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Part I
Infections and Sepsis



Fever Management in Intensive Care Patients
with Infections

P. Young and M. Saxena

Introduction

‘Humanity has but three great enemies: fever, famine and war; of these by far the greatest,
by far the most terrible, is fever’ [1].

Fever is one of the cardinal signs of infection and, nearly 120 years after William
Osler’s statement in his address to the 47th annual meeting of the American Med-
ical Association [1], infectious diseases remain a major cause of morbidity and
mortality. Despite this, it is unclear whether fever itself is truly the enemy or
whether, in fact, the febrile response represents an important means to help the body
fight infection. Furthermore, it is unclear whether the administration of antipyretic
medications or physical cooling measures to patients with fever and infection is ben-
eficial or harmful [2, 3]. Here, we review the biology of fever, the significance of
the febrile response in animals and humans, and the current evidence-base regarding
the utility of treating fever in intensive care patients with infectious diseases.

The Biology of Fever

Regulation of Normal Body Temperature

Thermoregulation is a fundamental homeostatic mechanism that maintains body
temperature within a tightly regulated range. The ability to internally regulate body
temperature is known as endothermy and is a characteristic of all mammals and
birds. The thermoregulatory system consists of an afferent sensory limb, a central
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processing center, and an efferent response limb. In humans, the central processing
center controlling the thermoregulatory set-point is the hypothalamus. Both warm-
sensitive and cold-sensitive thermoreceptors are involved in the afferent limb. Stim-
ulation of the cold-sensitive receptors activates efferent responses relayed via the
hypothalamus that reduce heat loss and increase heat production. These responses
include reducing blood flow to the peripheries and increasing heat production by
mechanisms including shivering. Conversely, stimulation of warm-sensitive recep-
tors ultimately increases heat loss through peripheral vasodilation and evaporative
cooling caused by sweating.

The Cellular andMolecular Basis of the Febrile Response

Upward adjustment of the normal hypothalamic thermoregulatory set-point leading
to fever is typically part of a cytokine-mediated systemic inflammatory response
syndrome that can be triggered by various infectious etiologies including bacterial,
viral, and parasitic infections as well as by a range of non-infectious etiologies
including severe pancreatitis and major surgery.

In patients with sepsis, the febrile response involves innate immune system
activation via Toll-like receptor 4 (TLR-4). This activation leads to production
of pyrogenic cytokines including interleukin (IL)-1ˇ, IL-6, and tumor necrosis
factor (TNF)-˛. These pyrogenic cytokines act on an area of the brain known
as the organum vasculosum of the laminae terminalis (OVLT) leading to the re-
lease of prostaglandin E2 (PGE2) via activation of the enzyme cyclo-oxygenase-2
(COX-2). PGE2 binds to receptors in the hypothalamus leading to an increase
in heat production and a decrease in heat loss until the temperature in the hy-
pothalamus reaches a new, elevated, set-point. Once the new set-point is attained,
the hypothalamus maintains homeostasis around this new set-point by the same
mechanisms involved in the regulation of normal body temperature. However,
in addition, there are a number of important specific negative feedback systems
in place that prevent excessive elevation of body temperature. One key system
is the glucocorticoid system, which acts via nuclear factor-kappa B (NF-�B) and
activator protein-1 (AP-1). Both these mediators have anti-inflammatory properties
and downregulate the production of pyrogenic cytokines, such as IL-1ˇ, IL-6,
and TNF-˛. The febrile response is further modulated by specific antipyretic cy-
tokines including IL-1 receptor antagonist (IL-1RA), IL-10, and TNF-˛ binding
protein.

Heat Shock Proteins and the Febrile Response

The negative feedback systems outlined above are not the only mechanisms that
exist to protect cells from being damaged by the febrile response. In addition, the
heat shock proteins (HSPs) provide intrinsic resistance to thermal damage. Genes
encoding the HSPs probably first evolved more than 2.5 billion years ago. They
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represent an important system providing protection to cells, not only against ex-
tremes of temperature, but also against other potentially lethal stresses including
toxic chemicals and radiation injury. During heat-stress, transcription and trans-
lation of HSPs is upregulated. HSPs can then trigger refolding of heat-damaged
proteins preserving them until heat-stress has passed or, if necessary, can transport
denatured proteins to organelles for intracellular degradation. As well as provid-
ing protection against cellular damage from the thermal stress induced by fever,
the HSPs may themselves be important regulators of the febrile response. For
example, HSP 70 inhibits pyrogenic cytokine production via NF-�B. HSPs also
inhibit programmed cell death, which might otherwise be induced by an invading
pathogen.

The Physiological Consequences of Fever

The febrile response leads to a marked increase in metabolic rate. In humans, gen-
erating fever through shivering increases the metabolic rate above basal levels by
six-fold [4]. In critically ill patients with fever, cooling reduces oxygen consump-
tion by about 10 % per °C decrease in core temperature and significantly reduces
cardiac output and minute ventilation [5]. Any potential benefit of the febrile re-
sponse needs to be weighed against this substantial metabolic cost.

The Immunological Consequences of Fever

Temperatures in the physiological febrile range stimulate the maturation of murine
dendritic cells. This is potentially important because dendritic cells act as the key
antigen presenting cells in the immune system. Human neutrophil cell motility and
phagocytosis are enhanced by temperatures in the febrile range, and growth of in-
tracellular bacteria in human macrophages in vitro is reduced by temperatures in the
febrile range compared to normal temperatures. Murine macrophages demonstrate
a range of enhanced functions at temperatures in the febrile range. These effects
include enhanced expression of the Fc receptors that are involved in mediating an-
tibody responses, and enhanced phagocytosis. Temperatures in the physiological
febrile range enhance binding of human lymphocytes to the vascular endothelium.
This L-selectin-mediated binding is important in facilitating lymphocyte migration
to sites of tissue inflammation or infection. In mice, T lymphocyte-mediated killing
of virus-infected cells is increased by temperatures in the febrile range and helper
T-cell potentiation of antibody responses is enhanced. In contrast to other cells
of the immune system, the cytotoxic activity of natural killer cells is reduced by
temperatures in the febrile range compared to normal body temperature. Although
their functions are enhanced by temperatures in the physiological febrile range (38–
40 °C), neutrophils and macrophages have substantially reduced function at temper-
atures of � 41 °C.
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The Effects of Fever on the Viability of Microbial Pathogens

Temperatures in the human physiological febrile range cause direct inhibition of
some viral and bacterial organisms such as influenza virus [6], Streptococcus pneu-
monia [7, 8], and Neisseria meningitides [9] which can all cause life-threatening
illnesses. For influenza, the degree of heat sensitivity appears to be a determinant
of virulence, such that strains with a shut-off temperature of �38 °C cause mild
symptoms, whereas strains with a shut-off temperature of �39 °C cause severe
symptoms [6]. The susceptibility of a pathogen to heat may have significance in
terms of its pathogenicity in a particular host. For example, Campylobacter jejuni
is not pathogenic in birds (body temperature 42 °C) but is pathogenic in humans
(body temperature 37 °C) and the growth and chemotactic ability of C. jejuni in
vitro are greater at 37 °C than at 42 °C [10].

