARE

(ICP). Cerebral edema is especially likely to develop in 
those patients with a short interval between jaundice and 
development of HE. Cerebral edema with subsequent her-
niation is the leading cause of death in patients with grade 
IV encephalopathy (see later) and may occur in up to 80% 
of these patients.

There are two main theories regarding the develop-
ment of cerebral edema in ALF. It is likely that both play 
a role.38,39 Glutamine is the end product of brain ammo-
nia metabolism and may accumulate in astrocytes, causing 
alterations in neurotransmitter synthesis, impairment of 
mitochondrial function, and changes in osmolality, which 
ultimately lead to cerebral edema. In addition, failure of 
cerebral autoregulation that develops as a result of ALF 
leads to cerebral vasodilatation with a subsequent increase 
in cerebral blood flow and cerebral edema. The increase in 
ICP leads to a decrease in cerebral perfusion pressure (CPP) 
and the development of cerebral ischemia. In accordance 
with the Monro-Kellie doctrine, cerebral edema in the fixed 
confines of the skull will ultimately lead to herniation and 
death. Hyponatremia, cytokine production, and the devel-
opment of seizures each may contribute to the develop-
ment of cerebral ischemia.

HE develops rapidly in patients with ALF. Alterations 
in mental status are initially subtle but may progress to 
coma. There are four grades of HE (Table 69-3), and the 
grade of encephalopathy correlates with the development 
of cerebral edema and with outcome. Cerebral edema is 
uncommon in grade I or II, but it occurs in 25% to 35% and 
65% to 75% in patients with grades III and IV encephalopa-
thy, respectively. The prognosis worsens when grade IV 
encephalopathy is complicated by cerebral edema and is 
further worsened if renal failure is present. Furthermore, 
the development of infection alters the progression of HE.40 
Although ammonia levels correlate poorly with the sever-
ity of HE, an arterial ammonia greater than 200 μg/dL 
within 24 hours of the development of grade III or IV HE is 
predictive of herniation.41

Treatment of Hepatic Encephalopathy and 
Elevated Intracranial Pressure

Grades I and II Hepatic Encephalopathy

The management of patients with HE depends on the grade. 
On the basis of the experience at the institution, patients 

with grade I HE may be managed on a general ward, 
with skilled nursing in a quiet environment, but in most 
institutions such patients should be managed in an ICU. 
If, and when, grade II HE develops, ICU care is indicated. 
A computed tomography (CT) scan of the head should be 
performed to exclude causes of mental status change other 
than HE (e.g., intracranial hemorrhage, space-occupying 
lesion), although transport to the CT scanner may be dan-
gerous, especially if the patient’s airway is not protected. 
Although CT scans may demonstrate cerebral edema in 
patients with advanced HE, intracranial hypertension may 
not be detected.42

Administration of sedatives to patients with grade I or 
II HE should be avoided if possible because they will con-
found the detection of signs that might indicate progression 
to the next stage of encephalopathy. Nonetheless, small 
doses of short-acting antipsychotics (e.g., haloperidol, ben-
zodiazepines, or dexmedetomidine) may be required to 
control agitation.

On the basis of a belief that ammonia plays a role in the 
pathogenesis of cerebral edema in patients with ALF, lactu-
lose has been administered to patients with HE. In a study 
by Alba, it was associated with a small increase in survival 
time but no difference in the severity of encephalopathy or 
overall outcome.43 The AASLD position paper recommends 
that “in early stages of encephalopathy, lactulose may be 
used either orally or rectally to effect a bowel purge, but 
should not be administered to the point of diarrhea, and 
may interfere with the surgical field by increasing bowel 
distension during liver transplantation.”7 Nonabsorbable 
antibiotics (rifaximin neomycin) also are not proven to be 
of use in ALF, and neomycin carries a risk of nephrotoxicity.

Grades III and IV Hepatic Encephalopathy

A patient who progresses to Grade III HE requires endo-
tracheal intubation for airway protection. The choice of 
sedative or induction agents to be administered before 
intubation is left to the discretion of the practitioner 
because there are no studies to demonstrate the advan-
tage of one regimen over another in this circumstance. It 
is intuitive that a drug regimen that minimizes the risk of 
increasing ICP should be used. Therefore propofol is a rea-
sonable choice in this situation. If a muscle relaxant is used, 
then a nondepolarizing neuromuscular blocker (e.g., cisa-
tracurium) offers some advantages over succinylcholine in 
terms of its effect on ICP.

Table 69-3 Grades of Hepatic Encephalopathy

Grade Mental Status Tremor EEG

I Euphoria; occasionally depression; fluctuant mild confusion; slowness of 
 mentation and affect; untidy, slurred speech; disorder in sleep rhythm

Slight Usually normal

II Accentuation of grade I; drowsiness; inappropriate behavior; able to maintain 
sphincter control

Present
(easily elicited)

Abnormal; gener-
alized slowing

III Sleeps most of the time but arousable; incoherent speech; marked confusion Usually present if  
patient can cooperate

Always abnormal

IV Not arousable; may or may not respond to painful stimuli Usually absent Always abnormal

Modified from Sass DA, Shakil AO. Gastroenterol Clin N Am. 2003;32:1195–1211.
EEG, Electroencephalogram.
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Intracranial Pressure Monitoring

The use of ICP monitoring devices in ALF is subject to 
ongoing debate.7,44-46 Proponents of ICP monitoring 
argue that such monitoring will allow rational use of the 
therapies detailed below. Others suggest that the risks of 
monitoring outweigh its value. The U.S. Acute Liver Fail-
ure Study Group has provided data on ICP monitoring in 
patients with ALF.47,48 In the most recent data evaluating 
629 patients with ALF, ICP monitoring was used in 140 
patients (22%). Compared with controls, patients with ICP 
monitoring were younger and more likely to be on renal 
replacement therapy (RRT). Hemorrhagic complications 
were rare. Half of those for whom ICP data were avail-
able had elevated ICP with associated increased mortality. 
Overall 21-day mortality was similar in patients with ICP 
monitors (33%) and controls (38%; P = .24). When stratify-
ing by acetaminophen status and adjusting for confound-
ers, however, CP monitor placement did not affect 21-day 
mortality in patients with acetaminophen-induced ALF 
but was associated with increased 21-day mortality in ALF 
of other cause.

The performance of a randomized clinical trial to 
answer the question of whether ICP monitoring should be 
used would require a relatively large number of patients 
and has not been performed thus far. The AASLD position 
paper recommends that “intracranial pressure monitoring 
is recommended in ALF patients with high grade hepatic 
encephalopathy, in centers with expertise in ICP monitor-
ing, in patients awaiting and undergoing liver transplanta-
tion.”7

The risks of ICP monitoring include bleeding and infec-
tion. The former is especially worrisome in these coagu-
lopathic patients. The ICP monitoring device of choice 
has traditionally been an epidural catheter. These have 
relatively low associated risks for intracranial hemorrhage 
but may be less accurate than other devices. Subdural or 
intraparenchymal monitors provide improved reliability at 
the cost of increased bleeding risk. Coagulopathy needs to 
be treated before placement of an ICP monitor, and newer 
agents for the treatment of coagulopathy (see later) may 
alter the threshold for placement of such devices.49 Defini-
tive recommendations for INR or platelet count are not 
available.

There are insufficient data to recommend the use of 
transcranial Doppler or jugular venous bulb oximetry in 
patients with ALF.

Maintenance of Cerebral Perfusion Pressure

CPP is mean arterial pressure (MAP) minus ICP. The man-
agement goal for patients with cerebral edema is to limit 
ICP and to maintain CPP. Targets for CPP are subjects of 
debate, but a goal ICP less than 25 mm Hg and a CPP more 
than 60 mm Hg seem reasonable.7,44,50 A CPP greater than 
70 mm Hg may be of further advantage if that level can 
be achieved.7,51 An ICP greater than 40 mm Hg and a pro-
longed period of time with a CPP less than 50 mm Hg are 
strongly associated with poor neurological recovery in 
patients with ALF, although the data are not sufficient to 
contraindicate OLT.52 It may be necessary to augment MAP 
to attain and maintain a satisfactory CPP (see the later sec-
tion on hemodynamic support). Systemic hypertension 
may be treated with conventional agents such as labetalol 

or hydralazine. Continuous infusions of nicardipine offer 
some theoretical advantage over the traditionally used 
sodium nitroprusside.

Control of Elevations of ICP in Patients with Grade  
III or IV HE

General Measures: Patients with elevated ICP (defined 
as an ICP >20 to 25 for more than 1 minute or a CPP <50) 
should be managed in a quiet environment. Head elevation 
to 20 to 30 degrees and avoidance of obstruction to venous 
return (e.g., head rotation, tight endotracheal tube ties) are 
recommended. Endotracheal tube suctioning should be 
kept to a minimum, and consideration should be given to 
administration of a bolus of a sedative agent such as propo-
fol or lidocaine before suctioning. Hypoxemia and hyper-
capnia will increase ICP, and every effort should be made 
to avoid these.

Sedation and Analgesia: Patients in grade III or IV HE 
should be sedated as one measure to control ICP. Because 
of its rapid onset and offset (even in patients with liver 
disease), propofol seems an excellent choice for seda-
tion to control ICP in patients with ALF. Wijdicks and 
Nyberg reported the use of propofol in seven patients with 
ALF who had ICP monitors in situ. At a median dose of 
50 μg/kg/min, propofol alone appeared to control ICP, 
although the study was observational and there were several  
confounders.53

The induction of a “barbiturate coma” by administra-
tion of pentobarbital or sodium thiopental has been used to 
treat refractory intracranial hypertension in ALF, although 
studies are uncontrolled. Forbes and colleagues adminis-
tered thiopental to patients with ALF, refractory intracra-
nial hypertension, and poor prognosis and demonstrated 
reductions in ICP.54 Side effects are numerous and include 
hemodynamic compromise and apnea.

Patients receiving infusions of propofol or barbiturates 
may require pressor support to maintain optimum hemo-
dynamics.

Opiate infusions typically are used to treat discomfort 
and as adjunctive sedative agents. Fentanyl may be a bet-
ter choice than morphine or meperidine because the last 
two are longer acting and have active metabolites that may 
accumulate in hepatic or renal dysfunction.

Mannitol: Mannitol is the only therapy proven in a 
controlled trial to reduce intracranial hypertension and 
improve survival in patients with ALF. Canalese and col-
leagues randomized 44 patients with ALF to receive man-
nitol (1 g/kg as required), dexamethasone (32 mg IV then 
8 mg IV every 6 hours), both drugs, or neither drug for 
the treatment of elevated ICP.55 Dexamethasone did not 
affect survival, but among patients who developed cere-
bral edema, those who received mannitol had significantly 
better survival than those who did not. The dose of man-
nitol has not been definitively established, and boluses of 
between 0.25 and 1 g/kg have been used, although doses 
on the lower end of this range are associated with fewer 
adverse effects. Limitations to the use of mannitol include 
the development of acute renal failure or hyperosmolal-
ity (serum osmolality > 320 mOsm/L). The prophylactic 
administration of mannitol in ALF has not been studied.

Hypertonic Saline: Murphy et al. performed a random-
ized trial of the use of 30% (hypertonic) saline to maintain 
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serum sodium concentrations between 145 and 155 mEq/L 
in patients with ALF and encephalopathy. They demon-
strated that induction and maintenance of hypernatre-
mia can reduce the incidence and severity of intracranial 
hypertension.56 A survival benefit was not demonstrated, 
and the role of prophylactic hypertonic saline remains 
unproven, but its use is recommended by the AASLD “in 
patients at highest risk of developing cerebral edema.”7 
Theoretically, and on the basis of literature in the neuro-
surgical population, hypotonic solutions and hyponatre-
mia should be avoided because of the risk of worsening 
cerebral edema.

Treatment of Fever: Fever exacerbates intracranial 
hypertension in patients with ALF, and measures to main-
tain normothermia, including cooling blankets and fans, 
should be used in the febrile patient (see the later dis-
cussion on therapeutic hypothermia). Nonsteroidal anti-
inflammatory drugs and acetaminophen are relatively 
contraindicated because of the potential for nephrotoxicity 
and further hepatotoxicity, although their use has not been 
studied extensively in this population and they have been 
used to treat fever in patients with ALF.1,37

Hyperventilation: Hyperventilation to a partial pres-
sure of carbon dioxide in arterial blood (Paco2) of less than 
30 mm Hg causes cerebral vasoconstriction and rapidly 
reduces ICP in patients with cerebral edema. Prophylactic 
hyperventilation, however, did not reduce the incidence 
of cerebral edema in a randomized controlled trial of 20 
patients with ALF.57 Furthermore, marked hypocapnia 
(to a Paco2 ≤ 25 mm Hg) or sustained hypocapnia may 
cause cerebral ischemia. Accordingly, the use of therapeu-
tic hyperventilation is reserved for situations in which 
life-threatening cerebral edema is present and has proven 
refractory to other measures. Use of hyperventilation in 
this circumstance should be temporary—for at most a few 
hours.7 Maintenance of a Paco2 between 30 and 40 mm Hg 
is a reasonable goal.8

Seizure Prophylaxis: The development of seizures will 
markedly increase cerebral oxygen requirements, increase 
ICP, and may cause or worsen cerebral edema. Subclini-
cal seizure activity was noted in 30% of patients with ALF 
studied by Ellis in a clinical trial.58 The AASLD position 
paper recommends that phenytoin be given for control of 
seizures, although supporting data are scarce.7 Benzodiaz-
epines also may be administered, for both their antiseizure 
and sedative properties, but their metabolism and clear-
ance are greatly decreased in liver failure. Prophylactic IV 
phenytoin was shown to reduce the incidence of seizures in 
this group of 42 patients, but the beneficial effects of phe-
nytoin could not be documented in a confirmatory study.59 
The use of prophylactic phenytoin is not supported by 
current evidence. Electroencephalography should be per-
formed in grade III or IV HE if myoclonus is present, if 
a sudden unexplained deterioration in neurologic status 
occurs, or when barbiturate coma is being used for man-
agement of cerebral edema.8,59

Indomethacin: Tofteng administered bolus doses of 
indomethacin to a series of 12 patients with ALF and cere-
bral edema and demonstrated a reduction in ICP and an 
increase in CPP.60 Further data are awaited.

Nonabsorbable disaccharides, benzodiazepine recep-
tor antagonists, or dopaminergic agonists have not been 

proven to be beneficial for the treatment of HE according 
to systematic reviews of the literature.61-63

A randomized placebo-controlled trial of l-ornithine 
l-aspartate (LOLA), a drug that facilitates the detoxification 
and excretion of ammonia, failed to demonstrate a decline 
in arterial ammonia or an improvement in survival.64

COAGULOPATHY

As is the case with cerebral edema, the development of a 
coagulopathy is a hallmark of ALF. Coagulopathy has mul-
tiple causes. These include platelet dysfunction (quantita-
tive and qualitative), hypofibrinogenemia, and inadequate 
coagulation factor synthesis.65 However, despite mark-
edly elevated INR, overall hemostasis may be preserved 
by compensatory mechanisms.66 The thromboelastogram 
(TEG) is commonly used to aid in the management of 
coagulopathy in patients with liver disease, especially in 
patients undergoing liver transplantation, but TEG use has 
not been studied in a randomized controlled trial. In the 
absence of bleeding, correction of coagulopathy by admin-
istration of fresh frozen plasma (FFP) is not required and 
may confound assessment of progression of the disease.20 
When invasive procedures are planned or when the patient 
is bleeding, it is appropriate to treat coagulopathy.7,8 Almost 
40 years ago, Gazzard showed that FFP administration did 
not reduce morbidity or mortality in ALF.67 Vitamin K is 
typically given to patients with ALF because some have 
subclinical vitamin K deficiency at the time of presentation. 
There is some debate regarding the threshold for admin-
istration of platelets, although in the absence of bleeding 
or plans for invasive procedures a value of greater than 10 
to 20 × 109/L seems acceptable. If invasive procedures are 
planned, then a platelet count of at least 50 × 109/L should 
be attained. Cryoprecipitate should be administered when 
the fibrinogen level is less than 100 mg/dL. Recombinant 
factor VIIa (rVIIa; 40 μg/kg) was demonstrated to be of use 
to transiently correct the coagulopathy of ALF and allow 
performance of invasive procedures in two nonrandom-
ized studies in (a total of) 26 patients who met King’s Col-
lege criteria for liver transplantation.68 Thrombosis is a 
potential side effect. In patients with persistent coagulopa-
thy despite FFP administration and in those who have con-
traindications to rVIIa, therapeutic plasmapheresis may be 
beneficial.49,69 Many clinicians would advocate treatment 
of extreme coagulopathy (e.g., INR > 7), even if invasive 
procedures are not planned.20

INFECTION

As documented by Rolando and colleagues in a study of 
50 consecutive patients, individuals with ALF are at risk 
for bacterial and fungal infection.70,71 Gram-positive cocci, 
enteric gram-negative bacilli, and Candida species are the 
most commonly isolated organisms. Disseminated infection 
may be a contraindication to transplantation. Although the 
use of prophylactic antimicrobial therapy may reduce the 
incidence of infection in certain patients with ALF, a sur-
vival benefit has not been demonstrated. Although recent 
evidence suggests that the presence of infection or the 
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systemic inflammatory response syndrome influences the 
progression of encephalopathy in ALF, there is currently 
no evidence to show that administration of antimicrobi-
als alters this relationship.72 Surveillance for symptoms 
and signs of infection should be part of the management 
of a patient with ALF, although this recommendation is 
empiric.7 Initiation of antibiotics is recommended when 
surveillance cultures reveal significant isolates, in grade III 
or IV HE, in the presence of refractory hypotension and if 
the systemic inflammatory response syndrome is present.8 
Broad-spectrum antibacterial agents are typically used and 
vancomycin added if intravascular catheter-related blood-
stream infection or methicillin-resistant Staphylococcus 
aureus infection is suspected. Low-dose amphotericin is a 
part of ALF protocols at some institutions.

Rolando et al. studied 108 patients with ALF in a pro-
spective randomized fashion to compare the incidence of 
infection in patients given IV antimicrobials with and with-
out enteral antimicrobials.73 The addition of enteral antimi-
crobials did not decrease the incidence of infection.

ACUTE KIDNEY INJURY

A retrospective analysis of data from 1604 patients in the 
U.S. Acute Liver Failure Study Group demonstrated that 
70% of patients with ALF developed acute kidney injury 
(AKI), and 30% underwent RRT.74 AKI is associated with 
increased mortality and may be caused by various mecha-
nisms. These include hypovolemia and hypoperfusion, 
nephrotoxins, or hepatorenal syndrome.75 In the cohort 
reported by Tujios, AKI was more common in those with 
more severe liver dysfunction, in advanced encepha-
lopathy, in the elderly, and in those with acetaminophen-
induced ALF. AKI affected short- and long-term outcomes, 
but it rarely resulted in chronic kidney disease (only 4% 
of survivors were dialysis dependent), and patients with 
acetaminophen-induced ALF/AKI had better outcomes 
than those with other causes. Davenport performed a pro-
spective, randomized controlled trial in patients with com-
bined acute liver and renal failure to compare the effect of 
various modes of dialysis on hemodynamics.76 Continuous 
modes of dialysis were associated with less hemodynamic 
compromise. Furthermore, continuous RRT is less likely to 
provoke an elevation in ICP or pulmonary pressures than 
is intermittent dialysis.77 Continuous RRT may be contin-
ued in the operating room during liver transplantation.78

HEMODYNAMIC SUPPORT

Distributive shock often develops in patients with ALF and 
may lead to multiple organ failure. Hypovolemia occurs 
secondary to transudation of fluid into the extravascular 
space and decreased oral intake. A central venous catheter 
should be placed to facilitate infusion of vasoactive medica-
tions and to monitor filling pressures. A pulmonary artery 
catheter may be used to guide hemodynamic therapy, and 
although there is debate regarding the appropriateness of 
the use of pulmonary artery catheters, there are no studies 
specific for patients with ALF. The initial treatment of hypo-
tension should be with IV normal saline. Despite adequate 

fluid resuscitation, a low systemic vascular resistance in 
ALF often results in persistent hypotension. Hemodynamic 
derangements may compromise cerebral, renal, and hepatic 
perfusion with subsequent worsening of organ dysfunc-
tion. The recommended goal MAP is 75 mm Hg, although 
this is not supported by data.7,79 When ICP is elevated, the 
MAP goal may need to be altered upward to maintain a CPP 
between 60 and 80 mm Hg.79 The optimal choice of pres-
sor is unknown because, despite some limited studies, there 
are no definitive trials to identify the best vasoactive agent. 
Norepinephrine, dopamine, and epinephrine are reasonable 
choices to achieve hemodynamic goals. Most centers use 
norepinephrine, which may best augment peripheral organ 
perfusion while minimizing tachycardia and preserving 
splanchnic (thereby hepatic) blood flow.7,79 Norepinephrine 
may offer some advantages over dopamine in patients with 
cerebral injury and may be a better choice than epinephrine 
for splanchnic perfusion in patients with distributive shock. 
Vasopressin may be added, but its use is controversial, and 
a small study of terlipressin in ALF (six patients with ALF 
and HE) at a dose that did not alter systemic hemodynamics 
demonstrated worsening of cerebral hyperemia and intra-
cranial hypertension.80

Adrenal insufficiency may be present in patients with liver 
failure and administration of corticosteroids (e.g., hydrocor-
tisone 200 mg/day) should be considered when refractory 
hypotension is present. Although there are some data to sup-
port this practice, most are from patients with chronic liver 
failure rather than ALF, and significant controversy exists 
regarding steroid supplementation in critically ill patients.81

MECHANICAL VENTILATION

Patients with ALF need airway protection when grade III 
encephalopathy develops and will need mechanical ven-
tilation if respiratory failure or severe metabolic acidosis 
occurs. Acute respiratory distress syndrome (ARDS) may 
develop, and a low tidal volume strategy is indicated. 
Because of the presence of cerebral edema, the respira-
tory rate should be increased to maintain satisfactory 
minute ventilation and permissive hypercapnia should 
not be used. It is unclear whether prophylactic use of low 
tidal volume in patients with ALF will delay or avoid the 
development of ARDS, although some evidence exists in 
non-ALF patients.82 It is unknown whether higher lev-
els of applied positive end-expiratory pressure (PEEP) 
cause ischemic hepatic damage. When PEEP is required to 
achieve acceptable oxygenation in patients with ALF and 
ARDS, it should be applied, recognizing that adequate sys-
temic oxygenation is essential for optimum hepatic func-
tion. In addition, lungs that have been injured demonstrate 
a reduction in compliance, which will offset transmission 
of pressure to the liver.83

GASTROINTESTINAL BLEEDING

Gastrointestinal bleeding is a risk with all critically ill 
patients, especially if they require mechanical ventilation. 
Accordingly, there is a significant risk of gastrointesti-
nal bleeding in individuals with ALF, although this risk 
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is presumably less than in patients with cirrhosis, portal 
hypertension, and esophageal or gastric varices. In two 
controlled trials involving 75 patients, H2 blockers, but 
not antacids, were associated with a decreased incidence 
of bleeding in patients with ALF. Accordingly, H2 blockers 
or, by extension, proton pump inhibitors should be admin-
istered to patients with ALF.7,84

METABOLIC CONCERNS

Metabolic derangements—often severe—occur in ALF, 
and frequent monitoring of acid-base status and meta-
bolic parameters is required. Alkalosis and acidosis may 
occur, and the latter may be especially refractory when 
ALF is accompanied by acute renal failure. Infusions 
of sodium bicarbonate or a nonsodium buffer such as 
tris(hydroxymethyl) aminomethane or initiation of con-
tinuous RRT with a bicarbonate-rich infusate are often 
required. Impaired hepatic gluconeogenesis in ALF 
patients makes use of “tight” glycemic control potentially 
problematic. Hyperglycemia may worsen cerebral edema 
in patients with ALF, but hypoglycemia must be avoided. 
Hypoglycemia may be profound and occult because of 
encephalopathy or sedation. Boluses of 50% dextrose solu-
tions and continuous dextrose infusions are often required 
to maintain normoglycemia. Phosphate and magnesium 
may be low and require repeated supplementation.

NUTRITION

Patients with ALF manifest a catabolic state and increased 
energy expenditure.85 Nutritional support is recommended, 
although studies on which to base therapy are limited. 
Enteral feeding should be initiated early in the course of 
ALF, usually by nasogastric or nasojejunal tube. Severe 
protein restriction should be avoided. The AASLD position 
paper recommends 60 g of protein per day, although 1 to  
1.2 g of protein per kilogram of estimated dry weight may be 
more appropriate.7 A Cochrane Database review of the use 
of branched-chain amino acids in ALF and HE did not find 
convincing evidence of a beneficial effect, although the trials 
performed in this field were mostly of poor methodological 
quality.86 Parenteral nutrition should be used if enteral nutri-
tion is contraindicated or not tolerated. Both enteral and par-
enteral nutrition reduce the incidence of stress ulceration. 
Lipid emulsions appear to be safe in patients with ALF.87

TRANSPLANTATION

Although ALF may resolve with only supportive interven-
tions, especially in patients with acetaminophen-induced 
ALF, OLT is the only definitive therapy for the condition. 
The therapy has not been evaluated in a prospective clini-
cal trial for patients with ALF, but there is little doubt as to 
its effectiveness. Overall survival for patients with ALF has 
increased from 15% in the pretransplant era to 60% or better 
in the posttransplant era.13 Some of the improved survival 
rates (which are as high as 80% to 90% in some series) are 

due to improvements in ICU management that also have 
resulted in an increase in spontaneous survival rates. ALF 
is the only condition designated as UNOS Status I (highest 
priority for donor liver allocation). OLT is not universally 
available, and only 10% of liver transplantations are per-
formed in patients with ALF.88,89 In the U.S. Acute Liver 
Failure Study Group series, 29% of patients underwent 
OLT and 25% of patients listed for transplantation died on 
the waiting list.13 In the Nordic countries’ experience, 73% 
of 315 patients listed received a transplant, and 16% died 
without transplant.10 Mortality after OLT in the first year is 
higher for patients with ALF than for patients transplanted 
for other reasons (1-year survival rate 79% for OLT in set-
ting of ALF vs. approximately 90% for other causes), and 
most deaths occur from infection within the first 3 months.89 
Outcome is worse for older recipients, those who receive 
older or partial grafts, and those receiving non-ABO identi-
cal grafts.89,90 Longer term survival, though, is better than 
in those transplanted for chronic liver disease.

MANAGEMENT DURING AND AFTER LIVER 
TRANSPLANTATION

Although there are insufficient data to recommend any spe-
cific management of patients with ALF during OLT, guide-
lines based on expert opinion have been published.8,79 If 
an ICP monitor has been placed before OLT, then it should 
be continuously monitored intraoperatively because ICP 
may increase, especially at the time of reperfusion. Intraop-
erative management should follow the MAP, ICP, and CPP 
goals used preoperatively. Whether to perform the tech-
nique of venovenous bypass is a matter of surgeon prefer-
ence because no definitive data on its role in minimizing 
swings in cerebral perfusion exist.

AREAS OF CONTROVERSY

Therapeutic Hypothermia

In experimental animal models, mild-moderate hypother-
mia has been demonstrated to prevent development of 
brain edema in ALF, possibly by altering brain ammonia or 
glucose metabolism or preventing hyperemia. On the basis 
of these theoretical benefits, reports of the use of therapeu-
tic hypothermia in patients with ALF have demonstrated 
promise.91,92 Hypothermia (cooling to core temperature of 
33 to 34° C) has been used as a “bridge to transplant” or to 
control ICP during transplant surgery. Such therapy may 
be associated with infections, coagulopathy, and arrhyth-
mias, and therapeutic hypothermia in ALF has not been 
subjected to rigorous scrutiny. Multicenter, randomized, 
controlled clinical trials are needed to confirm that hypo-
thermia in ALF secures brain viability and improves sur-
vival without causing harm.

N-acetylcysteine for Non-Acetaminophen–
Induced ALF

NAC may have a role in non-acetaminophen-induced 
ALF93; however, studies have been inconclusive thus far. 
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In a randomized, double-blind, multicenter placebo con-
trolled trial, IV NAC improved transplant-free survival in 
patients with early-stage non-acetaminophen–related ALF. 
Patients with advanced coma grades did not benefit from 
NAC.94

Hepatectomy and Auxiliary Transplantation

Some investigators have proposed that liver-derived pro-
inflammatory cytokines may be important in producing 
intracranial hypertension in ALF.95 The use of hepatec-
tomy has been advocated in patients with ALF, refractory 
circulatory dysfunction, and intracranial hypertension, 
assuming that OLT will be performed thereafter. Data to 
support such a practice, however, are sparse and consist 
of case reports and uncontrolled case series.96-98 Hepatec-
tomy cannot be recommended at this time. Auxiliary liver 
transplantation is a technique in which a partial liver graft 
is placed either heterotopically or orthotopically while 
leaving part of the native liver in situ in the hope that 
the native liver will regenerate. A European multicenter 
study demonstrated the feasibility and potential utility 
of this technique.99 Recently, Lodge and colleagues have 
performed emergency subtotal hepatectomy and auxil-
iary OLT for acetaminophen-induced ALF with encour-
aging early results in a nonrandomized case series.100 At 
this time, though, no clear indications for auxiliary liver 
transplantation exist, and a randomized clinical trial has 
not taken place.

Living-Donor Liver Transplantation for ALF

The advent of living-donor liver transplantation adds 
a further option to the management of ALF.101 Its use 
in children is well established.102 Case series in adults 
report 5-year survival rates of up to 80%.103-105 The ethi-
cal difficulties already associated with this procedure in 
patients with cirrhosis, though, are greatly increased in 
the scenario of ALF when the acuity of the situation has 
the potential to lead to rushed or incompletely informed 
decision-making.106

Liver Support Systems

The “holy grail” for the treatment of ALF is a liver sup-
port device to replace the detoxification, metabolic, and 
synthetic functions of the liver.107 Such a system could 
be used as a bridge to liver transplantation, or preferably 
to complete recovery of the patient’s native liver. Trials 
for the assessment of liver support devices are compli-
cated by the fact that many patients are diverted to liver 
transplantation before the response to therapy with the 
device can be established. Furthermore, ALF is a “catch-
all” phrase for a heterogenous group of disorders with 
different etiologies and rates of progression. There have 
been several approaches to the development of an “arti-
ficial liver.” The first systems removed toxins through 
hemodialysis, hemofiltration, or hemoperfusion. Newer 
systems combine hemodialysis with adsorption to albu-
min or charcoal. Living hepatocytes (porcine or derived 
from human hepatocellular cancer cells) are the basis of 

“bioartificial liver” devices. Demetriou and colleagues 
published the results of a randomized, clinical trial eval-
uating a porcine bioartificial liver in 171 patients with 
ALF.108 Overall, survival was no different between the 
intervention (71% survival) and control (62%) groups. 
The survival gap widened when the 27 patients who had 
primary graft nonfunction were excluded, but it did not 
reach statistical significance. Meta-analyses (based on few 
subjects) evaluating the utility of artificial liver support 
systems in ALF have provided conflicting results.109,110 
The use of commercially available artificial systems based 
on albumin dialysis (Molecular Adsorbent Recirculating 
System [MARS]) and fractionated plasma separation and 
adsorption (Prometheus) has not been demonstrated to 
improve survival, although most studies have been in 
patients with acute or chronic liver failure. Saliba and col-
leagues, though, in a randomized controlled trial involv-
ing 102 patients with ALF, were unable to show a benefit 
with MARS, although the trial was confounded by the 
fact that many of the patients in the study were quickly 
transplanted.111

SUMMARY

ALF is a complex, multisystem illness that develops after 
a catastrophic hepatic insult. It is characterized by coag-
ulopathy and HE accompanied by cerebral edema and 
elevated ICP. The etiology is dependent on geographic 
location, with drugs and toxins causing more than half 
of the cases in developed countries. Care of the patient 
requires a multidisciplinary approach and the full arma-
mentarium of ICU support (Tables 69-4 and 69-5). The 
rarity of the condition and the rapidity of its develop-
ment mean that there is a paucity of randomized clini-
cal trials evaluating therapies for ALF. The U.S. Acute 
Liver Failure Study Group has published a consensus 
document with recommendations for specific aspects of 
ICU care of these patients. Although some patients will 
recover spontaneously, for patients with poor prognosis 
liver transplantation is the only definitive treatment. Sur-
vival rates after liver transplantation are approximately 
75% to 90%. The efficacy of artificial liver support devices 
in ALF remains unproven.

Table 69-4 Important Summary Documents and 
Guidelines for the Management of Acute Liver 
Failure

Authors Year Organization Type of Document

Lee et al. 
2012

2012 American 
 Association for 
the Study of 
Liver  Diseases

Position paper on the 
management of acute 
liver failure: Update

Stravitz 
et al. 
2007

2007 United  States Acute 
Liver Failure 
Study Group

Recommendations 
for  intensive care of 
 patients with acute 
liver failure
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Table 69-5 Selected Randomized Studies in the Management of Acute Liver Failure

Study, Year

Number of 
Subjects 
(Intervention, No 
Intervention) Study Design Intervention Control Outcomes

Canalese 
et al. 1982

44 patients with ALF 
(4 groups)

Prospective, random-
ized, controlled trial

Dexamethasone alone, 
mannitol alone, both 
dexamethasone and 
mannitol

Neither Dexamethasone did not affect 
survival among patients 
who developed cerebral 
edema, survival was better 
in mannitol group

Bhatia et al. 
2004

42 patients with 
ALF (22 patients 
given prophylac-
tic phenytoin, 22 
controls)

Prospective, random-
ized, controlled trial

Prophylactic phenytoin 
administration

Usual therapy Similar rates of cerebral 
edema, need for mechani-
cal ventilation, incidence of 
seizures, mortality

Gazzard 
et al. 1975

20 patients with 
acetaminophen-
induced ALF (10 
intervention, 10 
controls)

Prospective, random-
ized, controlled trial

FFP 300 mL every 6 hours Usual therapy No difference in morbidity or 
mortality between interven-
tion and control groups

Davenport 
et al. 1993

32 patients (12 in-
termittent RRT, 20 
continuous RRT)

Prospective, random-
ized, controlled 
trial of patients 
with ALF and acute 
renal failure

Continuous RRT Intermittent RRT Patients in intermittent RRT 
had significantly lower 
cardiac indices and MAP

Demetriou 
et al. 2004

171 patients (85 
bioartificial liver, 
86 control)

Prospective, random-
ized, controlled, 
multicenter trial in 
patients with severe 
ALF

HepatAssist bioartificial 
liver (patients were  
allowed to undergo 
liver transplantation)

Usual therapy 
(including 
potential liver 
transplantation)

30-day survival 71% for 
bioartificial liver vs 62% for 
control (P = .26).

Acharya 
et al. 2009

201 patients Prospective, random-
ized, placebo-
controlled, trial in 
patients with ALF

LOLA infusions (30 g 
daily over 3 days) 
HepatAssist bioartifi-
cial liver (patients were 
allowed to undergo 
liver transplantation)

Placebo No improvement in encepha-
lopathy grade or survival 
with LOLA administration

ALF, acute liver failure; FFP, fresh frozen plasma; LOLA, l-ornithine l-aspartate; RRT, renal replacement therapy.

AUTHOR’S RECOMMENDATIONS

 •  The diagnosis of ALF should prompt discussion with a refer-
ral center for consideration of transfer and potential liver 
 transplantation.

 •  The U.S. Acute Liver Failure Study Group has published recom-
mendations for the ICU management of patients with ALF.

 •  The cause of ALF should be determined because specific thera-
pies exist for certain conditions. Acetaminophen overdose is a 
common cause of ALF and should be treated with NAC. The 
utility of NAC in non-acetaminophen ALF remains controversial

 •  Assessment of prognosis is important, and the King’s College 
criteria are often used, although they are not absolutely  
predictive.

 •  Patients with grade III HE should be intubated for airway 
 protection.

 •  Although monitoring of ICP has not been demonstrated to  
improve mortality in patients with ALF, the practice is common. 

An ICP of less than 25 mm Hg and a CPP greater than 60 mm Hg 
should be targeted.

 •  Treatment for elevations of ICP includes general supportive 
measures, sedation, and osmotherapy with mannitol or hyper-
tonic saline. Therapeutic hypothermia and hyperventilation are 
controversial.

 •  Coagulopathy should be treated only if invasive procedures are 
planned, if the patient is actively bleeding, or if the coagulopathy 
is extreme.

 •  Metabolic derangements should be treated aggressively and 
nutrition should be initiated.

 •  Transplantation is the only definitive treatment for ALF, and, pro-
vided there are no contraindications, the patient should receive a 
highest priority listing for liver transplantation.

 •  The performance of hepatectomy and auxiliary transplantation 
and the use of liver support devices remain unproven.  
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How Does Critical Illness Alter 
the Gut? How Does One Manage 
These Alterations?

Rohit Mittal, Mara Serbanescu, Kevin W. McConnell

Alterations in the gut and immune function are proposed 
to play an important role in the pathophysiology and pro-
gression of critical illness, especially in sepsis.1-6 Because 
the treatment of most aspects of critical illness is support-
ive, significant research efforts are focused on targeting and 
preventing the changes that occur in these two complex 
systems in efforts to devise new therapeutic options. This 
review focuses on the changes that take place in the gut 
and therapeutic interventions that may be available in the 
future.

DEFINING THE GUT

The gut is a complex ecosystem with multiple components 
that are altered in critical illness. Globally, the gut can be 
divided into two components: (1) the commensal bacterial 
microbiome and (2) the structures that provide intestinal 
integrity or barrier function. The two components are sepa-
rated by a layer of mucus, which serves as the first barrier 
separating intraluminal contents and commensal bacteria 
from the epithelium (Fig. 70-1).7 We analyze each in more 
detail to determine how therapeutic modulation of the 
intestinal microflora or gut integrity may be used to treat 
septic patients (Fig. 70-2).

UNDERSTANDING AND ALTERING THE 
MICROBIOME FOR THERAPEUTIC 
BENEFIT

Perhaps the most striking aspect of the gut is that it plays 
host to nearly 100 trillion bacteria, which serve an impor-
tant symbiotic function for the host.8,9 The multitude of 
organisms within the gut exist in differing populations 
over the life of the host and can be altered by diet, stress, 
disease, and iatrogenic methods.8,10 It is increasingly recog-
nized that these bacterial populations play a key role in the 
pathogenesis and pathophysiology of critical illness, and 
they have become a target for therapeutic interventions. To 
understand how altering the gut bacteria can be beneficial, 

one must first understand how the microbiome is affected 
during critical illness and how it may contribute to propa-
gating the disease.

Isolation of enteric bacteria from blood cultures sug-
gests that bacteria are able to translocate across the intesti-
nal barrier into the bloodstream via the portal circulation.11 
However, this process has not been definitively confirmed 
because portal vein blood samples from trauma patients 
have failed to isolate enteric bacteria.12 Rather, bacteria 
have been isolated from mesenteric lymph nodes in cir-
rhosis, in portal hypertension, and after hepatectomy.13-15 
These findings suggest that translocation may occur under 
specific disease states, but hematogenous spread of bacte-
ria is unlikely.

In studying the intestinal microbial environment, a 
growing body of evidence suggests that changes in bacte-
rial populations, gene expression, and microenvironment 
are able to potentiate illness. In mice, intestinal Pseudomo-
nas alters its own gene expression and transforms into a 
more virulent form after hepatectomy,16,17 an effect that is 
directly potentiated by the administration of morphine.18 
This virulent transformation can be halted by phosphate 
supplementation or by the prevention of hypophospha-
temia,19 highlighting the importance of maintaining a 
“healthy” intestinal microbiome.20 Intestinal microbes con-
stantly survey the surrounding bacterial populations and 
the microenvironment. Changes in either that may indi-
cate “stress” will lead bacteria to alter their numbers and 
gene expression, a concept referred to as “quorum sens-
ing.”21 During health, normal host bacteria produce bac-
teriocins that inhibit growth of other bacteria, particularly 
pathogenic ones.21,22 This response suggests that virulent 
transformation might be prevented by therapeutically 
altering the microbiome. Changes of this nature can be 
accomplished through supplementation of healthy bacte-
ria, destruction/elimination of pathogenic organisms, or 
replacement of the entire microbiologic population.

The demonstration of changes in the microbiome led to 
the development of probiotics and synbiotics that supple-
ment the gut with live bacteria and nutrients to support their 
growth. Prophylactic probiotic/synbiotic administration 
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reduces the incidence of ventilator-associated pneumonias 
and infectious complications in trauma patients and those 
undergoing major abdominal surgery.23,24 In the setting 
of pediatric necrotizing enterocolitis, probiotics may also 

reduce the associated mortality.25 However, because probi-
otic/synbiotic administration has not been shown to signif-
icantly alter mortality and in rare instances has resulted in 
bacteremia, the therapeutic benefit of these agents remains 
to be determined.26

In efforts to attack the problem from a different point 
of view, ongoing research has examined selective decon-
tamination of the digestive tract (SDD) for critically ill 
patients. In SDD, broad-spectrum antibiotics are adminis-
tered prophylactically to prevent bacterial overgrowth.27-29 
Although SDD may reduce the incidence of ventilator-
associated pneumonias, concerns over the development 
of bacterial resistance have limited its use.30-32 A detailed 
analysis of the risks, benefits, and application of SDD can 
be found in Chapter 46.

Restoration of the distal gut microbiome to that of a 
healthy host via fecal transplantation has emerged as a 
novel and promising therapeutic option for critically ill 
patients with several disorders.33 Perturbations in the 
intestinal microbiome are inciting factors for several gas-
trointestinal diseases, of which Clostridium difficile infec-
tion is a prime example, and fecal transplantation seeks to 
target these disease processes.34-37 There is also growing 
evidence that fecal transplantation can correct alterations 
in the microbiome that play an important role in inflam-
matory bowel disease, with a reduction in symptoms and 
even disease remission in a select group of these patients.38 
Although fecal transplantation may benefit select groups 
of patients,39,40 its role as a first-line therapy in critically ill 
patients remains unclear.

Figure 70-1. The intestinal microbiome is made of up interactions 
between various populations of commensal bacterial. These bacteria 
are contained within the gut through components of intestinal integ-
rity, which include the mucous layer and intercellular junctional com-
plex (IJC). Epithelial cell apoptosis or alterations in the mucous layer 
or IJC impair intestinal integrity.
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myosin light chain kinase; PEG, polyethylene glycol; SDD, selective decontamination of the digestive tract.
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CRITICAL ILLNESS AND ALTERATIONS  
IN INTESTINAL INTEGRITY

The intestinal epithelium is made up of a single layer 
of columnar cells that are produced in the crypts of 
Lieberkühn and migrate upward toward the villous tip, 
where they are exfoliated into the intestinal lumen.6 These 
cells are responsible for nutrient absorption, they provide 
a barrier against intraluminal contents and bacteria, and 
they communicate with the immune system. Epithelial 
cells are held together by an intercellular junctional com-
plex, forming a selective barrier allowing for paracellular 
transport of ions and solutes.41 Alterations in the mucus 
layer and the intercellular junctional complexes impair 
gut barrier function, whereas epithelial cell apoptosis 
impairs intestinal integrity (Fig. 70-1).

Mucus-producing epithelial cells secrete a layer of glyco-
sylated proteins that lines the gut and forms a hydrophobic 
barrier. This protective layer can be altered during states of 
stress.7 In critical illness, the mucous layer becomes thin-
ner and loses its hydrophobicity, potentially increasing gut 
injury. The degree of intestinal injury directly correlates 
with the extent of mucous layer loss.42 This effect appears to 
result, in part, from mucous degradation by pancreatic pro-
teases and digestive enzymes.43,44 The proteolytic effects of 
these compounds can then cause autodigestion (i.e., direct 
injury to intestinal epithelium).45 Although isolated loss of 
the mucous layer is not sufficient to cause systemic organ 
dysfunction, it does appear to play a synergistic role in the 
process.

In animal models, treatment with the protease inhibitors 
6-amidino-2-naphtyl p-guanidinobenzoate di-methanesul-
fate, transexamic acid, or aprotinin-attenuated autodiges-
tion and thus intestinal and systemic injury, a benefit that 
may be related to reduced reactive oxygen species.46,47 
High molecular weight polyethylene glycol also preserved 
mucus-producing cells and maintained hydrophobicity.48 
Female rates have preservation of the mucus layer, and 
this attenuates gut injury, suggesting a hormonal effect 
on the mucus barrier.49 Unfortunately, although many of 
these therapies have shown promise in preclinical models, 
additional translational and clinical data are needed before 
being implemented in clinical practice.

ROLE OF INTESTINAL LYMPH IN CRITICAL 
ILLNESS

Although evidence has not supported a role for the hema-
togenous spread of gut bacteria in the pathogenesis of 
critical illness, data generated in the last decade indicate 
that mesenteric lymph may activate neutrophils and cause 
endothelial cell injury.50 In particular, pancreatic enzymes 
that damage the mucus layer may contribute to the gen-
eration of “toxic lymph,” although the mechanism, which 
may involve reactive oxygen species, remains poorly 
understood.51,52 In animal models, ligation of the mesen-
teric lymph duct prevents critical illness–induced myocar-
dial dysfunction and lung injury.53-57 A practical treatment 
option would need to focus on preventing generation of 
toxic lymph, perhaps by minimized reactive oxygen spe-
cies or inhibiting pancreatic proteases.

GUT EPITHELIAL LAYER AND INTESTINAL 
INTEGRITY

The gut and spleen are the only systems in which apoptosis 
is significantly increased in sepsis and critical illness.58,59 
Toll-like receptor 4 expression by intestinal epithelial cells 
mediates proliferation and apoptosis.60 The relationship 
between gut epithelial apoptosis and survival from experi-
mental sepsis is multifactorial, reflecting the model of sep-
sis, timing, and degree of cell death.61 In one animal model, 
gut epithelial apoptosis can be prevented through overex-
pression of the antiapoptotic protein Bcl-2.62,63

The connection between intestinal epithelial cells 
includes a tight junction complex containing multiple pro-
teins, including occludins, claudins, and junctional adherens 
molecules. Activation of myosin light chain kinase (MLCK) 
(an intracellular protein kinase) results in activation of 
intracellular zonula occludens (ZO) proteins, which leads 
to junctional complex contraction and allows paracellular 
molecular transport.7,64 This gut barrier function is altered 
during critical illness, leading to increased intestinal perme-
ability. Proposed mechanisms include altered expression of 
intracellular ZO and intercellular proteins.7,65,66 In addition, 
increased expression and activation of MLCK during criti-
cal illness may lead to increased contraction of the junctional 
complex and increased intestinal permeability.67,68

Although there are no clinically available agents that 
prevent gut epithelial apoptosis, two options have shown 
promise. Epidermal growth factor (EGF) is a cytoprotec-
tive peptide that improves intestinal integrity. In septic 
animals, EGF treatment normalized gut epithelial prolif-
eration and apoptosis and provided a significant survival 
advantage.69,70 This protective benefit persists when EGF 
is selectively overexpressed in enterocytes, suggesting 
that the benefits arise from these cells.71 Another potential 
therapeutic option involves the cytokine interleukin 15 
(IL-15), which exerts antiapoptotic effects on natural killer 
cells, dendritic cells, and CD8 T cells. Septic mice treated 
with IL-15 had improved survival and reduced intestinal 
apoptosis.72 Although EGF and IL-15 show promise, they 
require further study before clinical use. Preventing hyper-
permeability may also improve intestinal integrity. ML-9, 
an MLCK inhibitor, attenuated burn-induced increases in 
intestinal permeability and normalization of claudin and 
occludin levels in mice.68 A similar effect was observed 
with PIK (membrane permeant inhibitor of MLCK), a sec-
ond MLCK inhibitor.73 Therefore targeting the machinery 
responsible for the maintenance of intestinal integrity may 
be a potential therapy in critically ill patients.

CONCLUSIONS

The gut plays an important role in driving the mortality 
associated with sepsis and is considered the motor of critical 
illness. The process reflects alterations in the intestinal micro-
biome and loss of intestinal integrity and barrier function. 
Although the therapeutic options for critically ill patients 
are currently limited, improved understanding of the patho-
physiology of critical illness has identified new potential tar-
gets for pharmacologic intervention. Additional translational 
and clinical research is needed to demonstrate clinical utility.
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AUTHORS' RECOMMENDATIONS

 •  The gut plays an important role in driving the mortality associ-
ated with sepsis and is considered the motor of critical illness.

 •  The gut plays host to nearly 100 trillion bacteria. These bacterial 
populations play a key role in the pathogenesis and patho-
physiology of critical illness.

 •  The process reflects alterations in the intestinal microbiome 
and loss of intestinal integrity and barrier function.

 •  Although the therapeutic options for critically ill patients are 
currently limited (e.g., selective gut or oral decontamination), 
improved understanding of the pathophysiology of critical 
illness has identified new potential targets for pharmacologic 
intervention.

 •  Epidermal growth factor (EGF) and IL-15 are promising 
treatments, in preclinical testing, for maintaining gut barrier 
function.

 •  Additional translational and clinical research is needed to 
demonstrate clinical utility.  
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Is There a Place for Anabolic 
Hormones in Critical Care?

Nicholas Heming, Virginie Maxime, Djillali Annane

Anabolism is the enzymatic process by which nutrients 
and energy are used to synthesize molecules in living 
cells. In contrast, catabolism involves chemical reactions 
that lead to the degradation of molecules. During growth, 
anabolic processes dominate, either through increased 
biosynthesis or decreased molecular degradation. In 
healthy subjects, energy is produced through the catabo-
lism of carbohydrates and fat, whereas proteins and amino 
acids are used to generate new structures (i.e., for anabo-
lism). When patients become acutely ill, amino acids from 
muscle are used to synthesize acute-phase proteins and 
to generate glucose de novo (i.e., for gluconeogenesis), 
but this process is limited and adaptive. However, in criti-
cal illness, two distinct phases have been described.1 The 
first is similar to what is seen in acute illness and is simi-
larly characterized by the diversion of energy and anabo-
lism toward vital organs and the immune system. This 
response is partially mediated by the endocrine system. 
Protracted critical illness constitutes the second phase. 
It is often maladaptive, with uncompensated catabo-
lism leading to major nitrogen loss and muscle wasting, 
and is characterized by a globally decreased endocrine 
response.2 Increased catabolism may be responsible for 
insufficient wound healing, prolonged mechanical venti-
lation, and extended hospital lengths of stay. Aggressive 
nutritional support during this second phase has failed to 
prevent muscle wasting.3,4 It has been hypothesized that 
hormone supplementation during the protracted phase of 
critical illness may favor anabolism. Four hormones hav-
ing anabolic properties may be of interest in the critical 
care setting: androgens, insulin, growth hormone, and 
thyroid hormone. The following chapter reviews the evi-
dence regarding the safety and efficacy of anabolic hor-
mone supplementation in critically ill adults.