The Significance of Fever in Animals with Infections

The febrile response to infection is seen in a range of animal species including not
only endotherms, such as mammals and birds, but also ectotherms, including rep-
tiles, amphibians, and fish. The febrile response can be blocked by inhibition of
COX in a diverse range of species including desert iguanas [11] and bluegill sun-
fish [12], as well as higher animals like humans. As COX catalyzes the generation
of prostaglandins from arachidonic acid, this suggests that the pivotal role of PGE2

in the regulation of the thermostatic set-point may be preserved in these species as
well as in higher animals. Such a common biochemical mechanism to regulate fever
across such a diverse group of animals raises the possibility that the febrile response
may have evolved in a common ancestor. If this is the case, then fever probably
emerged as an evolutionary response more than 350 million years ago [13]. As
the febrile response comes at a significant metabolic cost [4, 5], its persistence
across such a broad range of species provides strong circumstantial evidence that
the response has some evolutionary advantage. Furthermore, given that the response
appears ubiquitous, it logically follows that the components of the immune system
would have evolved to function optimally in the physiological febrile range.

In experimental models in mammals, the febrile response appears to offer a sur-
vival advantage across a range of viral infections. Newborn mice infected with
coxsackie virus, which are allowed to develop a fever have a much lower mortality
than mice which are prevented from developing a fever [14]. Similarly, increasing
the environmental temperature from 23–26 °C to 38 °C increases the core temper-
ature of Herpes simplex-infected mice by about 2 °C and increases their survival
from 0 % to 85 % [15]. A meta-analysis of the effect of antipyretic medications
on mortality in animal models of influenza infection demonstrated that antipyretic
treatment was associated with an increased mortality risk [OR 1.34 (95 % CI 1.04-
1.73)] [16].

Studies in mammalian models of bacterial infections have generally yielded sim-
ilar results. In rabbits infected with Pasteurella multocida, the presence of a mild
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fever of up to 2.25 °C above normal was correlated with the greatest chance of sur-
vival compared to either normothermia or fever of > 2.25 °C above normal [17].
Although mice are predominantly endothermic, they appear to require external
sources of heat to generate a fever. If mice are allowed to position themselves in
a cage with a temperature gradient, they increase their ambient temperature prefer-
ence and elevate their core temperature by 1.1 °C after a lipopolysaccharide (LPS)
challenge [18]. Housing mice at 35.5 °C rather than 23 °C increases their core body
temperature by about 2.5 °C, alters cytokine expression, and improves survival in
Klebsiella pneumoniae peritonitis [19]. In this model, the elevated body tempera-
ture seen with increased ambient temperature was associated with a 100,000-fold
reduction in the intraperitoneal bacterial load [19]. A recently published systematic
review and meta-analysis of the effects of antipyretic medications on mortality in
S. pneumoniae infection identified four animal studies comparing aspirin to placebo
and demonstrated that the administration of aspirin was associated with an increased
risk of death [OR 1.97 (95 %CI 1.22-3.19)] [20].

The Significance of Fever in Humans with Infection

Fever, Hyperthermia, and Antipyresis in Non-ICU Patients
with Infections

Viral infections
Two double blind randomized placebo-controlled trials in 45 volunteers inocu-
lated with either rhinovirus type 21 (study one) or rhinovirus type 25 (study two)
demonstrated that administration of aspirin did not alter the proportion of patients
who developed clinical illness or significantly alter the frequency or severity of
symptoms [21]. Although the administration of aspirin significantly increased the
shedding of rhinovirus in these trials, only one of the 45 patients developed fever
so this increase in shedding was probably not attributable to the antipyretic effect
of aspirin [21]. A similar study of 60 volunteers inoculated with rhinovirus and
randomized to aspirin, paracetamol, ibuprofen, or placebo showed that the use of
either aspirin or paracetamol was associated with suppression of the serum anti-
body response and a rise in circulating monocytes [22]. There were no significant
differences in viral shedding among the four groups. However, the subjects treated
with aspirin or paracetamol had a significant increase in nasal symptoms and signs
compared to the placebo group [22]. In rhinovirus-infected volunteers treated with
pseudoephedrine, the addition of ibuprofen had no effect on symptoms or on vi-
ral shedding or viral titers [23]. Again, only two of the 58 subjects developed
a fever. A randomized controlled trial of children aged six months to six years
with presumed non-bacterial infection and a fever of � 38 °C demonstrated that
administration of paracetamol increased the children’s activity but not their mood,
comfort or appetite [24].

Overall, the data from clinical studies in non-ICU patients do not support the hy-
pothesis that antipyresis has a clinically significant beneficial or detrimental impact
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on the course or severity of minor viral illnesses. Although antipyretic medicines
may increase the duration of rhinovirus shedding and time until crusting of chicken
pox lesions, these effects seems unlikely to be attributable to antipyresis and are of
uncertain clinical importance.

Bacterial infections
There are no randomized controlled trial data examining strategies of fever manage-
ment on patient-centered outcomes in non-ICU patients with bacterial infections.
However, there are historical examples of dramatic responses to treatment with ther-
apeutic hyperthermia in some infectious diseases. It has been known since the time
of Hippocrates that progressive paralysis due to neurosyphilis sometimes resolves
after an illness associated with high fever. This observation led Julius Wagner-
Jauregg to propose, in 1887, that inoculation of malaria might be a justifiable
therapy for patients with ‘progressive paralysis’. His rationale was that one could
substitute an untreatable condition for a treatable one – malaria being treatable with
quinine. In 1917, he tested his hypothesis in nine patients with paralysis due to
syphilis by injecting them with blood from patients suffering from malaria. Three
of the patients had remission of their paralysis. This led to further experiments
and clinical observations on more than a thousand patients with remission occur-
ring in 30 % of patients with neurosyphilis-related progressive paralysis ‘treated’
with fever induced by malaria compared to spontaneous remission rates of only
1 %. This work on fever therapy led to Julius Wagner-Jauregg being awarded the
Nobel Prize in Physiology or Medicine in 1927 [25]. Subsequently, fever ther-
apy was shown to be effective in treating gonorrhea. Inducing a hyperthermia of
41.7 °C for six hours in the ‘Kettering hypertherm chamber’ led to cure in 81 % of
cases [26].

A number of observational studies have examined the association between body
temperature and outcome in patients with various bacterial infections, including
pneumonia [27], spontaneous bacterial peritonitis [28], and Gram-negative bac-
teremia [29]. These studies show that the absence of fever is a sign of poor prog-
nosis in patients with bacterial infections. Overall, the design of these studies does
not allow one to distinguish between the absence of fever as a marked of disease
severity or impaired host resilience rather than the presence of fever as a protective
response.

Fever in ICU Patients with Infections

Observational studies of fever and fever management in ICU patients
The epidemiology of fever in ICU patients and the frequency and utility of an-
tipyretic use in ICU patients has been evaluated in a number of observational stud-
ies. The most important of the studies are summarized in Table 1.

The incidence of fever attributable to infection in observational studies in vari-
ous critical care settings varies from 8 % to 37 % [31, 34, 36–41]. These studies use
a variety of definitions of fever and a range of methods to record temperature, mak-
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Table 1 Summary of key observational studies of fever and fever management in ICU patients

Design, Setting, and Participants Key Findings
Laupland
et al.
2008
[30]

Retrospective cohort study of
patients admitted to four ICUs in
Calgary between 2000 and 2006;
n = 24,204 ICU admissions in
20,466 patients

� Fever of � 38.3 °C developed during 44 % of
ICU admissions and high fever � 39.3 °C during
8 % of admissions
� Fever was not associated with increased ICU
mortality but high fever was associated with
a significantly increased risk of death

Young
et al.
2011
[31]

Inception cohort study in three
tertiary ICUs in Australia and
New Zealand over six weeks in
2010 identifying patients with
fever � 38 °C and known or
suspected infection; n = 565

� 9 % of patients admitted to ICU had or
developed a fever and known or suspected
infection
� Paracetamol was administered to about 2/3 of
patients with fever and known or suspected
infection on any given day

Selladu-
rai et al.
2011
[32]

Retrospective cohort study of
patients admitted to a single
tertiary ICU in Australia with
sepsis between December 2009
and August 2010; n = 106

� 69 % of septic patients received paracetamol at
least once during their first seven days in ICU
� 88 % of septic patients with a fever > 38 °C
received paracetamol during their first seven days
in ICU
� Septic patients with a fever > 38 °C were
6.8 times (95 % CI 1.9-24.7) more likely to
receive paracetamol than septic patients who
were not febrile

Lee et al.
2012
[33]

Inception cohort study of
consecutive patients admitted to
25 ICUs in Japan and Korea for
more than 48 hours over three
months in 2009; n = 1,425

� NSAID use independently associated with
increased 28-day mortality in patients with sepsis
(adjusted OR 2.61; 95 % CI 1.11-6.11; p = 0.03)
but with a trend towards a decreased 28-day
mortality in patients without sepsis (adjusted
OR 0.22; 95 % 0.03-1.74; p = 0.15)
� Paracetamol use independently associated with
increased 28-day mortality in patients with sepsis
(adjusted OR 2.05; 95 % CI 1.19-3.55; p = 0.01)
but with a trend towards a decreased 28-day
mortality in patients without sepsis (adjusted
OR 0.58; 95 % 0.06-5.26; p = 0.63)

Laupland
et al.
2012
[34]

Inception cohort study of
patients admitted to French ICUs
contributing to the Outcomerea
database between April 2000
and November 2010; n = 10,962

� 25.7 % of patients had a fever of � 38.3 °C at
ICU presentation
� Fever was not associated with increased
mortality but hypothermia was an independent
predictor of death in medical patients

Young
et al.
2012
[35]

Retrospective cohort study of
636,051 patients in Australia,
New Zealand and the UK
admitted to the ICU between
2005 until 2009

� Elevated body temperature in the first 24 hours
in ICU was associated with an increased risk of
mortality in patients without infections and
a decreased risk of mortality in patients with
infections

Niven
et al.
2012
[36]

Interrupted time series analysis
of cumulative fever incidence in
ICUs in Calgary from
2004–2009

� The cumulative incidence of fever � 38.3
during ICU admission decreased from 50.1 % to
25.5 % over the 5.5 years of the study

CI: confidence interval; ICU: intensive care unit; NSAIDs: non-steroidal anti-inflammatory drugs;
OR: odds ratio
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ing comparisons between studies difficult. In these studies, the presence of fever
was associated with either an increased risk of death [30, 39–41] or no difference
in mortality risk compared to a normal temperature [34]. Only two studies have
evaluated the mortality risk of patients with sepsis separately from patients without
sepsis [33, 35]. In the first study, fever was associated with an increased 28-day
mortality risk in patients without sepsis but not in patients with sepsis [33] raising
the possibility that the presence of infection might be an important determinant of
the significance of the febrile response in ICU patients. Similarly, in a retrospective
cohort study [35] (n = 636,051) using two independent, multicenter, geographically
distinct and representative databases we found that peak temperatures above 39.0 °C
in the first 24 hours after ICU admission were generally associated with a reduced
risk of in-hospital mortality in patients with an admission diagnosis of infection.
Conversely, higher peak temperatures were associated with an increased risk of in-
hospital mortality in patients with a non-infection diagnosis.

Overall, although one recent study suggests that the incidence of fever is decreas-
ing over time [36], existing observational data suggest that fever is a commonly
encountered abnormal physical sign in ICU patients. Unfortunately, because of the
potential for unmeasured confounding factors, it is impossible to establish whether
treating fever in ICU patients with an infection is beneficial or harmful on the basis
of observational studies.

Interventional studies of fever management in ICU patients
Two recently published meta-analyses found no evidence that antipyretic therapy
was either beneficial or harmful in non-neurologically injured ICU patients [2, 3].
Nearly all of the patients included in these meta-analyses had known or suspected
sepsis and one of the meta-analyses only included patients with infection [3]. In
both meta-analyses, the authors noted that existing studies lacked adequate statis-
tical power to detect clinically important differences and recommended that large
randomized controlled trials were urgently needed. The details of published inter-
ventional studies of fever management strategies in ICU patients are summarized in
Table 2.