ANDROGENS

Androgens, or male sex hormones, are synthesized by a 
series of enzymatic reactions initiated using cholesterol. 
Cholesterol is first converted into pregnenolone and its 
metabolite progesterone. These two hormones are conver-
ted into 17-hydroxypregnenolone (17-OH-pregnenolone) 
and 17-hydroxyprogesterone (17-OH-progesterone), respec-
tively, and then into dehydroepiandrosterone (DHEA) 

and androstenedione. Of note, 17-OH-pregnenolone and  
17-OH-progesterone are also precursors of cortisol. DHEA 
(as well as DHEA-S, the sulfated form of DHEA that pre-
dominates in the circulation) and androstenedione, although 
adrenal androgens, are considered to be largely inactive.5,6 
Serum DHEA levels are increased during septic shock, 
whereas those of DHEA-S are decreased. The increase in 
DHEA concentration may follow the increase in cortisol lev-
els seen during septic shock.7 DHEA is converted to andro-
stenedione via 3-β-hydroxysteroid dehydrogenase, which 
is then converted to testosterone by 17-β-hydroxysteroid 
dehydrogenase. Testosterone can also be converted to estra-
diol by the aromatase enzyme (Fig. 71-1).

Testosterone is the most abundantly produced and the 
most clinically relevant androgen. It is secreted by the inter-
stitial cells of Leydig in the testes and by the adrenal glands 
in males and females.5,8 Testosterone secretion is regulated 
by luteinizing hormone (LH) produced in the anterior pitu-
itary. LH secretion is stimulated by gonadotropin-releasing 
hormone (GnRH), which is produced by the hypothala-
mus. Circulating testosterone is bound to albumin or to 
the sex hormone-binding globulin.9 Serum concentrations 
of testosterone are 12 to 31 nmol/L in healthy males and 
0.52 to 2.6 nmol/L in healthy females. Testosterone remains 
in the circulation for no more than a few hours, after 
which it has either been transported to its target tissues or 
degraded. At a cellular level, testosterone or its intracel-
lular metabolite, dihydrotestosterone, binds to a nuclear 
receptor protein complex. This complex migrates to the cell 
nucleus and induces DNA transcription. Testosterone has 
well-documented anabolic properties.10 It induces hyper-
trophy of type I and II muscle fibers and increases the num-
ber of skeletal muscle satellite cells.11,12 Testosterone also 
promotes the differentiation of multipotent mesenchymal 
cells into myocytes and inhibits their differentiation into 
adipocytes.13,14 Finally, androgens may alter other physi-
ologic parameters via nongenomic signaling pathways that 
involve lipid and protein metabolism.15

Studies in animal models of trauma hemorrhage and 
sepsis have demonstrated that females have stronger 
immune responses and better survival rates than males.16,17 
In the critically ill, though, clinical evidence of an asso-
ciation between female gender and improved outcome 
is weak and relies on an inconclusive or contradictory  
literature.18,19
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During acute illness, testosterone concentrations are 
low, whereas LH levels are increased.20 In patients with 
prolonged critical illness, serum testosterone, LH, and 
GnRH concentrations are low.21,22 For example, in some 
patients with chronic obstructive pulmonary disease or 
human immunodeficiency virus–associated wasting syn-
dromes, administration of synthetic androgens induced 
a gain in muscle mass and strength and improved respi-
ratory function.23,24 In men with severe burn injuries, 
testosterone reduced protein catabolism.25 The synthetic 
androgen oxandrolone, which has been approved by 
the U.S. Food and Drug Administration as an adjunc-
tive therapy after surgery or trauma, may reduce weight 
loss, improve functional status, and increase wound heal-
ing.26,27 However, a large trial involving oxandrolone 
administration to trauma patients failed to demonstrate 
any significant benefit.28 Another trial, performed in ven-
tilator-dependent surgical patients, found that oxandro-
lone prolonged the duration of mechanical ventilation.29 
Data from trials assessing the effect of testosterone sup-
plementation in critically ill patients on patient-centered 
outcomes are scarce. Although data are limited, the safety 
profile of androgens may be favorable. Likewise, data on 
testosterone precursor (such as DHEA) supplementation 
in the critically ill are also lacking.

Overall, in the critically ill, androgen supplementation 
may have some benefits on nutritional endpoints in select 
subgroups of patients. Additional trials are still needed 
before the routine use of such a therapeutic approach could 
be suggested for caring for the critically ill.

INSULIN

Insulin is formed by two peptide chains—a 21-amino 
acid A chain and a 30-amino acid B chain—that are linked 
by disulfide bonds.30 The hormone regulates carbohy-
drate metabolism by promoting glucose entry into cells. 

Insulin is produced by the beta cells of the islets of Lang-
erhans of the pancreas.5 The gene for insulin is highly 
conserved and encodes a single chain precursor. Various 
factors, including glucose, glucagon, cholecystokinin, 
and gastric inhibitory polypeptide, induce insulin secre-
tion. Insulin secretion is inhibited by catecholamines and 
somatostatin. Monomers of insulin, the active form of 
the hormone, are mostly unbound in the circulation. The 
half-life of circulating insulin is extremely short, approx-
imately 6 minutes, ensuring that carbohydrate homeo-
stasis occurs almost instantaneously. The fasting serum 
concentration of insulin ranges from 28 to 108 pmol/L in 
healthy individuals.

The insulin receptor has strong analogies with the insu-
lin-like growth factor-1 (IGF-1) receptor. Both belong to 
the receptor tyrosine kinase family.31 On ligand binding, 
intracellular portions of the receptor are activated. Activa-
tion is followed by the recruitment of adaptor proteins and 
downstream signaling proteins.32 One of the downstream 
signals involves the mitogen-activated protein kinase 
cascade, which plays a role in modulating cellular prolif-
eration, differentiation, and survival. Insulin receptors can 
also recruit the insulin receptor substrate adaptor, inducing 
the activation of phosphoinositide 3-kinase. This enzyme 
indirectly increases the amount of glucose that is captured 
by the organism.33 In addition to its effect on carbohydrate 
metabolism, insulin also plays a role in protein metabolism 
and storage, but the mechanics leading to the modification 
of protein metabolism are still unknown.

Insulin increases the translation of mRNA as well as the 
rate of transcription of selected DNA genetic sequences. 
Insulin inhibits the catabolism of proteins, decreases the 
rate of amino acid release by muscle cells, and stimulates 
the transport of amino acids into the cells. Insulin inhib-
its the activity of enzymes promoting gluconeogenesis. 
Because gluconeogenesis relies on amino acids, insulin 
indirectly conserves protein and amino acid stores.34 Insu-
lin promotes protein synthesis in cultured cells, in isolated 
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Figure 71-1. Biosynthesis of androgens. DHEA, dehydroepiandrosterone. (Adapted from Miller and Auchus [2011].86)
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muscles, and in vivo in animals.35,36 A trial conducted in 
healthy human volunteers, using isotopic tracers, showed 
that insulin promotes muscle anabolism by stimulat-
ing protein synthesis.37 Reports from trials conducted in 
burned patients indicate that infusion of insulin improved 
protein synthesis.38,39

Numerous trials assessing the administration of insulin 
to general populations of critically ill patients have been 
conducted in recent years. The aim of these trials was to 
assess the effect of glucose control on mortality; thus they 
did not focus on the anabolic effects. A large monocentric 
trial found that surgical intensive care unit (ICU) patients 
treated with intensive insulin therapy (target blood glu-
cose levels between 80 and 110 mg/dL) had lower ICU 
mortality than patients managed with conventional treat-
ment (blood glucose between 180 and 200 mg/dL).40 A 
second monocentric trial did not find significant differ-
ences in survival rates in medical ICU patients with or 
without intensive insulin therapy.41 Subgroup analyses 
revealed that intensive insulin therapy reduced the mor-
tality rate in patients hospitalized in the ICU for more 
than 3 days.41 The Glucontrol multicenter trial compared 
intensive insulin therapy (target blood glucose between 
4.4 and 6.1 mmol/L) with conventional treatment (target  
blood glucose between 7.8 and 10.0 mmol/L) in the criti-
cally ill.42 In this trial, which was prematurely stopped  
because of a high number of protocol violations, ICU mor-
tality was similar in both groups. Intensive insulin therapy 
was associated with an increased incidence of hypogly-
cemia.42 The Nice-Sugar trial, including more than 6000 
patients, compared intensive insulin therapy (target blood 
glucose range of 81 to 108 mg/dL), to conventional treat-
ment (target of ≤180 mg/dL).43 Mortality at day 90 and the 
incidence of hypoglycemia were significantly higher in the 
intensive insulin therapy group.43 The VISEP (Efficacy of 
Volume Substitution and Insulin Therapy in Severe Sepsis) 
trial included ICU patients with severe sepsis. In this trial, 
the mean score for organ failure and the number of deaths 
at 28 days were not significantly different between the 
intensive insulin therapy group (target blood glucose lev-
els 80 to 110 mg/dL) and the conventional treatment group 
(target blood glucose levels 180 to 200 mg/dL). This trial 
was stopped prematurely because of a significant increase 
in the incidence of hypoglycemia with the experimental 
intervention.44 Lastly, glucose variability might be an inde-
pendent prognostic factor in critically ill patients.45,46

Current guidelines for the management of sepsis recom-
mend administering insulin to control hyperglycemia.47 
As a general rule, physicians should target a blood glucose 
level of less than 180 mg/dL during ICU stay. There is no 
specific recommendation for the administration of insulin 
as an anabolic hormone.

GROWTH HORMONE

Growth hormone (GH) is structurally similar to prolactin 
and placental lactogen. Production of GH is positively con-
trolled by the GH releasing hormone (GHRH) and ghrelin. 
Both are subjected to pulsatile release from the hypothala-
mus and act on the anterior pituitary to induce pulsatile 
release of GH. Ghrelin is also produced by the stomach and 

pancreas.48,49 Stress, physical exercise, hypoglycemia, and 
elevated concentrations of insulin induce the production 
of GHRH. By contrast, somatostatin, hyperglycemia, obe-
sity, and hypercorticisolism inhibit GHRH production.50,51 
The serum half-life of GH is between 20 and 30 minutes. 
The fasting serum concentration of GH in healthy adults 
is less than 5 ng/mL. GH plays an anabolic role on protein 
and glucose metabolism, and it stimulates bone growth.52 
The hormone acts either directly through the GH receptors 
or via the effect of other GHs that have a structure similar 
to proinsulin and stimulate the uptake of amino acids and 
inhibit the degradation of muscle proteins.53,54 The most 
important of these hormones is IGF-1, produced by hepato-
cytes under the influence of GH.55 IGF-1 is a negative feed-
back regulator of GH and GHRH. IGF-1 stimulates protein 
synthesis and decreases the degradation of skeletal muscle 
proteins.54 More than 90% of circulating IGF-1 is bound to 
the IGF binding proteins (IGFBPs).50

Critically ill patients have major nitrogen loss associ-
ated with muscle wasting. This state has some similarities 
to that of patients suffering from chronic GH deficiency.56 
The acute phase of a critical illness is characterized by an 
increased production of pituitary hormones, especially GH, 
and peripheral resistance to their effects. Overall produc-
tion of GH is raised through an upsurge in the number and 
the intensity of pulses and is associated with heightened GH 
concentrations between pulses and attenuated oscillatory 
activity.57 Underlying mechanisms may include increased 
levels of GHRH and decreased levels of somatostatin. 
Indeed, in the ICU, elevated GH concentrations seem to be 
associated with an increased risk of death.58 In addition, 
IGF-1 levels are decreased because of the downregulated 
expression of liver GH receptors59 or the decreased levels 
of the main carrier protein IGFBP-3, which is also regulated 
by GH. These changes are considered adaptive because 
they could direct the use of glucose, fatty acids, and amino 
acids toward the production of energy rather than anabo-
lism.60 During the chronic phase of critical illness, GH and 
IGF-1 levels decrease even further because of the dramati-
cally reduced pulse amplitude only partially offset by the 
increased frequency of these same pulses. This neuroendo-
crine dysfunction seems to be secondary to decreased ghre-
lin levels. Indeed, high concentrations of ghrelin seem to be 
associated with a favorable outcome.61

IGF-I promotes proliferation and differentiation in 
muscle cell lines.62 The administration of GH or of IGF-1 
to healthy animals induces muscle hypertrophy.63 Both GH 
and IGF-1 administration to animals suffering from burns 
or major surgery are associated with improved nitrogen 
balance and immune responsiveness.64,65

Exploratory trials in man show that GH supplementa-
tion is associated with a positive nitrogen balance both 
in patients with and without severe sepsis.66,67 One trial 
reported that GH supplementation after major surgery was 
associated with a positive nitrogen balance and improved 
peripheral muscular testing.68 However, two separate mul-
ticenter trials in general ICU populations showed that the 
administration of recombinant human GH was associated 
with an increased in-hospital mortality rate.69 Current 
guidelines do not recommend the use of GH in the criti-
cally ill.70 The administration of GH releasing peptide-2 
(GHRP-2), which is an agonist of ghrelin, is more effective 
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than GHRH for increasing circulating levels of GH, IGF-1, 
and IGFBP.71 Additional studies are needed to confirm the 
efficacy and safety of this treatment. The administration of 
insulin to the critically ill increases circulating levels of GH 
and peripheral resistance to GH.72 Peripheral resistance to 
GH during protracted illness could be protective.50

Opotherapy for GH deficiency is harmful during the 
acute phase of critical illness. Further studies are needed 
to examine the effects of GHRH on anabolism during pro-
tracted critical illness.

THYROID HORMONES

Thyroid hormones (THs) are synthesized in the thyroid 
gland. TH synthesis requires the prohormone thyroglob-
ulin and iodine, obtained through normal dietary intake. 
Tyrosine residues on thyroglobulin can bind iodine once, 
forming monoiodotyrosine (MIT), or twice, forming diio-
dotyrosine (DIT). The combination of two DIT residues 
results in the formation of thyroxine (T4). The combina-
tion of one MIT with one DIT residue results in the forma-
tion of triiodothyronine (T3) or of the biologically inactive 
3,3′,5’-triiodothyronine (reverse T3 or rT3).73 These hor-
mones have the same thyronine structure but differ by the 
number and position of iodine atoms. T4 is converted by 
type 1 deiodinase into the more active T3. Type 2 deiodin-
ase converts T4 into T3 and also converts rT3 into T2 (diiodo-
thyronine). Type 3 deiodinase degrades THs, converting T4 
into rT3 and T3 into T2. The hypothalamic thyroid-releasing 
hormone (TRH) controls the release of thyroid-stimulating 
hormone (TSH), which originates in the pituitary gland. In 
turn, TSH stimulates the production of T3 and T4. TSH has 
a basal level of constant secretion over which pulses are 
released. TSH is inhibited by somatostatin and dopamine 
as well as feedback from T3 and T4.74 Approximately 80% of 
THs are transported bound to T4-binding globulin, whereas 
20% are bound to transthyretin or albumin. Serum concen-
tration of free T3 is between 4 and 9 pmol/L, whereas the 
concentration of free T4 is between 9 and 25 pmol/L and 
that of TSH is between 0.1 and 4.5 μIU/mL. The half-life of 
T4 is 6 to 7 days, whereas that of T3 is 24 hours. THs enter the 
cell and bind to nuclear receptors, which mediate the activ-
ity of THs via modification of transcriptional activity. THs 
upregulate all cellular metabolic activities by increasing the 
number and the activity of mitochondria and accelerating 
the active transport of ions (potassium, sodium) and glu-
cose across cell membranes. THs also upregulate metabolic 
activities via nongenomic pathways (i.e., through other 
means than TH nuclear receptor binding).75 Physiologic 
amounts of THs have an anabolic effect and enhance pro-
tein synthesis.

In animal models, THs are necessary for anabolism,76 
but supraphysiologicl levels of THs are catabolic. In the 
ICU, up to 70% of patients have a “nonthyroidal illness 
syndrome” in which levels of T3 are diminished and T4 lev-
els are normal or lowered in the absence of thyroidal dis-
ease. TSH is not increased.77 These anomalies are caused 
by peripheral mechanisms. Type 1 deiodinase activity is 
decreased; thus less T4 is deiodinated into T3, whereas 
the activity of type 3 deiodinase is increased, inactivating 
THs.78 The activity of type 2 deiodinase remains almost 

unchanged during the acute phase of critical illness. 
Patients also have reduced levels of TH-binding protein, 
causing lower levels of circulating T4. Decreased levels of 
intracellular transport and of intranuclear receptor expres-
sion could be an adaptive mechanism, aimed at increasing 
tissue levels of the hormones, especially in the liver and 
the skeletal muscle.79,80

During protracted illness, hormonal disturbances are the 
consequence of hypothalamic–pituitary axis insufficiency: 
TRH and TSH levels are low.81 Decreased TRH secretion 
could be induced by raised levels of T3 at the hypotha-
lamic level, either via upregulation of type 2 deiodinase or 
a downregulation of type 3 deiodinase activity.82 Conse-
quently, secretion of TSH is also modified. TSH pulsatility 
is lost, and the amplitude of each pulse is decreased. The 
pathophysiologic mechanisms explaining these modifica-
tions are incompletely understood but may include imbal-
ance in proinflammatory and anti-inflammatory cytokines. 
However, their exact role remains controversial in animal 
and human studies.

Clinical trials of TH supplementation were undertaken 
in several small cohorts. T4 supplementation increased 
mortality in patients with acute renal failure.83 T3 supple-
mentation increased heart rate and vascular resistances 
without affecting mortality after major cardiac surgery.84 
The administration of TRH, associated with GHRH or 
GHRP-2, restored normal TSH and T3 levels without 
increasing rT3 levels.85 None of these trials showed any 
clinically relevant beneficial effect of TH supplementation 
in adults previously devoid of thyroidal disease.

Overall, there is no evidence suggesting any significant 
benefit from the administration of THs or GHs to the criti-
cally ill. Anabolic steroid androgens might improve surro-
gate outcomes such as weight gain after major surgery or 
burns. Finally, insulin, which is now broadly given to ICU 
patients to control blood glucose, may also provide some 
anabolic effects.
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How Do I Diagnose and Manage 
Acute Endocrine Emergencies in 
the ICU?

Noelle N. Saillant, Carrie A. Sims

Endocrine emergencies are frequently encountered in the 
intensive care unit (ICU). This chapter will focus on several 
of the more common disorders, including diabetic hyper-
glycemia, thyroid storm, myxedema coma, and adrenal 
insufficiency. Understanding the pathophysiology of these 
different disease states will enable the intensivist to make 
a rapid diagnosis, initiate proper therapy, and avoid major 
pitfalls.

DIABETIC KETOACIDOSIS

Diabetic ketoacidosis (DKA) is a life-threatening hyper-
glycemic condition that accounts for over 140,000 annual 
hospital admissions.1 With improved therapy, the age-
adjusted mortality rate has fallen dramatically and is 
currently less than 5%.2,3 Although DKA is considered a 
pathognomonic complication of insulin-dependent dia-
betes (type 1), 5% to 30% of people with type 2 diabetes 
may have this condition. The defining features of DKA 
include metabolic acidosis (arterial pH <7.35 with bicar-
bonate <16 mEq/L), hyperglycemia (>250 mg/dL), and 
ketonemia. The severity of DKA can be graded as mild, 
moderate, or severe according to the degree of metabolic 
acidosis and the presence of an altered mental status 
(Table 72-1).4,5

Pathophysiology

DKA is a dysregulated catabolic state that occurs in the 
setting of insulin deficiency coupled with high levels of 
counter-regulatory hormones such as glucagon, cortisol, 
catecholamines, and growth hormone.6 This hormonal 
imbalance inhibits carbohydrate metabolism with a pref-
erential shift toward fat metabolism. Impaired glucose 
uptake, increased gluconeogenesis, and enhanced lipolysis 
all contribute to a marked increase in serum glucose.7 To 
compensate for the increase in osmolarity, water is shifted 
from the intracellular to the extracellular compartment. 
Because the kidney cannot effectively reabsorb glucose in 
the presence of marked hyperglycemia, an osmotic diuresis 
ensues. Hypovolemia and profound electrolyte depletion 
soon follow.

DKA is defined by the development of acidosis. As 
the liver oxidizes free fatty acids, ketones (acetone, beta-
hydroxybutyrate, and acetoacetate) are generated. These 
ketones are relatively strong acids and deplete the body’s 
buffering capacity.8

Clinical Presentation

The symptoms of DKA are directly related to hypergly-
cemia and acidosis. Hyperglycemia leads to polyuria, 
polydipsia, and dehydration. The generation of ketoacids 
results in nausea, vomiting, and abdominal pain.9 The 
metabolic acidosis also triggers compensatory hyperven-
tilation with acetone excretion leading to a classic fruity 
odor on the patient’s breath. Although an increased white 
blood cell count is common even in the absence of an 
infection, a fever is rare and should prompt an aggres-
sive search for a concomitant infection. Likewise, an 
altered mental status is not typical and warrants further 
 investigation.

Therapy

In 2009, the American Diabetes Association published an 
updated consensus statement regarding the management 
of DKA in terms of fluids, electrolytes, and insulin therapy.4

Fluid and Electrolyte Replacement

Volume replacement is the initial therapy, and isotonic 
saline (0.9% NaCl) should be infused rapidly (1 to 2 L/h), 
even if the serum sodium is elevated. After intravascular 
volume repletion, fluids can be changed to 0.45% NaCl if 
the serum sodium is 140 mEq/L or greater.

Almost all patients with DKA will have an overall 
potassium deficit, primarily reflecting urinary losses; how-
ever, serum potassium is often initially elevated because 
potassium is shifted out of cells in response to the insu-
lin deficiency and hyperosmolality. With insulin therapy, 
potassium is returned to the intracellular space. Profound 
hypokalemia can result and may lead to life-threatening 
cardiac arrhythmias and respiratory muscle weakness. 
Potassium replacement should be initiated when the serum 
potassium concentration falls below 5.0 to 5.2 mEq/L.  
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If there urine output is adequate (>50 mL/h), potassium 
should be included in each liter of intravenous (IV) fluid 
(20 to 30 mEq) with the goal of maintaining the potassium 
in the range of 4.0 to 5.0 mEq/L.6

Likewise, phosphate levels in DKA are often deceptively 
elevated on presentation despite total body phosphate 
depletion. Although phosphate replacement has not been 
associated with improved clinical outcomes, supplementa-
tion is prudent when the serum phosphate concentration 
is less than 1.0 mg/dL to avoid cardiopulmonary muscle 
weakness.4,9

Despite significant acidosis (pH >7.0), supplemental 
bicarbonate is rarely needed and may contribute to wors-
ening intracellular acidosis and may increase the risk of 
hypokalemia and cerebral edema.10-12 Bicarbonate supple-
mentation should only be considered when the arterial pH 
is less than 6.9 and should be terminated once a pH greater 
than 7.0 is achieved.4

Insulin Therapy

Insulin therapy should only be initiated after adequate 
volume replacement and once the serum potassium  
is 3.3 mEq/L or greater. Once these goals have been 
achieved, a continuous infusion of regular insulin is 
recommended.4,13 Although a bolus of insulin has been 
traditionally used, a randomized trial has recently demon-
strated this “priming” bolus is unnecessary, and effective 
glycemic control can be achieved by starting the insulin 
drip at 0.14 U/kg/h.4 Glucose levels should decrease by 
50 to 70 mg/dL/h. The insulin infusion rate should be 
doubled until there is a steady rate of decline in the serum 
glucose concentration. Glucose should be hourly moni-
tored by finger stick and confirmed by frequent serum 
glucose measurements. It is important to note, however, 
that the serum glucose will normalize before ketoacid 
production stops.

Insulin therapy should be continued along with sup-
plemental glucose until the anion gap normalizes. An 
abrupt discontinuation of insulin can lead to a recurrence 
of hyperglycemia and ketoacidosis. Conversely, to prevent 

hypoglycemia, it is recommended that glucose be added  
to IV fluids and the insulin infusion adjusted once the 
serum glucose falls to 250 mg/dL or less. Normalization of 
glucose levels and reversal of the metabolic acidosis and 
anion gap should prompt a switch to subcutaneous (SQ) 
insulin, although the IV and SQ should overlap for several 
hours.6

Precipitating Factors

In most cases, a precipitating cause of DKA can be iden-
tified. Although noncompliance or inadequate insulin 
 therapy (i.e., insulin pump failure) can initiate a hypergly-
cemic crisis, DKA is frequently associated with infection. 
Myocardial ischemia, stroke, or other acute medical illness 
can also precipitate a diabetic crisis and should be care-
fully investigated. Finally, DKA has been associated with 
the use of glucocorticoids, thiazides, pentamidine, second- 
generation antipsychotics, and sympathomimetic agents 
including cocaine.4,5,14,15

Complications

Major complications are rare and frequently attributable 
to underlying medical conditions; however, several DKA-
specific complications warrant mention. Cerebral edema 
is an uncommon complication that primarily develops 
in children.18,19 Clinical symptoms include headache and 
behavioral and mental status changes that may rapidly 
progress to seizures, coma, and death. If neurologic find-
ings progress beyond lethargy and behavioral changes, 
then the mortality rate is over 70%, with only 7% to 14% 
of patients recovering without permanent disability. Treat-
ment is primarily supportive. Mannitol, hypertonic saline, 
and dexamethasone have been used, but their role has not 
been subjected to study.20 This devastating complication 
can be minimized by gradually correcting the sodium, 
water, and glucose abnormalities. Pulmonary edema 
can occur on occasion as the result of overzealous fluid 
replacement, poor cardiac function, or reduced osmotic 
pressure.

Table 72-1 Diagnostic Criteria for DKA and HHS

Criteria

DKA

HHSMild Moderate Severe

Plasma glucose (mg/dL) >250 >250 >250 >600

Arterial pH 7.25-7.30 7.00-7.24 <7.00 >7.30

Serum bicarbonate (mEq/L) 15-18 10 to <15 <10 >18

Urine ketones* Positive Positive Positive Small

Serum ketones* Positive Positive Positive Small

Effective serum osmolality† Variable Variable Variable >320

Anion gap‡ >10 >12 >12 Variable

Alteration in mental state Alert Alert/drowsy Stupor/coma Stupor/coma

*Nitroprusside reaction method.
†Effective serum osmolality = 2[measured Na+] + glucose/18.
‡Anion gap = [Na+] − ([Cl−] + [HCO3

−]).
DKA, diabetic ketoacidosis; HHS, hyperglycemic state.
Adapted from the 2009 American Diabetes Association consensus statement.4
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HYPEROSMOLAR HYPERGLYCEMIC 
STATE

Although various terms have been used in the past, the 
syndrome of hyperglycemia-induced volume depletion 
without acidosis is now referred to as a “hyperglycemic 
hyperosmolar state” (HHS) to capture the range of clinical 
variability involved.21 Although most patients with HHS 
have type 2 diabetes, 20% of patients will have no previ-
ous history of diabetes.22 In contrast to DKA, HHS occurs 
infrequently but carries a much higher mortality rate.23,24 
Importantly, patients usually do not die because of the 
severe hypertonicity associated with HHS, but rather as the 
result of the comorbidities that precipitated or developed 
during the treatment of HHS.25

The hallmark features of HHS are hyperglycemia (glu-
cose >600 mg/dL), hyperosmolality (>320 mOsm/kg), and 
volume depletion with an average total body water deficit 
of 9 L.26 Unlike DKA, HHS is not associated with a signifi-
cant acidosis. Mild ketonemia, however, does not preclude 
the diagnosis (Table 72-1).

Pathophysiology

The pathogenesis of HHS is similar to DKA. Traditionally, 
in HHS, serum insulin levels were thought to be sufficient 
to prevent the severe ketogenesis, but not high enough to 
prevent hyperglycemia.7 This theory, though, is not sup-
ported by measurements of serum insulin. More likely, 
the lack of ketogenesis in HHS is related to lower levels 
of counter-regulatory hormones (e.g., glucagon, catechol-
amines).27

As with DKA, insulin deficiency coupled with an altered 
counter-regulatory hormone profile leads to increased glu-
coneogenesis and impaired glucose use. Large amounts of 
glucose saturate the urine and impair the concentrating 
capacity of the kidney. If adequate fluid intake is preserved 
and renal perfusion is maintained, then major hyperglyce-
mia will not develop. If renal function deteriorates because 
of underlying kidney disease or intravascular volume 
depletion, though, plasma glucose levels will increase, and 

hyperosmolality will develop. Profound hyperglycemia 
(glucose >600 mg/dL) and hyperosmolality (>320 mOsm/
kg) lead to an exuberant osmotic diuresis and severe dehy-
dration.

Clinical Presentation

Although HHS typically occurs in the elderly, it may occur 
at any age. Symptoms are primarily related to hypergly-
cemia (e.g., polydipsia, polyuria, fatigue, and visual dis-
turbances) and profound dehydration (e.g., weakness, 
anorexia, weight loss, dizziness, confusion, and lethargy). 
The most common clinical presentation is altered mental 
status and neurologic symptoms.21 Central nervous symp-
toms typically occur when the osmolality reaches 230 to  
330 mOsm/kg and range from headache to seizures to 
coma.

Therapy

Although there are some important differences, the treat-
ment of DKA and HHS are very similar.

Fluid and Electrolyte Replacement

Fluid and electrolyte deficits are often more profound than 
those seen with DKA, but they may not be appreciated on 
the initial chemistry values. Volume resuscitation is the 
mainstay of therapy and can lower serum glucose by as 
much as 50%. This is primarily due to improved renal per-
fusion and subsequent excretion of glucose. After the initial 
resuscitation, corrected serum sodium should be calculated 
with the following equation:

Corrected Na+ = 1.6 (glucose − 100)/100.

Replacement of one half of the fluid deficit within the 
initial 12 hours followed by the remainder over the next 12 
to 24 hours is recommended. More gradual administration 
may be needed in patients younger than 20 years to avoid 
cerebral edema.28

The free water deficit can be estimated with the follow-
ing formula:

Free water deficit = TBW × (([Na+]calc/[Na+]normal) − 1)

where
TBW (total body water) = body weight (kg) × 0.6 for 

males (or 0.5 for females).
Although the initial potassium levels may be normal or 

elevated, patients with HHS have a significant potassium 
deficit. Replacement should be initiated when serum val-
ues are between 3.3 and 5.3 mEq/L if urine output is suf-
ficient. Phosphate and magnesium replacement are only 
needed when levels are extremely low.4

Insulin Therapy

Adequate intravascular volume resuscitation should pre-
cede instituting insulin therapy to prevent vascular col-
lapse. As with DKA, a potassium level of 3.3 mEq/L or 
less should be treated before initiating insulin therapy. The 
rate of decrease of glucose tends to be more precipitous in 
HHS than in DKA because these patients tend to be more 
volume depleted. The serum glucose should be maintained 
between 250 and 300 mg/dL until the plasma osmolality is 

AUTHORS’ RECOMMENDATIONS

 •  Estimated water and sodium deficits should be gradually 
corrected with normal saline. For the risk of cerebral edema to 
be minimized, plasma osmolality should not be reduced too 
rapidly.

 •  IV insulin therapy is recommended for severe or complicated 
DKA.

 •  Dextrose should be added to the IV fluids once serum glucose 
levels reach 200 mg/dL. Serum glucose levels should be main-
tained at 200 mg/dL or greater until ketogenesis resolves.

 •  The resolution of DKA can either be assessed by directly mea-
suring beta-hydoxybutyrate or by measuring the serum anion 
gap.

 •  Potassium should be given when the serum potassium con-
centration is 5.3 mEq/L or less. Correction of potassium levels 
should be started before starting insulin therapy if the serum 
concentration is 3.3 mEq/L or less.

 •  Sodium bicarbonate therapy is not indicated in patients with an 
arterial pH greater than 7.00.  



526    Section XV ENDOCRINE CRITICAL CARE

315 mOsm/kg or less and the patient is mentally alert.4 The 
use of a SQ insulin protocol to initially treat HHS has not 
been investigated.

Precipitating Factors

The two most common precipitating factors in the devel-
opment of HSS are inadequate insulin therapy and infec-
tion.29 Because infection precipitates 60% of HHS cases, 
cultures should be taken and antibiotics should be insti-
tuted early.23 Myocardial infarction or stroke also may 
provoke the release of counter-regulatory hormones and 
promote gluconeogenesis. Medications that affect carbohy-
drate metabolism (e.g., glucocorticoids, thiazide diuretics, 
phenytoin, beta blockers) may also play a contributing role, 
and an association with alcohol and cocaine use has been 
observed.29,30

Complications

Although serious complications are frequently the result 
of underlying comorbidities, subclinical rhabdomyolysis is 
common in HHS and may contribute to acute renal failure. 
Cerebral edema has also been described but is thankfully 
rare.

THYROTOXIC CRISIS

Thyrotoxic crisis, or thyroid storm, is an acute, potentially 
life-threatening state that occurs in patients with untreated 
or incompletely treated hypothyroidism. Although the 
incidence of hyperthyroidism ranges between 0.02% and 
1.3%, only 1% to 2% of patients with thyrotoxicosis will 
develop thyroid storm.31-35 If untreated, the mortality from 
thyroid storm can be extremely high (90%). With early 
management, mortality is 10% to 20%.31,34,35

Pathophysiology

Thyroid hormone secretion is tightly regulated by the hypo-
thalamic-pituitary-thyroid axis. Thyrotropin- releasing 
hormone (TRH) is released from the hypothalamus and 
stimulates the synthesis and secretion of thyroid-
stimulating hormone (TSH). In turn, TSH controls the 

synthesis and secretion of the thyroid hormones, thyrox-
ine (T4) and triiodothyronine (T3). Over 99.5% of serum 
T4 and T3 are protein bound and metabolically inactive. 
The small percentage of free T4 and T3 influence metabolic 
function and modulate the release of TRH and TSH via 
negative feedback.36

Interestingly, T4 has limited activity and must be con-
verted to the more active hormone T3 by deiodinases. 
More than 80% of the available T3 is synthesized in periph-
eral tissues such as the kidney and liver. T3 directly binds 
to cytoplasmic thyroid hormone receptor complexes and 
migrates with additional regulatory elements to the nucleus 
to directly activate or inhibit expression of genes encod-
ing proteins that modulate cellular metabolism, adrenergic 
responsiveness, and thermoregulation.37 Hyperthyroidism 
typically results from an overactive thyroid nodule or gland. 
Less commonly, excessive pituitary secretion of TSH or the 
overingestion of thyroid hormone can result in hyperthy-
roidism.38 The pathologic transition from hyperthyroidism 
to thyroid storm is not fully understood, but it usually occurs 
in the setting of surgery, sepsis, injury, or other acute medical 
illness. Although total thyroid hormone levels may not be 
significantly higher than those observed in uncomplicated 
thyrotoxicosis, higher levels of free thyroid hormone and 
lower levels of binding proteins have been demonstrated.39 
Elevated catecholamines in acute illness or trauma may fur-
ther stimulate the synthesis and release of thyroid hormone.

Clinical Presentation

Thyroid storm can occur in the setting of hyperthyroidism 
from any cause, but it most frequently occurs as a complica-
tion of Graves disease. Thyroid storm classically presents 
with fever (>38.5° C) and profound tachycardia. Other 
cardiac findings may include atrial fibrillation, congestive 
heart failure, hypotension, and shock.40 Gastrointestinal 
symptoms include nausea, vomiting, diarrhea, abdominal 
pain, and occasionally liver failure.41 Gastrointestinal fluid 
losses may be profound, and dehydration may contribute to 
multiorgan failure. Central nervous system symptoms are 
common and range from confusion to psychosis to coma.37

Serum T4 or T3 values cannot be used to differentiate 
thyrotoxicosis from thyroid storm—the diagnosis must 
be made on clinical grounds. Burch and Wartofsky devel-
oped a clinical scoring system to standardize the diagnosis 
(Table 72-2). A score of 45 or more is highly suggestive of 
thyroid storm, a score of 25 to 44 is concerning for impend-
ing thyroid storm, and a score less than 25 makes thyroid 
storm unlikely.36

In addition to altered thyroid parameters, elevated 
blood urea nitrogen and creatinine, hypercalcemia, ane-
mia, thrombocytopenia, leukocytosis or leukopenia, and 
hyperglycemia may be present. Liver function tests are 
frequently elevated. Concomitant adrenal insufficiency, 
especially in the setting of Graves disease, should be 
ruled out.42

Treatment

The therapeutic goals of treating thyroid storm are to 
(1) decrease hormone production and secretion, (2) 
block the conversion of T4 to T3, and (3) antagonize the 

AUTHORS’ RECOMMENDATIONS

 •  Normal saline should be administered slowly so that the 
estimated water and sodium deficits can be corrected over the 
first 24 hours. For the risk of cerebral edema to be minimized, 
plasma osmolality should not be reduced by more than 3 mos-
mol/kg/h.

 •  IV insulin therapy—a bolus followed by an infusion—is recom-
mended.

 •  Dextrose should be added to the IV fluids once serum glucose 
levels reach 300 mg/dL. Serum glucose levels should be 
maintained between 250 and 300 mg/dL until the osmolality is 
315 mOsm/kg or less and the patient is mentally alert.

 •  Supplemental potassium chloride should be given when the 
serum potassium concentration is 5.3 mEq/L or less. Potassium 
replacement should be given before starting insulin therapy if 
the serum concentration is less than 3.3 mEq/L.  



Chapter 72 How Do I Diagnose and Manage Acute Endocrine Emergencies in the ICU?    527

catecholaminergic effects of thyroid hormone (Table 72-3 
and Figure 72-1).

Decrease Hormone Production and Secretion

Thionamides such as propylthiouracil and methimazole 
will effectively block new thyroid hormone synthesis, but 
they do not prevent the release of stored hormone.43,44 

Thionamides also have immunosuppressive properties 
that decrease expression of antithyroptropin-receptor anti-
bodies.37 Propylthiouracil also inhibits the peripheral con-
version of T4 to T3.

High-dose iodine administration can acutely block 
the release of T4 and T3. Iodine products, though, should 
only be given after thyroid synthesis has been blocked 
for several hours. If synthetic function is not adequately 
inhibited, then the iodine bolus will enhance thyroid hor-
mone synthesis and can exacerbate the thyrotoxicosis.45 
Iodine enrichment will also complicate postcrisis treat-
ment options.

Iopanoic acid and other iodinated oral radiographic 
contrast agents have extremely high iodine concentra-
tions and can be used, off-label, in lieu of iodine solutions. 
In addition to decreasing thyroid hormone release, these 
agents attenuate the effects of thyroid hormone by decreas-
ing the hepatic uptake of T4, inhibiting the peripheral con-
version of T4 to T3 and blocking the cellular binding of T4 
and T3.38,46 Thyroid synthesis should be blocked before use 
to prevent enriched thyroid hormone production.

Lithium carbonate also can block the formation and 
release of thyroid hormone and is an option for patients 
who are allergic to iodine.37 Because of a narrow therapeu-
tic window, lithium is not considered a first-line therapy.47 
Lastly, l-carnitine blocks the nuclear uptake of thyroid hor-
mone and has been suggested as a treatment of thyrotoxi-
cosis in combination with methimazole.48

Decrease Peripheral Conversion of T4 to T3

Glucocorticoids can effectively reduce the peripheral deio-
dination of T4 to T3 and may be helpful in modulating the 
autoimmune disorder of Graves disease. Glucocorticoids 
are used even with “normal” cortisol levels because steroid 
therapy may improve survival.49-51

As previously mentioned, propylthiouracil and iopa-
noic acid also decrease the peripheral deiodination of T4 
to T3. In contrast, cholestyramine reduces circulating thy-
roid hormone by inhibiting enterohepatic recirculation.51 
Finally, there are case reports describing the use of plasma-
phoresis, hemoperfusion, and plasma exchange as methods 
for reducing autoimmune antibodies, immune complexes, 
and thyroid levels in critically ill patients refractory to con-
ventional therapies.52-56

Antagonize Adrenergic Effects of Thyroid Hormone

β-Adrenergic blockade remains a mainstay of therapy 
but should be used cautiously in patients with congestive 
heart failure. In addition to their antiadrenergic effects, 
beta blockers also inhibit the peripheral conversion of T4 to 
T3. In addition to the expected cardiac effects, these agents 
markedly improve agitation, confusion, psychosis, diapho-
resis, diarrhea, and fever.33 Diltiazem, a calcium channel 
antagonist, may provide an alternative method of control-
ling adrenergic symptoms.57,58

Supportive Care

Supportive care is essential and should be provided in 
an ICU environment. Atrial fibrillation is observed in up 
to 40% of patients with thyroid storm. Many patients will 
require vigorous fluid resuscitation. If hypotension persists 
despite adequate volume resuscitation, then vasopressors 

Table 72-2 Diagnostic Scoring System for Thyroid 
Storm

Physiologic Parameters Points

THERMOREGULATORY DYSFUNCTION

Temperature (°F)

 99-99.9 5

 100-100.9 10

 101-101.9 15

 102-102.9 20

 103-103.9 25

 ≥104.0 30

CENTRAL NERVOUS SYSTEM DYSFUNCTION

Absent 0

Mild (agitation) 10

Moderate (delirium, psychosis, extreme lethargy) 20

Severe (seizures, coma) 30

GASTROINTESTINAL-HEPATIC DYSFUNCTION

Absent 0

Moderate (nausea, vomiting, diarrhea, abdominal pain) 10

Severe (unexplained jaundice) 20

CARDIOVASCULAR DYSFUNCTION

Tachycardia (beats/min)

 90-109 5

 110-119 10

 120-129 15

 ≥140 25

Congestive Heart Failure

 Absent 0

 Mild (pedal edema) 5

 Moderate (bibasilar rales) 10

 Severe (pulmonary edema) 15

Atrial Fibrillation

 Absent 0

 Present 10

PRECIPITATING EVENT

Absent 0

Present 10

Adopted from Burch HB, Wartofsky L. Life-threatening thyrotoxicosis. Thyroid 
storm. Endocrinol Metab Clin N Am 1993:22:263–277.36
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may be needed and hydrocortisone supplementation 
should be considered.

Hyperpyrexia should be treated with external cooling 
methods and acetaminophen. Salicylates, such as aspirin, 
should be avoided because they can inhibit hormone- 
protein binding and increase free hormone levels.48

Precipitating Factors

An infection, acute medical illness, or sympathomimetic 
agents may precipitate the development of thyroid storm 

by increasing circulating catecholamines.59 Amiodarone 
and other iodinated medications may also precipitate thy-
rotoxicosis and subsequent thyroid crisis in those with 
underlying thyroid disease. Finally, withdrawal or non-
compliance with antithyroid medications may contribute 
to thyrotoxicosis.47

Definitive Treatment

Patients with a history of thyroid storm should undergo 
definitive treatment with either radioactive iodine ablation 

Table 72-3 Pharmacologic Management of Thyroid Storm

Medication Mechanism of Action Dosage

Propylthiouracil Inhibits new hormone synthesis; decreases T4 to T3 conversion 200-400 mg po q 6-8 hr

Methimazole Inhibits new hormone synthesis 20-25 mg po q 6 hr

Lugol solution Blocks release of hormone from gland 4-8 drops po q 6-8 hr

Saturated solution of potassium 
iodide (SSKI)

Blocks release of hormone from gland 5 drops po q 6 hr

Iopanoic acid Blocks release of hormone from gland; inhibits T4 to T3 conversion 1 g po q 8 hr for 24 hr

then 500 mg po q 12 hr

Lithium carbonate Blocks release of hormone from gland; inhibits new hormone synthesis 300 mg po q 8 hr

Cholestyramine Decreases enterohepatic resorption of thyroid hormone 4 g po qid

Propranolol β-Adrenergic blockade; decreases T4 to T3 conversion 1-2 mg IV q 10-15 min

20-120 mg po q 4-6 hr

Esmolol β-Adrenergic blockade 50-100 μg/kg/min

Diltiazem Decreases adrenergic symptoms 5-10 mg/hr IV

60-120 mg po q 6-8 hr

Reserpine Decreases secretion of catecholamines 2.5-5 mg IM q 4-6 hr

Guanethidine Decreases secretion of catecholamines 30-40 mg po q 6 hr

Hydrocortisone Decreases T4 to T3 conversion; vasomotor stability 100 g IV q 8 hr

IM, intramuscular; IV, intravenous; T3, triiodothyronine; T4, thyroxine.

Figure 72-1. Changes in hypothalamic-pitu-
itary-thyroid axis in critical illness. rT3, reverse 
triiodothyronine; T2, diiodothyronine; T3, triio-
dothyronine T4, thryroxine; TRH, thyrotropin-
releasing hormone; TSH, thyroid-stimulating 
hormone.

TRH

TSH

T4

T3 rT3

T2

Cytokines, glucocorticoids,
amiodarone, propranolol inhibit
5’ monodeiodinase activity 

Cytokines, glucocorticoids,
amiodarone, propranolol inhibit
5’ monodeiodinase activity 

Glucocorticoids
Dopamine
Dobutamine
Cytokines
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or surgical thyroidectomy. If iodine was used in manage-
ment of the acute crisis, then radioactive ablation should 
be postponed several months until the iodine stores are 
depleted. Surgical resection can be performed after treat-
ment with iodine, although there is an increased risk of 
perioperative thyroid storm. This risk is substantially 
decreased if thyroid hormone levels are carefully moni-
tored and normalized before surgery.

MYXEDEMA COMA

Myxedema coma is the result of severe, decompensated 
hypothyroidism leading to a depressed mental status, 
hypotension, and hypothermia. It is a serious, but rare, 
medical emergency that carries a high mortality rate (20% 
to 50%) even with early diagnosis and appropriate ther-
apy.61-63

Pathophysiology

Decreased thyroid function results in a depressed basal 
metabolic rate, decreased oxygen consumption, and 
impaired energy production. The cardiovascular system 
is particularly susceptible. Decreased β-adrenergic respon-
siveness and diminished thermogenesis lead to increased 
systemic vascular resistance, diastolic hypertension, and 
decreased blood volume.64,65 In addition, depressed myo-
cardial contractility and bradycardia result in low cardiac 
output, profound hypotension, and diminished cerebral 
perfusion.66

Primary hypothyroidism occurs when there is perma-
nent loss or atrophy of thyroid tissue and accounts for 
90% to 95% of cases of myxedema coma. Most patients 
will have an elevated serum TSH level and low free T4 
values. Although myxedema coma can occur in patients 
with hypothalamic or pituitary dysfunction (central hypo-
thyroidism), this is extremely rare (<5% of cases).64 These 
patients will have a normal or low TSH value in the setting 
of a low free T4 concentration.

Clinical Presentation

Patients with hypothyroidism are frequently elderly 
women. Physical findings include dry skin, thin hair, a 

hoarse voice, and delayed deep tendon reflexes. Classi-
cally, mucin deposition (myxedema) may cause nonpitting 
edema of the hands and feet, periorbital swelling, and mac-
roglossia.

Progression to myxedema coma is characterized by men-
tal status changes and hypothermia. In a retrospective review 
of 24 patients, 88% presented with a temperature less than 
94° F (34° C).67 Importantly, the mortality of myxedema cor-
relates directly with the degree of hypothermia, and a core 
temperature less than 90° F (32° C) is associated with a worse 
prognosis.64

Myxedema coma is associated with derangements of 
every organ system. Cardiovascular findings include bra-
dycardia, prolongation of the QT interval, heart block, 
depressed cardiac contractility, and hypotension.68 Without 
the administration of thyroid hormone, hypotension may 
become refractory to vasopressor support. Central depres-
sion and respiratory muscle weakness also frequently 
result in hypoventilation, respiratory acidosis, and hypox-
emia.69,70 As such, most patients require mechanical venti-
lation.64,70 Finally, gastrointestinal complaints are common 
and decreased gastrointestinal motility limits the use of 
oral medications and enteral nutrition. Therefore thyroid 
hormone treatment should be intravenously given.

Laboratory values are notable for hyponatremia and 
hypoglycemia.71-73 Although infection is frequently a pre-
cipitating cause of myxedema coma, an elevated white 
blood cell count is frequently absent.

Therapy

Given the lethality of untreated myxedema coma, therapy 
should be instituted without waiting for laboratory confir-
mation. Before therapy is initiated, though, thyroid func-
tion tests should be drawn. In addition to measuring serum 
TSH and free T4, a cortisol level should also be obtained. 
Appropriate hormonal supplementation will normalize the 
basal metabolic rate and reverse all symptoms and signs 
of hypothyroidism.74 Some neuromuscular and psychiatric 
symptoms, however, may take months to disappear.75

Hormonal Replacement Therapy

Given the rarity of myxedema coma, there are no random-
ized clinical trials comparing treatment regimens. Thyroid 
hormone therapy is critical, but it may precipitate cardiac 
arrhythmias or ischemia. In addition, thyroid replacement 
may unmask coexisting adrenal insufficiency and precipi-
tate an adrenal crisis.76 Hydrocortisone should be given in 
conjunction with thyroid replacement.64

Because the conversion of T4 to T3 is impaired in severe 
hypothyroidism, IV T3 may be preferable given its greater 
biologic availability. T3 rapidly achieves effective tissue 
levels and may positively affect survival.77 Moreover, T3 
crosses the blood-brain barrier more readily than T4 and 
may hasten the improvement of neurologic symptoms.78 
Treatment with IV T4 can also be used. Because the patient’s 
inherent tissue deiodinase activity is required to convert T4 
to T3, significant clinical improvement may take 1 to 3 days. 
This slower onset of action, though, theoretically decreases 
the likelihood of cardiac complications.79

A third treatment option is to supplement both T4 and 
T3. In theory, this provides T3 at a subtherapeutic dose for 

AUTHORS’ RECOMMENDATIONS

 •  Thyroid storm is a rare condition that presents with exagger-
ated features of hyperthyroidism.

 •  Thyroid function tests cannot be used that differentiate thyro-
toxicosis from thyroid storm.

 •  Pharmacologic treatment of thyroid storm includes thion-
amides to decrease hormone synthesis, a beta blocker to 
antagonize the adrenergic effects, a steroid to decrease periph-
eral hormone conversion, and occasionally iodine to prevent 
hormone release.

 •  Hydrocortisone is given for the increased risk of concomitant 
adrenal insufficiency and to inhibit the peripheral conversion of 
T4 to T3.