The largest published randomized controlled trial evaluated the use of ibuprofen
in critically ill patients with sepsis [43]. Patients with severe sepsis were random-
ized to receive 10 mg/kg of ibuprofen or placebo every six hours for a total of eight
doses. Although the use of ibuprofen significantly reduced body temperature, it did
not alter 30-day mortality, which was 37 % in the ibuprofen-treated group and 40 %
in the placebo group. This study was designed to evaluate the use of ibuprofen as
an anti-inflammatory rather than as an anti-pyretic and, while the use of ibuprofen
significantly reduced temperature compared to placebo, the study included patients
who were hypothermic as well as patients who were febrile. An additional con-
founding factor was that patients assigned to the ibuprofen group were treated with
paracetamol more often than those assigned to the control group. On the basis of
this [43] and other smaller studies [45, 46] of non-steroidal anti-inflammatory drugs
(NSAIDs) in critically ill patients, it is clear that NSAIDs are effective at reduc-
ing temperature in febrile ICU patients. However, there is no consistent mortality
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Table 2 Summary of randomized controlled trials investigating the management of fever in criti-
cally ill adults

Design, Setting, and Participants Key Findings
Bernard
et al.
1991
[42]

Double blind placebo-controlled
trial of ibuprofen in patients with
severe sepsis; n = 30

� Ibuprofen significantly reduced temperature,
heart rate, and peak airway pressure
� There was no significant difference between
ibuprofen and placebo in terms of in-hospital
mortality rate (18.8 % ibuprofen-treated group
vs. 42.9 % placebo-treated group)

Bernard
et al.
1997
[43]

Double blind placebo-controlled
trial of ibuprofen in patients with
severe sepsis in seven centers in
North America; n = 455

� Ibuprofen significantly reduced temperature,
heart rate, oxygen consumption, and lactic
acidosis in patients with severe sepsis
� Ibuprofen did not alter the incidence or duration
of shock or ARDS and had no significant effect
on 30-day mortality (37 % ibuprofen-treated
group vs. 40 % placebo-treated group)

Memis
et al.
2004
[44]

Double blind placebo-controlled
trial of lornoxicam in patients
with severe sepsis in one center
in Turkey; n = 40

� No significant difference between lornoxicam
and placebo was demonstrated in terms of
hemodynamic parameters, biochemical
parameters, cytokine levels, or ICU mortality
(35 % lornoxicam-treated group vs. 40 %
placebo-treated group)

Morris
et al.
2011
[45]

Multicenter, randomized trial
comparing the antipyretic
efficacy of a single dose of
placebo, 100 mg, 200 mg, or
400 mg of i. v. ibuprofen in
hospitalized patients of whom
> 90 % had infections; n = 120
(53 critically ill)

� All doses of ibuprofen tested were effective in
lowering temperature
� There were no significant difference between
treatment groups with respect to ventilation
requirements, length of stay or in-hospital
mortality (4 % placebo, 3 % 100 mg ibuprofen,
7 % 200 mg ibuprofen, 6 % 400 mg ibuprofen)

Haupt
et al.
1991
[46]

Multicenter, placebo-controlled
randomized trial of ibuprofen in
patients with severe sepsis;
n = 29

� Ibuprofen significantly reduced body
temperature
� There was no significant difference between the
treatment groups in terms of in-hospital mortality
(30.8 % in the placebo group vs. 56.3 % in the
ibuprofen group)

Schulman
et al.
2006
[47]

Single center, unblinded,
randomized trial of aggressive
vs. permissive temperature
management in febrile patients
in a trauma ICU; n = 82

� There was no significant difference between the
treatment arms in terms of the number of new
infections
� The in-hospital mortality was 15.9 % in the
aggressive treatment group and 2.6 % in the
permissive treatment group (p = 0.06)

Niven
et al.
2012
[48]

Multicenter, unblinded
randomized trial of aggressive
vs. permissive temperature
management in febrile ICU
patients; n = 26

� The mean daily temperature was lower in the
patients assigned to aggressive fever management
� The in-hospital mortality was 21 % in the
aggressive treatment group and 17 % in the
permissive treatment group (p = 1.0)

Continuation see next page
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Table 2 Continued

Design, Setting, and Participants Key Findings
Schortgen
et al.
2012 [49]

Multicenter, randomized
controlled trial of external
cooling in patients with fever
and septic shock receiving
mechanical ventilation in seven
centers in France; n = 200

� External cooling significantly reduced body
temperature
� External cooling did not alter the proportion of
patients who had a 50 % reduction in
vasopressor dose after 48 hours
� Day-14 mortality was significantly lower in
the patients assigned to external cooling but
there was no significant difference between the
groups in terms of ICU or in-hospital mortality

ARDS: acute respiratory distress syndrome; ICU: intensive care unit.

signal from the existing studies of NSAIDs. Some studies show trends towards ben-
efit [42–44] with the use of NSAIDs and others show trends towards harm [45, 46].

The second largest published study of temperature management in febrile ICU
patients evaluated the use of external cooling [49]. This study randomized 200
febrile patients with septic shock requiring vasopressors, mechanical ventilation,
and sedation to external cooling to normothermia (36.5-37 °C) for 48 hours or no
external cooling. The primary endpoint was the proportion of patients with a 50 %
decrease in vasopressor use at 48 hours after randomization. There was no sig-
nificant difference between the treatment groups for the primary endpoint, which
was achieved in 72 % of the patients assigned to external cooling and 61 % of the
patients assigned to standard care. This study had a large number of secondary end-
points including mean body temperature, the proportion of patients who achieved
50 % reduction in vasopressors at 2 hours, 12 hours, 24 hours, and 36 hours as well
as day-14, ICU, and hospital mortality. The secondary endpoints generally favored
external cooling and day-14 mortality was noted to be significantly lower in the ex-
ternal cooling group (19 % vs. 34 %; p = 0.0013). This difference in mortality was
not evident by the time of ICU or hospital discharge and caution should be exerted
in interpreting these endpoints as it is possible that they were affected by a type 1
error due to a lack of statistical power.

Another trial compared temperature control strategies in a tertiary trauma ICU
and randomized patients to either aggressive temperature control or a permissive
strategy [47]. Patients assigned to the aggressive treatment arm received regular
paracetamol once the temperature exceeded 38.5 °C and physical cooling was added
when the temperature exceeded 39.5 °C. Patients assigned to the permissive treat-
ment arm received paracetamol and cooling when the temperature reached 40 °C.
This trial originally aimed to enroll 672 patients; however, it was stopped by the
Data Safety Monitoring Board after enrolment of 82 patients due to a trend to-
wards increased mortality in the aggressive treatment group. While all deaths were
attributed to septic causes, conventional stopping rules were not used and differ-
ences between the study treatment arms could be due to chance. This study had
other major limitations including a lack of blinding or placebo-control, and potential
confounding from the uncontrolled use of other antipyretic drugs and per-protocol
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use of external cooling. A similar open-label randomized study enrolled 26 febrile
ICU patients and assigned them to aggressive or permissive temperature manage-
ment [48]. In this study, the aggressive fever control group received paracetamol
650 mg enterally every 6 hours when the temperature was � 38.3 °C and received
physical cooling for temperature � 39.5 °C. The permissive group did not receive
paracetamol until the temperature was � 40 °C and did not receive physical cooling
until the temperature reached � 40.5 °C. All patients assigned to aggressive temper-
ature management had an infectious etiology of fever and 75 % of patients assigned
to the permissive management arm had an infectious etiology at baseline. The 28-
day all cause mortality was not significantly different between the two groups.