 •  After resolution of the crisis, patients should be evaluated for 
definitive management (e.g., radioiodine ablation or surgical 
thyroidectomy).  
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immediate action as well as a loading dose of T4. Although 
there are no clinical studies validating this approach, this 
regimen attempts to provide physiologic balance between 
efficacy and safety.64

Precipitating Factors

The presence of a precipitating infection or concurrent 
acute illness should be investigated. Typical signs of 
infection (e.g., fever, tachycardia) may not be present 
in the patient with myxedema coma, and patients who 
die frequently have unrecognized infection and sep-
sis. Empiric antibiotics are warranted until cultures are 
proven negative.

Monitoring Therapy

Patients should be carefully monitored for the develop-
ment of tachyarrhythmias or myocardial ischemia during 
IV thyroid administration. Initially, TSH and free T4 levels 
should be closely followed to prevent overtreatment. In 
patients with central hypothyroidism, TSH levels will not 
reflect the adequacy of treatment, and free T4 levels should 
be monitored and maintained in the upper-normal range.
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How Does One Diagnose, Treat, 
and Reduce Delirium in the 
Intensive Care Unit?

E. Wesley Ely, Arna Banerjee, Pratik P. Pandharipande

Delirium, a disturbance of consciousness and cognition, 
may occur in up to 80% of intensive care unit (ICU) patients 
and is frequently underdiagnosed.1-3 Delirium is associ-
ated with longer durations of mechanical ventilation and 
ICU length of stay as well as an increased risk of death, 
disability, and long-term cognitive dysfunction.4-8

This chapter aims to broadly define delirium, discuss 
the associated subtypes and risk factors, and provide the 
basis for clinicians to develop strategies aimed at prevent-
ing and treating delirium in their practice settings.

DEFINITION

The Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5)9 defines delirium as (1) disturbance of conscious-
ness (i.e., reduced clarity of awareness of the environment) 
with reduced ability to focus, sustain, or shift attention. 
(2) A change in cognition (e.g., memory deficit, disorienta-
tion, language disturbance) or development of a perceptual 
disturbance that is not better accounted for by a preexist-
ing, established, or evolving dementia. (3) The disturbance 
develops over a short period (usually hours to days) and 
tends to fluctuate during the course of the day. (4) There is 
evidence from the history, physical examination, or labo-
ratory findings that the disturbance is caused by a direct 
physiologic consequence of a general medical condition, an 
intoxicating substance, medication use, or more than one 
cause.

Delirium has been further differentiated according 
to the level of alertness; the motoric subtypes consist of 
hyperactive, hypoactive, and mixed subtypes.10 Distribu-
tion of delirium in medical and surgical patients suggests 
that the hypoactive subtype, characterized by a flat affect, 
withdrawal, apathy, or lethargy, is the most prevalent. The 
hyperactive delirious patient is described as agitated, rest-
less, violent, or emotionally labile. Although challenging to 
manage clinically, the weight of evidence suggests a bet-
ter overall prognosis for the hyperactive patient compared 
with the hypoactive delirious patient.11 Nevertheless, 
two published studies contradict these findings, suggest-
ing either that the hyperactive subtype carries a poorer 

prognosis12 or that there is no difference in outcomes by 
subtype.13 The rates of prevalence of the subtypes of delir-
ium in the ICU are 1.6% for the hyperactive subtype, 43.5% 
for the hypoactive subtype, and 54.1% for the mixed sub-
type.10 The Delirium Motor Subtype Scale may aid in mak-
ing this diagnosis.14

RISK FACTORS

The causes of delirium are multifactorial. The risk factors 
can be divided into predisposing factors (i.e., host factors) 
and precipitating factors (Table 73-1). Patients in the hospi-
tal at a higher risk for having delirium include patients with 
dementia, chronic illness, advanced age, existing infection, 
and depression. Modifiable risk factors such as hyperten-
sion, poor nutrition, substance withdrawal, and tobacco use 
have also been shown to be associated with development 
of delirium in the hospital. Iatrogenic or potentially modi-
fiable factors include hypoxia, metabolic and electrolyte  
disturbances, infection, dehydration, hyperthermia,  sepsis, 
psychoactive medications, and sleep deprivation.15-17 There 
has been much research on postoperative delirium, espe-
cially in those undergoing cardiopulmonary bypass, with 
a retrospective study showing a decreased incidence of 
delirium in patients pretreated with statins.18 ICU statin use 
has been associated with reduced delirium, especially early 
during sepsis, whereas the discontinuation of a previously 
used statin was associated with increased delirium.19,20  
Benzodiazepine use has also been associated with an 
increased incidence of delirium.21-23 In addition, heart sur-
gery without cardiopulmonary bypass appears to confer an 
advantage in decreasing delirium, suggesting that electro-
lyte or metabolic disturbances play a role in the develop-
ment of delirium.24

PATHOGENESIS

The pathogenesis of delirium is complex and still poorly 
understood. Maldonado has postulated that the differ-
ent mechanisms that may play a role in delirium are all 

73
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“complementary, rather than competing.” Imbalance or 
derangement of multiple neurotransmitter systems has 
been implicated in the pathophysiology of delirium.

NEUROINFLAMMATORY RESPONSE 
HYPOTHESIS

Inflammatory mediators such as cytokines and chemo-
kines are readily expressed in critical illness, trauma, sep-
sis, and after surgical interventions. Animal studies have 
demonstrated that the release of endogenous inflamma-
tory mediators correlates with exacerbated cognitive and 
motor symptoms25 and increased vascular permeabil-
ity in the brain.26 Studies have shown that sepsis, severe 
sepsis, and septic shock are characterized by significantly 
elevated C-reactive protein (CRP), S-100β, and cortisol in 
those patients with delirium compared with those with-
out delirium.27-29 Cerebral autoregulation is disturbed 
and inflammation may impede endothelial function of the 
cerebral vasculature, thus making the blood–brain barrier 
more permeable to inflammatory insults. In support of this 
theory, a recent study in ICU patients has shown that endo-
thelial dysfunction is associated with greater duration of 
delirium.30 In another study, higher levels of procalcitonin 
at ICU admission were associated with prolonged dura-
tion of brain dysfunction, and higher levels of CRP showed 
trends toward an association.31 In addition, inflammation 
upregulates γ-aminobutryic acid (GABA)A receptors in 
the brain, contributing to the inhibitory tone within the 

brain and reducing brain synaptic connectivity.32 Thus, 
the iatrogenic administration of GABA-ergic medications 
such as benzodiazapines probably further contributes to 
the inhibition of neural pathways and increases the risk of 
delirium.

CHOLINERGIC DEFICIENCY HYPOTHESIS

Impaired oxidative metabolism in the brain results in a 
cholinergic deficiency. The finding that hypoxia impairs 
acetylcholine synthesis supports this hypothesis. The 
reduction in cholinergic function results in an increase in 
the levels of glutamate, dopamine, and norepinephrine in 
the brain. Serotonin and GABA are also reduced, possibly 
contributing to delirium.33,34

MONOAMINE AXIS HYPOTHESIS

Dopamine, norepinephrine, and serotonin have been 
implicated in acute brain dysfunction in the ICU. Dopa-
mine is thought to increase the excitability of neurons, and 
acetylcholine and GABA decrease neuronal excitability.35 
Norepinephrine activity has been associated with hyper-
active delirium,33 and the elevated norepinephrine levels 
seen after traumatic brain injury have been associated with 
poor neurologic status, decreased survival, and longer hos-
pital length of stay.36

Serotonin

Elevated serotonin levels have been associated with 
impaired learning and memory and may be indirectly 
involved in the pathogenesis of acute brain dysfunction.33

AMINO ACID HYPOTHESIS

Amino acid entry into the brain is regulated by a sodium-
independent large neutral amino acid transporter type-1. 
Increased cerebral uptake of tryptophan and phenylala-
nine, compared with that of other large neutral amino acids, 
can lead to elevated levels of dopamine and norepineph-
rine, two neurotransmitters that have been implicated in 
the pathogenesis of delirium.37-39 Although tryptophan has 
been postulated to play a role in delirium, a major pathway 
for its metabolism also exists via the kynurenine pathway. 
Activation of this pathway in the presence of inflammation 
may produce neurotoxic metabolites, which may predis-
pose patients to delirium.40

IMPAIRED OXIDATIVE METABOLISM

Oxygen deprivation in the brain through either hypoxia 
or hypoperfusion has been implicated in delirium. Engel 
and Romano discussed delirium as a state of “cerebral 
insufficiency” as early as 1959, when they showed that 
delirium was accompanied by diffuse slowing on electro-
encephalogram, suggesting a reduction in brain metabo-
lism.41 This may be further accentuated in the patient 

Table 73-1 Risk Factors for Delirium

Host Factors Acute Illness

Iatrogenic and 
Environmental 
Factors

Age 65 years or 
older

Acidosis Immobilization

Male sex Anemia Medications  
(e.g., opioids, 
benzodiazepines)

Alcoholism Fever, infection, sepsis Anticholinergic 
drugs

Apolipoprotein E4 
polymorphism

Hypotension Alcohol or drug  
withdrawal

Cognitive  
impairment

Metabolic distur-
bances (e.g., sodium, 
calcium, blood urea 
nitrogen, bilirubin)

Sleep disturbances

Dementia Respiratory  
disease

—

History of delirium — —

Depression — —

Hypertension — —

Smoking — —

Vision or hearing 
impairment

— —
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who already has compromised blood flow secondary to 
vascular dementia. Decreases in oxidative metabolism, as 
well as acetylcholine release, have been demonstrated in 
the aging brain,42 and preexisting cognitive dysfunction 
in the elderly patient, suggestive of chronic changes from 
vascular insufficiency, has been shown to be the most sig-
nificant predictor of the development of delirium in the 
postoperative period.43

RECOGNITION OF DELIRIUM

Early recognition of delirium is important, if only to avoid 
lengthening its course through exacerbation by iatrogenic 
factors. Therefore clinicians must use assessment tools that 
allow for timely, accurate assessment by a broad range 
of practitioners in various settings. Recognition becomes 
additionally difficult in the ICU setting because patients 
may have a purposefully altered sensorium secondary to 
sedation administered for procedures, pain, or mechanical 
ventilation. Therefore, assessment of a patient for delirium 
becomes a two-step process because it is important for the 
clinician first to establish the current level of sedation before 
assessing the patient for delirium. Examples of scales that 
can be used to assess sedation include the Ramsay Sedation 
Scale,44 the Riker Sedation-Agitation Scale,45 and the Rich-
mond Agitation-Sedation Scale (RASS).46,47

Once the level of sedation has been established and 
the patient is responsive to verbal stimulus, it is then 
appropriate for the clinician to assess for the presence of 
delirium. Although there have been multiple instruments 
validated for use in non-ICU patients, only two are vali-
dated for diagnosing delirium in mechanically ventilated 
patients: the Intensive Care Delirium Screening Checklist 
(ICDSC)48 and the Confusion Assessment Method for the 

ICU (CAM-ICU). The CAM-ICU is a scale that is based on 
the Confusion Assessment Method49,50 but is amended to 
increase its applicability in the ICU setting. It takes a trained 
ICU nurse approximately 2 minutes to complete the CAM-
ICU, and accuracy over a set of 471 paired observations in 
the ICU setting resulted in an accuracy rate of 98.4% with 
excellent inter-rater reliability.49 It has been validated in 
multiple ICU settings.51,52

A combination of the RASS for assessment of seda-
tion (Fig. 73-1) followed by the CAM-ICU (Fig. 73-2) or  

Proceed to
Step 2: Delirium
Assessment

Stop—Assess
for delirium
later

+4 Combative Overtly combative or violent,
immediate danger to staff

+3 Very agitated Pulls on or removes tube(s) or
catheter(s) or has aggressive behavior
toward staff

+2 Agitated Frequent nonpurposeful movement
or patient-ventilator dyssynchrony

+1 Restless Anxious or apprehensive but 
movements not aggressive or vigorous

–1 Drowsy Not fully alert, but sustained (>10
seconds) awakening to voice, with eye
contact

–2 Light sedation Briefly (<10 seconds) awakens with
eye contact to voice

–3 Moderate sedation Any movement (but no eye contact) to
voice

–4 Deep sedation No response to voice, but any
movement to physical stimulation

–5 Unarousable No response to voice or physical
stimulation

0 Alert and calm

STEP 1: Assess sedation (RASS)

Figure 73-1. Richmond Agitation-Sedation Scale (RASS),36,37 used to determine the level of sedation.

1: Acute onset of mental
status changes or a 
fluctuating course?

2: Inattention?
Not delirium

(CAM-ICU negative)

Delirium present
(CAM-ICU positive)

3: Disorganized thinking?

No

No

No

No

Yes

Yes

Yes Yes

4: Altered level of
consciousness?

Figure 73-2. Confusion Assessment Method for the Intensive Care 
Unit (CAM-ICU), used to determine the presence or absence of deliri-
um after the level of sedation has been assessed. (From Ely EW, Inouye 
SK, Bernard GR, et al. Delirium in mechanically ventilated patients: Validity 
and reliability of the confusion assessment method for the intensive care unit 
[CAM-ICU]. JAMA. 2001;286:2703–2710.)
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the ICDSC (Table 73-2) can be used for the establishment of 
delirium in ICU patients. The diagnosis of delirium using 
the CAM-ICU (after establishing a RASS score of −3 or less) 
requires (1) acute change or fluctuation in mental status 
(feature 1), and (2) inattention (feature 2), and (3) one of the 
following: (a) disorganized thinking (feature 3) or (b) altered 
level of consciousness (feature 4). Only those patients with 
a RASS score of −3 and higher are alert enough to respond 
to the test and thus can be assessed for delirium. For diag-
nosis of delirium with the ICDSC, patients who score at 
least 4 points are considered to have delirium.

Some recent studies have questioned whether delirium 
evaluations should be done while on sedation.53,54 It is 
important to note that a small subset of patients (∼10%) 
may have rapidly reversible sedation-related delirium53; 
that is, their delirium resolves when sedation is turned 
off. Unfortunately, in the study evaluating rapidly revers-
ible delirium, most patients continued to have persistent 
delirium even after sedation was interrupted. Thus, when 
feasible, delirium evaluation should also be done after 
interruption of sedation; however, delirium evaluations 
should not be forgone just because a patient is on sedation 
because the omission would be far worse than overdiag-
nosing delirium in a handful of patients.

PRIMARY PREVENTION

The prevention of delirium in the ICU requires constant 
reassessment of patients’ clinical courses and treatments. 
Several potential pathophysiologic contributors to delirium 
have been previously outlined. All have endpoints associ-
ated with cellular mechanisms, suggesting that avoiding 
metabolic derangements, including electrolyte abnormali-
ties, hypoglycemia, hypoxia, dehydration, and hyperther-
mia, are paramount in the prevention of delirium.

Medications have long been implicated in the devel-
opment of delirium, either because of their side effects or 
their direct effects on the central nervous system. The num-
ber of medications administered15 and their psychoactive 
effects55 are suggestive of precipitating delirium.

Another potential risk factor for delirium is alteration of 
the sleep cycle. Disruption of the sleep–wake cycle in the 
ICU may be necessary to continuously monitor and man-
age the critically ill patient. However, the toll on the patient 
may be high because multiple studies have shown that sleep 
disruption has detrimental effects on cognition and memory 
even in the healthy, non-ICU patient.56 Maintaining a sleep–
wake cycle whenever possible through nonpharmacologic 
or pharmacologic means may help prevent delirium.57

There has been some debate about whether the “pro-
tocolization” of patient care may reduce the incidence of 
delirium. In a study that included 852 general medical 
patients older than 70 years, standardized geriatrician-led 
protocols were developed for six risk factors of delirium: 
cognitive impairment, sleep deprivation, immobility, 
visual impairment, hearing impairment, and dehydration. 
Using these protocols resulted in a 40% reduction in the 
initial development of delirium in the intervention patients 
(95 vs. 16%).58 When these patients were assessed after  
6 months for 10 outcomes, including items such as func-
tional status, cognitive status, delirium, and rehospitaliza-
tion, only incontinence was slightly less common in the 
intervention group.59

Patients in the ICU frequently receive continuous intra-
venous analgesics and sedatives. Accumulation in indi-
vidual patients can predispose to a withdrawal syndrome 
on discontinuation. Because substance-induced delirium is 
one of the etiologies recognized by the DSM-5, it is no sur-
prise that analgesic and sedative polypharmacy contribute 
significantly; hence, strategies to reduce exposure to psy-
choactive medications need to be implemented.60

Table 73-2 Intensive Care Delirium Screening Checklist

Patient Evaluation

Altered level of consciousness (A-E) Deep sedation/coma over entire shift [SAS= 1, 2; RASS = -4,-5] = Not assessable
Agitation [SAS = 5, 6, or 7; RASS= 1-4] at any point = 1 point
Normal wakefulness [SAS = 4; RASS = 0] over the entire shift = 0 points Light sedation [SAS = 3; 

RASS= -1, -2, -3]: = 1 point (if no recent sedatives) = 0 points (if recent sedatives)

Inattention Difficulty in following a conversation or instructions. Easily distracted by external stimuli.  
Difficulty in shifting focuses. Any of these scores 1 point.

Disorientation Any obvious mistake in time, place, or person scores 1 point.

Hallucinations-delusion-psychosis The unequivocal clinical manifestation of hallucination or of behavior probably due to  
hallucination or delusion. Gross impairment in reality testing. Any of these scores 1 point.

Psychomotor agitation or retardation Hyperactivity requiring the use of additional sedative drugs or restraints to control potential 
danger to oneself or others. Hypoactivity or clinically noticeable psychomotor slowing.

Inappropriate speech or mood Inappropriate, disorganized, or incoherent speech. Inappropriate display of emotion related to 
events or situation. Any of these scores 1 point.

Sleep/wake cycle disturbance Sleeping less than 4 hours or waking frequently at night (do not consider wakefulness initiated  
by medical staff or loud environment). Sleeping during most of the day. Any of these scores  
1 point.

Symptom fluctuation Fluctuation of the manifestation of any item or symptom over 24 hours scores 1 point.

Total score (0-8)
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For the improvement of patient outcome and recovery, 
a liberation strategy focusing on the ABCDEs (Awakening 
and Breathing Trials, Choice of appropriate sedation, Delir-
ium monitoring and management, and Early mobility and 
Exercise) has been proposed and shown to decrease the 
incidence of delirium and coma and improve other patient 
outcomes.61,62

Awaken the Patient Daily

Benzodiazepines are known to increase the risk of delir-
ium in a dose-dependent manner.22,23 Many studies have 
shown that protocolized target-based sedation and daily 
spontaneous awakening trials reduce the number of days 
on mechanical ventilation. This also exposes the patient to 
lower cumulative doses of sedatives.63,64

Spontaneous Breathing Trials

Studies have shown that daily interruption of mechanical 
ventilation is superior to other varied approaches to venti-
lator weaning.65 Thus incorporation of spontaneous breath-
ing trials into practice reduced the total time on mechanical 
ventilation.

Coordination of Daily Awakening and Daily 
Breathing

The Awakening and Breathing controlled trial66 combined 
the spontaneous awakening trial with the spontaneous 
breathing trial. This combination was associated with 
shorter duration of mechanical ventilation, a 4-day reduc-
tion in hospital length of stay, a remarkable 32% decrease in 
risk of dying at 1 year, and no long-term neuropsychologi-
cal consequences of waking patients during critical illness.67 
Although delirium duration was not decreased, coma 
duration was reduced. Thus more patients in the interven-
tion group qualified for delirium evaluation as compared 
with the control group, where they were more likely to be in 
a state of coma so ineligible for delirium evaluation.

Choosing the Right Sedative Regimen in 
Critically Ill Patients

Numerous studies have confirmed that benzodiazepines 
are associated with poor clinical outcomes.1,23,68 Two stud-
ies comparing dexmedetomidine (alpha-2 agonist) to ben-
zodiazepine infusions showed that the former reduced the 
burden of brain dysfunction.71-73

Delirium Management

The Society of Critical Care Medicine (SCCM) has published 
guidelines recommending routine monitoring for delirium 
in all ICU patients.60 Pharmacologic therapy for delirium 
should only be attempted after correcting any contributing 
factors or underlying physiologic abnormalities.

Exercise and Early Mobility

Morris et al.74 showed that early initiation of physical 
therapy in ICU patients was associated with decreased 
length of ICU and hospital polypharmacy. Schweikert 

et al.75 looked at the efficacy of combining daily interrup-
tion of sedation with physical and occupational therapy 
on patient outcomes. Patients in the intervention arm had 
better functional outcomes at discharge, and early physi-
cal therapy was also associated with a 50% decrease in the 
duration of delirium in ICU and hospital stay. Needham 
et al.76 conducted a quality improvement project with the 
use of a multidisciplinary team that focused on reducing 
sedation use. The authors reported that benzodiazepine 
use decreased and the patients had improved sedation and 
delirium status. A decrease in ICU and hospital length of 
stay was also noted.

We have included an empirical protocol (Fig. 73-3) that 
we use to treat delirium in ICU settings that is based on the 
current SCCM Clinical Practice Guidelines. It is merely an 
example of such a protocol, and the use of a similar proto-
col should be updated with current data and designed to be 
implemented specifically at an individual institution. The 
choice of particular antipsychotics is not described because 
there are limited data guiding such recommendations.

PHARMACOLOGIC INTERVENTION

Although antidelirium medications in either the preven-
tive or treatment stage are appealing, there are currently 
none available that have the ability to alter the outcome 
of delirium. Before administering new psychotropic 
medications to the delirious patient, one must rule out all 
reversible causes that may be either the underlying etiol-
ogy of the delirium or that may be exacerbating the cur-
rent situation. Reversible causes that could precipitate or 
exacerbate delirium include hypoxia, hypercarbia, hypo-
glycemia, metabolic derangements, infection, or shock. 
Once a decision is made to use antipsychotic medications 
(typical or atypical), these medications should be indi-
vidualized (and minimized) to avoid associated adverse 
events.

Recommendations for delirium treatment strategies 
suggest that dexmedetomidine may be a better treatment 
strategy than one that is benzodiazepine based. There is no 
evidence for routine use of antipsychotic therapy for the 
treatment of delirium. Cholinesterase inhibitors should not 
be used to prevent or treat delirium.77

Haloperidol is a medication frequently used in the ICU 
for delirium. It may be given at an initial intravenous dose 
of 2 to 5 mg (0.5 to 2 mg in the elderly) and then repeated 
every 6 hours. Guidelines suggest a maximum dose of  
20 mg/day. The recent HOPE-ICU (HalOPeridol Effective-
ness in ICU delirium) trial unfortunately showed no benefit 
of treatment with haloperidol, but it still may be consid-
ered for acute agitation (hyperactive delirium). However, 
haloperidol must be used with caution because it has 
various adverse effects, including dystonias, neuroleptic 
malignant syndrome, extrapyramidal effects, and, the most  
worrisome, torsades de pointes. It should not be given to 
patients with electrocardiographic evidence of prolonged 
QT interval. QT interval daily measurements are recom-
mended when haloperidol is initiated.

Any of the atypical antipsychotic medications (olan-
zapine, risperidone, quetiapine, ziprasidone) may be 
considered, although data on their efficacy in treating 
delirium are sparse. In a small, 36-patient randomized 
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Delirium protocol

Sedation scale/
delirium assessment

Delirious
(CAM-ICU positive)

Consider differential dx
(e.g., sepsis, CHF, 

metabolic disturbances)

Nondelirious
(CAM-ICU
negative)

Reassess brain
function every shift

Treat pain and
anxiety

Remove deliriogenic drugs1

Nonpharmacologic protocol2

Stupor or coma while
on sedative and
analgesic drugs7

(RASS –4 or –5)

Does the patient
require deep sedation?

YES NO

Reassess target
sedation goal

every shift

Perform
SAT5

If tolerates
SAT, perform

SBT6If tolerates
SAT, perform

SBT6

RASS
+2 to +4

RASS
–1 to –3

RASS
0 to +1

Is the patient
in pain?

Yes No

Give
analgesic3

Give adequate
sedative for

safety, 
then minimize

Consider typical
or atypical

antipsychotics4

Assure adequate
pain control3
Consider typical
or atypical
antipsychotics4

Reassess
target sedation

goal or
perform SAT5

1. Consider stopping or substituting for deliriogenic
    medications such as benzodiazepines, anticholinergic
    medications (metochlorpromide, H2 blockers,
    promethazine, diphenhydramine), steroids, etc.
2. See nonpharmacologic protocol at right
3. Analgesia – Adequate pain control may decrease
    delirium. Consider intermittent narcotics if feasible.
    Asses with objective tool.
4. Typical or atypical antipsychotics – While tapering or
    discontinuing sedatives, consider haloperidol 2 to 5
    mg IV initially (0.5–2 mg in elderly) and then q 6 hours.
    Guideline for max haloperidol dose is 20 mg/day due
    to ~60% D2-receptor saturation. May also consider
    using any of the atypicals (e.g., olanzapine, quetiapine,
    risperidone, ziprasidone, or abilifide). Discontinue if
    high fever, QTc prolongation, or drug-induced rigidity.
5. Spontaneous Awakening Trial (SAT) – Stop sedation
    or decrease infusion (especially benzodiazepines) to
    awaken patient as tolerated.
6. Spontaneous Breathing Trial (SBT) – CPAP trial if on
    ≤50% and ≤8 PEEP and SpO2 >90%
7. Sedatives and analgesics may include benzodiazepines,
    propofol, dexmedetomidine, fentanyl, or morphine

Nonpharmacologic protocol2
Orientation
   Provide visual and hearing aids
   Encourage communication and reorient
   patient repetitively
   Have familiar objects from patient’s home
   in the room
   Attempt consistency in nursing staff
   Allow television during day with daily news
   Nonverbal music
Environment
   Sleep hygiene: Lights off at night, on during
   day. 
   Sleep aids (zolpidem, mirtazapine)
   Control excess noise (staff, equipment,
   visitors) at night
   Ambulate or mobilize patient early and often
Clinical parameters
   Maintain systolic blood pressure >90 mm Hg
   Maintain oxygen saturation >90%
   Treat underlying metabolic derangements
   and infections

Figure 73-3. An example of an empirical protocol used for the treatment of delirium in an intensive care unit setting. CAM-ICU, Confusion 
Assessment Method for the Intensive Care Unit; CHF, congestive heart failure; CPAP, continuous positive airway pressure; dx, diagnosis; PEEP, 
positive end-expiratory pressure; RASS, Richmond Agitation-Sedation Scale. (Courtesy Dr. E. W. Ely, http://www.icudelirium.org.)

http://www.icudelirium.org
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controlled trial, quetiapine was shown to be more effica-
cious in resolution of the first episode of delirium com-
pared with placebo. Likewise, single-dose riperidone has 
been shown to reduce delirium in cardiac ICU patients. 
These drugs also need to be used with caution and discon-
tinued if high fever, QT prolongation, or drug-induced 
rigidity occurs.
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AUTHORS’ RECOMMENDATIONS

 •  Delirium is a disturbance of consciousness and cognition oc-
curring over a short period. It is associated with significantly 
increased morbidity and mortality in critically ill patients.

 •  Subtypes of delirium include hyperactive, hypoactive, and 
mixed. The subtype may carry a prognostic implication, with 
hyperactive having a better prognosis.

 •  Many risk factors are associated with delirium, and some of 
these are modifiable or preventable by the clinician, such as 
hypoxia, metabolic and electrolyte disturbances, infection, 
dehydration, hyperthermia, sepsis, psychoactive medications, 
and sleep deprivation.

 •  Various cellular and metabolic processes are proposed causes 
for delirium, all of which are likely interrelated.

 •  There are multiple validated assessment tools for delirium. 
Patients in the ICU must first be assessed for their level of seda-
tion (with a scale such as the RASS) and then for the presence 
of delirium (with a scale such as the CAM-ICU or the ICDSC).

 •  Minimizing sedation by using tactics such as daily interrup-
tions for sedation helps reduce the exposure to deliriogenic 
psychoactive medications.

 •  Benzodiazepines should be avoided in the ICU, except for 
the treatment of specific conditions. Alternatives for sedation 
include haloperidol, atypical antipsychotics, dexmedetomidine, 
and remifentanil, although additional studies are required to 
determine the role of these medications in preventing and treat-
ing delirium.  
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How Should Trauma Patients Be 
Managed in the Intensive Care 
Unit?

Brian P. Smith, Patrick M. Reilly

Each year, in the United States, more than 2.5 million people 
are killed or hospitalized as a result of traumatic injuries.1 
Over one quarter of these patients are treated in an intensive 
care unit (ICU) at some point during their hospital stays.2 
With mortality rates exceeding 20% for the most severely 
injured patients (injury severity score [ISS] > 25),3 it stands 
to reason that the delivery of high-quality health care to 
trauma patients in an ICU setting plays a paramount role 
in their resuscitation and recovery.

INFRASTRUCTURE

The first step in the provision of high-quality trauma ICU 
care is delivery of the trauma patient to an ICU capable of 
rendering that care. In this regard, trauma patients should 
be cared for at hospitals with specialty trauma services. 
Population-based estimates have demonstrated a relative 
risk (RR) for mortality of 0.80 (95% confidence interval 
[CI], 0.66 to 0.98) for trauma patients treated at trauma 
centers compared with case mix-matched patients treated 
at nontrauma centers.4 Multiple studies have confirmed 
this model of care as successful and cost effective.4-6 There  
remains debate regarding the source of this outcome 
advantage. Specifically, it is unclear whether the advantage 
derives from the absolute volume of the trauma center or 
the level of trauma center designation (and the resources 
associated with that designation).7-10

There is much less uncertainty about the role of inten-
sivists in caring for these patients. In 2006, Nathens and 
colleagues demonstrated that, when compared with 
“open” ICUs, the intensivist model was associated with 
an RR of death of 0.78 among trauma patients in a large 
multicenter prospective cohort study.11 This effect was 
more pronounced among elderly patients (RR of death, 
0.55), in ICUs in trauma centers (RR of death, 0.64), and 
in units directed by surgically trained intensivists (RR of 
death, 0.67). Similar data have shown not only improved 
mortality but also lower ICU mortality, lower ventilator-
associated pneumonia rates, and increased ventilator-free 
days among ICUs that actively engage intensivists in the 
care of trauma patients.12-14 This model has been expanded 
to trauma care in the combat zone, with favorable effects on 

morbidity and mortality among combat-injured patients 
cared for by intensivists.15

Finally, perhaps the most important factor contributing 
to the better care afforded by trauma centers and staffed  
with specifically trained personnel is the availability of ICU  
beds themselves. Emergency department lengths of stay 
continue to increase, and much of the early part of resus-
citation occurs within the confines of the emergency 
department or the trauma bay.16,17 Providing ICU-level 
care within the trauma bay can be a challenging task. Evi-
dence suggests that emergency department length of stay 
is directly linked to increased rates of pneumonia and 
death.18,19 One response to this problem is implementation 
of an “open trauma bed” protocol to improve throughput 
from the trauma bay. In this study sample, the emergency 
department length of stay was decreased by nearly 1 hour 
after the protocol was instituted.20 Other investigators have 
demonstrated similar results, supported by cost-effectiveness 
data, by staffing an open ICU bed with an otherwise unas-
signed charge nurse.21 However, it remains unclear how 
these protocols affect patients who are displaced from the 
ICU to generate bed availability.

RESUSCITATION

The primary goal of the intensivist caring for a trauma 
patient should be the recognition of shock and the imple-
mentation of resuscitation strategies to capture and 
reverse the associated abnormal physiology. The diagno-
sis of shock must be made with a high clinical index of 
suspicion because ongoing occult hypoperfusion (which 
occurs in up to 85% of severely injured trauma patients) 
has been associated with increased morbidity and mor-
tality.22-24 Several modalities of quantifying resuscitative 
efforts beyond standard vital signs have been proposed. 
They can be classified broadly into invasive monitors 
(such as pulmonary artery [PA] catheters, peripheral arte-
rial catheters, and gastric tonometers), noninvasive moni-
tors (such as bedside ultrasonography and bioreactance 
monitoring), and biomarkers (such as arterial or venous 
lactate, base deficit, and arterial or mixed venous oxygen 
saturation).

74
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Invasive Hemodynamic Monitoring

Optimal oxygen (O2) delivery relies heavily on adequate 
cardiac performance. Therefore, optimization of cardiac 
output (CO) is a key feature of any resuscitative effort. His-
torically, PA catheterization was the mainstay of invasive 
hemodynamic monitoring. However, routine use of these 
devices has become less common,24a and they seem most 
efficacious among older trauma patients and those who 
arrive in severe shock.25

Several commercially available products are available 
to estimate CO with less intrusion than PA catheterization. 
For instance, the lithium indicator dilution technique uti-
lizes central venous catheterization and cannulation of the 
femoral or axillary artery to measure heart function. Simi-
larly, there exist proprietary algorithms capable of esti-
mating CO via transpulmonary thermodilution methods. 
Finally, volume responsiveness based on stroke volume 
variation transduced by a peripherally inserted arterial 
catheter can be calculated by several devices. Although all 
of these systems show promise in regards to their low com-
plication rates, their efficacy in guiding fluid resuscitation  
of trauma patients remains unknown. Animal hemor-
rhagic shock models suggest that these devices might be 
unreliable, most commonly underestimating CO.26-28 It is 
conceivable that as these technologies evolve, they will be 
capable of estimating cardiac function similar to pulmo-
nary arterial cannulation without the need to traverse the 
right side of the heart and dwell within the pulmonary 
arterial system.

Noninvasive Hemodynamic Monitoring

Impedance cardiography and bioreactance are two meth-
ods of quantifying cardiac function without invasive 
monitoring. Both methods use electrophysiology to mea-
sure how changes in aortic blood volume and flow influ-
ence transmission of a known electrical current across 
the thorax. These technologies have been studied in mul-
tiple ICU settings and show modest correlation with tra-
ditional PA catheter thermodilution.29,30 To date, there is 
one prospective observational study of this technology in 
trauma patients, demonstrating an association of bioreac-
tance monitoring and shortened hospital length of stay.31 
However, it should be noted that the comparison groups 
were historic controls, and changes in hospital admis-
sion and discharge practices might have confounded  
the analysis.

Ultrasonography has been used as a triage tool in the 
trauma bay for many years and has recently become an 
important test for the intensivist who cares for trauma 
patients. Several investigators have shown that bedside 
ultrasonography of the cava and heart can demonstrate 
hypovolemic shock and the response to plasma expan-
sion.32-35 Most of these studies are limited by their retrospec-
tive nature; however, a recent randomized trial indicated 
that use of limited transthoracic echocardiograms during 
trauma resuscitation was associated with decreased intra-
venous fluid administration and improved survival.36 Con-
firmatory studies are required. However, the repeatability, 
relatively low cost, and noninvasiveness of this diagnostic 
tool seem promising.

Biomarkers

The mainstay of trauma resuscitation has been biochemi-
cal endpoints of resuscitation. Although many have been 
investigated, the two that have been most useful in caring 
for trauma patients are serum lactate and base deficit. Both 
of these tests are sensitive measures of hypoperfusion37,38; 
however, the interpretation of these tests can be clouded 
by hepatic and/or renal dysfunction. Abnormal lactate and 
base deficit have been associated with morbidity and mor-
tality.39,40 Measurement of lactate and base deficit might be 
useful guides for resuscitative progress because mortal-
ity has been associated with increased time to normaliza-
tion of serum lactate.41 Likewise, in one study of trauma 
patients with increasing base deficit despite resuscitation, 
65% were found to have ongoing hemorrhage, suggesting 
the potential utility of this test as an adjunct to the resus-
citative efforts.42 The most recent recommendation on the 
topic developed by the Eastern Association for the Surgery 
of Trauma suggests using at least one of these measures to 
quantify the need for ongoing resuscitation.22

There is mounting evidence that these studies, per-
formed as point of care (POC) tests, decrease the time to 
diagnosis and intervention, reduce the total volume of 
blood draws, and shorten ICU lengths of stay.43-45 POC 
thromboelastography can also be considered to help guide 
blood product administration during resuscitation in the 
trauma bay as well as the ICU.46,47

Special Considerations of Shock

Hypovolemic Shock

Hypovolemic shock from uncontrolled hemorrhage is 
the quintessential form of shock among trauma patients. 
Much work has been done to advance the care of trauma 
patients, both in control of hemorrhage (permissive hypo-
tension, fluid restrictive resuscitation, damage control 
surgery, applications of tourniquets, topical hemostatic 
agents, endovascular occlusion, etc.) as well as replacement 
of intravascular volume (colloid, isotonic and hypertonic 
crystalloid, balanced salt solutions, blood products, mas-
sive transfusion protocols, etc.). Details of these techniques 
can be found elsewhere in this text. Suffice it to say that 
mastery of hemorrhage control and fluid resuscitation is 
critical to the cessation and reversal of hemorrhagic shock.

Septic Shock

Trauma patients with septic shock should be cared for 
according to the Surviving Sepsis Guidelines.48 Although 
no studies, to date, have demonstrated any outcome 
advantage in particular to trauma patients, this body of 
work remains the most comprehensive summary of sepsis 
management in most patients. Particular mention should 
be made of two details. First, source control can be par-
ticularly challenging in trauma patients with multiple 
injured systems. Practitioners must rely heavily on physi-
cal examination, coupled with various methods of diagnos-
tic imaging to guide interventions. This is particularly true 
in hostile abdomens and thoraces, in which some patients 
will undoubtedly benefit from percutaneous drainage 
rather than more traditional surgical exposures. Second, 
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antibiotic stewardship is fundamental to trauma ICUs. 
The data supporting de-escalation of antibacterial therapy 
as a means of quelling antibiotic resistance are lacking. 
However, the recent emergence of increasingly resistant 
organisms coincident with the common practice of empiric 
broad-spectrum antibiotic therapy lends strong credence 
to a linkage between these phenomena. Consequentially, 
strong consideration should be given to narrowing antibac-
terial coverage when culture data are available in appro-
priate patient groups.49-51 There is no evidence that trauma  
patients (even those with much “spillage” or “contamination”)  
benefit from extended empiric coverage. Likewise, the 
“open abdomen” strategy of patient care does not neces-
sarily mandate use of antibiotics in the absence of other 
indicators of infection.52

In addition, those practitioners who care for trauma 
patients must remain vigilant for signs of severe sepsis or 
septic shock through the duration of each patient’s encoun-
ter. Either might very well be the inciting event that leads 
to a patient’s trauma and admission, or it might very well 
bring a trauma patient back to the hospital from inpa-
tient physical therapy, skilled nursing, or even home. And 
patients remain susceptible to the diagnosis at every point 
in between.

Neurogenic Shock

The incidence of neurogenic shock in patients with cervi-
cal spinal cord injuries is 20%.53 The optimal treatment of 
the bradycardia and hypotension that define this patho-
physiology remains unknown, but treatment with intra-
vascular volume expansion as well as pharmacologic 
management with vasoactive, chronotropic, and inotropic 
medications might be indicated.53-55 On occasion, the use 
of electrical cardiac stimulation, by way of percutaneous 
or intravascular pacers, might be valuable.56 Therefore, 
the ICU should be capable of managing these various 
modes of hemodynamic support for patients with this 
injury complex.

Cardiogenic Shock

The combination of increasing age among trauma 
patients and higher numbers of high-speed motor vehicle 
accidents has contributed to increasing numbers of clini-
cally significant cardiac injuries. It is estimated that up 
to 20% of road traffic deaths are associated with blunt 
injuries to the heart.57 Recognition of cardiac compromise 
can be challenging because many of these patients suf-
fer concomitant injuries resulting in mixed shock physi-
ology.58,59 Signs of systemic hypotension in the face of 
elevated central venous pressure should raise concern 
for cardiogenic shock. Otherwise, clinicians must main-
tain a high index of suspicion based on the mechanism 
of injury despite potentially silent clinical signs. Patients 
with suspected blunt cardiac injury should be screened 
with electrocardiogram and troponin I. The negative pre-
dictive value of these combined tests approaches 100%.59 
The care of patients with cardiogenic shock is detailed 
elsewhere in this text. The care of trauma patients, in par-
ticular, must be guided by experienced traumatologists, 
in consultation with cardiologists, weighing the risks and 
benefits of interventions in the setting of potentially com-
peting priorities.

Special Considerations of Trauma Patients

The Open Cavity

The use of damage control surgery and resuscitation has 
resulted in many critically ill trauma patients presenting to 
the ICU with open body cavities.60,61 It is not unusual for 
patients to spend days recovering from the initial physi-
ologic insult before these cavities can be closed. In this 
regard, it is paramount that ICUs specializing in the care 
of trauma patients be familiar with management of severe 
biomechanical and physiologic derangements that occur as 
chest and abdominal wall geometry are altered. Advanced 
modes of mechanical ventilation might be necessary for 
patients with packed thoraces. Likewise, the open abdo-
men might require skilled nursing wound care with nega-
tive pressure dressings and supplemented nutritional 
strategies for gastrointestinal drainage and discontinuity.

Traction/Immobility

Damage control orthopedic surgery (early external fixa-
tion followed by definitive treatment) has become increas-
ingly common among polytrauma patients.62-65 Therefore, 
the number of patients with large external fixation devices 
in the ICU has increased. Likewise, ICU patients might be 
cared for with pelvic stabilization devices (sheets and com-
mercially available pelvic binders) and/or spinal column 
stabilizing devices (cervical spine bracing devices such as 
cervical collars or Halo systems, thoracolumbosacral ortho-
sis braces). Although these techniques are helpful to the 
recovery of various injuries, they oftentimes limit mobility 
and access to soft tissue care. Therefore, particular attention 
must be paid to these trauma patients to ensure adequate 
wound care and prevention of the secondary complications 
of immobility.

Venous Thromboembolism Prophylaxis

Venous thromboembolism (VTE) is a common complication 
in patients with major trauma.66 The risk is compounded by 
various factors, such as the systemic inflammatory response  
to major trauma, immobility, and the hypercoagulable state 
associated with major surgery, bone fractures, and the use 
of invasive vascular devices. It is important for the ICU to 
practice aggressive evaluation for VTE with protocolized 
care to help prevent the (potentially fatal) sequelae of 
VTE.67,68 Implementation of VTE prevention strategies in 
the form of “smart order sets” or risk assessment models 
has been associated with decreased rates of radiographi-
cally documented VTE (2.5% vs. 0.7%) and a 39% RR reduc-
tion of hospital-acquired VTE in some patient groups.69,70 
Clinicians must also be familiar with evidence-based best 
practice guidelines to help reduce VTE risk, particularly for 
trauma patients.71,72

INTENSIVE CARE UNIT PROTOCOLS

Guideline-based care (in the form of agreed-upon prac-
tice patterns, guidelines, or protocols) plays an important 
role in the delivery of high-quality intensive care thera-
pies to patients with traumatic injuries. Studies have 
demonstrated that implementation of trauma systems, 
including things such as early management guidelines and  
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consensus-developed clinical practice guidelines and pro-
tocols, are associated with decreasing odds of death (odds 
ratio [OR] 0.45; 95% CI, 0.27 to 0.76), standardized care, 
and im proved resource utilization.73,74 They are natural 
extensions of the algorithmic approach to the triage of life-
threatening injuries suggested by the Advanced Trauma Life 
Support (ATLS) curriculum.75 It is impossible to list every 
ICU trauma guideline within the context of this chapter, 
but consideration should be given to several management 
strategies. Indeed, this approach has been advocated for 
management of, among others, elevated intracranial pres-
sure, spinal cord injury and rehabilitation, sedation and 
delirium, pain control, mechanical ventilation and wean-
ing, use of enteral and parenteral nutrition, glucose control, 
utilization of bladder catheters, blood transfusions, antibi-
otic stewardship, prophylaxis of stress ulcers and venous 
thromboembolic disease, early mobilization and physical 
therapy, and use of various ICU devices (such as central and 
peripherally inserted catheters, arterial lines, and ICU spe-
cialty beds). Importantly, virtually none of these interven-
tions is based on high-level evidence. However, the central 
theme of the guidelines (i.e., that improved outcomes for 
injured patients) can be obtained through better organiza-
tion, and planning of trauma care should be maintained.76 
Some researchers have found that major deviations from 
clinical management guidelines are associated with a 3-fold 
increase in mortality among trauma patients (adjusted OR  
3.28; 95% CI, 1.53 to 7.03).77 Similarly, an intervention as sim-
ple as strict adherence to a daily rounding checklist has been 
linked to improved outcomes, such as decreased ventilator-
associated pneumonia rates, relative to partial compliance 
with the same checklist (3.5% vs. 13.4%, P = .04).78

TERTIARY EXAMINATION

A common pitfall of caring for trauma patients (particularly 
those who are critically ill) is failure to recognize missed 
injuries.79 This results from many variables, including 
severe physiologic derangements, inability of the patient to 
participate in the history and physical examination, hand-
offs of care, and multiple service lines assuming care of 
different injury complexes. So-called “missed injuries” can 
result in significant morbidity and even death.80,81 Several 
mechanisms have been proposed to help decrease the rate 
of missed injuries. Most are extensions of the tertiary sur-
vey proposed by Enderson in 1990.82 Technologic advances 
should also help to reduce missed injury rates as faster 
and more detailed medical imaging becomes increasingly 
affordable and mobile. Access to electronic medical records 
and the use of handheld communication devices and elec-
tronic checklists should also help expedite recognition and 
communication of previously undocumented injuries.

THE EXTENDED INTENSIVE CARE UNIT 
TEAM

Physical Therapy

More than 25% of patients with multiple injuries and 
extended ICU lengths of stay develop long-term limitations 
of range of motion unrelated to their injuries, 30% are unable 
to return to work, and nearly 50% suffer permanent sensory 

deficits.83,84 Early mobilization plays a fundamental role in 
the battle against ICU-acquired weakness. Therefore, inte-
gration of an aggressive physical and occupational therapy 
service into the daily care of these patients is paramount 
in their recovery.85-88 This seems particularly true among 
patients requiring blood transfusions during the ICU stay.89

Pharmacy

There is increasing evidence that the presence of a clini-
cal pharmacist at ICU rounds improves outcomes of ICU 
patients.90-93 Clinical pharmacists serve as a direct link to 
the main hospital pharmacies. They are often well versed 
in hospital antibiograms, they have critical training in 
drug–drug interactions, and they provide continuity of 
care among the prehospital setting, the ICU stay, and the 
transition to other levels of care. There is good evidence 
demonstrating an association with engaged clinical phar-
macists and decreased adverse drug events, as well as cost 
savings in trauma centers.94

SUMMARY

Traumatic injuries account for many ICU admissions each 
year. These patients are best served at dedicated trauma 
centers with access to multimodality diagnostic and treat-
ment options. Care teams should be led by intensive 
trained physicians with knowledge and experience in vari-
ous resuscitative techniques, and team members should 
represent various disciplines including nursing, phar-
macy, and physical therapy. The ICU should be capable of 
and familiar with POC testing, invasive and noninvasive 
monitoring, and appropriate triage of critically ill patients. 
Most importantly, the care of the trauma patient in the ICU 
should integrate algorithmic approaches to diagnosis and 
treatment incorporating resources from evidence-based 
guidelines and expert-level opinions.
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What Is Abdominal Compartment 
Syndrome and How Should It Be 
Managed?

Noelle N. Saillant, Lewis J. Kaplan

Abdominal compartment syndrome (ACS) is defined by 
the presence of organ dysfunction that can be attributed 
to elevated intra-abdominal pressure (IAP).1 ACS is the 
end result of a cumulative increase in IAP above the upper 
limit of normal (normal 5 to 11 mm Hg) to values defin-
ing intra-abdominal hypertension (IAH). IAH is defined  
as the sustained or repetitive pathologic elevation of IAP 
to 12 mm Hg or more and is graded and classified accord-
ing to a four-tiered continuum articulated by consensus by 
the World Society of Abdominal Compartment Syndrome 
(WSACS; www.wsacs.org; Table 75-1).1-3 To understand 
how best to prevent, identify, and treat IAH and ACS,  
one needs to understand the pathophysiology, monitoring, 
categorization, and management techniques before and 
after ACS is diagnosed.

PATHOPHYSIOLOGY AND MECHANISM  
OF ACTION

The pathophysiology of ACS is complex. Rising IAP pro-
vides a clue that changes in arterial inflow, venous outflow, 
and the space occupied by viscera and intra-abdominal 
fluid have created disequilibrium in the normal pressure-
volume relationship. Typical adult IAP ranges from 0 to  
5 mm Hg; however, obesity, pregnancy, and advanced age 
may elevate the baseline. A recent study showed that IAP 
increased between 0.14 and 0.23 mm Hg for each increase 
in body mass index unit and 0.20 mm Hg/year for advanc-
ing age.5 Open abdominal surgery also may elevate the 
measured IAP.1

ACS may be further classified as primary, secondary, 
or recurrent. Primary ACS develops as a direct result of 
an abdominal injury or other surgical abdominal emer-
gency (i.e., intestinal perforation or ischemia). Second-
ary ACS reflects a response to a condition that is not of 
primary abdominal origin (e.g., visceral edema and/or 
the acute accumulation of ascites secondary to massive 
volume resuscitation). Lastly, recurrent ACS develops 
after successful medical or surgical therapy for primary 
or secondary ACS. The classic example is IAP second-
ary to application of a temporary closure device used to 
secure an open abdomen after initial successful surgical 
decompression. Blood, ascites, or visceral edema (or any  

combination of the three) may increase the IAP and re -
create the ACS. Likewise, external compression from an 
excessively tight binder may also dangerously elevate IAP. 
Regardless of cause, ACS affects every organ system in a 
deleterious fashion.1,2,7 Risk factors for the development of 
ACS are detailed in Table 75-2.

DIAGNOSIS

Physical examination performs poorly as a diagnostic aid 
in IAH with a sensitivity of 60%.8

Pressure-Volume Metrics

Pressure-volume metrics that aid in monitoring abdominal 
pressure include the following:
 1.  Bladder pressures: IAP can be measured with an in-

dwelling bladder catheter and the use of a protocolized 
transbladder technique that has been approved by the 
WSACS.1,2 Problematic measurements may result when 
the patient is agitated or not supine and when the trans-
ducer is not zeroed at the mid-axillary line.

 2.  Abdominal perfusion pressure (APP), defined as

APP = MAP (mean arterial pressure) – IAP

where a normal value is greater than 50 mm Hg.
Trending the APP may be a useful parameter to follow 

progression of IAH, but the absolute number does not 
define ACS. At this time, the WSACS makes “no recom-
mendation” regarding APP as an endpoint of resuscitation 
or management.1,2

Adjunctive Measurements

 1.  A decreased urine output (UOP) may identify incipient 
acute kidney injury (AKI) secondary to rising IAP but is 
equally likely to reflect other problems (e.g., septic AKI, 
chronic kidney disease [stage III or greater]). UOP is not 
useful in anuric or dialysis-dependent patients.9

 2.  Elevated airway pressure may aid in identification of 
dynamic changes in abdominal pressure–volume rela-
tionships. When on volume-cycled ventilation, where 
the tidal volume (VT) is fixed, increased abdominal  
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http://www.wsacs.org


552    Section XVII TRAUMA, OBSTETRICS, AND ENVIRONMENTAL INJURIES

pressure will increase peak airway pressures. In pres-
sure controlled ventilation, in which the peak pressure is 
fixed, rising IAP will lead to a decreased VT. Escalating  
abdominal pressures will decrease the release volume 
on airway pressure release ventilation.10

 3.  Various other more sophisticated measures may track 
changes in pulmonary compliance, pulmonary elastance, 

and chest wall compliance but appear to provide less  
fidelity in presaging ACS than the measures noted 
above. Although ultrasound measurement of IVC diam-
eter has proven useful in identifying hypovolemia, close 
correlation with IAP has not been noted.11

SYSTEMIC IMPACT OF ACS

Increased IAP results in dysfunction of the respiratory, 
cardiovascular, and renal systems.12 Elevated ICP and 
depressed cerebral perfusion pressure (CPP) also may 
result from increased IAP and ACS.13

Cardiovascular System

Increases in IAP elevate intravascular and intrapleural 
pressures in a manner similar to progressively increased 
positive end-expiratory pressure (PEEP). Flow per unit 
time and the stroke volume per cardiac cycle are typically 
reduced, despite elevated intrathoracic pressures.12-14

Cardiac output (CO) decreases progressively as the 
IAP increases, principally as a result of decreased venous 
return (VR), diminished pulmonary flow, and impairment 
of left ventricular filling.12 The magnitude of the decline 
in CO may depend on the patient’s intravascular volume. 
One animal study demonstrated a 53% decrease in CO in 
hypovolemia but only a 17% decrease in euvolemia. CO 
increased in hypervolemic animals.15 Thus hypovolemia 
exacerbates the cardiovascular effects of IAH and ACS.

Respiratory System

Progressive increases in IAP displace the hemidiaphragms 
cephalad, limiting alveolar filling and creating basi-
lar and posterior alveolar collapse. As a result, adaptive 
hypoxic pulmonary vasoconstriction is activated and shunt 
increases. The decrease in pulmonary artery cross-sectional 
area creates a relative increase in pulmonary artery pressure, 
impairing right ventricular ejection. This sequence further 
decreases net pulmonary flow, exacerbating impaired oxy-
gen (O2) uptake and carbon dioxide (CO2) off-loading. Com-
plicating these untoward effects is progressive compression 
of the inferior vena cava (IVC), decreasing VR, further 
increasing IAP.18 Increasing PEEP to improve oxygenation 
and compliance may further impede VR.19-21 Plasma vol-
ume expansion may improve VR but can also increase extra-
vascular lung water. It is clear that the management priority 
is to relieve the excessive IAH and to restore homeostasis. 
Alveolar recruitment should be an integral aspect of the 
management strategy and may help guide ventilation.

Renal System

The renal system is most readily evaluated by following UOP 
and laboratory data such as serum creatinine concentration. 
In patients with normal renal function, oliguria (UOP < 0.5 
mL/kg/hr) is the most commonly identified initial abnor-
mality of IAH.22 Although changes in creatinine as little as 
0.3 mg/dL when accompanied by oliguria for 6 hours or 
more, meet criteria for AKI, an increase in the creatinine 
concentration is a late marker of impending AKI; thus, it  

Table 75-2 Risk Factors for the Development of 
ACS

Acidosis (pH < 7.2)

Hypothermia (core temperature <33° C)

Massive transfusion (>10 U of packed red blood cells) or resusci-
tation (>5 L of colloid or crystalloid per 24 hours)

Coagulopathy (platelets <55,000 or activated partial thromboplas-
tin >2 times normal or international normalized ratio >1.5)

Severe sepsis/septic shock (AECC definitions) regardless of 
source

Bacteremia

Intra-abdominal infection and/or abscess

Hepatic dysfunction or cirrhosis with ascites

Mechanical ventilation

Elevated PEEP or the presence of auto-PEEP

Abdominal surgery (especially with tight fascial closures or  
massive incisional hernia repair)

Disordered intestinal motility

Intestinal volvulus or intestinal obstruction (mechanical or  
functional)

Peritoneal or retroperitoneal space occupying lesions

Major burn injury

Major traumatic injury

Body mass index >30 kg/m2

Prone patient positioning

Acute pancreatitis

Damage control laparotomy

Laparoscopy with excessive inflation pressures

Peritoneal dialysis

Data from references 2 to 4.
ACS, abdominal compartment syndrome; AECC, American-European Consen-

sus Conference; PEEP, positive end-expiratory pressure.

Table 75-1 IAH Grading Classification

Grade IAP (mm Hg)

I 12-15

II 16-20

III 21-25

IV >25

IAH, intra-abdominal hypertension; IAP, intra-abdominal pressure.
From Harman PK, Kron IL, McLaachlan HD, et al. Elevated intraabdominal 

pressure and renal function. Ann Surg. 1982;196:594–597.
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is a poor index. Various more sensitive biomarkers (e.g., 
N-galactosamine) are gaining acceptance, but most have 
not been universally accepted.23 It is important to recall 
that AKI may also reflect distorted flow or nephrotoxins 
and that septic AKI is the most common cause of AKI in 
the critically ill. In animal models of ACS, decompression 
failed to restore normal biochemistry despite clearly restor-
ing a normal IAP.24,25

Although hypovolemic oliguria responds to volume 
expansion, the response in the presence of IAH and ACS is 
at best transient. Progressive compression of the IVC and 
renal veins is exacerbated by decreased flow secondary to 
compromised CO. These derangements compromise renal 
blood flow and glomerular filtration rate.25 Consequently, 
an inadequate renal filtration gradient and renal perfu-
sion pressure may importantly affect the development of 
IAH-induced AKI.26 The filtration gradient is the pressure-
driven mechanical force across the glomerulus and is deter-
mined by the difference between the glomerular filtration 
pressure (GFP) and the proximal tubular pressure (PTP). 
GFP is estimated by the difference between MAP and 
IAP, where GFP = MAP − 2(IAP). In the presence of IAH or 
ACS, PTP is assumed to be equal to the IAP. Consequently, 
changes in IAP are more likely to exert a greater effect on 
renal function than changes in MAP.27 Although IAP and 
renal vein compression recreate the findings of ACS in a 
laboratory model, extrinsic renal parenchymal compres-
sion does not. Interestingly, one model of Gerota fascia 
incision in the setting of visceral edema also helped reverse 
some abnormalities.25,28,33

Nonrenal Viscera

As IAH progresses to ACS, increasing IAP can compromise 
splanchnic blood flow. Animal studies indicate that ileal 
and gastric mucosal blood flow are specifically effected.35 
Hepatic arterial, portal venous, and hepatic microcircula-
tory blood flow decrease as IAH progresses and may impair 
hepatic energy production and small bowel tissue oxygen 
delivery and utilization.36-41 Unrelieved IAH creates physi-
ology similar to nonocclusive mesenteric ischemia and may 
lead to intestinal infarction and the need for resection.

Central Nervous System

Because central nervous system activity is dependent on 
cerebral blood flow, IAP increases that decrease CO and 
elevate central venous pressure (CVP) may compromise 
CPP (MAP—either CVP or intracranial pressure [ICP], 
whichever is higher). Although under normal conditions 
CVP exceeds ICP, the common association of abdominal 
injury and traumatic brain injury may make ICP clinically 
relevant. Indeed, animal studies indicate that elevated IAP 
increased ICP and decreased CPP, an effect reversed by 
decompression.42-44

Ocular System

The ACS has been associated with the rupture of retinal 
capillaries, resulting in the sudden onset of decreased 
central vision (Valsalva retinopathy). The mechanism 
behind this clinical entity is likely related to the venous 

hypertension stemming from increased intrathoracic pres-
sure and impeded central VR. Retinal hemorrhage usually 
resolves within days to months, and no specific treatment 
is necessary.45 This diagnosis should be considered in any 
patient with ACS who develops visual changes.

MANAGEMENT APPROACHES

The therapy for IAH and ACS is reduction in IAP. Achieve-
ment of this goal is determined by clinical circumstance and 
the etiology of the increased IAP. The WSACS has devel-
oped a process to address elements that contribute to IAH 
that includes positional changes, gastric or colonic decom-
pression, temporary neuromuscular blockade, resuscitation 
with balanced component transfusion therapy, and limited 
intravenous crystalloid. The WSACS suggests a neutral fluid 
balance as a therapeutic goal when feasible. The role of albu-
min, diuretics, and renal support techniques is unclear. Sec-
ondary compartment syndrome from ascites may respond 
to percutaneous drainage.48-51 A recent unrandomized  
study compared 31 cases of IAH/ACS managed with a 
14FR pigtail catheter with 31 case controls: 81% (25 of 31) of  
the patients receiving a catheter avoided laparotomy, and 
58% survived to discharge.44 The article noted that evacua-
tion of 1000 mL of volume or a decrease in abdominal pres-
sure by 9 mm Hg was a predictor of successful percutaneous 
management of IAH. Importantly, the control cohort was 
surgically decompressed when ACS developed, whereas 
the treatment group was often decompressed before the 
development of ACS. Six of 31 patients managed with per-
cutaneous methods developed a subsequent compartment 
syndrome and required laparotomy.50 Because of these con-
cerns, the WSASC assigned a grade of 1D (implementation 
strongly suggested despite very limited evidence) and has 
called for a randomized trial.1 Catheter-based management 
is not recommended for management of visceral edema,  
retroperitoneal hematoma, or intraperitoneal hemorrhage.

The gold standard for the management of IAH that pro-
gresses to ACS is decompressive laparotomy. Although 
traditionally performed in the operating room (OR), a 
decompressive laparotomy may be safely undertaken in 
the intensive care unit (ICU) if mandated by the patient 
hemodynamic and respiratory instability. These procedures 
may be completed under deep sedation. Management with 
advanced ventilation appears to drive the need to operate 
in the ICU just as strongly as does hemodynamic instability 
that precludes safe transport as well as the time required 
for transport to the OR.50 Repeat laparotomy, lavage, and 
temporary closure can also be safely achieved in the ICU 
setting.51 The initial unpacking of a patient who has under-
gone a decompressive procedure may best be undertaken 
in the OR, but immediate relief of ACS can be emergently 
undertaken in the ICU.

Abdominal decompression is often associated with 
precipitous hemodynamic changes reflecting a sudden 
increase in VR. Heart rate often decreases, MAP increases, 
pulse pressure widens, and peak/mean/plateau pressures 
decrease with an increase in arterial oxygen saturation 
(Sao2). The diaphragms are no longer displaced cephalad; 
thus, alveolar recruitment more readily occurs. Airway 
pressure release ventilation and pressure-based ventilation 
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may then lead to substantial pulmonary distension in the 
increasingly compliant lungs.

On occasion, abdominal decompression may trig-
ger unanticipated abrupt or worsened hypotension. Two 
possible etiologies have been proposed for this phenom-
enon: (1) an acute dilatation of the precapillary arteriolar 
sphincters52 and (2) reperfusion of ischemic tissues, which 
releases vasoactive ischemic byproducts, including a large 
metabolic acid load.53 Conflicting data regarding the use of 
bicarbonate-based solutions with regard to outcome have 
limited its use in the absence of a hyperchloremic acidosis.

Vacuum-based devices are currently recommended for 
the management of the open abdomen, although many 
temporary closure systems are available.54,55 A systematic 
review of the available literature on open abdomen man-
agement highlighted a lack of prospective data on the 
effects of different approaches on outcome.55

Regardless of the technique selected, the many manage-
ment priorities remain the same. The ability to easily gain 
access to the abdominal cavity for planned or unplanned 
reoperations is crucial during the early decompression 
period. The abdominal viscera must be protected from the 
exterior environment and from evaporative losses. Two 
issues merit special discussion: (1) protein loss and (2) 
creatinine clearance across the open abdomen. Aspirated 
fluid across the open abdomen contains approximately 2 g  
of protein per liter removed.56 Accelerated protein loss is 
not routinely assessed, but it should be anticipated and 
addressed in the nutritional prescription. More impor-
tantly, reexploration and lavage with normotonic solution 
(commonly 0.9% normal saline solution [NSS] or lactated 
Ringer’s solution) will mimic peritoneal dialysis. Although 
standard dialysis solutions have been evaluated as lavage 
solutions for the open abdomen, the focus has been on 
hemodynamic profile and visceral volume, not transperito-
neal creatinine clearance. Understanding the contribution 
of the open abdomen to clearance may help inform phar-
macologic dosing of therapeutic agents.

Finally, timing of definitive abdominal closure remains 
controversial after abdominal decompression. The open 
abdomen is associated with significant morbidity. Loss of 
abdominal domain and lateralization of the abdominal 
fascia may lead to large soft tissue deficits. Indeed, man-
agement with an open abdomen approach that leads to a 
giant ventral hernia is strongly associated with a reduced 
quality of life for up to 5 years after the index laparotomy.57 
Enterocutaneous or enteroatmospheric fistula are esti-
mated to occur in 20% of patients managed with an open 
abdomen.58,59 Evidence suggests that risk of complications, 
namely enteroatmospheric fistulization, increases if pri-
mary closure is delayed beyond 8 days.

The WSACS has endorsed protocolized efforts to obtain 
an early or at least same-hospital-stay abdominal fascial 
closure.1 However, the best method of definitive closure 
remains controversial. Primary fascial closure is associated 
with a 30% hernia rate, and oftentimes it is not possible 
because of the large soft tissue defects and fascial retraction 
associated with open abdominal management. At this time, 
the role of component separation at index hospitalization 
is unclear. Functional closure utilizes a biologic mesh to 
bridge the resultant fascial defect. At best, there is an 80% 
hernia rate associated with this method of closure.60-62 

Furthermore, avoidance of bioprosthetic mesh is suggested,  
according to WSACS guidelines. Finally, planned ventral 
hernia accepts the fascial defect with either a skin-only 
closure or split thickness skin grafting onto bowel. A time 
interval of 6 to 12 months allows dissolution of adhesion 
vascularity to minimize the risk of bowel injury at subse-
quent definitive closure.61
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How Should Patients with Burns 
Be Managed in the Intensive 
Care Unit?

Marc G. Jeschke

More than 500,000 burn injuries occur annually in the 
United States.1 Although most are minor, approximately 
40,000 to 60,000 burn patients require admission to a 
hospital or major burn center for appropriate treatment 
every year.2 The devastating consequences of burns have 
resulted in the allocation of significant clinical and research 
resources. This has led to improved care. Indeed, reports 
reveal a 50% decline in burn-related deaths and hospital 
admissions in the United States during the past 20 years. 
This reflects effective prevention strategies decreasing 
the number and severity of burns.3,4 Advances in therapy 
strategies, based on implementation of critical care bun-
dles, improved understanding of resuscitation, enhanced 
wound coverage, better support of the hypermetabolic 
response to injury, more appropriate infection control, 
and improved treatment of inhalation injury, improved 
the clinical outcome of this unique patient population. 
It is important to recognize that successful management 
of burn patients requires a diversified and multidisci-
plinary approach. This chapter gives an overview of the 
evidenced-based management of severely burned patients 
in the intensive care unit (ICU).

INITIAL ASSESSMENT AND EMERGENCY 
TREATMENT

All burned patients should initially be managed as trauma 
patients, following the guidelines of the  American  College 
of Surgeons Committee on Trauma and the Advanced 
Trauma Live Support Center.5 The algorithms for trauma 
evaluation should be diligently applied to the burn 
patient. In particular, any wheezing, stridor, hoarse-
ness, or  tachypnea may be a sign of airway compromise. 
 Tracheal tugging, carbonaceous sputum, soot around the 
patient’s airway passages, and singed facial or nasal hair 
may  suggest an airway burn or smoke inhalation. As in any 
trauma patient, progression to the next step in the primary 
survey is delayed until a proper airway is established and 
maintained.

Cardiac performance may be difficult to evaluate in 
the burn victim. In particular, burned extremities may 
impede the ability to obtain a blood pressure reading. In 
these situations, arterial lines, particularly femoral lines, 

are useful to monitor continuous blood pressure readings. 
Use of a pulmonary artery catheter (PAC) may be benefi-
cial in the assessment of cardiovascular performance in cer-
tain situations (e.g., inadequate noninvasive monitoring, 
 difficult-to-define end points of resuscitation),6 but the gen-
eral practicability, risk-to-benefit ratio, and lack of mortality 
reduction when the PAC is used have been widely criti-
cized. Currently, there are no studies in burn patients that 
provide evidence-based recommendations. For disadvan-
tages of the PAC to be overcome, less-invasive techniques 
have been developed.7 None of these, though, is specific 
to burn patients. Several descriptive studies using PiCCO 
technology, in which cardiac  performance is approximated 
with an arterial thermodilution catheter, have been con-
ducted in burn patients.8,9 Prospective trials are underway.

FLUID RESUSCITATION

Severe burns cause significant hemodynamic changes. 
These must be managed carefully to optimize intravas-
cular volume, maintain end-organ tissue perfusion, and 
maximize oxygen delivery to the tissues.10 Massive fluid 
shifts after severe burn injury result in the sequestration 
of fluid in burned and unburned tissue.11 The result of this 
generalized edema may be burn shock, a leading cause of 
mortality in severely burned patients.12-14  Therefore early 
and accurate fluid resuscitation of patients with major 
burns is critical for survival.15 Calculations of fluid require-
ments are based on the amount of body surface involved 
in second- or third-degree burns (not first-degree burns). 
The “rule of nines” (Fig. 76-1, A) has been used to esti-
mate the area of burned body surface, but this rule has 
limitations in children, in whom the head is proportion-
ally larger than the body. A more accurate assessment can 
be made of burn injury, especially in children, by using 
the Lund and Browder chart, which takes into account 
changes associated with growth (Fig. 76-1, B).  Various 
resuscitation formulas have been used. These differ in the 
amount of crystalloid and colloid to be given and in fluid 
tonicity (Table 76-1).10,16 The modified Brooke and Park-
land ( Baxter) formulas are the most commonly used early 
resuscitation formulas,17 but no formula will accurately 
predict the volume requirements of an individual patient. 

76
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Figure 76-1. A, Estimation of burn size with the “rule of nines.” B, Estimation of burn size with the Lund and Browder method. BSA, body 
surface area.

Table 76-1 Formulas for Estimating Adult Burn Patient Resuscitation Fluid Needs

Colloid Formula Electrolyte Colloid

Evans Normal saline, 1.0 mL/kg/%burn 1.0 cc/kg/%burn

Brooke Lactated Ringer’s solution, 1.5 mL/kg/% burn 0.5 mL/kg

Slater Lactated Ringer’s solution, 2 L/24 hr Fresh-frozen plasma, 75 mL/kg/24 hr

Crystalloid formulas
Parkland
Modified

Lactated Ringer’s solution
Lactated Ringer’s solution

4 mL/kg/%burn
2 mL/kg/%burn

Hypertonic saline solutions
Monafo
Warden

Volume to maintain urine output at 30 mL/hr; fluid contains 250 mEq Na/L.
Lactated Ringer’s solution +50 mEq NaHCO3 (180 mEq Na/L) for 8 hr to maintain urine output at  
30-50 mL/hr. Lactated Ringer’s solution to maintain urine output at 30-50 mL/hr beginning 8 hr postburn.

Dextran formula (Demling) Dextran 40 in saline, 2 mL/kg/hr for 8 hr.
Lactated Ringer’s solution, volume to maintain urine output at 30 mL/hr.
Fresh-frozen plasma, 0.5 mL/kg/hr for 18 hr beginning 8 hr postburn.

From Warden GD. Burn shock resuscitation. World J Surg. 1992; 16:16–23.
Na, sodium; NaHCO3, sodium bicarbonate.
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In children, maintenance requirements must be added to the 
resuscitation formula. The Galveston and Cincinnati Shri-
ners Burns Hospitals have devised formulas (Table 76-2). 
Intravascular volume status must be reevaluated frequently 
during the acute phase. Fluid balance during burn shock 
resuscitation is typically measured by hourly urine output 
through an indwelling urethral catheter. It has been rec-
ommended to maintain a urine output of approximately 
0.5 mL/kg per hour in adults18 and 0.5 to 1.0 mL/kg per 
hour in patients weighing less than 30 kg.19 No clinical stud-
ies, though, have identified the optimal hourly urine output 
to maintain vital organ perfusion during burn shock resus-
citation. Because large volumes of fluid and electrolytes are 
administered initially and throughout the course of resusci-
tation, it is important to obtain baseline laboratory measure-
ments.20 Crystalloid, in particular lactated Ringer’s solution, 
is the most  popular resuscitation fluid currently used for 
burn patients.21  Colloid and crystalloid solutions have been 
used. No outcome differences between the two have been 
identified despite extensive study.22-25 Proponents of the use 
of crystalloid solutions alone report that other solutions, 
specifically colloids, are not better and are more expensive.26 
Nonetheless, most burn surgeons agree that patients with 
low serum albumin during burn shock may benefit from 
 albumin supplementation to maintain oncotic pressure.27

INHALATION INJURY

Inhalation injury constitutes one of the most critical 
 problems accompanying thermal insult, with mortality 
paralleling that for acute respiratory distress syndrome 
in patients requiring ventilator support for more than  
1 week.28,29 Early diagnosis of bronchopulmonary injury 
is initiated by a history of closed-space exposure; facial 
burns; or carbonaceous debris in the mouth, pharynx, or 
 sputum.30 There are few evidence-based data regarding 
inhalation injury, though. Therefore the standard  diagnostic 
method is bronchoscopy. Endorf and Gamelli established 
a grading system for inhalation injury (0, 1, 2, 3, and 4) 
derived from findings at initial bronchoscopy and based on 
Abbreviated Injury Score criteria.31 Bronchoscopic criteria 
that are consistent with inhalation injury included  airway 
edema, inflammation, mucosal necrosis, presence of soot 
and charring in the airway, tissue sloughing, or carbona-
ceous material in the airway. At this time, though, there 
are neither uniform diagnosis criteria nor standardized 
 treatment guidelines. Management of inhalation injury 
consists of ventilatory support, aggressive pulmonary  

toilet, bronchoscopic removal of casts, and nebulization 
 therapy.10 According to the American Burn Association 
guidelines, prophylactic antibiotics are not indicated.

INFECTION/SEPSIS

Severely burned patients are susceptible to various  infectious 
complications.32 Because burns induce a  systemic inflam-
matory response,33 specific guidelines for the  diagnosis 
and treatments of wound infection and sepsis in burns 
have been formulated (Table 76-3).

Table 76.2 Formulas for Estimating Pediatric Resuscitation Needs

Cincinnati Shriners Burns 
Hospital

4 mL × kg × % total BSA burn + 1500 mL × m2 
BSA

1st 8 hr
2nd 8 hr
3rd 8 hr

Lactated Ringer’s  solution + 50 mg 
NaHCO3

Lactated Ringer’s solution
Lactated Ringer’s solution + 12.5 g albumin

Galveston Shriners Burns 
Hospital

5000 mL/m2 BSA burn + 2000 mL/m2 BSA Lactated Ringer’s solu-
tion + 12.5 g albumin

BSA, body surface area; NaHCO3, sodium bicarbonate.

Table 76-3 Definition of Burn Sepsis

American Burn Association Consensus Definition on  
Burn Sepsis

 •  At least 3 of the following parameters:
 •  T >38.5° C or <36.5° C

 •  Progressive tachycardia >90 beats/min in adults or >2 SD 
above age-specific norms in children

 •  Progressive tachypnea >30 beats/min in adults or >2 SD above 
age-specific norms in children

 •  WBC >12,000 or <4000 in adults or >2 SD above age-specific 
norms in children

 •  Refractory hypotension: SBP <90 mm Hg, MAP <70, or an SBP 
decrease >40 mm Hg in adults or < 2 SD below normal for age 
in children

 •  Thrombocytopenia: Platelet count <100,000/μL in adults,  
< 2 SD below norms in children

 •  Hyperglycemia: Plasma glucose >110 mg/dL or 7.7 mM/L in 
the absence of diabetes

 •  Enteral feeding intolerance (residual >150 mL/hr in children 
or 2 times feeding rate in adults; diarrhea >2500 mL/day for 
adults or >400 mL/day in children)

and

Pathologic tissue source identified: >105 bacteria on quantitative 
wound tissue biopsy or microbial invasion on biopsy

Bacteremia or fungemia

Documented infection as defined by Centers for Disease Control.

From Greenhalgh DG, Saffle JR, Holmes JH et al. American Burn Association 
consensus conference to define sepsis and infection in burns. J Burn Care Res. 
2007; 28:776–790.

MAP, mean arterial pressure; SBP, systolic blood pressure; SD, standard 
 deviation; T, temperature; WBC, white blood cell count.
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BURN WOUND EXCISION

Methods for handling burn wounds have changed in 
recent decades. Increasingly, aggressive early tangen-
tial excision of the burn tissue and early wound closure 
primarily by skin grafts have led to significant improve-
ment of mortality rates and substantially lower costs in 
this particular patient population.10,34-37 Early wound 
closure also has been associated with decreased severity 
of hypertrophic scarring, joint contractures and stiffness, 
and quicker rehabilitation.10,34 Techniques of burn wound 
excision have evolved substantially over the past decade. 
Published estimates of bleeding associated with these 
operations range between 3.5% and 5% of the blood vol-
ume for every 1% of the body surface excised.38,39 Burn 
wound excision should occur in the operating room soon 
after the patient is admitted; however, sometimes excision 
may be necessary in the ICU.

METABOLIC RESPONSE AND 
NUTRITIONAL SUPPORT

The metabolic consequences of severe burn injury are 
profound, and their modulation constitutes an ongo-
ing challenge for successful treatment. Metabolic rates 
of burn victims exceed those of most other critically ill 
patients and cause marked wasting of lean body mass 
within days of injury.40 Failure to meet the subsequent 
energy and protein requirements may result in impaired 
wound healing, organ dysfunction, increased susceptibil-
ity to infection, and death.41 Thus adequate nutrition is 
imperative. Because of the significant increase in postburn 
energy expenditure, high-calorie nutritional support was 
thought to decrease muscle metabolism,42 but a random-
ized, double-blind, prospective study found that aggres-
sive high-calorie  feeding with a combination of enteral 
and parenteral nutrition was associated with increased 
mortality.43 Therefore most authors recommend adequate 
calorie intake through early enteral feeding and avoid-
ance of overfeeding.10,40 Different formulas have been 
developed to address the specific energy requirements of 
burned adult and  pediatric patients44-46 (Tables 76-4 and 
76-5). The caloric requirements in adult burn patients most 
often are calculated using the Curreri formula. This calls 
for 25 kcal/kg per day plus 40 kcal/%BSAB (percentage of  
total body surface area burned) per day.47 Recommenda-
tions suggest administration of 1 to 2 g/kg per day of pro-
tein.41 Because of  glucose intolerance and futile cycling in 
critical illness, most ICUs provide a significant amount of 
caloric requirements as fat.41,48 Burn patients exhibit lipid 
intolerance, though, that may result in hyperlipidemia 
and fatty liver infiltration that is associated with a higher 
incidence of infection and higher postoperative mortality 
rates.49-51,52 Thus the extent to which exogenous lipid can 
be used as an energy source is limited.48,53,54 Studies in 
a large cohort of severely burned children demonstrated 
that patients receiving a low-fat, high-carbohydrate 
diet had a significantly lower incidence of fatty liver 
on autopsy. Relative to historic  controls, these patients 
had a significantly lower incidence of sepsis, prolonged 

Table 76-4 Formulas for Estimating Caloric 
Requirements in Adult Burn Patients

Formula Age/Sex Equation

Harris-Benedict84 Men BEE (kcal/day) = 66.5 + (13.75 × W) + 
(5.03 × H) − (6.76 × A)

Women BEE (kcal/day) = 655 + (9.56 × W) + 
(1.85 × H) − (4.68 × A)

Comment: Multiply BEE by stress factor of 1.2−2.0 (1.2−1.5  
sufficient for most burns) to estimate caloric requirement.

Curreri44 Age: 16-59 yr Calories (kcal/day) = (25 × W) +  
(40 × %BSAB)

Age: >60 yr Calories = (20 × W) + (65 × %BSAB)

Comment: Specific for burns, may significantly overestimate energy 
requirements, maximum 50% BSAB.

A, age (yr); BEE, basal energy expenditure; %BSAB, percentage of total body 
surface area burned; H, height (cm); W, weight (kg).

Table 76-5 Formulas for Estimating Caloric 
Requirements in Pediatric Burn Patients

Formula Sex/Age
Equation (daily 
requirement in kcal)

WHO85 Males

0-3 yr (60.9 × W) − 54

3-10 yr (22.7 × W) + 495

10-18 yr (17.5 × W) + 651

Females

0-3 yr (61.0 × W) − 51

3-10 yr (22.5 × W) + 499

10-18 yr (12.2 × W) + 746

RDA86 0-6 mo 108 × W

6 mo to 1 yr 98 × W

1-3 yr 102 × W

4-10 yr 90 × W

11-14 yr 55 × W

Curreri junior87 <1 yr RDA + (15 × %BSAB)

103 yr RDA + (25 × %BSAB)

4-15 yr RDA + (40 × %BSAB)

Galveston infant88 0-1 yr 2100 kcal/m2 
BSA + 1000 kcal/m2 BSAB

Galveston revised46 1-11 yr 1800 kcal/m2 
BSA + 1300 kcal/m2 BSAB

Galveston adolescent89 12+ 1500 kcal/m2 
BSA + 1500 kcal/m2 BSAB

BSA, body surface area; BSAB, body surface area burned; %BSAB, percentage 
of total body surface area burned; RDA, Recommended Dietary Allowance 
(U.S.); WHO, World Health Organization.
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survival, and significantly shorter stays in the ICU (grade 
C data). On the basis of these findings, I recommend 
that nutritional regimens for treatment of burn patients 
include a significantly reduced proportion of fat as the 
source of total caloric intake.

Diminished gastrointestinal absorption, increased 
urinary losses, altered distribution, and altered carrier 
protein concentrations after severe burns may lead to 
micronutrient deficiency. These deficiencies in trace ele-
ments and vitamins (Cu, Fe, Se, Zn, vitamins C and E) 
have been repeatedly described in major burns55-57 and 
may lead to infectious complications, delayed wound 
healing, and stunting in children.58 Thus supplementa-
tion would seem appropriate, but evidence-based practice 
guidelines are not currently available. Enhancing trace 
element status and antioxidant defenses by supplement-
ing selenium, zinc, and copper was shown to decrease 
the incidence of nosocomial pneumonia in critically ill, 
severely burned patients in two consecutive, randomized 
double-blind trials.59 Caution should be used to avoid 
toxic side effects.

MODULATION OF THE HORMONAL  
AND ENDOCRINE RESPONSE

Modification of adverse components of the hyper-
metabolic response to burn injury, particularly protein 
 catabolism, would seem to be desirable. β-Adrenergic 
blockade, β-adrenergic supplementation, anabolic steroids, 
 recombinant growth hormone, and insulin-like growth 
 factor (IGF) are under active investigation. Various stud-
ies have demonstrated the potential beneficial effect of beta 
blockers in burn patients. In a single-center study, adminis-
tration of propranolol in doses that decrease the heart rate 
by approximately 15% to 20% from baseline reduced the 
release of free fatty acids from adipose tissue, decreased 
hepatic triacylglycerol storage and fat accumulation, and 
reversed muscle protein catabolism.60-62 In a retrospec-
tive study of adult burn patients, use of beta blockers was 
associated with decreased mortality, wound infection rate, 
and wound healing time.63 Therefore beta blockers appear 
to have high potential as an anticatabolic treatment in 
severely burned patients.

Treatment with anabolic agents, such as oxandrolone, a 
testosterone analog, improved muscle protein catabolism 
through enhanced protein synthesis efficiency,64 reduced 
weight loss, and increased donor site wound healing.65 
In a prospective randomized study, Wolf and colleagues 
demonstrated that administration of 10 mg of oxandrolone 
every 12 hours decreased hospital length of stay.66 In a large 
prospective, double-blind, randomized single-center study, 
oxandrolone given at a dose of 0.1 mg/kg every 12 hours 
shortened acute hospital length of stay, maintained lean 
body mass, and improved body composition and hepatic 
protein synthesis.67

The use of recombinant human growth hormone in 
daily subcutaneous doses has been reported to accelerate 
donor site healing and restore earlier positive nitrogen bal-
ance.68-70 Indeed, administration of 0.05 mg/kg of recom-
binant human growth hormone given over a 12-month 

period after burn injury significantly improved height, 
weight, lean body mass, bone mineral content, cardiac 
function, and muscle strength .71 These findings are in con-
trast to those of Takala and colleagues72 and with studies 
showing that growth hormone treatment induced hyper-
glycemia and insulin resistance.70,73 It is likely that the 
prolonged catabolic nature of burn injury and perhaps the 
dose account for these discrepant results. IGF-1 has been 
shown to decrease the metabolic rate after burn injury and 
to increase whole-body anabolic activity without hypergly-
cemia or insulin resistance.74 Studies by Van den Berghe 
and colleagues indicate that the use of IGF-1 alone is not 
effective in critically ill patients without burns.74a Again, 
the prolonged catabolic nature of burn injury may explain 
the difference.

GLUCOSE CONTROL

A prominent component of the hypermetabolic response 
after burn injury is hyperglycemia and insulin resistance.75 
These result from both an increase in hepatic gluconeo-
genesis and impaired insulin-mediated glucose transport 
into skeletal muscle cardiac muscle and adipose tissue.76-79 
Hyperglycemia and elevations in circulating insulin con-
centrations are of serious clinical concern. Hyperglycemia 
has been linked to impaired wound healing, increased 
infectious complications, and increased mortality.80-83 A 
randomized controlled trial in severely burned pediatric 
patients indicated superiority for glucose control using 
insulin.83a Epub 2010 Apr 15.). Care providers need to be 
vigilant of an increased incidence of hypoglycemia that 
is associated with a 4- to 9-fold increase in morbidity and 
mortality.

CONCLUSION

Burn injuries alter several physiologic functions and 
are associated with substantial morbidity and mortality. 
Appropriate early and continued fluid resuscitation likely 
improves tissue perfusion and limits organ system fail-
ure. Likewise, early excision of burn wounds and topical 
antimicrobial agents may limit sepsis. Patients who have 
sustained an inhalation injury also may require addi-
tional support. Enteral tube feeding is useful to control 
stress ulceration, maintain intestinal mucosal integrity, 
and provide fuel for the resulting hypermetabolic state. 
β-Adrenergic blockade is recommended by many burn 
units as an anticatabolic treatment. Centralized care in 
burn units has promoted a concentrated team approach 
that has promoted clinical studies to examine such issues 
as fluid resuscitation, nutrition, wound excision, and 
temporary wound coverage. Further studies are required 
to address the primary determinants of death, inhala-
tion injury complications, and pneumonia as well as to 
ameliorate pain and scar formation. Through the use of 
aggressive resuscitation, nutritional support, infection 
control, surgical therapy, and early rehabilitation, better 
psychological and physical results can be achieved for 
burn patients.
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What Is the Best Approach to 
Fluid Management, Transfusion 
Therapy, and the Endpoints of 
Resuscitation in Trauma?

Samuel A. Tisherman

Exsanguinating hemorrhage is a major cause of death from 
trauma. Rapid fluid resuscitation accompanied by aggres-
sive efforts at hemostasis is required to save lives. Many 
questions regarding fluid resuscitation remain. These 
include the choice of fluid, indications for blood products, 
and the goals for fluid resuscitation before and after hemo-
stasis is achieved.

Modern fluid resuscitation in trauma began in the 
early 1960s with the work of Shires and colleagues. Dur-
ing hemorrhage, fluid shifts from the interstitial space to 
the intravascular space because of changes in compart-
ment pressures. Likewise, fluid initially shifts from cells 
into the interstitial space. As cells become ischemic dur-
ing severe hemorrhagic shock (HS), however, failure of 
membrane ion pumps leads to a shift of fluids back into 
cells with resultant cellular swelling. Consequently, the 
interstitial space further loses fluid. Shires postulated that 
resuscitation with crystalloids, which fill the vascular and 
interstitial spaces, would be beneficial.1 His animal studies 
demonstrated that survival improved with the addition of  
crystalloid (lactated Ringer’s [LR] solution) to re-infusion of 
shed blood. Crystalloid resuscitation was quickly adopted 
in the military for resuscitation of trauma victims during 
the Vietnam conflict. Although this approach decreased 
the renal failure that had been seen in previous conflicts, it 
may have contributed to a new finding, “Da Nang lung” or 
“shock lung,” which may have been acute respiratory dis-
tress syndrome (ARDS) or simply hydrostatic pulmonary 
edema from volume overload. Administration of LR solu-
tion quickly became a standard of the Advanced Trauma 
Life Support (ATLS) course and of care in prehospital 
and emergency department (ED) resuscitation of civilian 
trauma victims. Recent studies suggesting possible immu-
nologic effects of LR solution have led to questions of this 
practice and a great interest in finding better alternatives as 
plasma substitutes.

Administration of blood to replace lost red blood cells 
has been another mainstay of resuscitation from HS. 
Although whole blood was initially used, blood banks have 
found that dividing the blood into packed red blood cells 

(PRBCs), fresh frozen plasma (FFP), and platelets is more 
efficient and economical. Recent studies have suggested 
that more rapid resuscitation with blood components that 
essentially reconstitute whole blood may be beneficial. 
Blood transfusions, however, have many potentially del-
eterious effects. Greater recognition of these effects has led 
to reconsideration of aggressive transfusion protocols once 
hemostasis has been achieved.

Endpoints for fluid resuscitation, similar to the fluids 
themselves, have undergone reconsideration in recent 
years. Although the trauma victim has ongoing hemor-
rhage (uncontrolled HS), normalization of blood pressure 
may increase bleeding and worsen outcome. Limited, or 
hypotensive, fluid resuscitation may be appropriate. Once 
hemostasis has been achieved, determining adequacy of 
resuscitation is critical. Standard parameters such as blood 
pressure, heart rate, and urine output are insufficient 
because many patients remain under-resuscitated, with 
“compensated hemorrhagic shock.” Adjuvant tests are nec-
essary to recognize this condition and ensure restoration of 
homeostasis.

PATHOPHYSIOLOGY OF HEMORRHAGIC 
SHOCK

HS is characterized by acute blood loss leading to 
decreased oxygen delivery to tissues. Although blood pres-
sure and pulse are typically the clinical parameters used 
to determine the severity of shock, they lack sensitivity. In 
general, patients need to lose at least 30% to 40% of their 
blood volume to be hypotensive. An individual’s response 
to hemorrhage may be affected by age, comorbid condi-
tions, medications, and ingestion of drugs and alcohol. One 
of the most common mistakes of the novice clinician is to 
assume that the patient with a normal blood pressure is not 
in shock. Recognition and reversal of “compensated shock” 
is critical to achieve optimal outcomes.

Approximately 6% to 9% of trauma patients are in shock 
on admission. Of these, one third have exsanguinating 
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hemorrhage, as evidenced by a lack of response to fluid 
resuscitation. These patients invariably require operative 
intervention and aggressive fluid resuscitation includ-
ing blood products or they will die within minutes to 
hours. Another third of patients are classified as transient 
responders. They are initially hypotensive and improve 
with fluid resuscitation only to deteriorate again. They 
have less active bleeding than the first group, but their 
transient response can lull clinicians into a sense of com-
placency. Without ongoing resuscitation, operative inter-
vention if necessary, and vigilance, they also have a high 
risk of dying or developing multiple organ dysfunction. 
The final third of these patients respond appropriately to 
fluid resuscitation and spontaneously achieve hemostasis. 
These patients are still at risk of hypoperfusion and organ 
dysfunction. In all trauma patients, early recognition of 
hypoperfusion, rapid restoration of homeostasis, and con-
tinued resuscitation to appropriate endpoints can reduce 
the risk of early cardiovascular collapse, development of 
organ system dysfunction, and death.

The inflammatory response to trauma may increase 
the risk of organ dysfunction and late death from trauma. 
Although laboratory studies have suggested therapies that 
could mitigate these deleterious cascades, none of these 
agents have made it to clinical use. Despite this, recent 
studies suggest that late deaths from multiple organ dys-
function and sepsis are actually rare.2

PRESENTATION OF AVAILABLE DATA 
BASED ON SYSTEMATIC REVIEW

Choice of Fluid. Although the use of crystalloids for 
resuscitation from traumatic HS has become standard, it 
seems that these solutions are not as innocuous as origi-
nally believed. Laboratory studies have demonstrated that 
crystalloids may exacerbate cellular injury. LR solution 
can cause an increase in oxidative burst and expression of 
adhesion molecules on neutrophils in human blood3 and 
during HS in pigs.4 No clinical studies have yet compared 
different crystalloids.

Modifications of LR solution (e.g., substituting the 
l-isomer of lactate or substitution of pyruvate or ketone 
bodies [β-hydroxybutyrate] for racemic lactate) can decrease 
the neutrophil activation and apoptosis.5,6 In contrast, hyper-
tonic saline (HTS) and fresh whole blood do not cause neu-
trophil activation.7 HTS can attenuate immune-mediated 
cellular injury after trauma.8

Several small clinical trials have suggested a benefit of 
hypertonic solutions for resuscitation of trauma patients 
(Table 77-1). These studies explored the use of HTS alone or 
with a colloid added (e.g., hypertonic saline-dextan [HSD]) 
to prolong the intravascular volume expansion. Multiple 
studies9-18 demonstrated that HTS or HSD increased blood 
pressure and volume expansion better than crystalloids 
but could not document improved survival. Mattox et al.12 
and Wade et al.16 found that HSD improved survival in the 
subset of trauma patients who required operation, presum-
ably more severely injured patients. Likewise, Bulger et al. 
found that HSD, compared with LR solution, improved 
ARDS-free survival only in patients who required more 
than 10 units of PRBCs.19

Regarding hypertonic fluids, Wade et al.20 reviewed 14 
trials of HTS or HSD and found that neither conferred a 
statistically significant survival benefit, but HSD seemed 
more promising. Given the potential physiologic ben-
efit of HTS and the tactical advantage of small volume 
resuscitation for the military, the Resuscitation Outcomes 
Consortium (ROC) conducted a multicenter, prehospital, 
prospective, double-blind, randomized trial comparing 
normal saline, HTS, and HSD as the first resuscitation fluid 
in hypotensive trauma patients.21 Survival to 28 days was 
not significantly different between groups.

The most recent Cochrane review of albumin admin-
istration found no benefit for patients with hypovolemia, 
burns, or hypoalbuminemia.22 Increasing evidence suggests 
that starch solutions do not improve survival in the general 
intensive care unit (ICU) population and may increase the 
need for renal replacement therapy23 or death.24 These flu-
ids currently have no role in trauma resuscitation.

The plasma substitutes discussed so far do not carry 
oxygen. Since the 1930s, there has been an interest in devel-
oping hemoglobin-based oxygen carriers (HBOCs) using 
hemoglobin (Hb) from red blood cells to provide oxygen-
carrying capacity. Unconjugated Hb has severe renal and 
tissue toxicity. To decrease the nephrotoxicity and increase 
plasma half-life, researchers have developed various tech-
niques to stabilize the Hb molecule. Some of these products 
may cause excessive vasoconstriction or oxidative damage. 
Diaspirin cross-linked Hb (HemAssist, Baxter Healthcare, 
Round Lake, Ill.) was the first product to undergo a ran-
domized clinical trial in trauma patients. Unfortunately, 
the trial had to be discontinued early because of increased 
mortality in the subjects exposed to the product.25 More 
recently, polymerized Hb derived from human blood (Poly-
Heme, Northfield Laboratories, Evanston, Ill.) was com-
pared with PRBCs in a small, randomized trial for trauma 
patients who required operations.26 PolyHeme seemed safe 
and reduced the need for transfusion. A pivotal, random-
ized trial of PolyHeme compared with prehospital LR solu-
tion administration and early in-hospital blood transfusion 
demonstrated decreased allogeneic blood transfusion 
requirements, but no mortality benefit.27 Other companies 
have been unable to conduct studies in trauma patients. 
Consequently, no HBOCs are currently available.

Transfusion. During the initial resuscitation of trauma 
victims, the ATLS course recommends that PRBCs be trans-
fused after administering 1 to 2 L of crystalloid without an 
adequate hemodynamic response.28 The goal is to acutely 
restore blood pressure and oxygen-carrying capacity.

Massive transfusions in trauma patients with HS lead 
to coagulopathy. The mechanisms involved in the devel-
opment of the coagulopathy of trauma are complex.29 
Traditionally, management of the coagulopathy has been 
reactionary (i.e., administering FFP, cryoprecipitate, 
platelets, and calcium once the patient is coagulopathic). 
Military and civilian data suggest that a more proactive 
approach may be beneficial.30-39 Administration of fresh 
whole blood, as available at times within the military, might 
be ideal,40 but whole blood is not available from civilian 
blood banks. Consequently, a “hemostatic resuscitation” 
or “damage control resuscitation” approach involving the 
administration of FFP, platelets, and PRBCs in a 1:1:1 ratio 
has evolved. In addition to the ratio of the products, the 
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Table 77-1 Summary of Clinical Trials

Study, 
Year

Number of Subjects 
(Intervention/No 
Intervention) Study Design Intervention Control Outcomes

HYPERTONIC SALINE FOR HEMORRHAGIC SHOCK

201121 376 NS DB HTS/HSD NS No difference in 28-day survival.

256 HTS

220 HSD

20078 36/26 DB HSD LR Inhibit CD11b.

Trend increase IL-1β, IL-10.

200719 110/99 DB HSD LR No difference ARDS-free survival. 
Improved ARDS-free survival if >10 
U blood.

200689 13/14 DB HSD NS Promotes a more balanced  
inflammatory response.

200316 120/110 DB HSD NS Survival 83% vs. 76% overall (NS), 
85% vs. 67% for patients requiring 
surgery (P = .01).

199314 85 HTS DB HS or HSD LR HS improved survival compared with 
TRISS.

89 HS

84 NS

199218 35/35/35 DB HS or HSD NS No difference in survival. Better BP and 
volume expansion. Less fluid needed.

19919 83/83 DB HSD LR Improved BP. No change in survival.

199112 211/211 DB HSD Crystalloid No difference in survival, except 
patient who required operation. 
 Improved BP, fewer complications.

199013 32 HTS DB HSD LR No safety issues except mild  
hyperchloremic acidosis.

23 HSD HS

51 LR

198911 48 HSD PlasmaLyte A Feasibility study.

198917 32 DB HSD Crystalloid No difference in survival.

TRANSFUSION

200760 240/439 Retrospective Leukocyte-depleted 
PRBCs

Standard  
PRBCs

No difference in LOS or mortality.

200659 286 Randomized Leukocyte-depleted 
PRBCs

Standard  
PRBCs

No difference in infections, organ  
failures, mortality.

200655 93/117 Prospective  
Operation Iraqi 
Freedom

Transfused Not transfused Higher ISS, HR, lower Hct, increased 
infection rate, ICU, and LOS.

200557 102 Prospective,  
observational

The amount of transfused blood is  
independently associated with both 
the development of ARDS and  
hospital mortality.

200439 954/8585 Prospective Transfused Not transfused Older, higher ISS, lower GCS, more 
SIRS, higher mortality.

200438 100/103 trauma  
patients

Prospective Hb 7-9 g/dL Hb 10-12 g/dL No differences.

200341 15,534 Prospective Transfusion Not transfused Increase mortality (OR, 2.8), ICU,  
and LOS.

200243 61 Prospective Transfused Older blood increased risk of infections.

Continued



Table 77-1 Summary of Clinical Trials—cont’d

Study, 
Year

Number of Subjects 
(Intervention/No 
Intervention) Study Design Intervention Control Outcomes

CLOTTING FACTOR REPLACEMENT

201146 DCR Prospective and 
retrospective

Permissive  
hypotension, less 
crystalloid

Standard care,  
historical  
controls

DCR resulted in less crystalloid, more 
FFP, improved survival (OR, 0.4; CI, 
0.18-0.9).

201145 108/82 Prospective and 
retrospective

Permissive  
hypotension, less 
crystalloid

Standard care,  
historical  
controls

DCR was associated with increased 
survival (OR, 2.5; CI, 1.1-5.6).

201033 214 patients  
receiving massive 
transfusion

Prospective and 
retrospective

Massive transfusion 
protocol

Standard care,  
historical  
controls

Factors that influenced survival were 
FFP/PRBC, platelets/PRBC, ISS, 
age, and total PRBCs.

200947 442 patients  
receiving massive 
transfusion

Prospective and 
retrospective

Preemptive FFP and 
platelets

Standard care,  
historic  
controls

Mortality decreased from 31% to 20% 
long term. Thromboelastography 
was used to titrate.

200936 37/40 Prospective and 
retrospective

1:1.5 FFP/PRBC,  
more rapid product 
availability

Standard care,  
historical controls

No difference in ratios, but more rapid 
administration was associated with 
improved mortality.

LIMITED FLUID RESUSCITATION FOR UNCONTROLLED HEMORRHAGE

201169 44/46 Prospective,  
randomized,  
intraoperative

MAP >50 mm Hg MAP >65 mm Hg Lower MAP group required fewer blood 
products, had less coagulopathy, and 
decreased early death.

200255 55/55 Randomized SBP >70 mm Hg SBP >100 mm Hg Survival 93% with no difference  
between groups.

199656 527 Retrospective Rapid infusion  
system used

Historical  
controls

Increased risk of dying 4.8×.

199454 309/289 Randomized  
day of month

Delayed resuscitation Immediate  
resuscitation

Improved survival: 70% vs. 62%.  
Decreased LOS.

199064 6855 Retrospective Prehospital fluid No prehospital fluid No difference in mortality.

ENDPOINTS OF RESUSCITATION FROM TRAUMA

200262 18/18 Prospective,  
nonrandomized

DO2 500 DO2 600 Less fluid and blood needed; similar 
outcome.

200061 40/35 Prospective,  
randomized

Supranormal DO2 Normal DO2 Patients who achieve supranormal 
values increased survival, but no  
difference between groups in  
mortality, organ failure, or LOS.

199559 50/75 Randomized Supranormal DO2 Normal DO2 Improved survival (18% vs. 37%) and 
organ system failures.

199260 33/34 Randomized Supranormal DO2 Normal DO2 Decreased mortality, organ failure, 
LOS, ventilator days.

200660 5995 Retrospective Lactate did not correlate with mortality.

200367 98 Prospective Standard care Admission lactate level correlates with 
ISS and 12-h lactate with survival.