The safety and efficacy of using paracetamol to treat fever in ICU patients with
infections is being evaluated in a 700-patient phase IIb, multicenter, randomized
placebo-controlled trial (the HEAT trial), which is due to complete enrolment in
November 2014 [50].

Conclusion

There is a significant body of animal data demonstrating that fever is an important
component of the host response to infection and confers a survival advantage in
a number of animal species. The conservation of a metabolically costly response
across a broad range of animal species suggests that the response probably has an
evolutionary advantage. There are some interesting historical examples of hyper-
thermia being employed to treat infectious diseases. However, in the modern era
the relevance of these examples is questionable. Furthermore, arguments based
on the evolutionary importance of the febrile response do not necessarily apply to
critically ill patients who are, by definition, supported beyond the limits of normal
physiological homeostasis. Humans are not adapted to critical illness. In the ab-
sence of modern medicine and intensive care, most critically ill patients with fever
and infection would presumably die. Among critically ill patients, it is biologi-
cally plausible that there is a balance to be struck between the potential benefits
of reducing metabolic rate that come with fever control and the potential risks of
a deleterious effect on host defense mechanisms. Remarkably, at present, we do
not know what effect treating fever in critically ill patients with infections has on
patient-centered outcomes. These treatments include commonly used interventions
such as paracetamol and physical cooling. This area of research is of high priority
given the global epidemiology of fever in critically ill patients and the generaliz-
ability of the candidate interventions.
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Review on Iron, Immunity and Intensive Care

L. T. van Eijk, D. W. Swinkels, and P. Pickkers

Introduction

Critically ill patients represent a heterogeneous group of patients with a broad ar-
ray of (co)morbidities. Although highly diverse, one characteristic that applies to
practically all critically ill patients is a greatly disturbed iron homeostasis. Iron re-
distribution is one of the key factors contributing to the development of anemia,
which is common on the intensive care unit (ICU). Nearly all patients develop
anemia during their ICU stay [1, 2]. Although blood transfusions are indepen-
dently associated with worse outcome, 40 to 50 % of patients receive one or more
transfusions during their ICU stay [1]. This underscores the need to understand
ICU-related anemia and find alternative therapies. The field of iron biology has ex-
perienced an enormous surge of interest since the discovery of hepcidin in 2001, the
key regulator of iron homeostasis [3]. Since then, many investigations have focused
on iron homeostasis and its interactions with inflammation, which are numerous.
Although most of the pathophysiological mechanisms have been clarified in animal
models and chronically inflamed patients, studies in the critically ill are limited.
However, although anemia on the intensive care is frequently encountered, aware-
ness of the changes in iron balance that accompany or underlie this anemia is low.
This review provides an overview of iron biology during inflammation, and clarifies
its relation with microbial virulence, immunity, and oxidative stress reactions. In
addition, consequences for the critically ill patient are discussed.
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Iron Biology

Undeniably, iron is essential to vertebrate life. It is the fourth most abundant el-
ement in the earth’s crust, and many species depend on its constant availability,
because iron is needed for many basic cellular processes like respiration and DNA
replication. Although the role of iron in physiological processes is evident, iron
is considered a double-edged sword, because iron management is also difficult
and dangerous. Difficult because iron is practically insoluble, both in and outside
the body, being readily oxidized in physiological conditions to the insoluble ferric
(Fe3+) form, and dangerous because most microbes thrive well on iron, as they need
it for replication and growth. In addition, because iron can catalyze oxidative stress
reactions that can cause harm to cells and organelles, the host may be harmed by
iron; on the other hand, oxidative stress reactions are necessary to kill invading mi-
croorganisms. To overcome these problems, humans and most other species have
evolved in a way that enables them to take-up iron and utilize it safely by mak-
ing use of specific protein complexes, such as transferrin, lactoferrin, ferritin and
heme proteins, while keeping iron away from microbes and not letting it take part in
oxidative stress reactions. In addition, the major iron transporting molecule, trans-
ferrin, is normally only partly saturated (30–40 %), so that iron is readily bound to
transferrin once it appears in the plasma. As a consequence, although as much as
20–25 mg of iron is transported through the blood to the bone marrow every day,
the iron freely available in plasma is extremely low, in the order of magnitude of
10�18 M [4].

Within the body, most of the iron is stored intracellularly. The total quantity of
iron in the human body is normally maintained at approximately 50 mg/kg body
weight in males and approximately 40 mg/kg in females, distributed among func-
tional, transport, and storage compartments. The largest amount of iron is present
in the erythrocytes, where approximately two-thirds of the total body iron supply is
built into heme proteins. Another 300–500 mg of iron is carried by erythroid pro-
genitor cells of the bone marrow. The other major iron storage protein is ferritin,
accounting for approximately 500 mg of iron, being primarily deposited in hepato-
cytes and macrophages of the reticuloendothelial system. Normally, not more than
0.1 % of the body’s iron (approximately 3 mg) can be found in the plasma compart-
ment, where almost all iron is bound to transferrin while it is transported to cells in
need of iron, primarily erythroid progenitor cells.

As iron is a transition metal, it can exist in either a ferric form (Fe3+) or a fer-
rous form (Fe2+). In general, iron within the body exists as ferric iron, bound to
molecules that ensure its solubility. Free ferrous iron can be found in small amounts
within the cytosol, which is referred to as the ‘labile iron pool’. In the plasma,
iron can also be bound to other molecules, including citrate and albumin. These
molecules generally have a much lower affinity for iron and, therefore, iron that is
not bound to transferrin, i. e., non-transferrin-bound-iron (NTBI), is more likely to
participate in chemical reactions [5]. This is especially the case for ‘labile plasma
iron’ (LPI), a fraction of NTBI that is involved in oxidative stress reactions, and
which will be discussed separately.