199866 100 Prospective High BD Low BD Increase MOF and mortality, low 
oxygen use.

199865 674 Observational BD worse in nonsurvivors. No  
difference in pH.

199263 3791 Retrospective BD, age, injury mechanism, and head 
injury were associated with mortality 
using logistic regression.

198864 209 Observational Higher BD associated with lower BP 
and greater fluid resuscitation.

ARDS, acute respiratory distress syndrome; BD, base deficit; BP, blood pressure; CI, confidence interval; DB, double blind; DCR, damage control resuscitation; DO2, 
oxygen delivery; FFP, fresh frozen plasma; GCS, Glasgow Coma Scale score; Hb, hemoglobin; Hct, hematocrit; HR, hazard ratio; HSD, hypertonic saline-dextran; HTS, 
hypertonic saline; ICU, intensive care unit; IL, interleukin; ISS, injury severity score; LOS, length of stay; LR, lactated Ringer’s solution; MAP, mean arterial pressure; 
MOF, multiorgan failure; NS, normal saline; OR, odds ratio; P, placebo controlled; PRBC, packed red blood cell; SBP, systolic blood pressure; SIRS, systemic inflam-
matory response syndrome; TRISS, trauma and injury severity score.
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rate of infusion may play a role because higher early infu-
sion rates for FFP and platelets may be associated with 
improved survival.41,42 It is not clear whether the absolute 
ratio or repletion of the “plasma deficit” (PRBC-FFP) is most 
important.42 Not all studies have been as positive about the 
impact of early FFP administration.43 These retrospective 
studies have been criticized for potential survival bias.44 
There have also been several studies of specific massive 
transfusion protocols that have suggested benefit compared 
with historic controls.33,45-47 The Pragmatic, Randomized 
Optimal Platelets and Plasma Ratios study, designed to 
compare 1:1:1 resuscitation with 1:1:2, may provide more 
clarity to this issue.

For this hemostatic resuscitation strategy to be proac-
tively applied, it is important to select patients who are at a 
high risk of requiring a massive transfusion. For example, 
the ABC score, which uses easily obtained clinical param-
eters in the ED (penetrating mechanism, systolic blood 
pressure of ≤90 mm Hg, heart rate of ≥120 beats/min, or 
positive focused assessment by sonography for trauma) 
may be very useful for predicting the need for massive 
transfusions with an area under the receiver operating 
characteristic curve of 0.84.48

Tranexamic acid (TxA) is an inhibitor of fibrinolysis that 
can decrease transfusion requirements during various elec-
tive surgical procedures. The Clinical Randomization of an 
Antifibrinolytic in Significant Hemorrhage 2 (CRASH-2) 
study compared, in a double-blind manner, TxA with pla-
cebo in 20,211 patients in 274 hospitals in 40 countries.49 
The investigators found that TxA significantly decreased 
mortality without increasing the risk of vascular occlusive 
events.

The precise role for other agents to reverse the complex 
coagulopathy of trauma, including activated factor VIIa,50 
fibrinogen concentrate, and prothrombin complex concen-
trates, remains unclear. Perhaps, titration of these agents 
with readily available, point-of-care tests, such as thrombo-
elastometry, could prove useful.51

After the initial resuscitation and achievement of nor-
movolemia, the indication for blood transfusion is based 
primarily upon Hb level. In the general ICU population, 
a restrictive transfusion threshold (Hb < 7 g/dL) was as 
good, and possibly better, than a more liberal threshold 
(<10 g/dL).52 A subset analysis of trauma patients found 
no differences in outcomes between the two transfusion 
thresholds, suggesting that the more restrictive strategy 
was safe.53 Dunne et al.,54,55 Malone et al.,56 and Silverboard 
et al.57 found strong associations between the amount of 
blood transfused in trauma patients and injury severity 
score (ISS), organ failure, length of stay (LOS), and mortality. 
Administration of blood stored for more prolonged periods 
of time may increase risk of infection.58 Although some have 
postulated that complications of transfusions are related to 
leukocytes, leukocyte-depleted PRBCs seem to provide no 
benefit.59,60 A more restrictive fluid resuscitation approach, 
along with a lung-protective strategy, may decrease the risk 
of the ARDS after trauma.61

Uncontrolled Hemorrhagic Shock. In most circum-
stances, the goal for fluid resuscitation is to restore nor-
mal blood pressure. For patients with active, uncontrolled 
hemorrhage, however, aggressive resuscitation may lead 
to increased bleeding and worse outcomes. This has been 

demonstrated in various animal models,62 The optimal 
blood pressure goal during uncontrolled HS depends on 
the injury pattern as well as the type and rate of fluid resus-
citation. How long this limited, hypotensive fluid resusci-
tation can be maintained is similarly unclear.63

In patients, Kaweski et al. retrospectively found that 
prehospital administration of fluids had no impact on mor-
tality compared with no fluid administration.64 Delayed 
resuscitation from HS was first tested in a randomized 
clinical trial by Bickell et al.65 Patients with hypotension 
after penetrating torso trauma received either no fluid 
resuscitation or standard fluid resuscitation until undergo-
ing operative intervention. Survival was slightly better in 
the delayed resuscitation group (70% vs. 62%).

In contrast, Turner et al. found no difference in outcome 
comparing standard prehospital fluid resuscitation and no 
fluid resuscitation strategies. There were no differences in 
outcomes between groups.

A trial by Dutton et al. that explored hypotensive resus-
citation in the hospital in patients with both blunt and pen-
etrating trauma victims did not demonstrate any difference 
in outcome, although survival was high in both groups.66 
In contrast, this group found that initial aggressive fluid 
resuscitation in severely injured trauma victims with the 
Rapid Infusion System increased the risk of dying almost 
fivefold.67

More recently, Duke et al. retrospectively examined the 
effect of “restrictive” fluid resuscitation in conjunction with 
a damage control resuscitation and damage control surgery 
strategy and found that the restrictive approach was asso-
ciated with improved survival.68 Morrison et al. demon-
strated that hypotensive resuscitation of trauma patients 
in the operating room is associated with less coagulopathy 
and blood transfusion requirements and decreased early 
deaths from hemorrhage.69

In a recent meta-analysis, Wang et al. reviewed four 
randomized clinical trials and seven observational stud-
ies comparing a restrictive fluid resuscitation strategy and 
a more liberal strategy in trauma patients.70 They found 
an increased risk of mortality with a liberal strategy in 
both randomized controlled trials and the observational 
studies.

Optimal management of the trauma patient with 
uncontrolled hemorrhage remains unclear. The ROC 
study group has completed a prehospital feasibility trial 
of a controlled (hypotensive) fluid resuscitation strategy 
compared with standard therapy in hypotensive trauma 
patients.70a The controlled strategy seemed safe and was 
associated with less early crystalloid administration and 
a suggestion of early mortality benefit, particularly with 
blunt trauma. A large-scale, randomized clinical trial is 
warranted.

Endpoints of Resuscitation. Once hemostasis is 
achieved, the first goal of fluid resuscitation in hypotensive 
trauma patients is to restore normal blood pressure, heart 
rate, and urine output. However, in many patients, vital 
signs alone may not identify “compensated shock,” leaving 
some vascular beds inadequately perfused. Other clinical 
data are needed to identify this state and monitor further 
resuscitation.

Shoemaker and colleagues demonstrated that survi-
vors of traumatic HS had higher levels of cardiac output, 
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oxygen delivery, and oxygen consumption compared 
with nonsurvivors.71,72 In small, randomized trials, they 
demonstrated that attempting to achieve these supranor-
mal oxygen delivery values could improve survival.73,74 
Others have not been able to replicate these results.75 
Decreasing the oxygen delivery goals in the protocol pro-
duced similar outcomes with less fluid and blood product 
administration.76

Systemic evidence of inadequate tissue perfusion (i.e., 
compensated shock) can be identified by evidence of 
anaerobic metabolism. Lactate levels, base deficit, or serum 
bicarbonate correlate with survival.77-83 Aggressive therapy 
to normalize these parameters may improve survival.78,79

Near-infrared spectroscopy and heart rate variability  
hold promise as noninvasive techniques that could be  
used in a continual fashion to optimize resuscitation.84,85 
The use of ultrasonographic estimation of volume status, 
expected volume responsiveness, and cardiac performance 
has become more standard in the ICU and early resusci-
tation of trauma patients.86,87 Clear evidence of benefit 
from the use of these modalities is lacking. However, using 
ultrasound for monitoring and titrating fluid resuscita-
tion would be a natural extension of its current use in the 
initial assessment of trauma patients. So far, none of these 
strategies has proved to be better than standard clinical 
parameters (blood pressure, heart rate, urine output) and 
acid–base parameters (base deficit, lactate).

INTERPRETATION OF DATA

Choice of Fluid. The standard initial fluid for resuscita-
tion of trauma patients remains crystalloids, recognizing 
the potential deleterious effects and military strategic dis-
advantages of resuscitation with LR. There is no clear ben-
efit of either HTS or HSD, neither of which is approved by 
the U.S. Food and Drug Administration for use in trauma 
resuscitation. On the basis of recent data, starch solutions 
have been removed from resuscitation algorithms. With 
this background and the potential benefit of the hemostatic 
resuscitation approach, many trauma centers have shifted 
in recent years toward almost exclusive early resuscitation 
with blood products for patients with severe HS.

Transfusion. There is no question that blood transfu-
sions in patients with HS can be lifesaving, but it is also 
clear that they can also be detrimental. For patients in pro-
found shock, initiation of PRBCs should begin as soon as 
possible. Early administration of plasma and platelets is 
associated with improved outcomes. The specific ratios 
of these products still need to be determined. Once hemo-
stasis has been achieved and volume status is restored, 
however, administration of blood products should be mini-
mized because the number of transfused units seems to be 
an independent risk factor for mortality.

Uncontrolled Hemorrhagic Shock. Although trauma 
victims have active hemorrhage, attempting to restore 
normal hemodynamics is likely to increase bleeding and 
worsen outcome. Hemostasis should be achieved as rap-
idly as possible. In the meantime, limited (hypotensive) 
fluid resuscitation should be considered. The specifics 
of optimal blood pressure level and safe duration of this 
approach are yet to be determined.

Endpoints of Resuscitation. A clinical practice guide-
line from the Eastern Association for the Surgery of Trauma 
recommended the use of lactate or base deficit as a readily 
measured and followed parameter to guide resuscitation.88 
If these values do not normalize rapidly, then the patient 
may still be under-resuscitated or may have ongoing bleed-
ing. The optimal endpoint for resuscitation from HS is one 
that is easily measured, reproducible, and provides infor-
mation to optimize resuscitation that is not available with 
standard clinical parameters. Although there are some 
promising new parameters to use as endpoints for resusci-
tation, more research is needed in this area.

SUMMARY

Optimal resuscitation of trauma victims with HS requires 
simultaneous efforts at hemostasis and fluid resuscita-
tion. Crystalloids remain the initial plasma substitutes of 
choice. Early transfusions of PRBCs, FFP, and platelets are 
lifesaving, but they should be limited to the quantity that 
is absolutely necessary. While the patient is actively bleed-
ing, fluid resuscitation should be limited to not aggravate 
bleeding, but still maintain a pulse. Once hemostasis has 
been achieved, fluid resuscitation should be aggressive to 
mitigate anaerobic metabolism as evidenced by improving 
lactate or base deficit.
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How Should the Critically Ill 
Pregnant Patient Be Managed?

Lauren A. Plante

The critically ill pregnant woman presents many challenges 
to the intensivist, who must consider the needs of both 
mother and fetus in clinical decision-making.

Fortunately, the need for critical care services in the 
obstetric population is uncommon. Estimates from case 
series suggest that approximately 1 to 8 per 1000 obstetric 
admissions are admitted to an intensive care unit (ICU).1,2 
In addition, another 1% to 2% of critically ill women are 
treated in a labor and delivery unit or a specialized obstet-
ric care unit.3,4 These numbers may understate the scope 
of the problem because a large national population-
based study of severe maternal morbidity has found that 
in 2008 to 2009, nearly 1.6% of delivery and postpartum 
hospitalizations in the United States were associated with 
severe maternal complications; purely antepartum admis-
sions that did not result in delivery were not captured in 
this study.5 Although the decision to admit or transfer an 
obstetric patient to the ICU varies with the range of ser-
vices available at the institution and therefore not all 
women with severe maternal complications are counted 
in an ICU census, a recent state-level analysis calculated 
the ICU utilization rate as 419 per 100,000 deliveries.6 
Extrapolating to the nearly 4 million births in the United 
States during 2013,7 nearly 17,000 pregnant or postpartum 
women in the United States would require ICU admission 
annually, at least 64,000 will sustain a major complication, 
and somewhere between 40,000 and 80,000 with a critical 
illness or potentially life-threatening complication will be 
treated within obstetric units, with or without the input of 
critical care specialists.

Special considerations in obstetrics include the “two-
patient problem” (i.e., the balance of needs between mother 
and fetus) and the need for the clinician to factor in normal 
pregnancy physiology. Further complicating clinical deci-
sion making, a paucity of research has focused specifically 
on the critically ill pregnant patient. What follows is infor-
mation, such as it exists, to assist the clinician caring for 
a pregnant or postpartum patient who has sepsis and one 
who needs ventilator support.

SEPSIS IN PREGNANCY

In most treatment trials, pregnant patients are explicitly 
barred from enrollment. Because severe sepsis and septic 

shock (aside from unsafe abortion) are not common in 
pregnancy, the epidemiology of sepsis in this population 
is not as well described as in a general medical-surgical 
population. The World Health Organization recently esti-
mated 77,000 deaths worldwide per year from maternal 
sepsis, with 0.1% to 10% of all live births being complicated 
by some degree of maternal infection.8 Criteria for sepsis 
or severe sepsis have been met in 3 to 9 per 10,000 deliver-
ies in Europe9,10; Callaghan,5 using data from the National 
Inpatient Sample, calculated 3 cases of sepsis per 10,000 
delivery or postpartum hospitalizations in the United 
States, a figure that excludes antepartum hospitalizations 
not resulting in delivery.

The case-fatality rate for sepsis in the obstetric popula-
tion is not known with any degree of certainty; however, 
the case-fatality rate for septic abortion specifically is as 
high as 20%.11 Calculations based on birth statistics and the 
National Inpatient Sample,5 although not provided in the 
original paper, would put the overall case-fatality rate for 
sepsis at delivery or postpartum at approximately 9%.

Sepsis may be obstetric or nonobstetric. Causes of 
obstetric sepsis include uterine infection (chorioamnionitis 
if undelivered, endomyometritis postpartum), septic abor-
tion, and wound infection (cesarean or episiotomy wound); 
in addition, sepsis may follow invasive procedures such 
as amniocentesis, chorionic villus sampling, cervical cer-
clage, or percutaneous umbilical blood sampling. One of 
the few case series in the U.S. literature on septic shock in  
pregnancy11a reported half of the cases to have an obstetric 
cause whereas, of the 50% with nonobstetric causes, most 
were urinary in origin. However, more recent data from 
the U.K. Obstetric Surveillance System showed that 31% 
of severe sepsis cases in obstetric patients arose from the 
genital tract, another 20% were urinary in origin, and 26% 
had no identified source.12

WHAT CRITERIA SHOULD BE USED TO 
DIAGNOSE SEPSIS IN A PREGNANT OR 
POSTPARTUM PATIENT? ARE THESE 
DIFFERENT FROM THE GENERALLY 
ACCEPTED CRITERIA?

Criteria for the diagnosis of sepsis, originally promulgated 
in 1992, were reconfirmed in an international multispecialty 
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conference in 2001. Their applicability in pregnancy, labor, 
or the immediate puerperium, however, is limited. There 
is considerable overlap between the normal physiologic 
parameters of pregnancy and the criteria used to make a 
diagnosis of systemic inflammatory response syndrome 
(SIRS) or sepsis. This may contribute both to a delayed 
recognition of sepsis among experienced obstetric care 
providers and to an overdiagnosis of sepsis in obstetric 
patients by critical care professionals. A recent systematic 
review of normal physiologic variables during pregnancy, 
labor, and the puerperium13 demonstrated this dilemma 
in detail. In normal pregnancy, respiratory rates increase 
from the second to third trimester, with further increases 
in labor, and remain elevated postpartum. If the threshold 
for tachypnea is taken as a respiratory rate of 20 breaths per 
min, then the normal range in pregnancy includes this rate 
from the second trimester through the first few days post-
partum. The normal range for maternal heart rate shows an 
overlap with the SIRS criterion for tachycardia (90 beats/
min) in all stages of pregnancy. Normal white blood cell 
(WBC) count is also increased from the second trimester 
through the puerperium, again significantly overlapping 
the range identified as leukocytosis in the usual SIRS cri-
teria. In fact, the mean WBC count in the first 2 days post-
partum is 15 × 109/L, which would make it quite difficult 
to discriminate SIRS or sepsis by laboratory criteria in that 
period. Of the parameters analyzed, temperature alone is 
not affected by the fact of pregnancy (although the use of 
epidural analgesia in labor does increase the maternal tem-
perature and could confound the diagnosis). In addition, 
both diastolic pressure and serum creatinine are known to 
decrease in pregnancy, which might call into question the 
threshold criteria commonly used for a diagnosis of severe 
sepsis.

A Sepsis in Obstetrics Score14 was recently proposed 
as an indicator of maternal morbidity (Table 78-1). On 
the basis of the Rapid Emergency Medicine Score, itself a 
derivative of the APACHE (Acute Physiology and Chronic 
Health Evaluation) score, and the SIRS/sepsis criteria of 
the Surviving Sepsis Campaign (SSC), which were modi-
fied for pregnancy-specific parameters such as blood pres-
sure, heart rate, and WBC count, the authors hoped to 

refine a tool for predicting admission to the ICU within  
48 hours after presentation to the emergency department 
in a group of pregnant and postpartum women in whom 
sepsis was suspected (Table 78-1). A cutoff score of 6 or 
more was found to have 89% sensitivity and 99% specific-
ity for the outcome of interest, but the ICU admission rate 
of approximately 1% in the study population meant that 
the positive predictive value of the scoring system was 
only approximately 17%. This test performance was never-
theless better in predicting outcomes for obstetric patients 
with suspected sepsis than that of standard, nonmodified 
scoring systems such as the SIRS score alone or the Modi-
fied Early Warning System (MEWS).15

CAN THE SURVIVING SEPSIS CAMPAIGN 
GUIDELINES BE APPLIED IN CASES OF 
SEPSIS IN OBSTETRIC PATIENTS?

The SSC16 is a multiorganizational effort to improve out-
comes in sepsis and septic shock that is based on best avail-
able evidence. It recommends several goals, which are 
summarized in the following list, with commentary relat-
ing specifically to obstetric patients. There is no  evidence 
base for these guidelines in a pregnant or  postpartum 
patient, but there is no evidence against them either.

 1.  Initial resuscitation for patients with sepsis-induced hypotension.
During the first 6 hours, target central venous pressure 
(CVP) 8 to 12 mm Hg, mean arterial pressure (MAP) 
greater than 65 mm Hg, urine output greater than  
0.5 mL/kg/min, and mixed venous oxygen saturation 
65%. Normalize lactate in patients with elevated lactate 
levels.

MAP is commonly lower in pregnancy, which is a vol-
ume-loaded vasodilated state. MAP as low as 60 mm Hg 
may still be normal, and normal CVP is commonly lower 
than 8 mm Hg. Oncotic pressure is also lower in normal 
pregnancy; therefore, fluid loading with isotonic solution 
may predispose more easily to pulmonary edema. No  
pregnancy-specific guidelines or cutoffs have been  
proposed for these parameters.

Table 78-1 Sepsis in Obstetrics Scoring System14

Variable High Abnormal Range Normal Low Abnormal Range

Score +4 +3 +2 +1 0 −1 −2 −3 −4

Temperature (° C) >40.9 39-40.9 38.5-38.9 36-38.4 34-35.9 32-33.9 30-31.9 <30

Systolic blood pressure (mm Hg) >90 70-90 <70

Heart rate (beats/min) >179 150-179 130-149 120-129 ≤119

Respiratory rate  
(breaths per minute)

>49 35-49 25-34 12-24 10-11 6-9 ≤5

SpO2 (%) ≥92% 90-91% 85-89% <85%

WBC count (μ/L) >39.9 25-39.9 17-24.9 5.7-16.9 3-5.6 1-2.9 <1

% Immature neutrophils ≥10% <10%

Lactic acid (mmol/L) ≥4 <4

SpO2, oxygen saturation by pulse oximetry; WBC, white blood cell.
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 2.  Blood cultures before antibiotic therapy, if this does not sig-
nificantly delay starting antimicrobial therapy.
There is no reason this would not apply in pregnant/
postpartum patients. One study in Finland reported 
on this specific policy for obstetric patients; 2% (of 
>40,000) were cultured for fever and had broad-spec-
trum antibiotics immediately administered. Bactere-
mia was confirmed in 5% of cases; only 1 of the 798 
patients cultured had septic shock, for an incidence 
of 0.1%.17

 3.  Imaging studies performed promptly to ascertain the source of 
infection.
Pregnant women can be imaged despite the fact of 
pregnancy, although there are some issues related to 
ionizing radiation. The American College of Obstetri-
cians and Gynecologists recommends limiting the to-
tal radiation dose during pregnancy to 5 rad (5 cGy) 
 because no fetal effects are known this low.18 Substitute 
nonionizing modality if feasible (e.g., ultrasound, mag-
netic resonance imaging). If ionizing radiation is to be 
used, then shield the abdomen if possible. If ionizing 
radiation is required and the abdomen/pelvis is to be 
included in the field, then modify the technique to min-
imize the dose delivered to the fetus, and use dosimetry 
to tally the fetal dose.

 4.  Initiation of broad-spectrum antibiotic therapy within 1 hour 
of diagnosis.
There is no reason this would not be feasible; however, 
the hemodynamic picture that characterizes normal 
pregnancy may result in overdiagnosing sepsis. The 
central hemodynamics of normal pregnancy include 
increased cardiac output, increased heart rate, de-
creased systemic vascular resistance, and a somewhat 
lower blood pressure.19 Most but not all antibiotics 
can be used in pregnancy, although dose adjustments 
may be needed because of changes in pharmacoki-
netics (e.g., expanded plasma volume, increased glo-
merular filtration rate, increased protein binding).20 
Broad-spectrum coverage is reasonable in obstetrics 
patients. In a recent Finnish study of peripartum sep-
sis, more than 40 organisms were cultured, including 
aerobic gram-positive and gram-negative as well as 
anaerobic bacteria,17 and extended-spectrum beta-
lactamase–producing microbes should be considered 
in high-risk patients who do not respond to initial an-
tibiotics.

 5.  Reassessment of antibiotic therapy with clinical and microbio-
logic data to narrow antibiotic coverage when appropriate.
There are no data specific to pregnancy. When narrow-
ing coverage, some consideration should be given to 
whether transplacental coverage is appropriate; some 
drugs do not cross the placenta well and may result 
in inadequate fetal treatment (e.g., erythromycin or 
azithromycin in the treatment of syphilis).22

 6.  Seven to ten days of antibiotic therapy.
There is no evidence base specific to pregnancy, and no 
reason to recommend alteration in this goal.

 7.  Source control.
There are no data specific to pregnancy. A signifi-
cant proportion of cases of sepsis in pregnant/post-
partum women localize to the uterus and would  
therefore require the uterus be emptied. This would 

generally equate to delivery. Fetuses less than 23 
weeks  gestational age are unlikely to survive outside 
of the uterus; at 23 and 24 weeks, survival rates of 26% 
and 55%, respectively, have been reported, at least at 
the highest-level neonatal intensive care facilities, 
 although only 10% of those infants survive without 
major morbidity.23 There are no data on antibiotics 
without delivery for women  diagnosed with clinical 
sepsis attributed to  intra-amniotic infection. Women 
with a diagnosis of subclinical intra-amniotic  infection 
who were treated with antibiotics alone, in the hope 
of delaying delivery to a more favorable gestational 
age, have been observed to have a prolongation of 
pregnancy by days to weeks, with the only maternal 
morbidity recorded being a 3% rate of postpartum en-
dometritis,24 but with an infant death rate of 33% and 
major infant morbidity greater than 75%. It should 
be emphasized that patients with  subclinical chorio-
amnionitis, who typically present only with preterm 
labor or membrane rupture, are  unlikely to come to 
the ICU; if these patients cannot reasonably be man-
aged without delivery, then there is no  argument for 
managing clinical chorioamnionitis without it. There 
appears to be no place for deferring source control in 
pregnancy.

 8.  Crystalloid as the fluid of choice for resuscitation.
There is no evidence to recommend one versus the oth-
er in pregnant patients with sepsis. Trials of crystalloid 
versus colloid have been performed to assess preload-
ing before elective cesarean delivery with the patient 
under regional anesthesia, but extrapolation to sepsis 
would be inappropriate. Because the gradient between 
colloid oncotic pressure and pulmonary artery occlu-
sion pressure is lower in pregnancy,19 there may be 
more risk of pulmonary edema than in the nonobstetric 
patient.

 9.  Norepinephrine as the first-choice vasopressor, to target initial 
MAP greater than 65 mm Hg.
No data exist to recommend a lower limit of MAP in 
pregnancy, but MAP is normally lower in pregnancy 
than in healthy nonpregnant controls.25 Thus, a MAP of 
65 mm Hg or greater may be too stringent. Although the 
MAP difference is 4 to 5 mm Hg lower in pregnancy, one 
cannot extrapolate to a recommendation to target 60 mm 
Hg instead. The uteroplacental circulation does not au-
toregulate, and compromised placental perfusion may 
be apparent by examination of the electronic fetal heart 
rate tracing: the tracing may allow individualization of 
the target MAP for the mother. Although norepineph-
rine, similar to epinephrine, vasopressin, and dopamine, 
has been used clinically in obstetric crises such as shock, 
there are limited data on safety or efficacy of any of 
these drugs in human pregnancy. During pregnancy, the  
response to vasoconstrictors, both endogenous and ex-
ogenous, is blunted; therefore, the usual therapeutic 
doses may not result in the expected effect.26 No recom-
mendation can be made. This decision must be individ-
ualized.

Space limits a discussion of the supportive therapies 
reviewed in SSC. Such therapies as transfusion of red cells 
and platelets, sedation, venous thrombosis prophylaxis, 
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and stress ulcer prophylaxis are not proscribed during 
pregnancy. To avoid hyperinsulinemia in the fetus, one 
would generally target an upper maternal blood glucose 
level of 140 mg/dL or less rather than the SSC recommen-
dation of 180 mg/dL or less.

ACUTE RESPIRATORY DISTRESS 
SYNDROME IN PREGNANCY

Acute respiratory distress syndrome (ARDS) is an uncom-
mon disorder in pregnancy, with an incidence estimated 
at between 0.016% and 0.035% of deliveries, or roughly 
1/3000 to 1/6000.27,28 The incidence of acute lung injury 
(including ARDS) is estimated at roughly 80/100,000 
patient-years in the general U.S. population.29 The inci-
dence of ARDS in pregnancy is calculated as 21 to 46 per 
100,000 person-years1 in the obstetric population, which 
is lower than the rate in the general population (although 
not, obviously, age-adjusted). The mortality rate for ARDS 
among obstetric patients was estimated as 24% to 44% 
among older case series,27,28,30,31 and 33% in a more recent 
series,32 neither of which is greatly different from the 
general population case-fatality rate of 38%.29 A national 
review of Canadian hospital admissions between 1991 
and 2002, however, found that the case-fatality rate among 
obstetric patients with ARDS in the absence of any major 
preexisting condition (e.g., diabetes, heart disease) was 
only 6%.33

WHAT IS THE OPTIMUM STRATEGY FOR 
MECHANICAL VENTILATION WHEN THE 
PATIENT IS PREGNANT?

There are no randomized controlled trials of ventilator 
strategies in the obstetric population. Many authorities rec-
ommend maintaining maternal oxygen saturation by pulse 
oximetry (SpO2) greater than 95%, or partial pressure of 
oxygen in arterial blood (Pao2) greater than 60 mm Hg “to 
preserve fetal wellbeing,” but it is unclear what evidence 
supports this recommendation, at least in humans. Utero-
placental blood flow rather than maternal oxygenation 
per se is the major determinant of fetal oxygen delivery. 
The model for gas transport across the human placenta is 
thought to be that of a concurrent exchanger. The gradient 
between maternal and fetal oxygen content drives transfer. 
Because the oxygen content of fetal blood is low, the gradi-
ent is easily preserved: normal fetal umbilical venous par-
tial pressure of oxygen (Po2) (the most highly oxygenated 
blood in the system) is only 31 to 42 mm Hg.34 The nature 
of a concurrent exchanger is such that oxygen saturation 
at the most highly oxygenated end of the fetal side is still 
lower than the least oxygenated end of the maternal circu-
lation, represented by the uterine vein, or approximately 
the mixed venous saturation of oxygen (SvO2). Only in 
the extreme case of a venous equilibrator could the two 
be equal, and under no circumstances can the fetal side 
be higher than the maternal venous side. Oxygen delivery 
to the fetus and to fetal organs, as to the adult, is repre-
sented by the product of blood flow and oxygen content. 

Adaptive strategies in the fetus include higher affinity of 
fetal hemoglobin for oxygen and high cardiac output rela-
tive to size.

There is only one experimental trial of deliberate 
hypoxia in human pregnancy.35 Ten women with nor-
mal pregnancies near term were exposed to a hypoxic 
gas mixture with a fraction of inspired oxygen (Fio2) 
of approximately 0.1 (50% room air, 50% nitrogen) for 
10 minutes, during which time SpO2 decreased by 15%. 
Fetal parameters that are thought to represent fetal 
oxygenation (i.e., heart rate baseline and variability, 
fetal umbilical artery Doppler indices, and fetal middle 
cerebral artery Doppler indices) did not change during 
experimental maternal hypoxia. Direct sampling of fetal 
blood was not performed in this study.

In case series from the era preceding low-tidal-volume 
ventilation for ARDS, barotrauma rates were high in 
obstetric patients who underwent mechanical ventilation 
(i.e., 36% to 44%).27,28 This compares unfavorably with the 
background rate of barotrauma of 11% among nonobstet-
ric patients ventilated with “traditional” tidal volumes in 
ARDS.36

When undertaking a standard low-tidal-volume ven-
tilation strategy for pregnant women with ARDS, the 
maternal partial pressure of carbon dioxide in arterial 
blood (Paco2) is probably of equal if not more impor-
tance than the Pao2. CO2 transfer across the placenta 
also requires a gradient; in this case the higher Paco2 
of fetal blood diffuses across placental interface to the 
lower Paco2 of maternal blood. High maternal Paco2, as 
in permissive hypercapnia, would be expected to impede 
fetomaternal CO2 transfer and promote fetal acidemia. In 
a small trial of CO2 rebreathing in 35 healthy pregnant 
women, an increase in the maternal end-tidal CO2 as high 
as 60 torr was associated with a loss of fetal heart rate 
variability in 57% of fetuses monitored, this being a proxy 
for fetal acidemia; 90% of fetuses thus affected normal-
ized the tracing after test.37

Thus it would seem that a pregnant woman ventilated 
with the standard low-tidal-volume strategy could have 
the fetal heart rate tracing continuously monitored as a 
way of assessing fetal oxygenation and acid-base status. 
This would be irrelevant at very early gestational ages 
(e.g., before 24 weeks). If the tracing shows signs of fetal 
compromise, then interventions might include decreasing 
positive end-expiratory pressure (PEEP; to improve uter-
ine blood flow by improving cardiac output) or increasing 
tidal volume so as to increase maternal pH and decrease 
maternal Paco2. Others have recommended focusing on 
attempts to increase maternal Pao2, albeit without obvious 
evidence to support the intervention; this would require 
increasing Fio2 rather than PEEP because of the effects of 
PEEP on cardiac output and therefore on uteroplacental 
perfusion.

Additional therapies that have been used for ARDS 
in the general population may be applied in the case of 
pregnancy, including inhaled nitric oxide and prone 
positioning, although creative use of buttresses or mat-
tress cutouts may be required for proning, depending on 
the size of the gravid uterus. Fetal concerns should not 
be allowed to interfere with appropriate sedation of the 



Chapter 78 How Should the Critically Ill Pregnant Patient Be Managed?    575

mother. Neuromuscular blocking agents, if used, do not 
cross the placenta.

Delivery in itself does not seem to improve mater-
nal survival in ARDS.28,38,39 Fetal survival, however, is 
tightly linked to gestational age at delivery: this would 
imply a fetal benefit to continuing rather than interrupt-
ing pregnancy, assuming maternal and fetal condition 
permits.

WHAT IS THE ROLE OF 
EXTRACORPOREAL MEMBRANE 
OXYGENATION IN REFRACTORY ACUTE 
RESPIRATORY DISTRESS SYNDROME IN 
OBSTETERIC PATIENTS?

Extracorporeal membrane oxygenation (ECMO) is now 
more commonly applied and more generally available 
in adult patients with respiratory failure. The CESAR 
(Conventional Versus ECMO for Severe Adult Respira-
tory Failure) trial40 showed a survival benefit of trans-
fer to ECMO specialty centers for consideration of this 
intervention. Survival rates were 63% among patients 
who received ECMO compared with 47% of those not 
considered for ECMO. Although there were no obstet-
ric patients enrolled in the CESAR trial, the year of the 
trial’s publication also saw the worldwide pandemic of 
a novel  influenza A virus, H1N1, which was significantly 
more severe among pregnant women than most other 
groups. A pragmatic approach to H1N1 respiratory fail-
ure, pioneered in Australia and New Zealand, meant that 
an unprecedented number of pregnant (and postpartum) 
patients were treated with ECMO.41-43 This recent expe-
rience has led to an increasing willingness to consider 
ECMO for refractory respiratory failure among obstet-
ric patients. A compilation of data from case reports and 
case series suggests that maternal survival on ECMO is 
approximately 80% and fetal survival is approximately 
70%.44 Because both antepartum and postpartum bleed-
ing are of concern and may be catastrophic, it may be 
prudent to maintain a lower level of anticoagulation in 
these patients. Attention should also be paid to adequate 
venous drainage because the gravid uterus may com-
press the inferior vena cava when the patient is prone; 
thus, alterations in patient positioning or the addition of 
another venous outflow cannula may be required.

CONCLUSION

Care of the critically ill obstetric patient requires inter-
pretation and adaptation of studies performed in the 
nonobstetric population. In most situations of critical 
illness in pregnancy, there are no randomized trials to 
guide the practitioner, and none are likely to be per-
formed. Pregnancy physiology, uteroplacental perfu-
sion, and fetal issues may require modifications in ICU 
management. A multidisciplinary approach, with care-
ful assessment of treatment options, is expected to serve 
these patients best.
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How Do I Diagnose and Manage 
Patients Admitted to the ICU  
After Common Poisonings?

Jakub Furmaga, Kurt Kleinschmidt

Patients who are critically poisoned present significant 
diagnostic and therapeutic challenges to critical care staff. 
Unfortunately, there is no universally accepted manage-
ment algorithm to aid in the evaluation despite the pres-
ence of so many harmful agents. The history is often 
unavailable, and providers must rely on physical exami-
nation, knowledge of toxidromes, and laboratory data to 
guide diagnosis and management.

In this chapter, we review diagnostic strategies using 
toxidromes and laboratory testing, describe acetamino-
phen (paracetamol, or N-acetyl-p-aminophenol [APAP]) 
and salicylate (acetylsalicylic acid [ASA]) toxicity in mod-
erate detail, clarify the appropriate use of N-acetylcysteine 
(NAC) as an antidote for acetaminophen overdose, review 
the evidence behind urine alkalinization for salicylate over-
dose, and present the evidence behind various decontami-
nation strategies.

DIAGNOSIS

Toxidromes

Toxidromes are constellations of signs and symptoms 
consistent with a specific group of xenobiotics and their 
unique effects on neuroreceptors (Table 79-1). The benefit 
of using toxidromes is that the correct management can be 
started without knowing the specific agent involved. For 
example, drugs that block acetylcholine at the muscarinic 
receptors can result in the anticholinergic toxidrome, which 
presents with tachycardia, dry skin, hypoactive bowel 
sounds, urinary retention, mydriasis, and in more severe 
cases, delirium. Regardless if it was caused by antihista-
mines, antipsychotics, or plants such as Jimsonweed, these 
symptoms should improve with the administration of phy-
sostigmine. The sympathomimetic toxidrome occurs after 
activation of norepinephrine and dopamine receptors by 
stimulants such as cocaine or amphetamine. These patients 
have tachycardia, diaphoresis, mydriasis, and delirium; 
regardless of the ingested agent, they will improve when 
treated with benzodiazepines (BZs). The anticholinergic 
and sympathomimetic toxidromes may initially appear 
similar; however, anticholinergic patients are “dry as a 

bone,” whereas sympathomimetic patients are usually dia-
phoretic. The cholinergic toxidrome is the opposite of the 
anticholinergic and results from overstimulation of mus-
carinic and nicotinic receptors. It manifests as diaphoresis, 
salivation, lacrimation, urination, defecation, and mio-
sis, with bradycardia, bronchospasm, and bronchorrhea 
being the life-threatening symptoms. Regardless of which 
organophosphate or carbamate caused these symptoms, 
atropine is the treatment. The opioid toxidrome results 
from overstimulation of the mu, kappa, and delta opiate 
receptors and presents with pinpoint pupils, respiratory 
depression, and decreased mental status. Antagonists of 
the opioid receptors, such as naloxone, reverse these symp-
toms. The sedative/hypnotics toxidrome is similar to that 
of opioids but has no pupillary changes and significantly 
less respiratory depression. There is no antidote for most 
of the causative agents except for flumazenil reversing BZ-
related toxicity.

Correctly identified toxidromes can help guide antidote 
administration and improve the clinical picture without 
knowing the exact agent involved. However, poisoned 
patients often ingest many different agents that stimulate/
block receptors that conflict with each other, thus clouding 
the presenting toxidrome.

Laboratory

Most hospitals offer urine drug screens; however, their 
routine use has not been shown to alter patient manage-
ment or outcomes.1 Interpretation can be difficult because 
different urine assays vary as to which agents, within a 
class, will be detected. Thus the false positives and false 
negatives from the assays will vary from institution to 
institution. Some general points can be made, though. 
A “positive” screen does not reflect current intoxication 
because clinical symptoms are generally gone long before 
the screen becomes “negative.” For example, the tetra-
hydrocannabinol screen for marijuana can remain posi-
tive for weeks after an acute exposure and months after 
chronic exposure. BZ assays often yield false-negative 
results because not all of the BZs are biotransformed to 
the same detectable metabolite. Amphetamines are often 
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associated with false-positive results because of their 
structural similarity to many legal medications such as 
pseudoephedrine.

Quantitative serum levels are available for some medi-
cations. Measured levels that most commonly affect 
patient care in a setting of an ingestion are acetamino-
phen, salicylate, lithium, digoxin, methanol, and ethyl-
ene glycol. Phenytoin, valproic acid, and carbamazepine 
levels are often ordered to help with therapeutic dose 
monitoring. In an overdose, though, the presence of an 
elevated measurement is best used to confirm the drug’s 
presence but rarely affects management because patients 
are observed until clinical improvement and not labora-
tory normalization.

DANGEROUS POISONINGS: TWO 
IMPORTANT AGENTS

Most toxic exposures in the United States are nonfatal. 
According to the 2012 report from the American Associa-
tion of Poison Control Centers’ National Poison Data Sys-
tem, only 0.1% of the reported exposures resulted in death.2 
However, acetaminophen and acetaminophen-containing 
products accounted for 8.0% of deaths (206 of the 2576 
exposure related fatalities) and salicylates for 2.4% (61 of 
the 2576).2 Errors occur in the evaluation and treatment 
of both of these common exposures. For example, a 2008 
Maryland Poison Center study suggested that intravenous 
(IV) NAC administration errors for acetaminophen poison-
ing occur in approximately one third of cases and include 
incorrect doses, incorrect rate, interruption of therapy, and 

unnecessary administration of NAC.3 In addition, these 
agents are at times confused because they are commonly 
used over-the-counter analgesics. Thus the following sec-
tion details the treatment of acetaminophen and salicylate 
overdose.

Acetaminophen

Most acetaminophen (APAP) is glucuronidated and sul-
fated to inactive, harmless metabolites in the liver (Fig. 79-1);  
however, approximately 5% to 10% is oxidized by the 
cytochrome P450 system into the hepatotoxic N-acetyl-
p-benzoquinoneimine (NAPQI).4 NAPQI is detoxified via 
conjugation with glutathione, which produces a nontoxic 
species that is renally eliminated.5 After an APAP overdose, 
the glutathione supply is rapidly depleted, resulting in free 
NAPQI and subsequent hepatotoxicity. Hepatitis (as defined 
by aspartate aminotransferase [AST] > 1000 IU/L)6 occurs 
after an ingestion of 150 mg/kg,7 and higher doses can lead 
to acute liver failure (ALF).8

Because APAP toxicity has no early symptoms, a level is 
obtained in all cases of possible overdose. NAC is a partial 
antidote to APAP poisoning and acts to maintain or replen-
ish depleted glutathione reserves in the liver. The Rumack-
Matthew nomogram guides the use of NAC in acute 
(single-exposure) overdoses when the time of ingestion is 
known.9 The treatment line is based on a 4-hour half-life 
starting with a toxic 4-hour serum concentration of 150 μg/ 
mL. This screening tool has a sensitivity of almost 100% 
when strictly applied.10 Levels before 4 hours after expo-
sure generally do not guide therapy. Except in the setting 
of very large overdoses (>80 to 100 tablets) or co-ingestants 
that slow down gastrointestinal motility, serial APAP lev-
els are unnecessary because of APAP’s predictable absorp-
tion and elimination half-life. In cases of massive APAP 
ingestion, not only is complete absorption delayed but 
elimination half-life can also be prolonged to as much as  
20.3 hours.11

A toxic level was traditionally treated with oral NAC 
for 72 hours (140 mg/kg followed by 70 mg/kg every 4 
hours for 17 doses) in the United States. In Europe, Canada, 
and other territories, IV NAC has been used for decades. 
Acetadote, a pyrogen-free IV form of NAC, was approved 
in the United States in 2004. Acetadote is recommended for 
patients who were seen within 8 to 10 hours of acute inges-
tion and is administered with a 21-hour protocol: 150 mg/
kg of NAC in 200 mL of 5% dextrose in water (D5W) over 
1 hour, then 50 mg/kg in 500 mL of D5W over 4 hours, and 
then 100 mg/kg in 1000 mL of D5W over 16 hours. A recent 
cost analysis showed that an Acetadote regimen was less 
expensive than the generic oral NAC because of shortened 
hospital stay.12 Both regimens are equally effective when 
started early13; however, one meta-analysis showed that for 
treatment started more than 18 hours after ingestion (late 
presenters), the 72-hour oral NAC formulation was more 
effective at preventing hepatotoxicity than the IV Acetadote. 
This difference was attributed to the oral NAC protocol’s 
larger cumulative dose (1330 mg/kg vs. 300 mg/kg) and 
longer duration of treatment (72 hours vs. 21 hours).14 Fur-
thermore, late presenters who had already developed ALF 
had lower mortality and less progression to grade III/IV 
encephalopathy when given NAC compared with those 

Table 79-1 Toxidromes: Clinical Presentations

Toxidrome Vital Signs Signs

Anticholinergic HR ↑ Bowel sounds ↓
Delirium*
Dry mouth
Mydriasis or normal
skin—dry, flushed

Sympathomimetic HR ↑
BP ↑

Agitated
Delirium*
Mydriasis
Skin—diaphoretic

Opioid RR ↓ and/or  
shallow

Bowel sounds ↓
Mental status ↓
Miosis

Sedative-hypnotic RR normal or ↓† Mental status ↓

Cholinergic HR ↓ Bronchoconstriction
Bronchorrhea
Diaphoresis
Lacrimation
Miosis
Salivation
Urination

BP, blood pressure; HR, heart rate; RR, respiratory rate; ↑, increased; ↓, de-
creased.

*If severe.
†If combined with other sedatives.
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who had not.15 On the basis of these data, many toxicolo-
gists advocate giving additional NAC (i.e., Acetadote bag 
#3: 100 mg/kg in 1000 mL of D5W over 16 hours) in addi-
tion to the 21-hour infusion for anyone who has continu-
ously rising AST and for those with ongoing hepatitis (AST 
> 1000 IU/L). This is true even in situations when the APAP 
level becomes undetectable because it is its unmeasured 
metabolite, NAPQI, that is causing the liver injury.

Salicylates

Salicylate (ASA) poisoning is very common because of its 
availability in many stand-alone and combination products 

for analgesia and fever and in liniments.16 The salicylate 
toxidrome includes vomiting, hyperpnea, diaphoresis, diz-
ziness, and hearing changes such as muffled hearing or tin-
nitus. Arterial blood gas shows mixed respiratory alkalosis 
and anion-gap metabolic acidosis. In chronic ingestion, 
patients often have an altered mental status and mimicking 
infection, and it is referred to as “pseudosepsis.”17

Serum salicylate concentrations are most commonly 
reported in milligrams per deciliter. Therapeutic levels 
range from 10 to 30 mg/dL. Toxicity results from tissue 
distribution and not from the salicylate in the blood; thus 
serum levels and toxicity do not always correlate. For exam-
ple, a serum salicylate level could be decreasing because 
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salicylate is either being distributed into tissues (and the 
patient is becoming clinically sicker) or being eliminated by 
the kidneys (and the patient is clinically improving). Toxic-
ity is considered to be resolving if (1) serial salicylate levels 
are no longer toxic (<30 mg/dL) and are decreasing and 
(2) the patient is clinically improving. It must be empha-
sized that salicylate evaluation is very different from that of 
APAP (in which treatment is primarily dictated by labora-
tory results) because ASA management depends on serial 
serum levels in conjunction with symptomatology.

Treatment of salicylate toxicity is focused on increased 
excretion (Fig. 79-2). Urine alkalinization enhances salic-
ylate elimination by “trapping” the ASA ion in the renal 
tubules and improving its removal. In Prescott’s study, 
urine alkalinization was achieved by adding three 50-mEq 
ampules of sodium bicarbonate into 1 L of D5W with  
40 mEq of potassium chloride and infusing this mixture at  
375 cc/hr (1.5 L total) for 4 hours (isotonic sodium bicar-
bonate preparations are commercially available in some 
territories).18 The mean urine pH in these patients was 8.1 
and resulted in a significant increase in urinary salicylate 
excretion. Forced diuresis was shown to be ineffective at 
improving elimination.19 Hypokalemia must be avoided 
because intercalated cells in the distal tubules secrete 
hydrogen ions in exchange for potassium, thus preventing 
urine alkalinization and causing retention of salicylate.

In the more severe cases, hemodialysis should be con-
sidered. There are no definitive studies on the indications 

for hemodialysis; however, most toxicologists recommend 
it for the following scenarios:

 •  Level of 100 mg/dL or more in acute ingestion.
 •  Level of 60 mg/dL or more in chronic ingestion.
 •  In pregnant patients, a level of 60 mg/dL or more is very 

toxic to the fetus.
 •  Evidence of end-organ damage such as pulmonary or 

cerebral edema.
 •  Severe acid base disorder that is not resolving with re-

suscitation.
 •  Volume overload.

Another important clinical consideration is the endotra-
cheal intubation of the salicylate-poisoned patient. Whether 
this is done for respiratory failure or airway protection, 
it is vital that the provider pays attention to the patient’s 
acid base status. Massive overdose patients have severe 
metabolic acidosis for which their body compensates with 
hyperpnea. After intubation, providers must ensure the 
ventilator matches minute ventilation to the patient’s ini-
tial compensation because failure to do so can lead to death 
from uncompensated metabolic acidosis.

MANAGEMENT PRINCIPLES

Before the 1960s, the standard treatment of poisoned 
patients was with medications that would have the 
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opposite effect on neuroreceptors than the ingested sub-
stance (i.e., sedative ingestions would be treated with stim-
ulants, stimulant exposures with sedatives). However, this 
approach caused many iatrogenic complications. In 1961, 
the “Scandinavian method” for treating patients after bar-
biturate poisoning was described. It used observation and 
respiratory support instead of the previously used gastric 
lavage and central analeptics. This new method decreased 
the mortality from barbiturate overdose from 20% to 1% 
to 2%.20 This study caused a shift in the way poisoned 
patients were treated, with supportive care (i.e., respira-
tory and circulatory support) becoming the mainstay of 
treatment for most ingestions.

The approach to the undifferentiated comatose patient 
includes assessment for hypoglycemia and hypoxia and 
respiratory and circulatory stabilization. If there is sus-
picion for opiate overdose in a respiratory-depressed 
patient, then a trial of naloxone can be used before resort-
ing to intubation. The competitive BZ antagonist flumaze-
nil should not be used diagnostically in undifferentiated 
patients because it can precipitate intractable seizures in 
BZ-dependent patients.21 However, the use of low-dose 
flumazenil has been safely used for treatment to improve 
respiratory status and prevent intubation. This risk and 
benefit analysis should be performed before every fluma-
zenil administration.

DECONTAMINATION AND ENHANCED 
ELIMINATION

When all of the time-sensitive antidotes have been adminis-
tered and the patient has been stabilized, the next step is to 
consider the use of decontamination to minimize patient’s 
further exposure to the toxin. In theory, gastrointestinal 
decontamination decreases ongoing absorption of the 
remaining drug in the intestines. These strategies include 
gastric emptying (GE) through induction of emesis with 
ipecac or using gastric lavage, binding of unabsorbed tox-
ins via single-dose activated charcoal (AC), and improved 
excretion with whole bowel irrigation (WBI). The effective-
ness of these decontamination techniques is debatable; a 
few of the more influential clinical trials are discussed later.