Review on Iron, Immunity and Intensive Care 19

Regulation of Iron Homeostasis

Hepcidin Controls Iron Homeostasis

The uptake of iron is tightly regulated to meet systemic iron requirements. Be-
cause humans have no physiological mechanism for the active elimination of iron,
total body iron is controlled almost exclusively by the rate of iron absorption from
the duodenum. Two major sources exist via which iron can enter the bloodstream
(Fig. 1). A small quantity of iron (approximately 1–2 mg per day) is taken up from
duodenal enterocytes, which absorb iron from the gut. More importantly, most of
the iron (20–25 mg per day) is recycled by macrophages of the reticuloendothelial
system that retrieve iron from phagocytosed senescent red blood cells (RBCs) [6].
Iron enters the cytosol of enterocytes and macrophages through divalent metal trans-
porter 1 (DMT1), from where it can either be stored in ferritin, or gets exported
through the iron exporter, ferroportin. Once in the plasma, iron is bound primar-
ily to transferrin and is taken up by cells expressing the type 1 transferrin receptor
(TfR1). Most of the iron is transported to the bone marrow, but practically all cell
types, including immune cells, carry TfR1, because they are all dependent on iron
to some extent.

Increased erythroid demand
Hypoxia

Fe
Inflammation

Liver

Hepcidin

Iron uptake
1–2 mg/day

Macrophages ~600 mg 

Erythrocytes
~2500 mg 

Bone marrow
~300 mg 

20–25
mg/day

Fe - Tf
~ 3 mg

Iron loss
1–2 mg/day

– +

+

HFE/TfR1
TfR2
HJV/sHJV

Fig. 1 System iron regulation. Iron can enter the plasma from duodenal enterocytes and from
macrophages of the reticuloendothelial system that recycle iron from senescent erythrocytes. From
the plasma, iron is mainly transported to the bone marrow, where it is used for the production of
new red blood cells. Hepcidin attenuates the release of iron from macrophages, and the uptake of
iron from the gut, thereby leading to decreased serum iron levels. Hepcidin is produced in the liver
and is induced by increased iron supply and inflammation, whereas it is downregulated by low
iron supply, hypoxia and increased erythropoiesis. TfR: transferrin receptor; HJV: hemojuvelin.
Adapted from [50] with permission of the authors
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The expression of ferroportin on the cell surface of macrophages and duode-
nal enterocytes is strictly controlled by the peptide hormone, hepcidin, which is
produced in the liver in response to a wide range of signals. By binding to fer-
roportin, hepcidin induces the internalization and degradation of ferroportin [7],
thereby downregulating iron efflux. In circumstances of increased iron demands,
hepcidin production is decreased, leading to higher expression of ferroportin and an
increase in circulating iron.

Hepcidin Regulation

Four main factors exist that regulate hepcidin expression by hepatocytes: Iron sta-
tus, oxygen tension, erythropoietic activity and inflammation (reviewed by Fleming
and Ponka [8] and Zhao et al. [9] among others).

Iron status regulates hepcidin both through liver iron stores and circulating
transferrin-bound iron. Increased liver iron stores stimulate the hepatic expression
of bone morphogenetic protein 6 (BMP-6). Binding of BMP to its receptor on
hepatocytes together with the co-receptor hemojuvelin, leads to activation of the
transcription factor, SMAD4 (sons of mothers against decapentaplegic homologue
protein 4), thereby stimulating hepcidin transcription. Circulating iron-transferrin
complexes lead to the dissociation of the iron sensing molecule, HFE, from TfR1,
after which it complexes with TfR2, leading to hepcidin transcription through
a signaling cascade that is not yet entirely elucidated, but may involve hemojuvelin-
induced hepcidin expression via SMAD signaling.

Decreased oxygen tension leads to increased intracellular levels of the transcrip-
tion factor, hypoxia-inducible factor-1˛ (HIF 1˛), which prevents BMP-induced
hepcidin production through the upregulation of matriptase-2, which cleaves the
BMP-co-receptor, hemojuvelin, from the hepatocellular surface. Increased ery-
thropoietic activity markedly decreases hepcidin through a mechanism that is not
entirely clarified, but probably requires one or more soluble signaling molecules.
Growth differentiation factor 15 (GDF15) and twisted gastrulation protein ho-
molog 1 (TWSG1), may be two of these factors, but others have yet to be
discovered. Inflammation-induced hepcidin production is mediated through pro-
inflammatory cytokines, mainly interleukin (IL)-6, that lead to activation of signal
transducer and activator of transcription 3 (STAT3) through the IL-6 receptor,
thereby activating hepcidin transcription. In addition the hepatic expression of
activin B, a cytokine of the transforming growth factor-ˇ (TGF-ˇ) superfamily,
is increased by inflammation, and also activates the BMP receptor pathway and
increases hepcidin expression.

In summary, hepcidin is induced by increased iron supply and inflammation, and
downregulated by iron deficiency, hypoxia and erythropoietic activity.
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Inflammation-induced Changes in Iron Homeostasis

A profound change in body iron distribution is one of the key features of anemia of
critical illness, diverting iron from the circulation to storage sites. Iron is shifted
from the extracellular to the intracellular compartment as a result of inflamma-
tion by induction of hepcidin production in the liver. This leads to the subsequent
internalization and degradation of ferroportin on iron exporting cells, especially
macrophages of the reticuloendothelial system. The resultant iron restriction leads
to attenuation of erythropoiesis, a process which is already hampered by the inflam-
matory process through the downregulation of transferrin receptors on erythroid
progenitor cells, and the decreased production of erythropoietin (EPO), either as
a direct effect of inflammatory cytokines or as a consequence of impaired renal
function. These mechanism are identical to those that cause anemia of chronic
disease, and therefore ‘anemia of inflammation’ has been suggested as a better
name for anemia that develops in both chronic and acute systemic inflammatory
diseases [10].

Typical laboratory changes during anemia of inflammation are a lowered serum
iron and transferrin saturation, and an increased ferritin level. As ferritin may be
elevated in a variety of conditions, including infection, inflammation and malnutri-
tion, normal or high ferritin levels do not exclude iron deficiency. Low transferrin
saturation in combination with high ferritin levels may indicate functional iron
deficiency. Reticulocyte counts are typically low compared to the grade of ane-
mia and the reticulocyte hemoglobin content is also diminished. Less common
laboratory parameters include zinc-protoporpherin, which is elevated in the case
of iron-restricted erythropoiesis, and hepcidin, which is usually increased in the
case of inflammation, whereas suppression of hepcidin during inflammation is in-
dicative of absolute iron deficiency. Interestingly, iron deficiency can also exist
without anemia. However, the relevance of this for critically ill patients is currently
not known.

Effects of Iron onMicrobes

Iron Affects Virulence of Pathogens

It is theorized that the shifts in iron distribution during inflammation contribute to
innate immunity by withholding iron from pathogens. Iron acquisition is a ma-
jor determinant for survival and replication of microbes within the host. Human
plasma is normally a hostile environment for pathogens. As the antibacterial effect
of plasma in vitro can be attenuated by adding iron, whereas it can be mimicked
in vitro by transferrin and lactoferrin, iron binding molecules within the plasma are
held responsible for its anti-microbial effect [11].

In vivo experiments have demonstrated that animals injected with various forms
of iron are much more susceptible to infection. The clinical relevance of this find-
ing is substantiated by the observation that patients suffering from iron overload
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are more likely to become infected and have a worse outcome [12]. In addition,
iron supplementation during malaria infection has been related to increased mortal-
ity [13].

The importance of iron for microbes is further illustrated by the fact that many
bacteria and fungal strains possess mechanisms for the acquisition of iron. Three
main strategies of microbes to attain iron are:
1) expression of receptors for host iron-binding proteins, such as transferrin, lacto-

ferrin and heme;
2) reductive elemental uptake of iron through cell surface reductases; and
3) utilization of siderophores, which act as high affinity iron chelators to scav-

enge iron from host iron-carrying molecules. Several hundreds of microbial
siderophores have been identified. By exploiting these strategies, microbes can
survive in the host even at sites where iron concentrations are quite low.

Animal studies have shown that iron loading worsens experimental sepsis [14]. This
is not only related to the fact that microbes can utilize this iron for growth, but
mainly because iron can contribute to oxidative stress-induced organ damage. In
contrast, iron chelation has been shown to protect against bacterial growth as well as
oxidative stress-induced organ damage, and has proven beneficial in animal models
of sepsis [15].

Intracellular Versus Extracellular Pathogens

As explained above, infection and inflammation lead to intracellular iron sequestra-
tion which is considered part of innate immunity. However, intracellularly living
and dividing pathogens might benefit from increased intracellular iron. Indeed,
blocking iron efflux by hepcidin or a mutation of ferroportin has a promoting ef-
fect on the growth of intracellular pathogens, such as Salmonella typhimurium,
Mycobacterium tuberculosis, Chlamydia psittaci, Chlamydia trachomatis and Le-
gionella pneumophila, whereas lowering cellular iron levels by the expression of
ferroportin has the opposite effect [16]. Another striking observation is that iron
chelators can inhibit malaria growth in vitro and in vivo [17] and iron deficiency in
patients may protect against malaria probably because the intracellular labile iron
pool is significantly reduced during iron deficiency. Hence, in contrast to the ben-
eficial effect of decreased plasma iron in most infections, in case of intracellular
infections the opposite may be true. In this context, the local transcriptional up-
regulation of ferroportin that occurs following infection with S. typhimurium or M.
tuberculosis could be considered as an innate anti-microbial defense mechanism
based on iron deprivation [18].



Review on Iron, Immunity and Intensive Care 23

Effects of Iron on the Host

Innate Immunity

Much effort has been put into elucidating the effects of iron on the different aspects
of immunity. Many observations seem conflicting, illustrating the complexity of
the effects of iron. With regard to innate immunity, it has been shown that elevated
intracellular iron promotes nuclear factor-kappa B (NF-�B)-mediated cytokine pro-
duction [19], while it inhibits expression of the important anti-microbial molecule,
inducible nitric oxide synthase (iNOS) [20]. On the other hand, low intracellular
iron inhibits NF-�B activity, and iron chelation increases iNOS. Another impor-
tant transcription factor that is affected by iron status is HIF-1˛, a molecule that
gets degraded swiftly under physiologic conditions [21]. When intracellular iron
concentrations are low, HIF-1˛ is spared from degradation, so it can act as a tran-
scription factor for several pro-inflammatory cytokines. Therefore, it seems that
both iron overload and iron deficiency can lead to enhanced inflammatory signal-
ing, either through NF-�B or HIF-1˛.

The fact that intracellular iron concentrations affect the transcription of inflam-
matory cytokines suggests that ferroportin and hepcidin could also have immune
modulating effects. For hepcidin, both pro-inflammatory and anti-inflammatory ef-
fects have been reported in vitro and in vivo [22, 23]. However, as these findings
have not yet been reproduced, the immune modulating effects of hepcidin are still
the subject of debate.

Less is known about the influence of iron overload on innate immunity.
Macrophages from HFE-knockout mice, which have high ferroportin levels and
therefore low intracellular iron levels due to a lack of hepcidin, produced lower
amounts of tumor necrosis factor (TNF)-˛ and IL-6 compared to wild-type mice in
response to S. typhimurium infections. In vivo this effect was associated with atten-
uated inflammation, but increased pathogen burden [24], which could be corrected
by administration of hepcidin or ferrous sulfate.

Evidence also is available from animal data showing an aggravated immune
response and associated mortality in murine models of sepsis after iron load-
ing [14], whereas iron chelation appears to attenuate inflammation and improve
outcome [15]. Direct effects of iron loading and iron chelation therapy on innate
immunity in humans are still unknown.

Adaptive Immunity

In contrast to innate immunity, activation of the adaptive immune response is char-
acterized by an extensive proliferation of B and T lymphocytes, which rely on their
ability to acquire iron through TfR1. Polyclonal proliferation of human B and T
lymphocytes can be inhibited by antibodies against TfR1 [25]. Absence of TfR1
results in the complete arrest of T cell differentiation, whereas the development
of IgM positive B cells is severely attenuated [26]. Nutritional iron deficiency is



24 L. T. van Eijk et al.

associated with impaired lymphocyte function [27]. Furthermore, the profile of cy-
tokine expression by lymphocytes may be altered by iron deficiency [28] and iron
overload [29].

Oxidative Stress

Labile plasma iron and poorly liganded iron have the potential to catalyze Haber-
Weiss and Fenton reactions [30], whereby superoxide radical and hydrogen per-
oxide yield the highly reactive hydroxyl radical, causing damage to cells and or-
ganelles. These reactive oxygen intermediates are inevitable byproducts of aerobic
respiration and are also generated during several enzymatic reactions. In addition,
they are produced by the membrane-bound NADPH oxidase complex, which is pri-
marily expressed in phagocytic neutrophils and macrophages, serving as a tool for
antimicrobial defense [31]. During infection this compound is used to generate
high levels of superoxide in a ‘respiratory burst’ in which several species of potent
oxidants are formed that enhance microbial killing.

An increase in the steady state levels of reactive oxygen (and nitrogen) species
beyond the antioxidant capacity of the organism, called oxidative (and nitrosative)
stress, is encountered in many pathological conditions, such as systemic inflamma-
tion. Although the respiratory burst is needed for effective pathogen eradication,
oxidative stress causes damage to vital organs and may contribute to the develop-
ment of multiple organ failure. The kidney may be especially vulnerable as an
acid environment, such as tubular urine, enhances the formation of reactive hy-
droxyl radicals. In support of this suggestion, iron and heme-induced oxidative
stress caused by cardiopulmonary bypass during cardiac surgery was associated
with the development of acute kidney injury [32].