GE eliminates substances still within the stomach. This 
was done either through induction of emesis with ipecac or 
lavage with a large-bore oral gastric tube. In a prospective 
study performed by Merigian et al., 808 poisoned patients 
were given AC with or without GE.22 Not only was there 
no clinical benefit with GE, but those treated with GE were 
admitted to the intensive care unit twice as often and were 
intubated nearly 4 times more often than the control. These 
patients also experienced aspiration pneumonia at much 
higher rates (GE had 8 vs. 0 for no GE).22

WBI uses polyethylene glycol to mechanically flush out 
the bowel contents of the gastrointestinal tract. Volunteer 
studies have shown that WBI decreases the bioavailability 
of ingested drugs; however, no clinical improvement has 
been demonstrated. WBI is contraindicated in patients 
with bowel obstruction, perforation, ileus, hemodynamic 
instability, or compromised airways. WBI should be con-
sidered for sustained-release drugs, enteric coated medica-
tions, iron, and packets of illicit drugs.23

Multiple-dose activated charcoal (MDAC) is used to 
enhance elimination of already absorbed medications. 
MDAC involves repeated oral dosing of AC (first dose 50 g  
of AC with sorbitol and then 25 g of AC without sorbitol 
every 4 hours) to maintain the drug concentration gradient 
between the gut and the blood. This encourages migration 
of the drug from blood into the intestinal lumen (“gut dial-
ysis”), where it binds to AC and is excreted. In addition, 
the persistent presence of AC disrupts the enterohepatic 
circulation of agents that undergo biliary elimination, thus 
enhancing their elimination. Certain toxins such as ASA are 
known to form bezoars, which MDAC is good at neutraliz-
ing. Although MDAC significantly increases drug elimina-
tion in animal and volunteer studies, it has not been shown 
to affect clinical outcomes.24

To summarize, there are several studies showing 
improved pharmacokinetic outcomes when decontamina-
tion/enhanced elimination techniques are used. However, 
there are no studies showing improvement in patient out-
come. This does not mean that these techniques are not 
clinically beneficial; rather, because the incidence of serious 
ingestions in which they would help is so small, even the 
biggest studies were not powerful enough to detect this dif-
ference. Although there is lack of clinical benefit data, many 
toxicologists recommend AC for early ingestions of very 
toxic substances if patients are willing and able to drink it 
(low risk of aspiration). Likewise, for those who are critically 
ill and intubated (airway protected from possible aspiration), 
nasogastric administration of AC should also be considered.
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Spinal cord injury (SCI) constitutes a major cause of 
morbidity in the trauma patient. The United States has 
the highest incidence of traumatic spinal cord injuries, 
with approximately 40 new cases per 1 million persons 
per year1; moreover, the economic burden of SCI exceeds 
$14 billion each year.2 After prehospital stabilization and 
resuscitation, effective management of these patients 
relies on rapid, accurate clinical assessment and diagnosis 
of SCI and associated spine trauma, treatment tailored to 
the specific injury, prevention of complications, and early 
mobilization. The following chapter focuses on the evi-
dence-based management of acute traumatic SCI in the 
intensive care unit (ICU).

PATHOPHYSIOLOGY OF SPINAL CORD 
INJURY

SCI occurs in two distinct phases. Primary injury is the 
immediate result of the initial traumatic insult—namely, 
sheer, compressive, or distractive forces that cause dis-
ruption of axons and blood vessels, leading to immediate 
neurologic dysfunction. Secondary injury evolves over 
the hours to days after the traumatic event and results 
from tissue hypoxia and ischemia—either at the cellular 
or systemic levels—inflammation, and neuronal hyperex-
citability.

SCI is frequently observed in conjunction with trauma 
to the spinal column itself—bony fracture and/or disloca-
tion, disc disruption, and ligamentous compromise—and 
may significantly contribute to neurologic dysfunction 
by exerting the aforementioned forces on the neural ele-
ments. Rapid diagnosis of spinal injuries is critical in 
the management of these patients. The absence of radio-
graphic evidence of bony or ligamentous injury does not 
exclude spinal cord trauma, and the patient with unex-
plained poor findings from a neurologic examination may 
have underling cord injury. Furthermore, the same prin-
ciple holds in patients who have abnormal results from a 
neurologic examination out of proportion to the degree of 
spinal column injury. Patients with severe cervical steno-
sis, diffuse idiopathic skeletal hyperostosis (DISH), rheu-
matoid arthritis, and baseline spinal instability are at the 
greatest risk.

CLINICAL ASSESSMENT

A detailed neurologic assessment is necessary to prop-
erly categorize the severity of the injury, guide manage-
ment, and facilitate communication among practitioners. 
Although several neurologic assessment scales have been 
published in the literature, the American Spinal Injury 
Association (ASIA) Classifications Standards/Interna-
tional Standards for Neurological Classification of Spi-
nal Cord Injury (ISNICSCI) is the most heavily validated 
clinical neurologic assessment scale and is considered the 
gold standard by many practitioners for the clinical eval-
uation of acute SCI patients.3,4 There is currently class II 
evidence demonstrating significant interrater agreement, 
making this particular assessment scale appealing in terms 
of documenting and communicating serial examinations 
among practitioners.5 The ASIA Impairment Scale (AIS)  
(Table 80-1) synthesizes the detailed neurologic assessment 
contained in the ASIA/ISNCSCI.

RADIOGRAPHIC ASSESSMENT AND 
COLLAR CLEARANCE IN THE CRITICALLY 
ILL TRAUMA PATIENT

Trauma patients with mechanisms of injury at risk for spine 
and SCI should be evaluated clinically before radiographic 
assessment. There is clear class I evidence regarding the ini-
tial radiographic assessment of such patients. Patients who 
are awake, alert, asymptomatic, and neurologically intact 
require neither radiographic imaging nor external cervical 
immobilization with collar.6 Patients who have symptoms 
or whose mental status precludes clinical evaluation should 
be placed in a cervical collar and undergo high-quality 
computed tomography (CT) scanning or three-view plain 
radiographic imaging when CT scanning is unavailable.6 
CT scanning is superior to plain radiographs in the detec-
tion of cervical spine trauma.7-11 The guidelines for further 
evaluation of these patients is less clear in the setting of 
normal CT or three-view radiographs, relying on class II 
and III evidence.

In the awake but symptomatic patient with normal CT 
or three-view radiographic imaging, some clinicians have 
advocated cervical spine clearance with normal dynamic 
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flexion-extension films of the cervical spine or magnetic 
resonance imaging (MRI) to rule out ligamentous injury 
obtained within 48 hours of injury. The utility of either 
modality in identifying clinically significant cervical spine 
injury is controversial, though. A recent systematic review 
of the literature concluded that dynamic flexion-extension 
imaging is inferior to MRI at detecting ligamentous injury.12 
Moreover, flexion-extension films are largely dependent on 
patient cooperation. Duane et al. reported a relatively high 
rate of incomplete films (20.5%) and lower sensitivity com-
pared with MRI, calling into question the clinical utility of 
this modality.13 On the other hand, Schuster et al. found 
that in the setting of the neurologically intact patient with 
negative CT imaging, MRI did not detect clinically signifi-
cant ligamentous injury.14 Hence, given these limitations, 
either continuation of cervical collar until the patient is 
symptom free or cervical spine clearance at the discretion 
of the practitioner is a reasonable alternative in the symp-
tomatic patient with negative CT imaging.

In the patient who is obtunded or comatose with 
negative CT imaging or three-view radiography, MRI or 
dynamic flexion-extension films are again available for 
further diagnostic evaluation and to assist in cervical spine 
clearance. As in awake, symptomatic patients, though, the 
marginal clinical value of these modalities is questionable. 
Prospective studies have demonstrated that flexion-exten-
sion adds little diagnostic value to CT imaging or plain 
radiographs in identifying clinically significant cervical 
spine injury.15,16 Again, as in the awake patient, the high 
rate of inadequate films either due to poor imaging qual-
ity or incomplete motion may limit the interpretation of 
this study in the obtunded patient.17 There are conflicting 
data within the literature regarding the utility of MRI in 
detecting clinically significant cervical spine injury. Mul-
tiple meta-analyses have demonstrated the merits of MRI 

in detecting occult cervical spine injury with a normal CT 
scan, although each of these analyses included studies with 
heterogeneous cohorts, somewhat limiting their conclu-
sions.18,19 Panczykowksi et al. performed a meta-analysis 
comprising studies largely examining obtunded/intubated 
patients and showed that CT scanning alone could detect 
unstable cervical spine injury when compared with addi-
tional imaging modalities.20 Interestingly, Stelfox et al. 
demonstrated that intubated trauma patients who had col-
lar clearance by CT scan alone had fewer complications, 
were ventilator dependent for fewer days, and had shorter 
ICU and hospital lengths of stay.21 Again, as in the case of 
the awake patient, cervical spine clearance in the setting of 
a normal CT may be deferred until the patient’s mental sta-
tus improves or may be cleared with physical examination 
on the basis of a normal CT alone. Halpern et al. showed 
that in patients who are likely to be cleared clinically in 
a relatively short period of time (2 weeks), it is safe and 
cost-effective to leave these patients in a cervical collar as 
opposed to obtaining an MRI.22

FREQUENTLY ENCOUNTERED INJURY 
PATTERNS

Although an extensive account of fracture/dislocation pat-
terns and their management is beyond the scope of this 
text, we briefly review some of the more common fracture 
patterns of the spine.

Axial spine injuries extend from the occiput to C2. 
Occipital condyle fractures usually result from axial load-
ing injuries (comminuted or linear type) and are usually 
stable; avulsion fractures of the condyle may result from 
distractive forces and should raise suspicion for atlanto-
occipital dislocation (AOD) (see following discussion).

Primarily seen in high-velocity, high-impact trauma, 
AOD (Fig. 80-1) results from distraction injury, causing 
disruption of ligamentous structures that stabilize the 

Figure 80-1. Atlanto-occipital dislocation as evidenced by widened 
C1-condyle interval on coronal computed tomography (arrow).

Table 80-1 ASIA Impairment Scale

Grade Interpretation

A-Complete injury No motor or sensory function below the 
level of injury, including the sacral 
 segments

B-Sensory incom-
plete injury

Preservation of sensory function, including 
sacral segments, below the level of injury, 
but no motor function

C-Motor incomplete 
injury

Preservation of motor function below the 
level of injury, including sacral segments, 
with more than half of muscle groups 
below the level of injury with muscle 
grades 0-2

D-Motor incomplete 
injury

Preservation of motor function below the 
level of injury, including sacral segments, 
with more than half of muscle groups 
below the level of injury with muscle 
grades 3-5

E-Normal Normal neurological motor and sensory 
exam, including sacral segments

ASIA, American Spinal Injury Association.
Adapted from reference 77.



Chapter 80 How Should Acute Spinal Cord Injury Be Managed in the ICU?    585

occipital-cervical junction. These patients may initially 
have normal results from a neurologic examination and 
progressive or fluctuating deficits, and this diagnosis can 
be easily missed. Moreover, concomitant traumatic brain 
injury is common among patients with AOD. Patients 
without a reliable examination or those with an unstable 
examination with a concerning mechanism should be eval-
uated for AOD. CT imaging, and in particular the condyle-
C1 interval, is highly sensitive for the detection of AOD; 
other radiographic clues include prevertebral swelling; 
skull base or high cervical epidural, subdural, or subarach-
noid hemorrhage; and occipital condyle avulsion fractures. 
MRI may be useful for direct visualization of the ligamen-
tous structures and potential injury to the spinal cord. Ulti-
mately, patients with AOD require surgical stabilization, 
usually with occipital-cervical fusion, frequently supple-
mented by external orthosis. Traction is not recommended 
in these patients and is associated with a tenfold increase 
in neurologic worsening compared with patients with sub-
axial cervical spine injuries.23 Before the definitive surgical 
fixation, cervical spine immobilization must be ensured, 
particularly during transfers or turns.

C1 fractures involve two-point fractures in the anterior 
arch, the posterior arch, or a combination of both; four-
point fractures give rise to the classic Jefferson fracture 
(Fig. 80-2). These fractures result from axial loading inju-
ries, and stability depends on the integrity of the transverse 
ligament. If lateral displacement of the fracture fragments 
is significant, then these patients may require surgical fixa-
tion; otherwise, external immobilization is sufficient.

Bilateral C2 pars interarticularis fracture, or Hangman’s 
fracture, usually result from axial loading and flexion inju-
ries (Fig. 80-3). The stability of these fractures depends on 
the degree of C2-3 displacement or angulation. Fractures 
with minimal displacement generally heal well with exter-
nal immobilization, whereas patients with significant dis-
placement or angulation may signify disc disruption and 
may require reduction and surgical fixation.

Odontoid fractures are the most common C2 fracture 
with the pattern through the body of the dens the most 
frequent subtype (Fig. 80-4). Younger patients may heal 

well with external orthosis with a halo vest. Significant 
displacement or angulation of the dens may require surgi-
cal stabilization. Elderly patients generally do not fair well 
either with external immobilization because of respira-
tory and swallowing issues or with surgical intervention 
because of higher risk profile, which poses a significant 
clinical dilemma. Surgical options include posterior C1-2 
fusion or anterior odontoid screw placement.

Because of its mobility, the subaxial cervical spine (C3-
T1) is prone to injury from various forces. Axial load forces 
can lead to compression deformities or more serious burst 
fractures. A combination of rotational, flexion, or distrac-
tive forces can lead to fracture-dislocation injuries with 

Figure 80-2. Jefferson fracture.

Figure 80-3. Hangman fracture.

Figure 80-4. Type II odontoid fracture.



586    Section XVII TRAUMA, OBSTETRICS, AND ENVIRONMENTAL INJURIES

resultant SCI (Fig. 80-5); these injuries require emergency 
evaluation by a trained specialist.

The thoracic spine is structurally well reinforced by the 
rib cage; hence, significant forces are required to produce 
injuries. As such, when these injuries occur, they can be 
devastating (Fig. 80-6). The thoracolumbar junction is par-
ticularly prone to injury because it is the transition point 
between the thoracic spine and the relatively more mobile 
lumbar spine (Fig. 80-7). In general, the lower lumbar ver-
tebrae are less mobile and less prone to injury.

SURGICAL DECISION MAKING

Surgical decision making and management rely on clas-
sification of injury, determination of an injury’s stability 
and degree of compression of neural elements, and the 
accurate assessment of neurologic function. The goals of 
neurosurgical management of SCI consist of decompres-
sion of neural elements and stabilization of the spine, 
the timing of which depends on the patient’s neurologic 
function.

Early decompression and stabilization in patients with 
incomplete injuries has become the prevailing trend.24 
Even with complete injuries, early surgical intervention 
results in earlier mobilization, reduced pulmonary com-
plications, fewer days for patients to undergo mechani-
cal ventilation, and shorter length of stay.24-26 Rapid 
decompression of neural elements can be achieved with 
certain cervical spine fractures before definitive surgical 

treatment with closed reduction with cervical traction 
using Gardner-Wells tongs performed under fluoroscopy; 
this procedure should be performed only by a skilled 
specialist. An exhaustive account of the various surgical 
approaches is beyond the scope of this text, and we refer 

Figure 80-5. Subaxial cervical spine injury resulting in jumped facets.

Figure 80-6. Fracture dislocation injury of thoracic spine causing 
cord transection.

Figure 80-7. L1 burst fracture.
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readers to references dedicated to the surgical treatment 
of spinal trauma.27

Several grading scales have been proposed to classify 
spinal injury and guide in surgical decision making. The 
Subaxial Cervical Spine Injury Classification (SCLICS)28 
and the Thoracolumbar Injury Classification and Severity 
Scale (TLICS)29 are commonly used and ideal in that they 
include metrics for ligamentous integrity and neurologic 
function. Of note, greater emphasis is placed on incom-
plete neurologic injury, suspected spinal cord over nerve 
root injury, and injury patterns that suggest a high degree 
of instability (e.g., distraction, subluxation). Both the TLICS 
and SCLICS have shown to be safe and effective guides for 
surgical intervention in prospective studies.30,31 Interest-
ingly, the introduction of the TLICS score led to greater 
adoption of nonsurgical intervention.32 The TLICS score 
has been validated and is reliable33,34 whereas the SCLICS 
has been performed less well with regards to interrater 
variability.35

ACUTE TRAUMATIC CENTRAL CORD 
SYNDROME

Acute traumatic central cord syndrome (ATCCS) is a het-
erogeneous clinical diagnosis that usually results from 
a hyperextension injury in which there is preferential 
damage to the medial anterior and posterior columns 
of the spinal cord (Fig. 80-8). Because of the somato-
topic organization of corticospinal tracts, this typically 
leads to weakness in the upper extremities with relative 

sparing of the lower extremities, although this clinical 
presentation can be varied. In general, for the diagnosis 
of ACTSS to be made, the ASIA motor score in the upper 
extremities must be 10 points less than the correspond-
ing score in the lower extremities.36 This injury pattern 
may or may not be associated with bony or ligamentous 
disruption.

Patients with ATCCS are especially prone to further 
SCI secondary to hypotension; as a result, maintaining 
adequate perfusion pressure is imperative in the acute 
postinjury and perioperative periods. Because ATCCS 
frequently occurs in elderly patients, baseline pressures 
may be elevated relative to younger patients with SCI, 
and as a result, these patients may require higher mean 
arterial pressure (MAP) to maintain adequate spinal 
cord perfusion.

The timing of surgical intervention for ATCCS is some-
what controversial, although recent studies have demon-
strated that surgery can be safely performed within 24 hours 
after injury and may lead to improved outcomes compared 
with delayed intervention. The surgical approach is vari-
able and, in addition to surgeon preference, is guided by 
spinal alignment, the number of levels involved, the loca-
tion of pathology, and the presence of other bony or liga-
mentous injuries.25,37,38

CORTICOSTEROID THERAPY

Several multicenter, prospective, randomized trials have 
been conducted to determine the efficacy of high-dose 
corticosteroid administration in patients with acute SCI. 
The National Acute Spinal Cord Injury Study (NASCIS) I 
compared high-dose with low-dose methylprednisolone 
(MP) and found no difference in neurologic function at 
6 weeks, 6 months, and 1 year, although wound infection 
and death were more frequent in the high-dose group.39,40 
The NASCIS II trial published in 1990 was a multicenter, 
randomized, double-blinded trial comparing MP with nal-
oxone or placebo in patient acute SCI; the authors found 
no significant difference in primary outcome measures, 
although a post hoc analysis revealed improvement in neu-
rologic function at 6 months and 1 year in patients who 
received MP within 8 hours of injury.41,42 A third trial, NAS-
CIS III, was conducted that compared 24-hour MP with 
48-hour MP administration and again found no significant 
difference in predetermined outcome measures, although 
a post hoc analysis revealed improved ASIA motor scores 
at 6 weeks and 6 months in the 48-hour MP group.43 In the 
NASCIS II and NASCIS III studies, the post hoc analysis 
is considered class III evidence. Another multicenter, ran-
domized, prospective trial was conducted to examine com-
plication rates and found that patients who received MP 
had greater rates of respiratory complications and gastro-
intestinal bleeding.44

In summary, no class I or class II medical evidence exists 
supporting the clinical benefit of MP in the treatment of 
acute SCI. The class III evidence that has been published 
claims inconsistent effects likely related to random chance 
or selection bias. However, class I, II, and III evidence 
demonstrates that high-dose MP for the treatment of acute 
SCI is associated with numerous complications including 
death.45

Figure 80-8. Acute central cord in patient with severe cervical 
 stenosis.
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HYPOTHERMIA AFTER SPINAL CORD 
INJURY

The application of hypothermia as a neuroprotective strat-
egy in the setting of acute SCI has garnered significant 
interest. Animal data and small case series with both sys-
temic hypothermia and regional/local hypothermia at the 
time of surgical decompression have demonstrated the 
potential for improved outcomes after SCI.46-48 The current 
guidelines from the AANS/CNS (American Association 
of Neurological Surgeons/Congress of Neurological Sur-
geons) joint section on the spine provide a grade C (level 4 
evidence) for the use of modest systemic hypothermia for 
SCI.49 Large multicenter randomized trials are needed to 
explore the clinical utility of hypothermia after SCI.

DIAGNOSIS AND MANAGEMENT  
OF VERTEBRAL ARTERY INJURY

Patients who sustain SCI may have injury mechanisms that 
place them at risk for cervical artery injury. Rates of vertebral 
injury between 17% and 27.5% have been quoted in screened 
patients with highly suspicious injures50-52 and an overall 
rate of 1.4% has been quoted among patients with any blunt 
cervical trauma.53 Patients with fractures into the transverse 
foramen, occipital-cervical dislocation, associated skull base 
fractures, and subluxation/dislocation injuries may be at 
greatest risk.50 Approximately 12% to 14% of patients will 
have a stroke attributable to cerebrovascular injury, and 
nearly half of these occur at the time of presentation.53,54

The Modified Denver Screening Criteria (Table 80-2) 
were designed to identify those patients at greatest risk for 
cerebrovascular injury after blunt trauma and guide the 
decision to obtain angiographic imaging.55 Although the 
gold standard for diagnosis of cerebrovascular injury is 
conventional angiogram, CT angiography is an excellent, 
noninvasive alternative. Eastman et al. demonstrated class 
I evidence for the utility of CT angiography, quoting sen-
sitivity and specificity of 97.7% and 100%, respectively.56 
Conventional angiography should still be considered, 
though, if endovascular intervention is a possibility.

Only class III evidence exists for the treatment of blunt 
cerebrovascular injury. Several large retrospective studies 
have demonstrated that patients without any interven-
tion have higher rates of stroke,53,54 but there is no clear 
consensus regarding the utility of antiplatelet therapy, 
anticoagulation, or endovascular intervention. Potential 
endovascular treatment options include vessel/pseudoan-
eurysm embolization and stenting of the dissected vessel. 
The treatment decision should be tailored to the individual 
patient. Of note, patients who undergo endovascular stent-
ing may require dual antiplatelet therapy, which may be 
relatively contraindicated in the complex trauma patient.

PENETRATING SPINAL CORD INJURY

Penetrating SCI (i.e., from bullets, shrapnel, knives) is a dis-
tinct clinical entity from blunt SCI and may be a frequent 
occurrence at urban and military trauma centers (Fig. 80-9). 
SCI in this setting can occur directly from the penetrating 
object itself and can occur indirectly from the blast effect of 
the penetrating object (e.g., as in the case of bullets, shrap-
nel). Hence, patients may have complete cord injuries with-
out evidence of canal involvement of the penetrating object 
on imaging.57 Management of these patients is largely 
supportive, and the role of surgery is poorly defined. Few 
studies have been published examining outcomes after 

Table 80-2 Modified Denver Screening Criteria

Arterial hemorrhage

Cervical bruit/thrill

Expanding cervical hematoma

Focal neurologic deficit

Neurologic examination inconsistent with head CT

Ischemic stroke on secondary head CT

Cervical spine, basilar skull, or severe facial (LeForte II/III) 
fracture

Diffuse axonal injury with GCS <6

Near hanging with anoxic brain injury

Adapted from reference 78.
CT, computed tomography; GCS, Glasgow Coma Scale score.

Figure 80-9. Penetrating gunshot to lumbar spine with bullet 
fragment in spinal canal.
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surgery for decompression; these patients usually do not 
have improvement after surgery and run the risk of fur-
ther injury or exacerbating cerebrospinal fluid leakage with 
operative exploration. Thoracolumbar injuries are rarely 
unstable (<1%) whereas reported rates of instability requir-
ing surgery in the cervical spine reach 30%.58,59 Patients 
with gunshot wound trajectories through hollow viscus 
organs may be at increased risk for neurologic and spinal 
infections.60 A short course of antibiotics in this setting (<48 
hours) may be sufficient for prophylaxis.61,62

HEMODYNAMIC SUPPORT

Patients who have sustained cervical or high thoracic cord 
injuries are at risk of abnormal systemic sympathetic tone 
resulting in bradycardia and hypotension. Hypotension in 
the setting of SCI can lead to ischemic insults to the cord 
itself, worsen neurologic dysfunction, and may result in 
multiorgan hypoperfusion injury. Class III evidence exists 
in support of maintaining MAP between 85 and 90 mm Hg 
for 7 days.63-65 The data in support of this protocol used 
an arbitrary MAP threshold and duration of maintenance 
and was uncontrolled. Nevertheless, the improvement in 
outcome observed in these patients was considerable com-
pared with outcomes in SCI patients before implementa-
tion of this protocol. Moreover, the decision to maintain 
MAPs should be specific to the patient, and one should 
consider the potential deleterious effects and prolonged 
immobilization required for vasopressor use.

Hemodynamic support should be administered with 
a combination of fluids and vasopressors. Patients with 
neurogenic shock often respond poorly to fluids because 
of peripheral vasodilation; over-resuscitation and aggres-
sive use of fluids in these patients can lead to pulmonary 
and peripheral edema and abdominal compartment syn-
drome. Vasopressor choice largely depends on the level 
of the injury. Patients with cervical and high thoracic cord 
injury respond well to agents with inotropic, chronotropic, 
and vasoconstrictive agents, such as dopamine, epineph-
rine, and norepinephrine. Purely vasoconstrictive agents 
such as phenylephrine can worsen underlying bradycar-
dia and should probably be avoided. Conversely, norepi-
nephrine or phenylephrine may be an appropriate choice 
in SCI patients with low thoracic injury in whom systemic 
vasodilation is the primary cause of hypotension. Compli-
cations of prolonged vasopressor use are common among 
SCI patients, with approximately 74% of SCI patients expe-
riencing an arrhythmia, ST segment changes, or troponin 
elevations.66 In particular, complications are more frequent 
in older patients and those who are receiving inotropic/
chronotropic agents.

AUTONOMIC DYSFUNCTION AND 
ORTHOSTATIC HYPOTENSION AFTER 
SPINAL CORD INJURY

After the acute phase of SCI in which hemodynamic sup-
port is targeted at maintaining cord perfusion, patients, 
especially those with high cord injuries, are at risk of 
symptomatic bradycardia and orthostatic hypotension, 

which can lead to impaired mobilization. Numerous phar-
macologic and nonpharmacologic methods are available to 
prevent orthostatic hypotension, although few data exist to 
support these interventions. Class II evidence exists for use 
of midodrine after SCI to reduce symptomatic orthostatic 
hypotension from a small, double-blinded, randomized 
clinical trial demonstrating improved exercise tolerance.67 
Other measures include increased salt intake, assistive 
compressive devices, and functional electrical stimulation. 
The latter involves stimulation of muscles around lower 
extremity veins, leading to increased return of blood flow 
to the heart and hence left ventricular preload; class II data 
from multiple randomized clinical trials provide evidence 
for its use in SCI patients with autonomic dysfunction.68

AIRWAY AND PULMONARY MANAGEMENT 
AFTER ACUTE SPINAL CORD INJURY

Patients with SCI, and in particular high cervical cord 
injury, are at significant risk for pulmonary complications. 
Impairment in accessory respiratory muscle and even dia-
phragmatic function leads to poor secretion clearance and 
low tidal volumes, placing these patients at risk for respira-
tory failure, ventilator dependence, atelectasis, and pneu-
monia. Patients with acute SCI, especially cervical cord 
injury, should have their airway secured soon after injury.69 
If endotracheal intubation is undertaken, then great care 
must be taken to ensure spinal alignment. The basic princi-
ples of mechanical ventilation in patients with SCI include 
adequate ventilator support while the risk of diaphrag-
matic atrophy is reduced.70 Diaphragmatic atrophy can 
begin as soon as 18 hours after intubation, is related to the 
length of time on the ventilator, and is especially relevant 
in the SCI patient because these patients almost exclusively 
rely on the diaphragm for respiratory function. While 
mechanically ventilated, patients should have aggressive 
respiratory therapy to ensure adequate secretion clearance.

Most patients with complete cervical cord injury will 
require tracheostomy.71 The most appropriate timing of tra-
cheostomy in patients with respiratory failure after SCI is 
a subject of much debate in the literature. No randomized 
clinical trials have compared early with late tracheostomy. 
Retrospective data support early tracheostomy (within 7 to 
10 days after injury). Previous studies have demonstrated 
a shorter ICU length of stay and reduction in time to venti-
lator wean.72,73 Moreover, early tracheostomy appears safe 
after anterior cervical fusion without a significant increase 
in infection risk.74

VENOUS THROMBOEMBOLISM 
PROPHYLAXIS

Patients with SCI are high risk for the development of 
venous thromboembolism (VTE) secondary to prolonged 
immobility. VTE prophylaxis for SCI has been extensively 
studied. There exists class I evidence for the use of VTE 
prophylaxis for SCI.75 In particular, low-dose heparin in 
combination with electrical stimulation is superior to low-
dose heparin alone or placebo, and adjusted-dose heparin 
(1.5 times normal partial thromboplastin time) resulted in a 
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lower incidence of VTE in SCI patients compared with low-
dose heparin. Therapy should ideally be initiated within 
72 hours.75 VTE prophylaxis for 3 months after the initial 
injury is recommended on the basis of class II evidence; 
in patients who have significant improvement in neuro-
logic function and mobilization and who can participate 
in aggressive physical therapy, the duration of VTE pro-
phylaxis may be shortened.75 With regard to the choice 
of anticoagulant, low-molecular-weight heparinoids are 
associated with lower rates of VTE and bleeding-related 
complications.76 In patients who have a contraindication to 
anticoagulation, inferior vena cava filter placement should 
be considered.

CONCLUSION

Patients with suspected SCI require rapid clinical assess-
ment, diagnosis, and management targeted at their disease. 
Although clear guidelines exist for clinical and radio-
graphic evaluation, future prospective, randomized stud-
ies should focus on identifying optimal timing of surgery 
for patients with ACTSS, clarifying the role and duration 
of blood pressure augmentation during the acute period 
after injury. Furthermore, efforts aimed at the creation and 
implementation of neuroprotective strategies to improve 
outcomes after SCI are needed.
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When Is Transfusion Therapy 
Indicated in Critical Illness and 
When Is It Not?

Carrie Valdez, Babak Sarani

Transfusion of blood products is one of the most com-
mon therapies ordered in the intensive care unit (ICU). It 
is estimated that 4 million patients are transfused a total 
of 8 to 12 million units of packed red blood cells (PRBCs) 
each year in the United States alone and that most transfu-
sions occur in either surgical or critically ill patients. Sev-
eral studies in various countries have documented that the 
incidence of PRBC transfusion in the ICU varies between 
20% and 50%.1-5 In addition to anemia, approximately 40% 
of critically ill patients will have a low platelet count or 
elevation in their coagulation parameters at some point 
during their ICU stay. Most of these hematologic derange-
ments, though, are asymptomatic, and numerous studies 
in the last decade have shown that outcome is either not 
changed or worsened after transfusion to normalize these 
values. Although there are some well-designed trials that 
can be used to formulate guidelines regarding transfusion 
of PRBCs in critically ill patients, there are no good stud-
ies that can be used to determine which patients benefit 
and which do not from platelet or plasma transfusion in the 
ICU. This chapter reviews the available evidence on best 
transfusion practices in the ICU, including a review of the 
use of recombinant factor VIIa and four-factor prothrombin 
complex concentrate (PCC).

BASIS FOR TRANSFUSION OF BLOOD 
PRODUCTS: BENEFITS AND RISKS

Outcomes related to transfusion practices are only now 
being studied in well-designed prospective trials. Although 
there are many trials related to transfusion of PRBCs, there 
is a dearth of information related to practice patterns and 
outcomes from use of non–red blood cell products in 
patients who are not actively hemorrhaging.

Packed Red Blood Cell Transfusion

The normal blood volume is 7 to 8% of ideal body weight. 
This corresponds to a hemoglobin (Hb) level of 14 to 16 g/
dL and a hematocrit of 40 to 45%. Transfusion of red blood 
cells (RBCs) can restore circulating blood volume and oxy-
gen-carrying capacity as described by the formula

Vo2 = CO × Cao2

where
Cao2 = arterial oxygen content (mg%/L)

= [1.39*(Sao2)* (Hb) + 0.003 × Pao2]

and

Vo2 = oxygen delivery (g%/min)

Hb = hemoglobin level (g/dL)

CO = cardiac output (L/min)

Sao2 = arterial oxygen saturation (%)

Pao2 = arterial oxygen tension (mm Hg)

The body has many adaptive responses to increase oxy-
gen delivery in the face of anemia (Table 81-1). It may be 
advantageous to increase oxygen (O2) delivery by increas-
ing the oxygen saturation or Hb concentration because 
increasing cardiac output can increase myocardial oxygen 
demand and may precipitate ischemia in patients with cor-
onary artery disease.6

Anecdote and historical practices have dictated that the 
ideal Hb/hematocrit value in hospitalized patients is 10 g/
dL or 30%. The basis for this claim lies in part on rheologic 
calculations suggesting that it is associated with an optimal 
balance between oxygen-carrying capacity (where high is 
better) and viscosity (where low is better). Such a balance 
would minimize cardiac work and maintain peripheral 
oxygen delivery. As recently as the 1990s, this recommen-
dation was supported, in part, by two large retrospective 
studies in Jehovah’s Witness populations that showed a 
significant increase in perioperative mortality if the preop-
erative Hb was 6 g/dL as opposed to 12 g/dL (odds ratio 
of 2.5 for each gram that the postoperative Hb was less 
than 8 g/dL; Table 81-2).7,8 The risk of death was highest in 
patients with known cardiovascular disease.

A series of trials in postoperative patients have called 
into question the validity of these retrospective studies and 
suggested that the transfusion threshold should be indi-
vidualized based on documentation of end-organ hypoxia. 
Two randomized studies of postcardiac surgery patients 
found no difference in morbidity in those randomized to a 
liberal versus restrictive transfusion strategy.9,10 Although 
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the study by Hajjar et al. found a dose-dependent increase 
in morbidity after transfusion, the study by Murphy et al. 
found an increase in mortality but no change in morbidity 
in those randomized to the restrictive transfusion arm of 
the study. Reasons for this finding are uncertain consider-
ing that the mean difference in Hb level between the two 
arms was only 1 g/dL. Thus, although a restrictive strat-
egy for blood transfusion after cardiac surgery may be 
desirable, the actual Hb trigger has yet to be determined. 
Another randomized study of elderly patients undergo-
ing total hip arthroplasty similarly found no difference 
in morbidity or mortality in those randomized to an Hb 
transfusion threshold of 10 g/dL versus 8 g/dL,11 whereas 
a retrospective study in a similar patient population found 
a significant increase in perioperative morbidity and no 
change in mortality.12

In a single prospective, randomized, blinded study, 
blood transfusion, used as part of a “sepsis bundle,” was 
found to improve survival in patients with septic shock 
whose hemodynamic parameters did not correct with 
intravenous fluids.13 Because the interventions in this 
study were delivered as a bundle, though, it is not possible 
to determine the relative impact of transfusion alone on 
outcome. More recently, an adequately powered, random-
ized, prospective study of critically ill patients with septic 
shock found no difference in mortality or need for ongoing 
critical care interventions, such as mechanical ventilation, 

vasopressor use, or renal replacement therapy, between 
patients assigned to transfusion at an Hb trigger of 7 g/dL 
versus 9 g/dL.14 Moreover, there was no change in the 
results in the subgroups of patients older than 70 years or 
those with known cardiovascular disease, although those 
with acute coronary syndrome (ACS) were excluded from 
this study. Reasons to account for this may be explained 
by the findings of three smaller randomized studies that 
found that PRBC transfusion does not improve oxygen 
delivery or uptake in septic patients in the ICU.15-17

Many recent studies have addressed the role of PRBC 
transfusion in asymptomatic, hemodynamically stable, 
nonbleeding, anemic critically ill patients. A single ran-
domized, blinded, prospective study in 1999 and several 
subsequent observational studies found that patients 
who are transfused above an Hb value of 7 g/dL have 
either the same or better outcomes than those who are 
transfused to an Hb value of 10 g/dL.3-5 These findings 
are consistent with many other studies and one meta-
analysis that also documented an increased risk of infec-
tion after PRBC transfusion.3,5,19-26 Other studies have 
documented an increased risk of death after RBC trans-
fusion.3,5 On the basis of these studies, current guide-
lines regarding PRBC transfusion in critically ill but 
asymptomatic and resuscitated (i.e., hemodynamically 
normal) patients call for an Hb transfusion trigger of  
7 g/dL (Tables 81-3 and 81-4).27

There are no randomized studies evaluating a thresh-
old for PRBC transfusion in patients with unstable angina 
or ACS, but a large post hoc analysis from the combined 
patient pool of three studies that were originally designed 
to evaluate efficacy of antiplatelet agents in those with 
myocardial ischemia found a significant increase in the 
hazard ratio in patients who were transfused to a hemato-
crit greater than 25%.28 This finding has been corroborated 
in multiple other retrospective studies.29-31 Conversely, 
a recent retrospective study of a highly select cohort of 

Table 81-2 Postoperative Outcomes of Anemic 
Jehovah’s Witnesses

Preoperative Hb Level (g/dL) Mortality (%)

< 6 61.5

6.1–8 33

8.1–10 0

> 10 7.1

Hb, hemoglobin.
From Carson JL, Poses RM, Spence RK et al. Severity of anemia and operative 

mortality and morbidity. Lancet 1998;1:727–729.

Table 81-3 Thresholds for Transfusion in Stable 
Anemic Patients Without Risk for Potential Acute 
Blood Loss or Acute Surgical Stress

Hb < 8-10 g/dL
Acute myocardial infarction or ACS

Hb ≤ 7 g/dL
All other patients

ACS, acute coronary syndrome; Hb, hemoglobin.

Table 81-4 Thresholds for Transfusion in Stable 
Patients at High Risk for Acute Blood Loss

Hb ≤ 10 g/dL
Known disorders of hemostasis or RBC dyscrasia (e.g., sickle cell 

anemia)
All with anticipated estimated blood loss ≥ 1000 mL

Hb ≤ 7 g/dL
All other patients

Hb, hemoglobin; RBC, red blood cell.

Table 81-1 Physiologic Mechanisms to Increase 
Oxygen Delivery in Anemia

MECHANISMS THAT INCREASE ARTERIAL OXYGEN 
CONTENT

Increased production of erythropoietin, leading to increased Hb 
synthesis and Hb concentration

Rightward shift of Hb saturation curve due to increased 2,3-DPG 
permitting increased oxygen “off-loading” at capillary PO2

MECHANISMS THAT INCREASE CARDIAC OUTPUT

Increased heart rate

Increased myocardial contractility

Decreased blood viscosity leading to decreased peripheral vascu-
lar resistance (afterload)

2,3-DPG, 2,3-diphosphoglycerate; Hb, hemoglobin; Po2, partial pressure of 
oxygen.
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patients with ACS suggested a decrease in mortality 
for those transfused for an Hb trigger of 9 g/dL.32 The 
authors caution, though, that the cohort enrolled in the 
study was not representative of typical patients with ACS; 
therefore the results of the trial may not be generalizable 
to the overall population of patients with ACS. Thus, 
although there are insufficient data upon which to firmly 
recommend a transfusion threshold below an Hb level of 
10 g/dL in this cohort, transfusion to an Hb level between 
8 and 10 g/dL may be reasonable in most patients, and 
the need for transfusion to a higher Hb level may be better 
reserved for patients with evidence of ongoing end-organ 
ischemia.

Transfusion of blood products carries many risks. These 
include transmission of blood-borne pathogens, transfu-
sion-associated circulatory overload (TACO), transfusion-
related acute lung injury (TRALI), and transfusion-related 
immunomodulation (TRIM). Clinically significant transfu-
sion reaction is rare under current guidelines and is most 
commonly due to clerical error. Interestingly, this adverse 
event is rarely seen in exsanguinating patients. Although 
the reason for this is uncertain, it is likely due to altera-
tions in the immune system resulting from severe injury 
massive transfusion.33 TRALI and TRIM are most likely 
variants of the same disorder—an exaggerated inflamma-
tory response and an altered or deranged immune system 
due to transfusion of foreign protein—and may explain the 
increased risk for infection.34 TRALI may result from local 
(pulmonary) inflammation whereas TRIM may represent 
systemic immune derangement. Both entities are likely 
underreported because of a lack of unique diagnostic crite-
ria and adequately designed studies aimed to address their 
incidence.

TRALI is defined as noncardiogenic pulmonary edema 
that occurs within 4 to 6 hours of transfusion. It has a 
reported incidence of 1:5000 to 1:10,000 transfusions35 and 
is most common after transfusion of plasma. TRIM is best 
exemplified by reports showing the association between 
PRBC transfusion and infection* and reports documenting 
a chimeric state in which donor epitopes can be expressed 
by cells of transfused trauma patients years after the trans-
fusion itself.38-40 Mechanisms underlying TRIM are only 
now being elucidated. Co-transfusion of soluble proteins, 
such as human leukocyte antigen or fibrinogen/fibrin deg-
radation products, and co-transfusion of disrupted white 
blood cell products have been proposed as possible expla-
nations.34

Plasma Transfusion

The plasma portion of donated whole blood contains 
most of the necessary clotting factors of the coagulation 
cascade. Although there are decreased concentrations of 
factors V, VII, and VIII because of degradation and fibrin-
ogen (factor I) because of dilution, spontaneous hemor-
rhage rarely occurs with factor concentrations greater 
than 25%.41,42 Higher levels are needed, however, to arrest 
hemorrhage. Plasma is dosed as 10 to 15 mL/kg (ideal 
body weight), and generally 4 units will result in 40% to 
60% factor recovery.42 It should be noted that transfusion 

*References 20, 21, 23, 24, 36, 37.

of 5 units of random-donor platelets or 1 unit of single-
donor platelets also results in the transfusion of 1 unit 
equivalent of plasma because platelets are suspended in 
plasma.41 Plasma is commonly used in the ICU to rapidly 
treat coagulopathy with concomitant hemorrhage or in 
anticipation of an invasive procedure in a patient with 
coagulopathy.

Warfarin is an oral anticoagulant that is very commonly 
used to prevent thromboembolic disease from various 
causes. A retrospective study found that each 30-min delay 
in administration of the first unit of plasma decreases the 
odds of correction of warfarin-induced coagulopathy by 
20% in patients with intracerebral bleeding, underscoring 
the need for rapid and accurate reversal of the drug in hem-
orrhaging patients.44 Because the speed with which plasma 
can be administered is limited by its supply and the time 
required to thaw and prepare the product, use of PCCs to 
quickly restore clotting ability is becoming increasingly 
common. PCC provides a concentrated source of three or 
four vitamin-K-dependent coagulation factors. PCCs are 
stored in a lyophilized state and only require reconstitu-
tion. A type/screen is not needed, the product does not 
need to be thawed, and total volume of drug to be admin-
istered is less than 100 mL, thereby making administration 
significantly faster and with no risk of TACO. Multiple 
international organizations, including the American Col-
lege of Chest Physicians, recommend a combination of PCC 
and vitamin K for emergency anticoagulation reversal.45 
A 2013 study by Sarode evaluated the efficacy and safety 
of PCC compared with plasma in patients on vitamin K 
antagonists presenting with major bleeding. Rapid inter-
national normalized ratio reduction was achieved in 62% 
of patients receiving PCC versus 10% of patients receiving 
plasma, demonstrating PCC superiority. The safety profile 
was similar between groups.46

There is wide variability in the manner in which phy-
sicians utilize plasma (fresh frozen plasma [FFP]) in non-
bleeding patients with coagulopathy.47 Many physicians use 
FFP prophylactically to reverse coagulopathy in nonbleed-
ing patients despite published guidelines recommending 
against this and an unknown risk-benefit ratio.48,49 Others 
cite mild coagulopathy as a reason to use FFP as a volume 
expander in nonbleeding volume-depleted patients.50 To 
date, there are no universally agreed-upon guidelines for 
use of FFP in nonbleeding patients. Suggested indications 
and dosing are shown in Table 81-5.

Transfusion of plasma has the same risks as transfu-
sion of RBCs, but the incidence of adverse events is higher 
for all possible complications. The most frequent adverse 
event associated with plasma transfusion is TRALI. Recent 
theory postulates that this reflects variability in plasma 
protein (and presumably antibody) content in the fluid 
being transfused.35 This proposed mechanism is supported 
by a randomized, blinded, crossover study that found that 
this risk is higher after transfusion of plasma obtained 
from multiparous women.51 A retrospective study found a 
3-fold higher relative risk of infection in critically ill surgi-
cal patients who received FFP, a finding that is consistent 
with the risk of infection after PRBC transfusion.52 Hemo-
lytic transfusion reactions also are possible after transfu-
sion of plasma because plasma contains variable titers of 
anti-A and anti-B antibody.
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Cryoprecipitate Transfusion

Cryoprecipitate is the precipitated fraction obtained from 
thawing FFP at 4° C. This method of isolation means that 
cryoprecipitate is pooled from the FFP obtained from mul-
tiple donors. Cryoprecipitate is rich in factor VIII, von Will-
ebrand factor, factor XIII, and fibronectin. Most importantly, 
it is the only blood component that contains concentrated 
fibrinogen; thus the main indication for its use is treatment 
of coagulopathy due to hypofibrinogenemia.49 Therefore it 
may be useful in the management of disseminated intravas-
cular coagulation (DIC) with hemorrhage and in reversal 
of thrombolytic agents (Table 81-6). Although an adequate 
dose of plasma can replete fibrinogen, hypofibrinogenemia 
can be reversed more quickly using cryoprecipitate. Cryo-
precipitate is dosed as a 10-pack transfusion, in which each 
10-pack raises the fibrinogen level 75%.42 Bleeding patients 
with known von Willebrand deficiency should also receive 
cryoprecipitate to optimize platelet function whereas non-
bleeding patients with this disorder can be treated with 
DDAVP.

Risks associated with transfusion of cryoprecipitate are 
the same as those reported for the other blood components. 
However, the incidence of TRALI and TRIM is probably 
lower than that associated with transfusion of plasma 
because the total volume of cryoprecipitate transfused is 
much less than plasma, minimizing the recipient’s expo-
sure to foreign protein antigen. The risk of transmission 
of blood-borne pathogens, though, may be higher because 
of the pooled nature of this product. There are no well-
designed studies assessing outcomes or adverse events 
related to transfusion of cryoprecipitate.

Platelet Transfusion

Platelet transfusion is less common than RBC or plasma 
transfusion. The most common indication for platelet 
transfusion is decreased production followed by increased 
destruction of cells.41 In the critically ill population, in which 
DIC is more prevalent, increased utilization of platelets can 
also lead to thrombocytopenia. Although the absolute plate-
let count may not correlate with function or ability to form 
a stable clot, it is generally agreed that spontaneous bleed-
ing can occur with platelet counts less than 10,000 cells/μL.53 
Although not validated in studies, many clinicians recom-
mend that a minimum platelet count of 50,000 cells/μL 
should be maintained, if possible, for patients at significant 
risk of bleeding (e.g., trauma, postoperative patients, or 
those about to undergo an invasive procedure associated 
with a significant risk of hemorrhage), and a target of 80,000 
to 100,000 cells/μL is recommended for patients who are 
actively bleeding or at risk for intracranial hemorrhage.41,54

Although the platelet count can be determined easily 
and quickly, there is no reliable method to test platelet func-
tion. A possible exception is thromboelastography (TEG), 
one of two available viscoelastographic means of assessing 
clot formation and lysis. Limited evidence from observa-
tional data suggests that TEG is able to diagnose platelet 
dysfunction after trauma.55 Unfortunately, effects on blood 
product transfusion, mortality, and other outcomes remain 
unproven in randomized trials.56

There are no studies that can be used to recommend tim-
ing and volume of platelet transfusion in nonbleeding criti-
cally ill patients. Furthermore, although there are no good 
studies to determine the effect that use of aspirin or nonste-
roidal anti-inflammatory agents has on hemorrhage after 
injury, a review of the literature suggests that use of aspirin 
may worsen intracranial hemorrhage after traumatic brain 
injury.57 An open-label, ex vivo study in volunteers showed 
that platelet transfusion can reverse the platelet dysfunc-
tion caused by clopidrogel,58 and platelet transfusion may 
be prudent in patients with traumatic brain injury who 
were prescribed antiplatelet medications, including non-
steroidal anti-inflammatory agents. The efficacy of platelet 
transfusion to reverse the effects of antiplatelet medica-
tions for other causes of hemorrhage remains speculative. 
As previously noted, because platelets are suspended in 
plasma, platelet transfusion also has the added risks and 
benefits associated with plasma transfusion.

MASSIVE EXSANGUINATION AND 
TRANSFUSION

Patients requiring massive transfusion are a unique cohort 
in whom aggressive transfusion is needed for hemodynamic 
support and reversal of coagulopathy (Table 81-7). The most 
commonly used definition of massive transfusion is transfu-
sion of 10 units of PRBCs within 24 hours. This definition, 
though, does not direct attention to the coagulopathy that 
also exists in these patients and fuels the process underlying 
the hemorrhage.59 Noncontrolled and retrospective stud-
ies suggest that aggressive transfusion using plasma/RBC 
ratios that approach 1:1 within a predefined massive trans-
fusion protocol may result in earlier arrest of hemorrhage 

Table 81-5 Indications for Transfusion of Plasma

Emergency reversal of warfarin-induced coagulopathy

Replacement of isolated coagulation protein deficiency

Massive transfusion

DIC with serious active bleeding

Liver disease with clinical bleeding and evidence of coagulation 
defect

Thrombotic thrombocytopenic purpura (TTP)

Replacement of clotting factors after apheresis therapy

DIC, disseminated intravascular coagulation.

Table 81-6 Indications for Transfusion of 
Cryoprecipitate

Hemophilia A (factor VIII deficiency)

von Willebrand disease

Fibrinogen deficiency

Dysfibrinogenemia

Factor XIII deficiency

Uremic platelet dysfunction
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and mortality benefit.60-62 The PROMMTT (Prospective, 
Observational, Multicenter, Major Trauma Transfusion) 
trial prospectively evaluated 1245 trauma patients who 
received at least 1 unit of RBCs within 6 hours of admis-
sion. Increased ratios of plasma/RBCs and platelets/RBCs 
were independently associated with a decrease in 6-hour 
mortality. Patients with ratios less than 1:2 were 3 to 4 times 
more likely to die than patients with ratios of 1:1 or higher.63 
More recently, the PROPPR (Pragmatic, Randomized Opti-
mal Platelet and Plasma Ratios) trial found no difference 
in mortality but a decrease in hemorrhage and transfusion 
need in trauma patients who received a 1:1 versus 1:2 trans-
fusion strategy.64 Until similar studies are performed in the 
nontrauma population, it may be prudent to treat exsan-
guinating, critically ill patients with aggressive transfusion 
of plasma and platelets in addition to RBCs while also pre-
venting hypothermia, acidosis, and other causes of ongoing 
coagulopathy.65 Common causes of abnormal bleeding in 
critically ill patients are noted in Table 81-8.

RECOMBINANT FACTOR VIIA

Mechanism of Action and Clinical Use

Recombinant factor VIIa is approved for use in hemophili-
acs with antibodies to factor VIII or IX. Many case reports 
and small series, though, found that it also may have a role 
in arresting hemorrhage from other causes. Recombinant 

factor VIIa works by binding to exposed tissue factor in an 
area of endothelial injury, thereby activating platelets and 
forming a platelet plug. Factor VIIa then stimulates the 
coagulation cascade by activating thrombin on the platelet 
plug. Fibrinolysis is inhibited through factor VIIa–mediated 
activation of thrombin-activatable fibrinolysis inhibitor.

Factor VIIa has been shown to decrease or arrest hemor-
rhage after injury. Two parallel, randomized, blinded pla-
cebo-controlled studies found that the drug was associated 
with a 50% relative reduction in severity of hemorrhage in 
bluntly injured patients, but it did not have a transfusion-
sparing effect in victims of penetrating trauma.66 The doses 
used in these studies, though, were much higher than the 
commonly accepted dose of 90 μg/kg—a difference that 
has substantial cost implications for use of this expensive 
drug. The only large, randomized, blinded, placebo-con-
trolled study on the use of factor VIIa in injured patients 
(CONTROL trial) was stopped early for futility when the 
control arm was noted to have a substantially lower mor-
tality than anticipated (11% in lieu of 30%), thereby making 
the study too underpowered to detect a mortality differ-
ence.67 As with previous studies, though, this study also 
found a decrease in the amount of blood products needed 
in the treatment arm, with the biggest blood-salvaging ben-
efit noted in patients sustaining blunt trauma.

Off-label use of factor VIIa has also been studied in 
other conditions.68 Despite initial reports that factor VIIa 
may decrease the severity of spontaneous intracranial 
hemorrhage,69 a large randomized controlled trial did not 
find any difference in mortality or neurologic outcome 
with administration of this drug.70 In a randomized study, 
recombinant factor VIIa was shown to decrease the inci-
dence of rebleeding in patients with esophageal varices, but 
patients required a total dose of 800 μg/kg over 30 hours.71 
This finding again calls the cost efficacy of this agent into 
question. Many case reports and small series suggest that 
factor VIIa is also effective in arresting postpartum hemor-
rhage, but prospective studies are needed to validate these 
findings.72-75 Finally, a series of case reports and retrospec-
tive reviews suggests that factor VIIa can be used to rapidly 
reverse the anticoagulant effects of warfarin. Once again, 
though, prospective studies have not been performed to 
validate these findings or to determine how the reversal 
affects the ultimate clinical outcome.

Uncontrolled case series and retrospective reports suggest 
that factor VIIa is most effective when administered early in 
exsanguinating patients (before 8 units of PRBCs have been 
transfused).76 Furthermore, the efficacy of this agent is mark-
edly diminished if the pH is less than 7.1, the platelet count 
is less than 50,000 cells/mL, the prothrombin time is greater 
than 17.6 seconds, or the lactate is greater than 13 mg/dL.77

Adverse Events Associated with Recombinant 
Factor VIIa

Factor VIIa has been associated with thromboembolic com-
plications, particularly when used in an off-label fashion. 
This problem is especially pertinent in patients older than 
55 years because this cohort is likely to have ulcerated 
plaque (with exposed tissue factor) due to atherosclerosis. 
Reports from the U.S. Food and Drug Administration sug-
gest that the incidence of thromboembolic disease is 0.02% 

Table 81-7 Transfusion Guidelines for Patients 
Who Are Acutely Bleeding

Clinical Situation Recommended Response

Rapid acute hemorrhage 
without immediate control, 
estimated blood loss >30%-
40%, or presence of symptoms 
of severe blood loss

Transfuse PRBCs; initiate mas-
sive transfusion protocol with 
1:1 RBC/FFP transfusion*

Estimated blood loss <25%-30% 
without uncontrolled hemor-
rhage

Crystalloid resuscitation; 
proceed to blood transfusion 
if hemorrhage is not quickly 
arrested

Presence of comorbid factors Consider transfusion with lesser 
degrees of blood loss

*May require uncrossmatched or type-specific blood.
FFP, fresh frozen plasma; PRBC, packed red blood cell; RBC, red blood cell.

Table 81-8 Causes of Abnormal Bleeding  
in Surgery and Trauma

Release of tissue thromboplastin

Massive transfusion

Autotransfusion

Disseminated intravascular coagulation

Platelet dysfunction

Hypothermia
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in hemophiliacs, but the incidence of myocardial infarction, 
stroke, or pulmonary embolism may be as high as 8% when 
the agent is used in other populations.78 Moreover, there is 
an almost equal incidence of arterial and venous thrombi 
after administration of the drug. The CONTROL trial, how-
ever, did not find any difference in complications between 
trauma patients who did and did not receive factor VIIa.67

TRANEXAMIC ACID

Mechanism of Action and Clinical Use

Tranexamic acid (TXA) is a synthetic lysine derivative that 
inhibits fibrinolysis by binding to and inhibiting plasmino-
gen. A review of 53 studies incorporating 3836 persons 
undergoing elective operation found that administration of 
this agent resulted in a 39% decrease in transfusion need. 
More recently, the CRASH-2 (Clinical Randomization of an 
Antifibrinolytic in Significant Hemorrhage 2) trial, a mul-
tinational, randomized, blinded, placebo-controlled study 
that included 270 hospitals and enrolled over 20,000 injured 
patients, found that administration of TXA within 8 hours 
of injury resulted in a statistically significant 1.5% decrease 
in the risk of death from any cause.79 Further analysis found 
that the biggest reduction was in hemorrhage-related death. 
However, subsequent subgroup analysis found that this 
benefit was confined to patients who received the drug 
within 3 hours of injury.80 Persons who received the medica-
tion between 3 and 8 hours after injury actually had a higher 
mortality than the placebo group. The study has been criti-
cized for enrolling both patients who were actually hemor-
rhaging and those perceived to be at risk of hemorrhage 
based on the judgment of the bedside clinician. Furthermore, 
although the study found a significant decrease in the prob-
ability of hemorrhage-related death, there was no difference 
in the amount of blood transfused in surviving patients.

The MATTERs (Military Application of Tranexamic 
Acid in Trauma Emergency Resuscitation) and MATTERs 
II trials are retrospective studies of the same patient cohort 
and evaluated the benefits of TXA in soldiers wounded in 
battle.81,82 As with the CRASH-2 trial, these studies found 
a significant decrease in hemorrhage-related mortality, but 
the study cohort consisted solely of patients requiring a 
massive transfusion. Maximal benefit from administration 
of TXA was found in patients who received both a 1:1:1 
ratio of PRBC/FFP as well as cryoprecipitate. The risk of 
venous thromboembolic disease was 2% to 3%. The num-
ber needed to treat to prevent one hemorrhage-related 
death in the MATTERs study was 1:7.

There are currently no good prospective studies on 
which to base guidelines for use of TXA in the civilian set-
ting. A promising area of research is use of vesicoelastog-
raphy as a means to measure the degree of thrombolysis in 
hemorrhaging patients and to direct use of antifibrinolytic 
agents, such as TXA.

CONCLUSION

There remains a paucity of high-level evidence to guide 
transfusion practice in the ICU. The robust studies per-
formed to date argue for a restrictive policy of PRBC 

transfusion in critically ill patients who are not hemor-
rhaging and are not manifesting signs of end-organ isch-
emia. Likewise, patients who have other asymptomatic 
derangements in coagulation should not undergo trans-
fusion unless an invasive procedure with propensity for 
hemorrhage is planned, and use of PCC may be superior 
to use of FFP in this setting. Patients who require ongoing 
transfusion support should be treated aggressively with 
transfusion of PRBCs, plasma, and platelets. Future studies 
evaluating pharmacologic adjuncts and laboratory-guided 
transfusion therapy, particularly viscoelastogram-guided 
therapy, in hemorrhaging patients are needed.
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Which Anticoagulants Should Be 
Used in the Critically Ill Patient? 
How Do I Choose?

Prakash A. Patel, Emily K. Gordon, John G. Augoustides

The critically ill patient in the intensive care unit (ICU) 
is at risk for arterial and venous thromboembolic events, 
including pulmonary embolism (PE), deep venous throm-
bosis (DVT), and acute coronary syndrome (ACS). The 
clinical features of these thromboembolic syndromes may 
defy prompt diagnosis, emphasizing the importance of 
maintaining a high level of clinical suspicion for these 
events. It is equally clear that appropriate use of anticoag-
ulant prophylaxis and therapy is essential in ICU practice.

Arterial and venous thromboses are managed with 
anticoagulants. In addition, antiplatelet therapy is also 
a mainstay in arterial or intracardiac conditions such as 
ACS, atrial fibrillation, coronary artery disease, peripheral 
vascular disease, or the presence of vascular stents. Use of 
antiplatelet therapy is especially important when the risk 
of using full anticoagulation is prohibitive. Although anti-
platelet therapy is important, this review focuses on anti-
coagulants capable of preventing blood clot formation by 
mechanisms outside of decreasing platelet aggregation. We 
examine many of the well-established anticoagulant agents 
(Table 82-1), including indications, safety profiles, monitor-
ing, and reversibility, but greater emphasis is given to the 
newer oral anticoagulant agents that are gradually being 
introduced to the critical care setting.

WARFARIN

Warfarin is a frequently used classic vitamin K antago-
nist (VKA) for the prevention of thromboembolic events.1 
However, it is limited by its narrow therapeutic index; 
unpredictable pharmacokinetics and pharmacodynamics; 
multiple drug interactions; a need for frequent monitoring 
of levels; food interactions; adverse bleeding effects; and, 
unfortunately, the induction of hypercoagulable states.2 
In addition to these limitations, physicians rely heavily on 
patient compliance in regard to dosage and frequent moni-
toring.2

Warfarin is primarily metabolized by the CYP2C9 
hepatic microsomal enzyme system. This system is induc-
ible by many other medications and carries genetic vari-
ability that can alter activity (Table 82-1).3 Warfarin is 

strongly protein bound, and it is the non–protein-bound 
fraction that is biologically active. The drug is water solu-
ble and is highly absorbed after oral administration, mostly 
in the proximal small bowel.4-6 The biological half-life is 36 
to 42 hours.4-6

Warfarin interferes with the biosynthesis of the vitamin-
K-dependent coagulation factors II, VII, IX, and X5,6 as well 
as the natural anticoagulant proteins C and S.5-7 Because 
of these contradictory effects, warfarin and other VKAs 
produce procoagulant and prothrombotic effects.5-7 The 
desired anticoagulant effects are delayed by approximately 
36 to 72 hours depending on the clearance of normal clot-
ting factors, particularly prothrombin, from the circula-
tion.6-8

Monitoring of warfarin levels is done by measurement 
of the international normalized rate (INR), defined as the 
ratio of the patient’s prothrombin time (PT) to a normal 
sample (control). A therapeutic INR is defined according to 
the indication for anticoagulation: For venous thromboem-
bolism (VTE) prophylaxis, a therapeutic INR is typically in 
the range of 2.0 to 3.0.5,6 In the setting of mechanical heart 
valves, higher therapeutic goals for the INR are recom-
mended.5,6

UNFRACTIONATED HEPARIN

Unfractionated heparin (UFH) was discovered in 1916, and 
its first human trial was conducted in 1935.9 UFH potenti-
ates the action of antithrombin III, inactivating thrombin 
and activated coagulation factors IX, X, XI, XII and plas-
min, thereby preventing the conversion of fibrinogen to 
fibrin.9 Heparin is primarily metabolized by the liver, but 
it may be partially metabolized in the reticuloendothelial 
system. The elimination half-life of heparin when discon-
tinued from a steady state is approximately 1 to 2 hours. 
Because anticoagulation with UFH can be challenging in 
the individual patient, it is common to use dosing proto-
cols that guide dosing to reach a goal therapeutic activated 
partial thromboplastin time (aPTT) and thereafter to guide 
maintenance of the aPTT in the goal range.10 Importantly, 
the efficacy of this approach has not been truly tested.

82
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UFH has been the traditional parenteral agent for antico-
agulation. It is ubiquitous in the ICU for prevention of DVT 
and PE in diverse acute patient populations.11 UFH is also 
the preferred anticoagulant in severe renal failure (creatinine 
clearance <30  mL/min). The short half-life of UFH offers the 
advantage of quick reversal of anticoagulant effects when 
needed. UFH can be rapidly reversed with protamine sul-
fate (1 mg/100 U heparin). However, protamine can trigger 
anaphylaxis, particularly in patients with insulin-dependent 
diabetes and fish allergies.9,11 Specific ICU conditions that 
require the use of UFH have not been identified.

A rare but serious complication of heparin exposure is 
heparin-induced thrombocytopenia (HIT), a syndrome in 
which antibodies to the complex of heparin and platelet 
factor IV trigger platelet activation that causes major arte-
rial and/or venous thrombosis.12 Treatment of this life-
threatening complication is to terminate heparin exposure 
and to anticoagulate with a nonheparin alternative such as 
a direct thrombin inhibitor (DTI).12

LOW-MOLECULAR-WEIGHT HEPARINS

Heparin is a naturally occurring polysaccharide consist-
ing of molecular chains of varying lengths or molecular 
weights.13,14 The low-molecular-weight heparins (LMWHs) 
are fractionated from heparin to yield only short polysac-
charide chains.13,14 The main LMWHs in clinical practice 
are enoxaparin, dalteparin, and tinzaparin.13 Tinzaparin is 
currently not available in the United States. The advan-
tages of LMWH relative to UFH are greater bioavailability, 
longer duration of anticoagulant action, fixed dosing, a 
lack of need for laboratory monitoring, and a lower risk of 
HIT.14,15 Multiple meta-analyses indicate that subcutane-
ous LMWH is more effective than UFH for the treatment 

of VTE, exhibiting higher rates of thrombus regression and 
lower rates of recurrent thrombosis, major bleeding, and 
mortality.16-19 Despite these presumed clinical advantages 
of LWMH, randomized trials of LMWH versus UFH for 
thromboprophylaxis in the ICU have yielded inconsistent 
results.20-23 A recently completed large, multicenter, ran-
domized trial in 3754 ICU patients compared dalteparin 
with twice-daily UFH for thromboprophylaxis. There was 
no difference (hazard ratio 0.92; 95% confidence interval 
[CI], 0.68 to 1.23; P = .57) between groups in the primary 
outcome variable—the incidence of proximal leg DVT.24 
However, dalteparin significantly lowered the incidence 
of PE (hazard ratio 0.51; 95% CI, 0.30 to 0.88; P = .01) and 
HIT (hazard ratio, 0.27; 95% CI, 0.08 to 0.98; P = .046).24,25 
Importantly, UFH administered three times per day has 
been shown to be superior to twice-daily dosing, a fact not 
accounted for in the above trial.

LMWH can lower the risk of HIT. A recent meta-
analysis identified a lower incidence of HIT in postop-
erative patients undergoing thromboprophylaxis with  
LMWH when compared with UFH (risk ratio 0.25; 95% CI, 
0.07 to 0.82; P = .02).26 In the analysis for HIT complicated 
by VTE, LMWH was associated with an 80% risk reduc-
tion for this complication compared with UFH (risk ratio 
0.20; 95% CI, 0.04 to 0.90; P = .04).26 Although these analy-
ses are suggestive, further high-quality trials are essen-
tial.26 There are disadvantages to the use of LMWH in the 
ICU. These include variations in efficacy in obese patients 
and underweight elderly patients. Furthermore, the lack 
of a routine test to measure the effects of LMWH can be 
problematic in patients in whom bleeding is particularly 
dangerous. In addition, although dalteparin (5000 IU/
day) did not bioaccumulate in critically ill patients with 
severe renal dysfunction (creatinine clearance <30 mL/
min),27 other LMWHs that are known to be renally cleared 
have not been examined. The investigators demonstrated 
that dalteparin at a daily dose of 5000 IU did not bioac-
cumulate and that there was no excessive bleeding risk.27 
Overall, further large randomized trials are required to 
evaluate for clinical superiority over UFH in the critically 
ill before LWMH will be more widely adopted for throm-
boprophylaxis in the ICU.

INTRAVENOUS DIRECT THROMBIN 
INHIBITORS

In contrast to the heparins, DTIs provide anticoagulation 
regardless of antithrombin III levels12,28,29 and have the 
ability to inhibit fibrin-bound thrombin, allowing more 
complete anticoagulant activity. DTIs also are more predict-
able because they do not bind to other plasma proteins.28,29 
Currently available intravenous DTIs include lepirudin, 
desirudin, bivalirudin, and argatroban. The last two are 
used most commonly because they have a broader range of 
approved indications.12,28,29

Bivalirudin is a hirudin analogue that directly binds 
to thrombin, leading to an anticoagulant effect within  
5 minutes.12 This binding is reversible because of cleavage 
by thrombin, which leads to a short half-life (25 minutes)  
in patients with normal or mildly reduced renal func-
tion. Metabolism of the drug is primarily hepatic and 

Table 82-1 Drugs Associated with Warfarin 
Interactions

ALTERED PLATELET FUNCTION

 Aspirin

 Clopidogrel

GASTROINTESTINAL INJURY

 Nonsteroidal anti-inflammatory drugs

ALTERED VITAMIN K SYNTHESIS

Antibiotics

  Trimethoprim sulfamethoxazole

  Ciprofloxacin

  Amoxicillin

  Clarithromycin

ALTERED WARFARIN METABOLISM

 Amiodarone

 Gemfibrozil

 Rifampin

 Simvastatin
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proteolytic, but 20% of bivalirudin’s clearance is via the 
kidney,28 slightly prolonging the half-life in patients with 
moderate renal dysfunction (creatinine clearance of 30 
to 59 mL/min).30 Monitoring of the anticoagulant effect 
can be performed with the activated clotting time (ACT). 
Although no rapid reversal agent exists, the drug is cleared 
by hemodialysis.30 The role of this agent in cardiac cath-
eterization and cardiac surgery is emerging, but its value in 
the ICU remains undefined.

In the ICU setting, argatroban is an alternative paren-
teral DTI to bivalirudin. This drug also reversibly binds to 
an active site on thrombin, causing direct inhibition. The 
primary use of this DTI in the ICU setting is for antico-
agulation in critically ill patients with HIT.31,32 Because of 
its rapid onset and short half-life, argatroban is typically 
given as an infusion.33,34 It is primarily metabolized by 
the liver; thus, dosing must be adjusted in patients with 
hepatic failure, but this is not necessary in renal dysfunc-
tion.33,34 Monitoring can be performed with either an ACT 
or aPTT. The goal aPTT is often 1.5 to 3 times that of the 
baseline value.34 Because argatroban affects thrombin-
dependent coagulation tests, PT and INR may be altered, 
an important consideration when transitioning to warfa-
rin.33 Formal studies of argatroban in critically ill patients 
have not been reported.

PARENTERAL INDIRECT SYNTHETIC 
FACTOR XA INHIBITORS

Fondaparinux is an indirect factor Xa inhibitor that is a 
synthetic analog of a natural pentasaccharide contained 
in heparin and LMWH that interrupts the coagulation cas-
cade upstream of thrombin.35 The lack of thrombin inhibi-
tion prevents rebound thrombin generation.

Fondaparinux has a half-life of 17 to 21 hours and is 
administered as a daily subcutaneous injection. Peak 
plasma concentrations are achieved within 2 hours of injec-
tion.35 A recent trial demonstrated that the bioavailability 
of fondaparinux after subcutaneous injection was not sig-
nificantly affected by vasopressor therapy in critically ill 
patients.36 Clearance is significantly decreased in the set-
ting of renal failure. The effects of fondaparinux can be fol-
lowed with serial measurement of factor Xa activity, but 
routine monitoring is not recommended.35,36 The PT, INR, 
and aPTT typically are not affected. There is no specific 
reversal agent for fondaparinux, although recombinant 
factor VIIa may reverse its effects.37,38

In a randomized controlled trial (N = 849 acute medi-
cal patients >60  years, 35 centers from 8 countries), 
fondaparinux as compared with placebo significantly 
reduced the risk of VTE by 46.7% from 10.5% to 5.6% 
(P < .05) with no increase in bleeding risk.39 A meta-anal-
ysis (cumulative N > 13,000 medical and surgical patients, 
8 randomized trials) confirmed a one-fifth reduction in 
mortality from VTE with fondaparinux as compared with 
the control groups of placebo or LMWH.40 Beyond throm-
boprophylaxis for VTE, a series of randomized controlled 
trials have established a role for fondaparinux in the 
management of ACSs managed with and without PCI.41-43  
Fondaparinux may also have a role in the treatment of 
HIT in selected patients.44

ORAL DIRECT THROMBIN INHIBITORS

Dabigatran etexilate is an oral DTI. The oral form is a pro-
drug that is activated by nonspecific esterases.45,46 As dis-
cussed previously, DTIs inhibit free and fibrin-bound direct 
thrombin inhibition, an advantage over heparin, which 
is less effective at inhibiting the latter. Dabigatran has a 
rapid onset, reaching peak plasma concentrations within 
1.5 hours,45 and a half-life of 12 to 14 hours.45,46 Adjustment 
for renal dysfunction is required because 80% of the drug 
undergoes renal elimination.45,46 There is no known hepa-
totoxicity.47,48

The clinical use of dabigatran is expanding, and appli-
cations can occur in the ICU setting. Current indications 
include prophylaxis and treatment of VTE as well as stroke 
and thromboembolic prophylaxis in nonvalvular atrial 
fibrillation.

A large randomized trial compared twice-daily dabi-
gatran with warfarin in atrial fibrillation patients 
(N > 18,000) who were at increased risk for stroke.51,52 
In patients receiving a high dose (150 mg given twice 
daily), the incidence of stroke during the median 2-year 
follow-up was lower than warfarin, without an increased 
risk of major bleeding.52 Given this promising data on 
this new oral anticoagulant option, recent guidelines 
now endorse dabigatran as an alternative to warfarin in 
selected patients with atrial fibrillation (Class I recom-
mendation; level of evidence B).53

Monitoring is problematic: the thrombin time is over-
sensitive to dabigatran’s effect.45 The ecarin clotting time, 
another option, is not a routinely available test, and the 
absolute aPTT value does not correlate to actual concen-
trations of dabigatran.54,55 Reversal may require activated 
charcoal or hemodialysis.45,55 Fresh frozen plasma is not 
effective in reversing dabigatran-related bleeding, but clin-
ical hemostasis can be achieved with activated prothrom-
bin complex concentrates or recombinant factor VIIa.50,56 
Because use in the critical care environment is limited and 
because it is an oral agent (subject to unpredictable absorp-
tion in the critically ill) that lacks a method for monitoring 
anticoagulant activity, use of dabigatran in the ICU requires 
further investigation.

ORAL DIRECT FACTOR XA INHIBITORS

The oral direct factor Xa inhibitors are also a new class of 
anticoagulants that includes rivaroxaban and apixaban.57 
Both agents inhibit factor Xa, independent of antithrombin, 
which gives it a direct advantage over intravenous agents 
such as UFH, LMWH, and fondaparinux.46 They also do not 
cause rebound thrombin generation. Both available direct 
factor Xa drugs possess high bioavailability and half-lives 
in the range of 11 to 12 hours.57 Rivaroxaban is primarily 
eliminated via the kidneys, which comprise only approxi-
mately 25% of apixaban’s multiple elimination pathways.57 
Current indications for rivaroxaban include the prevention 
and treatment of VTE. Use of rivaroxaban (15 mg twice 
daily followed by 20 mg once daily) for the treatment of 
symptomatic VTE or PE has been described and is associ-
ated with a lower rate of major bleeding than warfarin.58 
An advantage in the rivaroxaban-treated patients was the 
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significantly lower rate of major bleeding during treatment 
(P = .002).58 Apixaban has been used for the prevention and 
treatment of VTE and has recently been approved for use 
in the United States.59-61 Both oral direct factor Xa inhibi-
tors have been used for the prevention of stroke or systemic 
embolism in nonvalvular atrial fibrillation.62,63 Similar to 
dabigatran, studies investigating further clinical use of the 
oral direct factor Xa inhibitors are ongoing. A potential 
role in the prevention of ACSs may exist, but the agents 
are not approved at this time for this indication.57,64 Further 
trials are also required to establish whether these agents 
are safe and effective in the management of anticoagula-
tion for mechanical heart valves.57 Other ICU use requires 
additional investigation. The lack of a routine test for anti-
coagulation is potentially problematic. The PT or aPTT 
may be elevated in the presence of these drugs, but these 
tests are unreliable.54 A more promising test, the chromo-
genic anti-factor Xa assay, is not widely available.54,65,66 For 
urgent reversal or for immediate treatment of active bleed-
ing, hemodialysis is not an option because these agents are 
highly protein bound.46,57 There is currently no specific 
antidote for the anticoagulant effect of rivaroxaban or apix-
aban.57 Further trials are required to explore the safety and 
efficacy of these agents.

How Do I Choose in the ICU: Which 
Anticoagulant for Which Patient?

Choosing the optimal anticoagulant for the ICU patient 
depends on multiple factors. Consideration of whether 
the need is for prophylaxis or treatment of VTE is of para-
mount importance. It may also be important to consider the 
patient’s post-ICU anticoagulation goals. Short-term antico-
agulation may be addressed with an intravenous or subcu-
taneous medication. However, if the patient is to be treated 
for thromboembolism or requires extended prophylaxis, a 
longer-acting oral agent may be preferable. A delayed peak 
effect may make provision of a temporary bridging agent 
necessary. Other factors related to the specific drug should 
be considered. These include half-life and primary metabolic 
and elimination pathways. Patient factors such as hepatic 
and renal function must be considered, and dose adjustment 
in the critically ill may be necessary. Concerns regarding the 
risk for HIT may eliminate the use of heparins.

The ability to monitor the degree of anticoagulation is 
an essential consideration in choosing an anticoagulant. 
The lack of routine monitoring, often advertised as a sig-
nificant benefit of the newer anticoagulants, may be prob-
lematic in the critically ill patient. Likewise, the ability to 
reverse the anticoagulant effect should play a role in choos-
ing a specific drug.

Evidence-based clinical practice guidelines offer recom-
mendations on the various available drugs.67,68 However, 
most of these recommendations do not reflect the demands 
of critical illness. As the indications for the newer oral anti-
coagulant agents continue to expand, drugs such as dabig-
atran, rivaroxaban, apixaban, and similar agents may play 
an increased role in the critical care setting. The ongoing 
studies comparing these newer drugs to the already well-
established drugs demonstrate that anticoagulation is of 
crucial importance in all patients at risk for thromboem-
bolism.
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How Can Critical Care Resource 
Utilization in the United States  
Be Optimized?

Jason Wagner, Scott Halpern

Critical care resources should be allocated in ways that 
promote high-quality care, defined by the Institute of 
Medicine as care that is safe, effective, patient-centered, 
timely, efficient, and equitable.1 However, utilization pat-
terns in intensive care units (ICUs) often vary from ICU to 
ICU as well as within ICUs among individual providers. 
The source of this variation, while not fully understood, is 
likely undue—reflecting nonevidence-based practice pat-
terns.2-4 Given that ICU beds comprise a large proportion of 
the total number of hospital beds in the United States and 
that their utilization consumes a disproportionate amount 
of the gross domestic product compared with other devel-
oped nations,5 numerous stakeholders have an increasingly 
vested interest in improving critical care delivery by align-
ing reimbursements with quality metrics. It is therefore of 
paramount importance both to accelerate the adoption of  
evidence-based critical care processes that are in line with 
patient values and to minimize both low-value and waste-
ful practices. With more attention to resource utilization, 
critical care outcomes will be improved, and there will be 
better matching of demand for, and supply of, ICU beds6 in 
ways that adequately help prepare them for any strains on 
ICU capacity.7,8

ARE INTENSIVE CARE UNIT RESOURCES 
UNDERUSED?

Appropriate critical care resource utilization should be 
informed by evidence-based medicine, patient values, and 
social priorities. However, there is currently a large amount 
of variation in critical care utilization despite the existence 
of high-quality evidence.9-11 One obvious way to remove 
much of this undue variation would be to quickly adopt 
evidence-based resources and promulgate these practices 
across the critical care spectrum. However, some sug-
gest that it takes roughly 17 years for evidence to be fully 
implemented into clinical practice, suggesting that a sig-
nificant proportion of critically ill patients are at risk for not 
receiving the standard of care due to a slow and capricious 
approach to implementation.12 For the recommendation of 
specific areas within critical care where increased resource 

utilization is warranted, it is important to first discuss 
examples where high-value resources have been slowly 
adopted and then examine whether structural or organiza-
tional changes can lead to improvements in implementa-
tion.

Recent decades have seen substantial advancements in 
the care of many critically ill patients, such as those with 
septic shock and acute respiratory distress syndrome 
(ARDS)—two highly prevalent conditions that commonly 
result in both short-term and long-term mortality among 
patients admitted to ICUs.13,14 Despite these improve-
ments, there has been an obvious lag in the implementation 
of evidence. Almost 15 years after the seminal work dem-
onstrating an impressive mortality benefit of low-stretch 
mechanical ventilation in ARDS patients,15 studies suggest 
that providers still underuse lung protective strategies.16,17 
In a study of patients with lung injury, Needham et al. 
found that only 41% of patients meeting criteria to receive 
lung protective mechanical ventilation actually received 
this potentially lifesaving measure. In addition, there was 
a dose-response effect of adherence such that patients with 
high adherence had a much lower risk of mortality over 
a 2-year period compared with those patients with lower 
rates of adherence. If lung protective mechanical ventila-
tion still suffers from delays in implementation, it is highly 
likely that other, more recent evidence-based strategies are 
also underutilized. These would include strategies relevant 
to almost all patients with respiratory failure, such as the 
daily interruption of sedation combined with a sponta-
neous breathing trial18 and early ambulation,19 as well as 
time-sensitive strategies reserved for patients with severe 
ARDS, such as early paralysis and prone positioning.20,21

It is worth noting that the evidence suggests that hospitals 
caring for higher numbers of patients undergoing mechani-
cal ventilation have superior outcomes compared with 
lower volume hospitals—likely because of better adherence 
to evidence-based practices.10 This volume–outcome rela-
tionship also appears to exist for severe sepsis, which has 
become a growing public health concern.11,13,22 Many think 
that the volume-outcome relationship in severe sepsis exists 
because high-volume hospitals are better at adhering to 
evidence-based sepsis care,23 such as the administration of 
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early and appropriate broad-spectrum antibiotics and fluid 
resuscitation,24,25 adherence to lung protective mechanical 
ventilation,15 and restricted transfusion practices.26

Broadly, high-value resources exist beyond the scope 
of both ARDS and severe sepsis and extend to almost all 
patients admitted to ICUs with acute and reversible pro-
cesses. One resource that may improve outcomes for 
critically ill patients is a multidisciplinary team led by an 
intensivist.27 Much like the evidence for a volume–outcome 
relationship, the presence of an intensivist-led multidisci-
plinary team may increase adherence to evidence-based 
practices and improve patient outcomes, but some experts 
predict that there will be a growing shortage of board-
certified critical care providers.28 If this proves to be true, 
then efforts to benchmark ICUs based on the presence of 
an intensivist may be an ineffective undertaking.29 With 
evidence lacking for the 24-hour presence of an intensiv-
ist,30 more work needs to be done to determine how to 
deploy our projected staffing resources in ways that opti-
mize patient outcomes. This includes an improved under-
standing of which patients derive the greatest benefit from 
being cared for by intensivists as well as how to think more 
broadly about critical care organization and structure. 
Given that it is unlikely that every critically ill patient will 
go to hospitals that employ intensivists, one possible solu-
tion to improve the overall quality of critical care would be 
the incorporation of checklists31 and/or leverage defaults 
embedded in electronic medical records to help providers 
adhere to evidence-based processes. Examples include pro-
phylaxis for deep venous thromboembolism and gastroin-
testinal bleeding, implementation of early enteral feeding, 
prevention of ventilator-associated pneumonias, early 
physical therapy, and the timely removal of intravascular 
and urinary catheters.32 In addition, it is also possible that 
expanding the use of telemedicine to provide remote access 
to intensivists may help to bridge the intensivist-patient 
gap and add quality to our critical care system.33

Finally, in addition to increasing the utilization of evi-
dence-based resources, it is equally if not more important 
that critical care practitioners effectively elicit patient pref-
erences to ensure that the deployment of these resources is 
in line with patients’ goals and values. Because of severity 
of illness, many patients in the ICU setting will die despite 
being exposed to evidence-based processes. Therefore it 
is important to emphasize that high-quality critical care 
should include a timely elicitation of patient values to 
help promote a patient-centered approach that minimizes 
unwarranted and overly aggressive care at the end of life.34 
Early meetings with patients or their surrogates to elicit 
goals and values, strategies that promote incorporating 
families/surrogates on ICU rounds, and the inclusion of 
palliative care experts in a multidisciplinary approach to 
patients faced with a high risk of morbidity and mortal-
ity all represent promising interventions in need of rapid 
study and, if successful, implementation.

ARE INTENSIVE CARE UNIT RESOURCES 
OVERUSED?

At any hour of the day approximately one third of U.S. ICU 
beds are vacant and available with roughly one in three beds 

in use for patients receiving mechanical ventilation.6 This 
surplus of U.S. critical care beds outnumbers the total num-
ber of ICU beds in many other modern countries. The con-
cept of supply-induced demand,35 or “if you build it, they 
will come,” suggests that this excess in ICU beds results in 
the routine admission of patients that are either too well or 
too sick to benefit from critical care—signifying that many 
ICU admissions are likely examples of either low-value or 
no-value (wasteful) care. One suggestion to help optimize 
critical care resource utilization is to better determine who 
truly benefits from an admission to the ICU.

There are some data to suggest that the severity of illness 
of patients admitted to ICUs is inversely correlated with 
the number of ICU beds available at the time of admission.9 
This hypothesis begs the question: Do we admit patients 
who are too well to benefit from critical care when ICU 
beds are plentiful? This possibility of overutilization is 
supported by two recent observational studies of low-risk 
patients.36,37 Gershengorn et al. published a retrospective 
study of 15,994 severity-adjusted patients with diabetic 
ketoacidosis and found that patients were more likely to 
be admitted to ICUs in hospitals that had higher overall 
rates of ICU utilization. Importantly, this greater use of 
ICU level care was not associated with improved outcomes 
such as reductions in hospital length of stay or in-hospital 
mortality. In a similar study, Admon et al. examined the 
relationship between ICU utilization in 61,249 patients 
with pulmonary embolism and a variety of outcomes and 
demonstrated that hospitals varied considerably in ICU 
admission rates for acute pulmonary embolus. They also 
found that patients admitted to ICUs in “high utilizing” 
hospitals were less likely to receive critical care procedures, 
suggesting that their indications for ICU admission were 
weaker—a notion supported by the additional finding that 
there was no relationship between ICU admission rate and 
risk-adjusted hospital mortality.

These are also data to suggest that there may be a sub-
set of patients who are “too sick” to benefit from critical 
care.38 Stelfox et al. performed a prospective study of clini-
cally deteriorating floor-level patients for whom a medical 
emergency team was activated. They specifically looked at 
whether the number of ICU beds available at the time of 
the clinical deterioration was associated with a patient’s 
time to ICU admission as well as subsequent changes in 
their goals of care and in-hospital mortality. They found 
that fewer available ICU beds were directly associated 
with patients being more likely to have their goals of care 
changed to comfort-based approach, but there was no 
association between the number of available ICU beds and 
the subsequent in-hospital mortality. These findings sug-
gest that relative scarcity may expedite transitions of care 
toward palliation in a group of patients that is likely to die 
with or without ICU-level care.39 Therefore, when exam-
ining the possibility that excess ICU beds may result in  
overutilization, it is worth considering whether restricting 
the future expansion of our critical care bed supply may para-
doxically result in higher quality critical care.

In addition to considering how existing ICU beds are 
appropriated, it is also worth reflecting on whether there 
are common critical care practices that are either low value 
or wasteful. A common theme is emerging within the field 
of critical care: that less is often more.40 Recently, there has 
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been a palpable increase in the interest of multiple stake-
holders to target inefficiencies in our health-care system. 
One example of this concerted effort is the American 
Board of Internal Medicine’s Choosing Wisely Campaign. 
This campaign collectively embodies a professional soci-
etal spirit that leads on identifying areas of low-value or 
wasteful care by asking health-care providers to determine 
a list of five specialty-specific services that should not be 
routinely provided. Given the resource intensive nature of 
critical care, embracing these efforts may lead to improved 
quality.41 Within critical care, the expert consensus sug-
gests that health-care providers should reduce the reflexive 
use of diagnostic testing such as routine blood draws and 
chest imaging, the liberal use of blood products and total 
parenteral nutrition, deeply sedating mechanically venti-
lated patients without a specific indication, and continuing 
life support in high-risk patients without offering patients 
the alternative of a comfort-based approach.

Finally, critical care providers must continually reeval-
uate their practices and de-adopt practices that are no 
longer rooted in evidence. Within critical care, it is not 
uncommon for diagnostics and therapies to initially dem-
onstrate a positive outcome only later to be shown to lack 
efficacy or be harmful. Examples would include the rou-
tine use of Swan-Ganz catheters,42 the routine placement 
of central venous catheters in an algorithmic approach to 
sepsis,43 and overly tight glucose control.44 Although the 
notion of de-adoption is in the same vein as minimizing 
low-value and wasteful care, it merits acknowledgment 
given the evolving nature of critical care clinical trials. 
Our patients deserve a critical care system that praises 
the stewardship of resources as opposed to a system that 
promotes haphazard utilization patterns and wasteful 
practices. Thankfully, more high-quality research is being 
done to help us better understand how best to deploy our 
resources and has only served to strengthen the notion 
that a conservationist approach to critical care resource 
utilization is often the correct approach.24-26,45

What Is Needed and What Should  
Be Eliminated?

We discussed that focusing on correcting the underuti-
lization or the slow adoption of evidence-based practices 
while simultaneously eliciting patient values would vastly 
improve the quality of critical care provided. To do this, we 
recommend focusing on four major areas. First, given the 
large degree of “negative” critical care trials, there needs 
to be a concerted effort among critical care researchers to 
improve the quality of critical care trial design to ensure that 
future trials are relevant, have patient-centered outcomes, 
possess high-quality statistical methodology that maxi-
mizes the likelihood of achieving enrollment and statistical 
power, and segue to comparative effectiveness research.46

Second, the lion’s share of health-care research dollars 
currently targets “bench-to-bedside” or “Translational 
1” research centered on technologic and pharmaceutical 
innovation while only a paucity of health-care dollars 
are set aside to improve health-care delivery, integration, 
and quality. Therefore more emphasis must be placed 
on “beside-to-policy” or “Translational 2” research that 
focuses on both disseminating knowledge across the 

critical care spectrum and advancing implementation 
science to ensure that knowledge dissemination is inte-
grated into routine practice frameworks.12

Third, the transition from fee-for-service to value-based 
purchasing reimbursement mechanisms has helped to 
stress the importance of patient safety and quality improve-
ment by ensuring that best practices are sought. Given that 
cost-awareness and appropriate resource stewardship is an 
important component of quality, formal training structures 
must be put in place at the graduate medical education level 
that serve to train future providers how to conduct quality 
improvements and incorporate cost-awareness into their 
practice.47,48 Much of how physicians ultimately practice 
stems from their early training environment so it is possible 
that focusing on quality improvement by distinguishing 
high-value from low-value care may translate into long-
lasting improvements in critical care resource utilization.

Fourth, it is worth conceptually exploring the notion of a 
“net ICU benefit” by improving our understanding of who 
benefits most (or not at all) from receiving critical care. ICU 
admissions are costly and should be reserved for severely 
ill patients with reversible disease processes. Efforts to help 
further elucidate who best benefits from critical care may 
require advancements in predictive models that generate 
probabilities of in-hospital mortality based on the present-
ing diagnosis and various comorbidities. In turn, the pro-
motion of standardized ICU admission guidelines may 
then help to implement these findings. For those who may 
not be sick enough to benefit, hospital organization and 
staffing efforts to redistribute these patients to lower acuity 
settings would undoubtedly improve critical care utiliza-
tion without compromising patient care. For those patients 
that are too sick to benefit from critical care, rather than act 
primarily as obstructionists or ICU gatekeepers, we believe 
a more long-lasting benefit may be achieved by fostering 
improvements in the end-of-life decision sciences, educat-
ing high-risk patients and their surrogates on the risks and 
benefits of ongoing critical care, and promoting the timely 
and early elicitation of patient values.

In an effort to avoid overutilization of resources, critical 
care providers should be circumspect in adopting the new-
est technology or drug unless it is rooted in high-quality 
evidence. Although every new technology, device, and drug 
is marketed as truly innovative, what enters into practice 
may often be pseudoinnovative. Pseudoinnovative criti-
cal care services increase costs without clearly improving 
patient outcomes. These technologically advanced but low-
value services then compete with evidence-based practices 
and threaten the delivery of high-quality critical care. One 
suggestion for optimizing resource utilization would be for 
hospitals to establish ICU resource utilization review com-
mittees. These committees would continually appraise criti-
cal care evidence, leverage electronic medical records and 
incorporate defaults to make it more difficult for providers 
to adopt pseudo-innovation, streamline the adoption of best 
practices, and prompt providers to de-adopt services later 
proven to lack evidence. In addition to aligning reimburse-
ment mechanisms with quality and performance metrics49 
and increasing the transparency of provider practice pat-
terns,50 focusing on optimizing resource utilization as we 
have outlined previously will help maximize the provision 
of high-quality critical care.
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 •  Appropriate critical care resource utilization ought to be  
informed by evidence-based medicine, patient values, and 
social priorities. This may take many years.

 •  The application of EB practice may be advanced by a 
highly trained multidisciplinary critical care team led by an 
 intensivist.

 •  It is important that patients’ goals and values are elicited when 
making decisions regarding expensive intensive therapies.

 •  In the United States, a large number of ICU beds are vacant at 
any time. The severity of illness of patients admitted to ICUs is 
inversely correlated with the number of ICU beds available at 
the time of admission. This may result in overutilization.

 •  Many critical care interventions appear to be low value or 
wasteful (“less may be more”).

 •  Critical care providers must continually re-evaluate their 
practices and de-adopt practices that are no longer rooted in 
evidence.

 •  In an effort to avoid overutilization of resources, critical care 
providers should be circumspect in adopting the newest 
technology and/or drug unless it is rooted in high-quality 
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Does ICU Admission Improve 
Outcome?
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Critically ill patients require different types of organ sup-
port. These include invasive therapies such as orotracheal 
intubation, mechanical ventilation, inotropic/vasoactive 
support, invasive monitoring, or continuous renal replace-
ment therapy. This care can usually be implemented only 
in an intensive care unit (ICU) that has the skills, technol-
ogy, and human resources to be able to perform them in a 
safe and effective manner.

WHICH OUTCOMES ARE WE 
CONSIDERING?

When looking at critical care outcomes, there are two 
aspects to consider: first, we need to select and measure 
a suitable outcome, and second, we need to compare the 
intervention with an appropriate alternative.

In recent years we have witnessed many advances, such 
as the implementation of protective lung strategies1 and 
the initiation of early goal-directed therapy (GDT) in sep-
tic2,3 and surgical patients,4-8 and now these are our current 
standards of care. These are processes where the alterna-
tive would be providing care without the same protocols/
strategy. In other cases such as life-threatening respiratory 
failure, airway obstruction or profound hypoxia, or renal 
failure requiring hemofiltration, there is no alternative.

Traditionally, the principal outcome studied in the ICU 
is mortality (either at the ICU or hospital discharge). How-
ever, there are a number of different endpoints that might 
also be considered.9,10 These alternatives include longer 
term mortality and morbidity, neurocognitive dysfunction, 
impaired mental health, poor functional status, decreased 
quality of life, decreased return to work and usual activi-
ties, burden and stress on families, and economic costs to 
the patient, the family, and society. Many of these items 
reflect the entire hospital course, the intensive care man-
agement of which is only a small part. Quality of life and 
functional outcome, such as long-term survival, depend on 
the effectiveness of the entire health-care system, including 
convalescent care and rehabilitation in the community.11 
The difficulties in measuring longer term outcomes lead us 
to believe that short-term benefits may persist later, but this 
is not always true.

Critical illness carries a substantial mortality. Despite 
medical advances, patients continue to die. This does not 

mean that our treatments are ineffective. Indeed, outcomes 
such as mortality must be benchmarked against national 
and international standards. For example, the mortality of 
patients with septic shock may have been reduced signifi-
cantly in recent years. A 2014 meta-analysis showed that 
observed mortality decreased from 46.9% during years 
1991-1995 to 29% during years 2006-2009 (3.0% annual 
change).12

Outcomes from critical care can be viewed from at least 
three perspectives: that of patients, that of health-care pro-
fessionals, and that of health managers.11

OUTCOME FOR SPECIFIC TREATMENTS

Mortality is logically an important outcome for patients, 
but sometimes it may not be the best choice to appropri-
ately assess an intervention. Cardiovascular optimization, 
for example, requires continuous hemodynamic monitor-
ing, and many studies have demonstrated its efficacy. Some 
authors have questioned the benefit of pulmonary arte-
rial catheters,13-16 and several clinicians prefer to use less 
invasive monitoring systems (e.g., pulse contour analysis) 
to follow the trend in a number of variables and to assess 
the response to therapy. It is not the monitoring system, 
though, that affects outcome, but rather the therapeutic 
protocol used and the correct interpretation of the data are 
paramount.

In 2001, Rivers et al.2 showed that early GDT reduced 
mortality in patients with severe sepsis or septic shock com-
pared with patients treated with standard therapy (30.5% 
vs. 46.5%). This study was very original at that point and 
focused on an aspect of emergency medicine/critical care 
therapy that greatly affects outcome: the timing of inter-
vention. Previously, sepsis investigators had up to 48 to 72 
hours to enroll patients.17 Rivers and colleagues reached 
hemodynamic goals in the first 6 hours of patient assess-
ment in the emergency department (ED). Consequently, 
international guidelines on sepsis management maintain 
this advice.18 In 2014, Peake et al.19 showed that the mor-
tality of septic patients treated without a specific protocol 
was lower than that observed by Rivers, but this study 
was conducted in the “post-Rivers age,” when clinicians 
realized that timely treatment is very important. Recently, 
different resuscitation strategies have been compared, and 
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Rivers’ protocol was not found to be superior to usual 
care.20 This difference should be viewed in a context that 
accounts for the overall improvement in the quality of stan-
dard ICU care in the interim. A recent meta-analysis dem-
onstrated that reaching resuscitation goals within the first 
6 hours3 and compliance with a resuscitation bundle were 
associated with a lower overall mortality (29.3% vs. 38.6%, 
P < .01).21

In other cases, mortality can be a very illustrative out-
come. In a study of patients with community-acquired 
pneumonia in the ED, delayed transfer to the ICU was 
associated with a substantial increase in hospital mortality 
(odds ratio [OR], 2.07; 95% confidence interval [CI], 1.12 to 
3.85).22 A similar study by Chalfin et al.23 found that delay-
ing transfer from the ED to the ICU for more than 6 hours 
increased the risk of hospital death and lengthened hospi-
tal stay.

Early GDT may also improve outcome in surgical 
patients. Three recent meta-analysis revealed that early 
GDT significantly reduced perioperative complications. A 
mortality benefit was found, though, only in the highest 
risk groups, findings that must be tempered by recognition 
of a mortality reduction in controls, suggesting improve-
ments in the underlying standard care (Fig. 84-1).5,6,8 The 
implementation of GDT is clinically effective and cost 
effective24. Manecke et al.25 estimated a cost savings of $569 
to $970 per patient when this strategy was implemented.

In recent years the survival of cardiac surgical patients 
has benefited from improvements in postoperative care. 
Stamou et al.26 showed that implementation of a quality 
improvement program decreased mortality after cardiac 
surgery (2.6% vs. 5.0%, P < .01). Radbel et al.27 conducted a 
15-year retrospective analysis on mortality in patients with 
acute respiratory distress syndrome (ARDS). This study 
identified 174,180 patients from the National Inpatient 
Sample database between 1996 and 2011 and demonstrated 
an absolute mortality reduction of 14.6% (from 46.8% 
to 32.2%) and a relative reduction of 31%. Interestingly, 

there was an 8.9% absolute reduction from 2000 to 2005.  
The authors suggested that the improvements in critical 
care medicine, such as the introduction of low tidal volume 
ventilation, contributed to this decline.

IMPACT OF BED AVAILABILITY ON 
OUTCOME: MANAGERS’ OUTLOOK

There is a high variability in the provision of ICU beds 
among different countries even when corrected for popu-
lation size. In a 2012 study of bed availability in Europe, 
Germany (29.2/100,000) had the highest, whereas Portu-
gal had the lowest (4.2/100,000) number of ICU beds (Fig. 
84-2).28 The overall number of critical care beds for Europe 
was 11.5/100,000. This is in contrast to the number for the 
United States (28/100,000).29 Although definitional differ-
ences make interpretation of these data problematic, there 
appears to be a relationship between the availability of 
beds and the outcome. Wunsch et al. demonstrated that 
patients admitted to U.S. ICUs had lower APACHE (Acute 
Physiology and Chronic Health Evaluation) II scores and 
lower rates of mechanical ventilation than patients admit-
ted to ICUs in the United Kingdom.30 At any given time, 
approximately two thirds of ICU beds in the United States 
are occupied, and approximately one third of the total 
are for patients requiring mechanical ventilation. These 
results suggest that the United States has a significant 
excess of ICU beds.31

The number of ICU beds per capita is highly correlated 
with hospital beds across all countries, excluding the United 
States.32 It is logical that the patient population in resource-
poor areas is sicker, and therefore poorer outcome is to be 
expected. Quality of care, however, may not differ. Wunsch 
et al.33 compared the organizational characteristics of inten-
sive care in England and the United States and found impor-
tant differences, especially in end-of-life care. This study 
also demonstrated that the percentage of patients admitted 

0
1985 1988 1991 1993 1995 1997 1998 1999 2000 2002 2003 2004 2005 2006 2007 2008

5

10

15

20

35

30

25

Figure 84-1. Control-group mortality (in %) over time for surgical patients in critical care studies.
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to ICUs in England is substantially lower (2.2% vs. 19.3%) 
than in the United States. Furthermore, patients in critical 
care units account for 10.1% of hospital deaths in the United 
Kingdom but for 47.1% in the United States. This discrepancy 
reflects minimal use of ICU resources by elderly patients 
(1.3% in the United Kingdom vs. 11% in the United States). 
The two countries, though, have similar rates of intensive 
care use among children and young adults. The practice of 
discharging ill and ventilator-dependent patients to skilled 
nursing care facilities or chronic respiratory units outside of 
hospitals likely reduces the percentage of deaths that occur 
in U.S. ICUs. The differences between the largely public 
health-care system in the United Kingdom and the essen-
tially private system in the United States may also explain 
the differences found by Wunsch et al.

It is difficult to estimate what constitutes optimal provi-
sion of ICU beds in a given population. Recently Wunsch34 
described a “Starling curve” for intensive care, speculat-
ing that exceeding a certain limit of beds per capita results 
in poorer outcome and an increase in health-care spending. 
Therefore, in countries with lower availability of beds, the tri-
age of patients for ICU admission plays a fundamental role.

IMPACT OF ADMISSION/DISCHARGE 
CRITERIA ON OUTCOME: HEALTH-CARE 
PROFESSIONALS’ OUTLOOK

Critically ill patients use resources disproportionately. 
Expense relates to the high costs of staffing ICUs, where 
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a higher nurse/patient ratio is essential. Thus, ICU admis-
sion criteria that identify patients who are truly likely to 
benefit are a matter of considerable importance.35 Some 
national societies have produced guidelines for admission 
criteria to the ICU.36,37 These guidelines suggest that the 
categories of patients who do not take benefit from the ICU 
are those “too well to benefit” and those “too sick to ben-
efit.”

The benefit from ICU admission can best be determined 
by comparing similar patients admitted or not admit-
ted to the ICU. A number of studies demonstrate that 
there are times when patients are not admitted to the ICU 
because beds are not available. Sinuff et al.38 systematically 
reviewed 10 studies and found that patients denied admis-
sion to an ICU were at considerably higher risk of dying 
(OR, 3.04; 95% CI, 1.49 to 6.17). A report by Simchen et al.39 
demonstrated poor outcomes in patients meeting ICU 
admission criteria but managed elsewhere because of bed 
shortages. In this study, only 27% of eligible patients were 
admitted to the ICU within 24 hours, when survival benefit 
was greatest. These findings were confirmed by the same 
authors years later (Table 84-1).40

These studies highlight the potential for long-term ICU 
survival. Iatrogenic complications, a risk of ICU-acquired 
infections, and the difficulties inherent in prolonged 
immobilization may all add to the risks of intensive care, 
particularly in patients at low risk of death. O’Callaghan 
et al.41 presented a contrary picture, though. During a 
period of 5 years, patients whose ICU admission was 
delayed by more than 3 hours did not have an increased 
length of ICU stay, ICU mortality, or hospital mortality 
rate. Iapichino et al.42 evaluated triage decisions and out-
comes of patients referred for admission to ICU who were 
either accepted or were refused and treated on the ward. 
No bed availability was the cause of refusal of ICU admis-
sion in 47.1% of cases. ICU admission was associated with 
lower mortality at 28 (OR, 0.73; P < .001) and 90 days (OR, 
0.79; P < .005).

Postoperative monitoring in a high dependency unit 
(HDU) may lower the risk of complications. Mathew 
et al.43 reported a 6% complication rate among patients 

admitted to an HDU after maxillofacial surgery. Over 
the years, the number of patients undergoing major vas-
cular surgery and managed in an HDU postoperatively 
has increased.44 Alternatively, postanesthesia care units 
(PACUs) have been used to manage selected patients after 
uncomplicated major surgery. Schweizer et al.45 showed 
that PACU use was associated with lower ICU admission 
rates after elective major noncardiac surgery. No negative 
impact on the quality of care was associated with this dif-
ferent setting of care.

The timing of discharge from the ICU can affect out-
come. Schweizer at al. demonstrated a 21.4% mortality 
rate in patients discharged with a Therapeutic Interven-
tion Scoring System (TISS) of 20, whereas those whose 
TISS was less than 10 had a rate of only 3.7%.46 This find-
ing was confirmed by the work of Beck et al.; patients 
with a TISS more than 30 discharged to hospital wards 
had a higher risk (1.31; 95% CI, 1.02 to 1.83) of in-hospital 
death than patients discharged to HDUs.47 Daly et al.48 
developed a discharge triage model to reduce mortality 
after discharge, using objective data in a logistic regres-
sion equation to identify patients at risk from inappropri-
ate early discharge. Mortality was 14% in at-risk patients 
but only 1.5% among those not at risk. These investigators 
also found that post-ICU mortality could be reduced by 
nearly 39% by an extra 2 days in the ICU. Conversely, late 
discharge from ICU presents a problematic economic bur-
den. Late discharge also reduces bed availability for other 
patients.

CONCLUSION

Intensive care can improve patient-related outcomes 
when applied early in selected and appropriate patients 
(life-threatening conditions). All the interventions used in 
the ICU have complications, though, and the risk/benefit 
balance must be carefully assessed.

Table 84-1 Early and Late Effect of ICU Admission 
on 30-Day Mortality

Effect of 
Department  
on Mortality Category Hazard Ratio P value

During early  
period  
(0-3 days)

ICU 0.262 .000

SCU 0.308 .000

Regular  
department

1.000 Reference

During late  
period  
(4-30 days)

ICU 1.083 .84

SCU 0.405 .005

Regular  
department

1.000 Reference

ICU, intensive care unit; SCU, special care unit.

AUTHORS' RECOMMENDATIONS

 •  Traditionally, the principal outcome studied in ICU is mortal-
ity (either at ICU or hospital discharge). However, qualitative 
research in critical care now looks at a variety of measures that 
affect quality of life, functional outcome, and economic costs.

 •  Outcomes from critical care can be viewed from at least three 
perspectives: that of patients, that of health-care professionals, 
and that of health managers.

 •  Critical care mortality has decreased over the past two decades, 
principally because of increased awareness of sepsis and 
iatrogenic complications. This has been mirrored by improved 
outcomes in surgical patients (cardiac, vascular, upper gastro-
intestinal) who use critical care (including intermediate care 
units).

 •  There are significantly more ICU beds per capita in the United 
States compared with other Western countries, with associated 
higher utilization. This translates to significantly more hospital 
deaths in the ICU in the United States compared with, for 
example, the United Kingdom.

 •  Certain subgroups of patients do not benefit from critical care 
because they are either too sick or too well to benefit.
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How Should Care Within an 
Intensive Care Unit or an 
Institution Be Organized?

Ho Geol Ryu, Todd Dorman

In this chapter, we review the evidence for the association 
between intensive care unit (ICU) organization and opti-
mal care delivery. In addition, we review the evidence for 
ICU organization within a hospital and across a health sys-
tem. We recognize up front that only a few issues regarding 
organization of care have strong evidence based on high-
quality publications. We remind the reader, though, that 
evidence-based medicine also allows for the consideration 
of lower levels of evidence, such as experience and obser-
vational data. Various models of critical care delivery (ICU 
level and institution level) have been tested regarding the 
structure and process of ICU care, including the personnel 
responsible for providing care and their associated work-
load. This chapter addresses all organization-related prac-
tices at the ICU through the health system level and will 
attempt to be clear where the evidence is the strongest and 
where the evidence is more observational.

HIGH-INTENSITY PHYSICIAN STAFFING

In a 2002 systematic review, Pronovost and colleagues dem-
onstrated that high-intensity physician staffing was asso-
ciated with reduced ICU and hospital length of stay and 
lower ICU mortality (relative risk [RR], 0.61; 95% confi-
dence interval [CI], 0.50 to 0.75) and hospital mortality (RR, 
0.71; 95% CI, 0.62 to 0.82).1 Since then, many studies have 
confirmed these findings or uncovered additional benefits 
of high-intensity physician staffing in the ICUs of different 
types in various settings.2,3 As a result, the high-intensity 
approach is considered to be the staffing model of choice in 
most ICU settings. It is now being applied worldwide and 
in atypical settings. Institution of high-intensity physician 
staffing in an Army hospital ICU deployed in Afghanistan 
was associated with decreases in mortality, the duration 
of mechanical ventilation, and the incidence of ventilator-
associated pneumonia.4 Likewise, high-intensity physician 
staffing in a mixed ICU serving a regional nonteaching 
medical center was associated with a decrease in hospital 
length of stay, better compliance with evidence-based prac-
tices, and a significant increase in survival from sepsis.5 
However, Levy et al. performed a retrospective analysis 
of 101,832 ICU patients entered into the Surviving Sepsis 

Campaign database and compared outcomes in ICUs where 
critical care physicians provided more than 95% of the care 
with those in ICUs where intensivists managed less than 5% 
of patients.6 Even when data were adjusted for severity of 
illness and patients were matched with propensity scores,  
intensivist-led care was associated with a higher stan-
dardized mortality ratio (RR, 1.09; 95% CI, 1.05 to 1.13 vs. 
RR, 0.91; 5% CI, 0.88 to 0.94) and resulted in more inter-
ventions. These results stand in stark contrast to numer-
ous investigations and reports that showed an association 
between high-intensity physician staffing and outcome 
in ICUs of all types. Although the authors acknowledge 
the study’s significant limitations (unclear definition of 
“critical care physician,” significant gaps in the dataset, 
unmeasured confounders), the large number of patients 
and the magnitude of the dataset cannot be ignored. Since 
the publication of the report by Levy and colleagues, 
a retrospective cohort study of medical ICU patients 
(n = 107,324) that compared high-intensity physician staff-
ing and multidisciplinary care teams with low-intensity 
physician staffing without multidisciplinary care teams 
reported that the former was associated with lower 30-day 
mortality (odds ratio [OR], 0.78; 95% CI, 0.68 to 0.89).7 In 
addition, a recent meta-analysis that included the study 
described previously6 indicated that high- intensity phy-
sician staffing was associated with lower ICU (RR, 0.81; 
95% CI, 0.68 to 0.96) and hospital mortality (RR, 0.83; 95% 
CI, 0.70 to 0.99).8 These results also suggested that  surgical 
and combined medicosurgical ICUs received most of the 
benefits of high-intensity physician staffing.

Despite the overwhelming body of literature (>30 studies) 
touting the superiority of high-intensity physician staffing, 
the processes that link this approach to improved outcomes 
remain obscure. It seems reasonable to  postulate that con-
sistent and reliable delivery of care using  evidence-based 
standardized protocols by experienced and trained person-
nel contributed. Indeed, daily rounds by a multidisciplinary 
team were associated with a reduction in adjusted mortal-
ity,7,9 and high-intensity physician staffing was associated 
with increased compliance with evidence-based practices.5 
It has been suggested that other aspects of care delivery, such 
as interprofessional communication, are positively altered 
by high-intensity staffing, but supporting data are lacking.

85
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NIGHTTIME INTENSIVIST STAFFING

In an effort to further improve patient care in the ICU, some 
institutions have attempted to move beyond the Leap-
frog standards10 and toward 24/7 intensivist coverage or 
nighttime intensivist coverage. A survey of ICU program 
directors at academic medical centers in the United States 
indicated that one third (37%) of the respondents’ ICUs 
were covered 24/7 by board-certified or board-eligible 
in-house intensivists. More than half of the respondents 
thought that 24/7 coverage is associated with better patient 
care and improved education for training fellows, although 
they did raise concerns about reductions in autonomy and 
the opportunity to make independent decisions.11

The assumption underlying the move to 24/7 staffing is 
that the intensity of physician staffing (“dose”) will improve 
patient outcomes (“response”). It is essential that this dose–
response relationship remains sufficiently positive so that 
the benefit is worth the additional cost. A randomized trial 
in an academic ICU running under a high-intensity physi-
cian staffing model compared the addition of nighttime in-
hospital intensivists with a model in which the nighttime 
intensivist (often the same one who covered in house during 
the day) provided coverage via telephone.12 The study did 
not demonstrate a difference in any of the selected outcome 
variables—ICU or hospital length of stay, mortality (OR, 
1.08, P = .78), or readmission within 48 hours. A retrospec-
tive cohort study showed that adding a nighttime intensiv-
ist to an ICU using a low-intensity physician staffing model 
during the day resulted in a reduction in mortality (OR, 
0.62, P = .04).13 Thus the current evidence is not sufficient 
to justify 24/7 intensivist coverage in ICUs with daytime 
high-intensity physician staffing. One could argue that the 
retrospective arm of the previous study indicates that night-
time coverage may be of benefit in ICUs operating under 
a low-intensity daytime model. In addition, there are other 
reported benefits associated with 24/7 intensivist coverage 
(e.g., earlier decision making regarding end-of-life care,14 
improvement in the quality of end-of-life care14,15) that have 
not been subjected to evidence-based investigation.

COPING WITH SHORTAGE OF INTENSIVISTS

The demand for intensivists has been increasing and is pro-
jected to continue to do so. There is an ongoing shortage of 
intensivists, though, that has been foreseen for some time.16,17 
The projected shortages have engendered strategies to pro-
vide enhanced coverage without a need for additional per-
sonnel. Models under evaluation include telemedicine for 
remote or underserved ICUs and deployment of alternative 
providers—nonintensivist physicians (hospitalists) or non-
physicians (nurse practitioners, physician assistants).

INTENSIVE CARE UNIT TELEMEDICINE

The initial report by Rosenfeld and colleagues that showed a 
significant reduction in mortality, length of stay, and costs18 
demonstrated that ICU telemedicine is a potential solu-
tion to ICU workforce shortages. Several publications have 
addressed the issue. A systematic review and meta-analysis 

using a preobservational and postobservational study 
design showed that telemedicine was associated with 
lower ICU (RR, 0.79; 95% CI, 0.65 to 0.96) and hospital mor-
tality (RR, 0.83; 95% CI, 0.73 to 0.94) as well as a significant 
decrease in ICU and hospital length of stay when compared 
with standard care.19 However, a more recent study that 
evaluated ICU telemedicine using a pre- and postcompari-
son and a concurrent control ICU in a network of Veterans 
Affairs hospitals failed to show any improvement in ICU, 
hospital, or 30-day mortality or in ICU or hospital length 
of stay.20 A similar nonrandomized, unblended, preas-
sessment and postassessment of ICUs involving 118,990 
patients in 56 U.S. ICUs showed that ICU telemedicine was 
associated with lower adjusted ICU and hospital mortality, 
as well as a reduction in ICU and hospital length of stay 
that was particularly pronounced in patients with very long 
ICU courses.21 ICU telemedicine was also associated with 
higher adherence to clinical practice guidelines.22

As is often the case in medicine, the clinical benefit to 
patients managed with ICU telemedicine is not a product of 
the technology alone. In an observational, before-and-after 
comparison of ICU telemedicine use in six ICUs within a 
single health-care system, ICU telemedicine was not associ-
ated with any discernible benefit.23 Proposed explanations, 
including minimal delegation to the telemedicine team, a 
lack of access to clinical notes, and computerized physician 
order entry, suggest that the degree of integration of the tele-
medicine team into the ICU is an important determinant of 
efficacy. The presence of an ICU culture dedicated to outcome 
improvement and the impact leadership models have also 
been touted, but they have not been sufficiently investigated.

Although ICU telemedicine may provide clinical ben-
efits, it is an expensive undertaking that mandates careful 
financial consideration.24 Capital expenditures and main-
tenance costs for ICU telemedicine are not trivial, and to 
date the care in the United States is not subject to direct 
reimbursement. Thus, use of ICU telemedicine will expand 
only if enhanced ICU use can offset the cost25 or if changes 
in health-care delivery and reimbursement (i.e., bundled 
payments) translate into an enhanced margin.

COPING WITH SHORTAGE OF INTENSIVISTS 
WITH NONINTENSIVISTS: HOSPITALISTS AS 
INTENSIVE CARE UNIT WORKFORCE

Hospitalists have a primary focus on the general medical 
care of hospitalized patients. They have increasingly been 
asked to care for patients with a lower severity of illness in 
the ICU and in step-down units. A single small, prospec-
tive, observational study found no significant differences 
in ICU or hospital mortality or length of stay between med-
ical ICU patients cared for by a hospitalist team and those 
cared for by an intensivist-led team.26

CAREGIVER WORKLOAD OF CAREGIVERS 
IN THE INTENSIVE CARE UNIT

Although the concept seems intuitively obvious, only lim-
ited and controversial data support the suggestion that 
patient outcome is negatively affected by an increase in 
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the workload or census in the ICU. In a retrospective study 
examining the records of more than 200,000 ICU patients, 
Dara and Afessa were unable to identify an association 
between the ICU census and patient mortality.32 Likewise, 
a retrospective cohort study in a medical ICU of a tertiary 
hospital compared patient outcomes when the intensivist-
to-patient ratio was 1:7.5 with those observed when the 
ratio was 1:15. Hospital and ICU mortality was similar, 
whereas a ratio of 1:15 was associated with a relatively 
increased ICU length of stay.33 Appropriately, the report 
prepared by the Society of Critical Care Medicine’s Task 
Force on ICU staffing declined to recommend a limit on 
the number of ICU patients that an individual intensivist 
should care for, suggesting instead that common sense be 
used.34

Studies on the contribution of critical care nurses to 
patient outcome provide a more consistent picture. A study 
conducted in the United Kingdom reported that a heavy 
nursing workload was associated with a twofold increase 
in adjusted mortality.35 In addition, in a cross-sectional 
analysis of more than 55,000 patients in more than 300 hos-
pitals in the United States, Kelly et al. found an associa-
tion between outcomes in elderly mechanically ventilated 
patients and both more nurturing critical care nurse envi-
ronments and the presence of nurses with a higher level of 
education.36

Adverse drug events are common in the ICU, likely 
reflecting the severity of illness and the large number of 
drugs used per patient.37 Participation of pharmacists on 
ICU rounds was associated with a decreased rate of adverse 
drug events.38 It has been proposed that respiratory thera-
pists contributed to improved outcomes by standardiz-
ing care and contributing to the consistent application of 
evidence-based principles and by reducing the workload 
of other team members.39 Physical therapists may contrib-
ute to improved clinical outcome through redistribution of 
workload, especially when rehabilitation is started early.40 
Palliative care providers may also affect hospital and ICU 
length of stay while maintaining family satisfaction.41

ORGANIZATION OF INTENSIVE CARE 
UNIT CARE: INSTITUTIONAL AND HEALTH 
SYSTEM LEVELS

The impact of ICU organizational structures on care at 
either the institutional or health system level has been 
subject to significant evidence-based investigation. Conse-
quently, this aspect of care remains fertile ground for study.

The most common institutional model is a distributed 
system of independent ICUs, in which each ICU is man-
aged by a different group or department. Indeed, differ-
ent groups or departments manage different beds within 
a single ICU. It is likely that standardization and protocols 
are very difficult if not impossible to achieve under these 
circumstances. An arrangement of this sort, though, might 
enhance specialty practice and thus achieve high-level out-
comes, especially at the interprofessional level. Concerns 
about institutional objectives and improved service deliv-
ery have led to the creation of critical care committees with 
representation across the different ICUs. This approach 
might also facilitate bed-sharing arrangements between 

ICUs to maximize specialty care while still addressing 
institutional objectives regarding efficient bed use.

There are several critical care centers in the United States. 
These typically attempt to bind units across the institution 
in a formal construct and are clearly aimed at maximiz-
ing interprofessional care and outcomes while leverag-
ing efficiency. In some organizations, this approach has 
resulted in formation of a department of critical care medi-
cine. The impact of these approaches on providers, teams, 
and patients in such models remains unknown. There are 
even fewer data addressing organizational characteristics 
across a health system. At present, system-wide integration 
reflects the organization within the component hospitals. 
There are several health systems that have successfully 
integrated ICUs within an institution and are attempting to 
extend this model across the health system via a center or a 
department. Some systems are using telemedicine to more 
broadly leverage knowledge and experience.
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What Is the Role of Advanced 
Practice Nurses and Physician 
Assistants in the ICU?

Ruth Kleinpell, W. Robert Grabenkort

At present, the U.S. population uses 23.2 million inten-
sive care unit (ICU) days at an estimated cost of $81.7 
billion each year.1 This equates to 13.4% of hospital costs 
and 4.1% of the national health expenditure.1 It has been 
suggested that $3.3 million in annual cost savings could be 
realized for each 12- to 18-bed ICU if care were delivered 
by intensivist-led teams. Currently, though, less than 40% 
of all ICU patients are treated with this model.1 The Asso-
ciation of American Medical Colleges expects a shortage of 
more than120,000 physicians by the end of this decade.2 A 
deficit of this magnitude is likely to threaten access to care, 
including ICU care.

One strategy for meeting ICU workforce needs is the 
addition of advanced practice professionals to ICU teams.3,4 
Advanced practice providers, including nurse practitioners 
(NPs) and physician assistants (PAs), are an increasingly 
important component of the nation’s health-care workforce. 
More than 250,000 (>180,000 NPs and >85,000 PAs) practice 
in the U.S. health-care system.5,6 Consistent with the Insti-
tute of Medicine’s report,7 NPs and PAs play a vital role in 
delivering patient care, promoting multiprofessional col-
laboration, and advancing team approaches to care. These 
clinicians provide primary, acute, and specialty care services 
to patients in countless acute and nonacute care settings.

NURSE PRACTITIONER AND PHYSICIAN 
ASSISTANT ROLES

NPs are registered nurses who are prepared at either the 
master’s or doctoral level, have an independent license, 
and are required to pass a national certification examina-
tion in most states to practice. NPs practice autonomously 
in most states with a scope of practice that is dependent on 
education, licensure, accreditation, and certification. To be 
in compliance with the National Council of State Boards 
of Nursing’s recommendations for the Advanced Practice 
Registered Nurse Consensus Model for practice in the ICU 
setting, NPs should be certified in either acute care or adult 
gerontology acute care.8 Similarly, PAs are health-care 
professionals who are certified by a national examination 

process. Most PAs are prepared at the graduate level, but 
some have bachelor’s degrees.6 PAs are licensed health-
care professionals who practice under the supervision of a 
responsible physician who must be available for consulta-
tion by phone or in person.6

NPs and PAs often have similar roles in the ICU, but in 
some settings differences exist. PAs focus on direct medi-
cal management or surgical assistance, whereas NP care 
encompasses direct patient care in addition to continuity 
of care components such as discharge planning; nursing, 
patient, and family education; and quality improvement/
research, among other subroles (Table 86-1).9-11

USE OF NURSE PRACTITIONERS AND 
PHYSICIAN ASSISTANTS IN THE ICU

Data from national surveys on the use of NPs and PAs 
indicates that utilization in hospital settings has increased 
because of the higher acuity of hospitalized patients, restric-
tions placed on medical resident work hours, the need for 
continuity of care, and workforce shortages.12 In univer-
sity-based hospital settings where the new Accreditation 
Council for Graduate Medical Education duty-hour regu-
lations for physicians in training have been implemented, 
the integration of NPs and PAs into multidisciplinary pro-
vider models represents a solution to the gap in coverage.12 
A study of 25 academic medical centers indicated that an 
additional role for NP and PA care has resulted from the 
need for improved access, improved continuity of care, 
patient throughput, and medical resident training restric-
tions, among others (Fig. 86-1).12 Role components of NPs 
and PAs in the ICU are detailed in Table 86-2.14

Several studies have linked improved quality and reduced 
costs to the participation of NPs and PAs in care (Table 86-3). 
Because ICU care is often team based, assessing the impact 
of NPs and PAs in the ICU can be difficult. Several studies, 
though, have demonstrated that NP- and PA-provided care 
resulted in improved outcomes (Table 86-4).15-27

On the basis of reports of established and developing 
models of care with NPs and PAs and research demonstrating 
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their effectiveness, the use of NPs and PAs in the ICU is now 
a recognized solution to workforce challenges in managing 
critically ill patients.28 Integrating NPs and PAs in the ICU 
can help to facilitate the delivery of high-quality medical 
care and can provide continuity of care. NPs and PAs can 
become important elements of multiprovider ICU teams.29

CONCLUSIONS

NPs and PAs are increasingly being integrated into ICUs. 
Care provided by teams that include NPs and PAs has 

been demonstrated to be comparable to that provided in 
other staffing models.30,31 Increasing patient acuity lev-
els, burgeoning requirements for ICU care, and a need 
to have ICU-trained clinicians provide for critically ill 
patients presents an important opportunity to integrate 
NPs and PAs as ICU care providers. Continued dissemi-
nation of successful ICU staffing models integrating NPs 
and PAs as well as additional research on ICU staffing 
models that include NPs and PAs is needed to identify 
best strategies for promoting optimal care for critically 
ill patients.

Table 86-1 NP and PA Role Comparisons

Category PA NP

Definition Health-care professionals licensed to practice medical care with physi-
cian supervision.

Registered nurses with advanced educa-
tion and training who have independent 
license.

Philosophy/ 
model

Medical/physician model, disease centered, with emphasis on the bio-
logical/pathologic aspects of health, assessment, diagnosis, treatment. 
Practice model is a team approach relationship with physicians.

Medical/nursing model, biopsychosocial 
centered, with emphasis on disease adapta-
tion, health promotion, wellness, and 
prevention. Practice model is a collabora-
tive relationship with physicians.

Education Affiliated with medical schools. Previous health-care experience required; 
most require entry-level bachelor’s degree. The program curriculum 
is advanced science based. Approximately 2000 clinical hours. All PAs 
are trained as generalists (a primary care model), and some receive 
postgraduate specialty training. Education is procedure and skill 
oriented with emphasis on diagnosis, treatment, surgical skills, and pa-
tient education. Currently, more than 50% of programs award master’s 
degrees and all are currently transitioning to the master’s level.

Affiliated with nursing schools. BSN is pre-
requisite and education is at master’s or 
doctoral level; curriculum is biopsychosocial 
based, based on behavioral, natural, and 
humanistic sciences. Approximately 750 to 
1000 clinical hours. NPs choose a specialty 
training track in adult, acute care, pediatric, 
women’s health, or gerontology.

Certification/ 
licensure

Separate accreditation and certification bodies require successful comple-
tion of an accredited program and NCCPA national certification exam.

National certification is required in majority 
of states.

Recertification Recertification requires 100 hr of CME every 2 years and exam every  
10 years. All PAs are licensed by their State Medical Board and the 
Medical Practice Act provisions.

Recertification requires, on average, 75 CEUs 
every 5-6 years. NPs are licensed by their 
State Board of Nursing.

Scope of practice The supervising physician has relatively broad discretion in delegating 
medical tasks within his/her scope of practice to the PA in accordance 
with state regulations. PAs in Maryland may prescribe Schedule II-V 
controlled substances if the physician delegates this. On-site supervi-
sion is not required.

NP scope of practice is based on licensure, 
accreditation, certification, and education. 
NPs have independent practice in majority 
of states; some states have physician collab-
oration requirements. NPs may prescribe 
controlled substances. On-site supervision 
is not required.

Third-party 
coverage and 
reimbursement

PAs are eligible for certification as Medicaid and Medicare providers. 
Commercial payer reimbursement is currently variable.

NPs are eligible for certification as Medicaid 
and Medicare providers and generally 
receive favorable reimbursement from 
commercial payers.

Adapted from: Maryland Academy of Physician Assistants. http://www.mdapa.org/maryland/differences.asp.
BSN, bachelor of science in nursing; CEU, continuing education unit; CME, continuing medical education; NCCPA, National Commission on Certification of Physi-

cian Assistants; NP, nurse practitioner; PA, physician assistant.

http://www.mdapa.org/maryland/differences.asp
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Figure 86-1. Reasons for hiring nurse practitioners and physician 
assistants as reported by 25 academic medical centers. ACGME, Ac-
creditation Council for Graduate Medical Education; LOS, length of 
stay; MD, medical doctor. (Adapted from Moote M, Krsek C, Kleinpell R 
et al. Physician assistant and nurse practitioner utilization in academic medi-
cal centers. Am J Med Qual. 2011;5:1–9.11)

Table 86-2 Roles of NPs and PAs in the ICU

Patient care management

Rounding

Obtaining history and performing physical examinations

Diagnosing and treating illnesses

Ordering and interpreting tests

Initiating orders, often under protocols

Prescribing and performing diagnostic, pharmacologic, and 
therapeutic interventions consistent with education, practice, 
and state regulations

Performing procedures (as credentialed and privileged, such as 
arterial line insertion, suturing, and chest tube insertion)

Assessing and implementing nutrition

Collaborating and consulting with the interdisciplinary team, 
patient, and family

Assisting in the operating room

Education of staff, patients, and families

Practice guideline implementation

Lead, monitor, and reinforce practice guidelines for ICU patients 
(e.g., central line insertion procedures, infection prevention 
measures, stress ulcer prophylaxis)

Research

Data collection

Enrollment of subjects

Research study management

Quality assurance

Lead quality-assurance initiatives such as ventilator-associated 
pneumonia bundle, sepsis bundle, rapid response team

Communication

Promote and enhance communication with ICU staff, family 
members, and the multidisciplinary team

Discharge planning

Transfer and referral consultations

Patient and family education regarding anticipated plan of care

Adapted from Kleinpell RM, Ely EW, Grabenkort R. Nurse practitioners and 
physician assistants in the ICU: an evidence-based review. Crit Care Med. 
2008;26:2888–2897.

ICU, intensive care unit, NP, nurse practitioner, PA, physician assistant.
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Table 86-3 Selected Studies on NP and PA Care in the ICU

Study Method/Focus Main Results

Burns et al, 2002; 
Burns et al, 2003

Before and after comparison of ventilator days, LOS, 
and per-patient cost after adding an NP as compared 
to before NP role comparing 125 patients in 5 ICUs 
after to 575 before.

Decreased ventilator days by 1 day, ICU LOS by 3 days, hospi-
tal LOS by 2 days, and mortality rate from 38% to 31%. Over 
$3,000,000 in cost savings.

Cowan et al, 2006 Quasiexperimental design comparing NP-led group to 
control group of usual care. LOS and hospital profit 
determined from cost savings.

Average LOS of NP group = 5 days, usual care = 6 days. 
 Hospital profit NP group = $1591 per patient, usual 
care = $639 per patient.

Ettner et al, 2006 Comparison of 1207 patients randomized to either an 
NP/MD group or an MD-only group.

NP/MD group had net cost savings of $978 per patient over 
MD-only group.

Gershengorn HB 
et al, 2011

Retrospective review of 590 daytime admissions to 2 
MICUs with use of NPs and PA coverage.

No significant difference in hospital mortality, ICU LOS, or 
hospital LOS. Discharge to a skilled care facility was similar 
for NP/PA care compared with medical resident care.

Gershengorn HB 
et al, 2012

Literature review of the use of NP and PA providers in 
the ICU.

NPs and PAs have been used in ICUs as a replacement for phy-
sicians in training or to provide onsite semiclosed staffing to 
care for critically ill patients. Data suggest that use of NPs 
and PAs is safe and equally efficacious for patient care.

Kapu et al, 2014 Evaluation of impact of adding NP to the rapid re-
sponse team.

In 2011, the new teams responded to 898 calls, averaging 31.8 min 
per call. The most frequent diagnoses were respiratory distress 
(18%), postoperative pain (13%), hypotension (12%), and tachyar-
rhythmia (10%). The teams facilitated 360 transfers to intensive 
care and provided 3056 diagnostic and therapeutic interventions.

Communication with the primary team was documented on 
97% of the calls. After implementation, charge nurses were 
surveyed, with 96% expressing high satisfaction associated 
with enhanced service and quality.

Kapu et al, 2014 Retrospective, secondary analysis of return on  
investment after adding NPs to 5 teams.

Gross collections compared with expenses for 4 NP-led teams 
for 2-year time periods were 62%, 36%, 47%, and 32%. Aver-
age risk-adjusted LOS for the 5 time periods after adding 
NPs decreased and charges decreased.

Kawar and  
DiGiovine, 2011

Comparison of clinical outcomes between patients  
admitted to a resident-run MICU and a PA-run MICU  
with retrospective analysis of prospectively collected 
data for 5346 patients admitted to an MICU from 
January 2004 through January 2007; 3971 patients 
were admitted to a resident-run MICU (resident 
group) and 1375 to a PA-run MICU (PA group).

There was no difference in hospital mortality or in ICU 
mortality between the two groups either in uncontrolled or 
controlled analyses. Survival analyses showed no difference 
in 28-day survival between the 2 groups.

McMillen et al, 
2012

Surgical ICU care for 13,020 patients by PA team in  
12-bed stepdown unit.

Annual surgical mortality decreased and surgical volume 
increased.

Meyer et al, 2005 Retrospective comparison of 1-year outcomes of NP 
care for postoperative CV surgery patients.

After NPs added, LOS decreased by 1.91 days and total cost 
decreased by $5039 per patient.

Russell et al, 2002 Prospective analysis of LOS, rates of UTIs, and skin 
breakdown before and after addition of NPs to the 
practice. The baseline included randomized sample 
of 122 patients admitted to a neurologic ICU over 12 
months as compared with 402 patients admitted in 
first 6 months of the following year after NPs added.

LOS after NP = 8 days vs. baseline = 11 days. UTI NP = 2% vs. 
baseline 6%; skin breakdown NP = 0% vs. baseline = 2%.  
Patient days showed 2306 fewer days than baseline group 
with total cost savings of $2,467,328.

Sirleaf et al, 2014 Comparison of procedures by NPs, PAs, and MDs for 
1404 patients.

MDs performed 1020 procedures, with 21 complications 
(complication rate, 2%). NP/PAs completed 555 procedures; 
with 11 complications (complication rate, 2%). There was no 
difference in the mean ICU and hospital LOS. Mortality rates 
were also comparable between the 2 groups (MD 11% vs. 
NP/PA 9.7%).

Sise et al, 2011 Prospective analysis of adding NPs to level 1 trauma 
center. Analysis of demographics, injury severity 
scores, LOS, complications, total direct costs of care, 
and outcomes.

After addition of NPs, a decrease in complications by 28.4%, 
LOS by 36.2, and costs of care by 30.4%.

CV, cerebrovascular; ICU, intensive care unit; LOS, length of stay; MD, medical doctor; MICU, medical intensive care unit; NP, nurse practitioner; PA, physician as-
sistant; UTI, urinary tract infection.
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Table 86-4 NP- and PA-Performed Tasks That 
Enhance the Quality of Care15-27

Reduced length of stay

Reduced rates of urinary tract infections

Reduced rates of skin breakdown

Reduced time to bladder catheter removal

Reduced time to mobilization

Reduced duration of mechanical ventilation

Increased compliance with clinical practice guidelines

Reduced rates of reintubation

Increased time in coordination of care activities and cost-effective 
care

NP, nurse practitioner; PA, physician assistant.

AUTHORS’ RECOMMENDATIONS

 •  ICU models of care that incorporate NPs and PAs should be 
disseminated through publications and presentations to pro-
mote replication and extension.

 •  Additional research that demonstrates the effect of NP and PA 
care for ICU patients is needed.

 •  Funding should be allocated for research that explores  
optimal ICU workforce and staffing models that include NPs 
and PAs.  

http://www.aanp.org/all-about-nps/np-fact-sheet
http://www.aanp.org/all-about-nps/np-fact-sheet
http://www.aanp.org/all-about-nps/np-fact-sheet
http://www.aanp.org/all-about-nps/np-fact-sheet
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What Factors Influence a 
Family to Support a Decision 
Withdrawing Life Support?

Randall J. Curtis, Margaret Isaac

Most patients who die in the intensive care unit (ICU) 
do so after having life-sustaining interventions with-
held or withdrawn.1 Evidence suggests that more than 
70% of elderly patients in the United States require a sur-
rogate decision maker at the end of life,2 and involving 
surrogates in medical decision making at the end of life 
can be exceedingly challenging. For families of patients 
with life-threatening illnesses in the ICU, many factors 
can affect decisions to either continue or withdraw life- 
sustaining interventions. Clinical status and prognosis 
can affect how both surrogate decision makers and phy-
sicians approach such end-of-life decisions. Patient and 
family factors, including race, ethnicity, culture,  language, 
religion, and spirituality, and socioeconomic status can 
also shape how these decisions are approached. Fortu-
nately, advance care planning can help both surrogate 
decision makers and clinicians better understand the 
wishes of patients who lack decisional capacity. Physician 
factors, including their own race, religion, and geographic 
location, can shape attitudes toward end-of-life care deci-
sions and specifically toward opinions about withholding 
or withdrawing life-sustaining interventions. Communi-
cation strategies used by clinicians and institutional and 
system factors can also have an effect on surrogates’ expe-
riences with decision making.

PATIENT FACTORS

Medical/Health Status and Prognosis

Only a small minority of patient surrogates cite physicians’ 
explicit statements of prognosis as their sole source of 
information on possible outcomes—reporting reliance on 
their own perceptions of patient factors (e.g., the patient’s 
character and will to live, the patient’s history of illness 
and resilience, and the patient’s physical appearance)3 and 
surrogate factors such as their own personal outlook, faith, 
and intuition.4 In addition, most surrogate decision makers 
express doubt in physicians’ ability to prognosticate accu-
rately,5,6 which may be understandable given that doctors 
are often poor at prognostication for individual patients 
and have been shown to overestimate prognosis in termi-
nally ill patients by a factor of 5.3.7 Advanced patient age, 
functional limitations, and comorbidities appear to have 

an important effect on the intensity of care at the end of 
life—influencing both patients and clinicians’ approaches8 
to these types of care decisions.

Patient Characteristics, Values, and 
Preferences

Race, Ethnicity, and Culture

Broad differences in preferences for end-of-life care have 
been noted across racial and ethnic groups, although there 
is great heterogeneity within groups. As such, clinicians 
are advised to address treatment preferences specifically 
with patients and surrogates rather than relying on broad 
generalizations about group preferences and values. In 
general, African Americans tend to prefer more aggressive 
use of life support at the end of life9 when compared with 
other racial and ethnic groups.8 Nonwhite patients use 
more life-sustaining interventions at the end of life than 
white patients.8,10 Asians and Latinos9,11 are more likely 
to favor a family-centered decision-making process, and 
nonwhite racial and ethnic groups are less likely to have 
knowledge of and support with advance care planning.9 
One study comparing white and African American care-
givers of patients with advanced lung cancer suggested 
that African American caregivers had more optimistic 
expectations for treatment outcomes, which may be part of 
what shapes these observed differences in expressed pref-
erences by patients and their surrogates.12 Another study 
of families of critically ill patients compared family per-
ceptions among patients of similar severity of illness and 
found that African Americans tended to perceive the illness 
as less enduring and serious, reported more confidence in 
treatment efficacy, and reported lower illness comprehen-
sion compared with whites.13 A review found that some 
of the differences between African American patients and 
non-Hispanic white patients were related to historic mis-
trust of the health-care system, differences in knowledge 
and access to services, and differences in spiritual beliefs 
between these two groups.14 In addition, clinicians appear 
to be influenced by patient race, with physicians being 
more likely to recommend withdrawal of life support with 
nonwhite patients, although nonwhite patients are more 
likely to die with full life support in place.15

87
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In a study of U.S. caregivers, those who were less 
“Americanized” or acculturated to the United States (as 
determined by language preference and questions related 
to cultural identity) expressed different preferences for end-
of-life care, including a more positive preference for feed-
ing tubes/artificial nutrition, a feeling that they received 
too much information from physicians, and a desire to 
receive additional services, including complementary ther-
apies and mental health and nutritional counseling.16

Language Fluency

Families with limited English proficiency receive less infor-
mation and fewer explicit statements of support in family 
conferences,17 although it is not clear how this affects their 
decisions about issues such as withdrawal of life support. 
Use of professional interpreters rather than ad hoc inter-
preters (e.g., family members) can foster accurate commu-
nication and minimize errors in translation, particularly 
when discussing emotionally charged topics such as end-
of-life care.18 Interpreted family conferences also contain 
fewer elements of shared decision making and a greater 
ratio of physician/family speech,19 which has been associ-
ated with decreased family satisfaction.20

Religious and Spiritual Beliefs

Patients who identify as religious or spiritual or who iden-
tify as using spiritual coping strategies are more likely to  
choose life-prolonging treatments at the end of life21-23  
and are more likely to oppose do-not-attempt-resusci-
tation (DNAR) orders.24 Specifically, individuals who  
believe strongly that the length of one’s life is controlled 
by a higher power are less likely to engage in advance care 
planning,25 and those who express deference to God’s will 
tend to choose more life-prolonging treatments (e.g., con-
tinuation of life support).26 There is great variability in the 
approaches to medical decision making dictated by theol-
ogy and by religious authorities, and increasingly, religious 
authorities have been called on to weigh in on matters 
related to use of medical technology, medical ethics, and 
end-of-life care. Furthermore, there is considerable hetero-
geneity in the application and interpretation of religious 
tenets within individual religious traditions, and many of 
the approaches common to specific religious groups are 
more appropriately attributed to cultural beliefs, not being 
grounded in specific religious doctrine or teachings.27 In 
addition, when patients’ or families’ spiritual care needs 
go unmet, patients rate their care more poorly.28,29 Indeed, 
evidence suggests that unmet spiritual care needs are asso-
ciated with increased medical costs at the end of life.30

Socioeconomic Status and Education

Socioeconomic status and education may also impact end-
of-life care, although very few studies have examined these 
specific factors in this context. A systematic review found 
that uninsured patients were more likely to have life sup-
port withdrawn in the ICU.31 In one study, uninsured ICU 
patients, when compared with those with insurance being 
cared for at the same hospital, received fewer procedures, 
including hemodialysis and placement of central venous 

catheters, and had increased mortality despite being 
younger in age, having fewer comorbidities, and having a 
lower probability of death at the time of admission to the 
ICU.32 Low literacy has been identified as a risk factor for 
not having an advance directive in place,33 which can limit 
surrogates’ abilities to understand patients’ values and 
wishes. In addition, low or marginal health literacy has 
been shown to be associated with a preference for more 
aggressive care at the end of life.34

Role of Advance Directives and Advance  
Care Planning

Advance care planning generally and advance directives 
specifically can be helpful for surrogates in clarifying 
the wishes of their loved one. Indeed, the absence of an 
advance directive has been identified by ICU directors as a 
barrier to optimal end-of-life care.35 Historically, the preva-
lence of advance directives has been low, ranging from 5% 
to approximately one third of patients.36-39 Several more 
recent studies demonstrate much higher rates of advance 
directive use,2,40,41 a change that has been attributed in part 
to the aging of the U.S. population, as well as increased 
familiarity with and growing public discourse around the 
importance of advance care planning.40 Some evidence 
suggests that patients who have engaged in advance care 
planning or who have advance directives are more likely to 
receive care that mirrors their stated preferences2,42 and less 
likely to receive technologically aggressive interventions.2 
In addition, the presence of a living will has been shown to 
improve families’ assessments of the quality of death and 
dying for their loved one in the ICU.43 Importantly, there is 
a growing understanding that advance directives are most 
helpful in the context of a broader process of advance care 
planning that helps patients and their families prepare to 
be able to make the best “in the moment” decisions about 
life-sustaining treatments.44

SURROGATE DECISION MAKER/FAMILY 
FACTORS

Surrogate Preferences for Control, Role, and 
Decision Making

Historically, physicians have used a parentalist approach 
to medical decision making. Calls for increased patient 
and family autonomy have led to implementation of alter-
nate models of decision control. Decision control can be 
viewed as a spectrum, with patient and family autonomy/
informed consent at one end and clinician parentalism at 
the other. In between these extremes is shared decision 
making, a model in which clinicians share medical infor-
mation; patients and/or surrogate decision makers share 
information about values, goals, and preferences; and 
both parties discuss and come to an agreement about an 
optimal plan of care. Although shared decision making 
has been endorsed by critical care societies as the pre-
ferred default approach,45-47 clinicians should recognize 
that patient/surrogate preferences related to decision 
control can vary widely and are influenced by factors that 
include gender, personality, education, socioeconomic 
status, and culture.9,48,49 To optimize communication, 
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clinicians must assess preferences related to decision con-
trol for each patient and family and modify their approach 
to reflect these preferences. Although it is not clear how 
these different approaches might affect choices specifi-
cally around the withdrawal of life-sustaining interven-
tions, it is important to consider what approach might be 
preferred and be most effective with surrogate decision 
makers before beginning family conferences focused on 
these decisions.

In addition, surrogates use varying approaches to their 
role as a proxy decision maker. Many medical ethicists 
and clinicians suggest that surrogates apply the prin-
ciple of substituted judgment,50,51 in other words, ask-
ing surrogates to use their knowledge of the patient’s 
values, goals, and preferences to articulate what the 
patient would choose were the patient able to participate 
in medical decision making. Evidence, though, suggests 
that many surrogate decision makers have difficulty in 
determining what the wishes of their loved one might be, 
with about a third of surrogates incorrectly predicting the 
treatment preferences of patients.52,53 This may be in part 
because some patients’ wishes change and evolve,54-56 
although most patients show stability in medical prefer-
ences over time.57,58 In addition, in cases in which surro-
gates inaccurately predict the wishes of their loved one, 
their preferences on behalf of their loved one more closely 
approximate their own personal wishes about end-of-life 
care,59,60 highlighting the challenges of applying a sub-
stituted judgment standard. Surrogates use different fac-
tors in medical decision making, including factors other 
than the patient’s perceived wishes; these factors include 
their own personal values, religious beliefs and prefer-
ences, family consensus, and shared experiences with the 
patient.4,61,62

Family relationships seem to have an impact on the 
accuracy of proxies to predict the wishes of their loved one. 
Spouse proxies have been found to be more accurate than 
adult children of patients.63 Patients with highly supportive 
and well-functioning families are more likely to engage in 
advance care planning,64,65 and lower levels of family con-
flict have also been associated with higher proxy–patient 
accuracy in medical decision making.63

Patient Preferences for Surrogate Latitude in 
Decision Making

In addition to the difficulty in implementing substituted 
judgment as a surrogate decision maker, patients vary in 
the latitude they choose to give to their surrogate decision 
makers. Most patients, in the event of decisional inca-
pacity, would want decisions made on their behalf using 
both substituted judgment and best interest standards 
and involving both surrogates and physicians.66 Many 
patients show a great deal of trust in the decisions of sur-
rogates as well—with more than three quarters of patients 
in one study preferring that physicians follow the prefer-
ences of their surrogate even when those preferences were 
at odds with previously stated wishes.67 The fact, though, 
that some patients prefer that advance directives be fol-
lowed even if surrogates disagree highlights the impor-
tance of discussing surrogate latitude as part of advance 
care planning.

CLINICIAN FACTORS

Physician Bias and Influence

Many clinician factors can influence decisions around the 
withholding and withdrawing of life support. For example, 
clinicians’ overall religiosity and specific religious affilia-
tion can influence the likelihood that life-sustaining inter-
ventions are either withheld or withdrawn, with religious 
physicians more likely to favor more aggressive interven-
tions and less likely to favor withdrawal of life-sustaining 
interventions.68 In one European study, withdrawal of life 
support was more common among physicians who iden-
tified as Catholic, Protestant, or nonreligious, whereas a 
decision to withhold rather than withdraw life support was 
more common among Jewish, Greek Orthodox, and Mus-
lim physicians.69

Most physicians select DNAR status for themselves 
when presented with a hypothetical end-of-life scenario70,71 
and express a personal preference to receive less aggressive 
care in general.8 It remains unclear why physician and lay-
person preferences are so different and whether these per-
sonal preferences have an impact on treatment approaches 
toward patients. It seems reasonable, though, that clinical 
experiences and witnessed suffering might affect physi-
cians’ personal preferences. This hypothesis suggests a 
possible opportunity for physicians to better communicate 
with patients and their families about their own clinical 
experiences and to offer to make recommendations to fami-
lies who likely have considerably less experience with both 
critical care and end-of-life care.

Physician factors such as white race, residence in North 
American or northern Europe, more clinical experience, 
and experience in ICU care predict provision of less tech-
nologically aggressive end-of-life care,8 although there are 
conflicting data about the effect that physician age might 
have on comfort with DNAR orders and, in general, on 
treatment decisions in patients with advanced illness.72-74 
Medical residents have been found to be marginally more 
likely than attending physicians to promote aggressive 
end-of-life care,75 with the least experienced residents the 
most likely to prescribe technologically aggressive care at 
the end of life.72

Communication Strategies and Skill

Communication strategies and skill can have a major 
influence on surrogates’ medical decision making. There 
is significant variability in physicians’ roles in navigating 
complex medical decision making, and few physicians 
explicitly negotiate their roles with individual families.76 
Patient families are also highly variable in their prefer-
ences regarding physicians’ recommendations about care 
decisions at the end of life.77 One study found that most 
physicians think that making recommendations about 
end-of-life care is appropriate, although there is significant 
heterogeneity in whether physicians actually make these 
recommendations to families.78

Prognostic information can also be easily misun-
derstood, and some data suggest that surrogates’ inter-
pretation of a report of a poor prognosis may be overly 
optimistic.3 Furthermore, in one study nearly a third of 
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surrogates stated that they would choose to continue life-
sustaining interventions even in the face of poor progno-
sis (<1% chance of survival), and 18% opined that they 
would choose to continue these measures given a physi-
cian’s assessment that there was “no chance of survival.”6 
Estimating prognosis accurately for individual patients 
is incredibly challenging, and, as a rule, physicians tend 
to be overly optimistic.7,79 More experienced physicians 
and physicians with shorter physician–patient relation-
ships also tend to be more accurate,7 and prognostication 
is more accurate as patients approach the end of life.80 
Although accurate prognostication is difficult, using 
numerical estimates rather than vague language, framing 
prognosis from both a positive and a negative perspec-
tive, and using consistent denominators when estimating 
risk can all promote better understanding by patients and 
their surrogates.81

Provision of Emotional Support

Explicit statements of empathy by clinicians for family 
members have been shown to increase family satisfaction 
with communication,82 and although effective communi-
cation strategies can promote trust on the part of family 
members,83 it is not clear how these statements might affect 
decisions around life-sustaining interventions. Many fam-
ily conferences do not contain any explicit empathic state-
ments or statements of support for family members.82,84 
Specific communication tools, such as the NURSE (Name, 
Understand, Respect, Support, Explore) mnemonic for 
acknowledging and validating emotion85 and the facili-
tated values history,86 may help in both supporting fam-
ily members and enhancing the ability of surrogates to 
understand their role in decision making and to contribute 
to decision making that reflects the authentic values and 
wishes of their family member.

Role of Palliative Care Providers

Not surprisingly, ICU patients for whom palliative care pro-
viders are consulted tend to be sicker, with longer lengths 
of stay in the ICU and higher mortality;87 that is, the sickest 
patients with the poorest prognosis seem to be identified 
as those who would benefit most from palliative care ser-
vices. A randomized controlled trial evaluating the impact 
of an inpatient palliative care consultation service found no 
differences in survival or symptom management, although 
patients seen by the consult service had fewer ICU admis-
sions on hospital readmission and sustained lower costs 
over a 6-month time horizon. In addition, patients them-
selves were more satisfied with their care experience and 
with provider communication specifically.88

INSTITUTIONAL/SYSTEM FACTORS

There is some evidence that institutional and system fac-
tors may play a role in end-of-life care, including the 
decision to withdraw life support. Access to information 
and physicians has been associated with fewer family– 
physician conflicts related to prognosis,89 which might have 
an impact on a family’s support of a decision to withdraw 

life-sustaining interventions. Family members of patients 
with private ICU rooms have been found to experience 
lower rates of anxiety and depression.90 In addition, the 
lack of regular family conferences with physicians and 
even the absence of a dedicated room for family confer-
ences have been associated with anxiety symptoms in 
caregivers,91 though it is unclear how these factors might 
shape surrogates’ approach to a decision to withdraw life-
sustaining interventions.
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