The role of NTBI and labile plasma iron in critical illness and their putative roles
in oxidative stress-induced organ injury need to be further investigated. A practi-
cal problem in these investigations is that the methods currently available for the
measurement of NTBI and labile plasma iron have not yet been analytically and
clinically validated.

Consequences for Critical Care

Anemia on the ICU

Anemia is highly prevalent in critically ill and injured patients. Two-thirds of pa-
tients are already anemic on admission to the ICU [1], increasing to 97 % of patients
by day 8 [1, 2]. ICU-related anemia is not only very frequent among critically ill
patients, it is also associated with increased transfusion rates and worse outcome,
including weaning failure [33], myocardial infarction [34] and increased risk of
death [35]. More than one-third of all ICU patients receive transfusions sometime
during their ICU stay, increasing to more than 70 % when ICU stay exceeds one
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week [1]. Moreover, the number of transfusions is independently associated with
longer ICU stay, increased risk of complications and increased mortality [1], stress-
ing the importance of understanding the pathophysiology of ICU-related anemia
and finding alternative therapies. In addition, the problem of anemia extends far
beyond ICU admission, as approximately 50 % of patients with anemia at ICU dis-
charge were still anemic 6 months later [36].

The development of anemia can be attributed to two main reasons: First, erythro-
cyte lifespan is extensively shortened due to hemolysis, the increased clearance of
erythrocytes by macrophages, diagnostic phlebotomy, tissue injury, invasive proce-
dures and gastrointestinal bleeding. Second, red cell production is attenuated during
inflammation, due to decreased EPO production and signaling and the aforemen-
tioned alterations in iron metabolism.

Decreased Erythrocyte Lifespan

Blood loss due to tissue injury, invasive procedures (drainage, catheter placement,
renal replacement therapy), gastrointestinal bleeding and systemic inflammation-
associated hemolysis are obvious reasons for reduced RBC survival in ICU patients.
Less obvious is the loss of blood through diagnostic phlebotomy, which represents
a mean daily loss of 40 to 70 ml of blood, while under physiological conditions
only 2–3 ml of new erythrocytes are formed per day. This phenomenon, termed
the “anemia of chronic investigation” [37], has been reported to account for 30 % of
required blood transfusions. Including other reasons for blood loss, the median total
loss of blood for critically ill patients has been calculated to be as high as 128 ml
per day [38], representing a daily iron loss of 64 mg, exceeding normal iron intake
more than 20-fold. Considering that during inflammatory states hardly any iron is
absorbed due to the actions of hepcidin, the imbalance in iron uptake and iron loss
is even greater.

An increased clearance of erythrocytes by macrophages during the inflamma-
tory process has attracted attention over the last decade. It seems that inflam-
mation leads to stress on erythrocytes that may be mediated through cytokines,
hypoxia, disturbances in acid-base balance, endothelial damage, oxidative stress or
alterations in lipid metabolism, resulting in damage to the red cells and increased
phosphatidylserine expression on RBC membranes, flagging them for removal by
macrophages of the reticuloendothelial system [39]. In addition, a sudden and
continued decrease in EPO production, as can be observed during acute inflam-
matory states, may promote the clearance of a subset of young erythrocytes by
macrophages [40].

Attenuation of RBC Production During Inflammation

Decreased erythrocyte production during inflammatory states is the result of three
main mechanisms [41]. First, EPO concentrations decrease quickly and remain in-
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appropriately low during inflammation, probably as a result of a combination of
decreased renal function and pro-inflammatory cytokine inhibition. Second, the
response of erythroid progenitor cells to EPO is attenuated as well, as a result of di-
rect effects of cytokines and downregulation of EPO receptors. Third, as described
earlier, several cytokines, including IL-1ˇ, IL-6 and TNF-˛, induce hepcidin pro-
duction, leading to less serum iron available for the bone marrow. This limits iron
availability for erythroid progenitor cells and impairs heme biosynthesis, leading to
iron restricted erythropoiesis [41]. This pathway has indeed been shown to be rel-
evant for the anemia observed in sepsis patients [42] as hepcidin levels correlated
with the extent of anemia and blood transfusions needed. Impaired iron home-
ostasis and EPO signaling are worsened by medication often used on the ICU.
Norepinephrine and phenylephrine directly inhibit hematopoietic precursor mat-
uration; furthermore, EPO release is suppressed by ACE inhibitors, angiotensin
receptor blockers, calcium channel blockers, theophylline, and ˇ-adrenergic block-
ers.

Erythropoiesis-Stimulating Agents

As the impaired production of EPO and the blunted response to EPO together
with iron restriction are central to the anemia of inflammation, some studies have
attempted to stimulate erythropoiesis with exogenously administered EPO in crit-
ically ill patients. In a meta-analysis, the odds of a patient receiving a blood
transfusion were significantly reduced and the number of units of blood transfused
per patient was decreased; however, there was no statistically significant effect on
length of stay in the ICU or hospital or on overall mortality [43].

Iron Supplementation for the Critically Ill

Low serum iron and high ferritin levels constitute the typical iron profile of critically
ill patients and are indicative of an inflammatory iron profile. Despite generally high
ferritin levels, iron deficiency often coexists with inflammation and may concern up
to 40 % of critically ill patients. Therefore, it has been suggested that iron sup-
plementation, alone or in combination with erythropoiesis-stimulating agents, may
also be beneficial in the ICU setting. As mentioned earlier, iron has been shown to
promote the growth and virulence of a number of microbes responsible for noso-
comial infections. As a result, concern exists related to greater infection rates and
(oxidative stress induced) organ injury with iron supplementation. Although this
outcome is biologically plausible, evidence from human studies is lacking. Mul-
tiple studies have failed to show any increased risk of infection associated with
iron therapy in chronic hemodialysis patients [44]. Few studies have examined iron
supplementation in the critical care population. Available observational studies in
postoperative or critically ill patients show no association between intravenous iron
administration and risk of infection [45]. In 863 patients undergoing cardiopul-
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monary bypass surgery who were subsequently treated with both intravenous iron
and EPO or with blood transfusions, there was no difference in subsequent infection
rate [46]. In a trial of 200 patients receiving care in a surgical ICU [47], it was shown
that enteral iron supplementation (ferrous sulfate 325 mg three times daily) reduced
transfusion rate in patients with baseline iron deficiency. Finally, intravenous iron
therapy with and without EPO administration reduces allogeneic blood transfusions
in surgical patients [48]. Iron appears to be effective in correcting anemia, despite
inflammation. Moreover, none of these studies has shown a clear adverse effect on
infection rates, which is compatible with the notion that the NTBI fraction in par-
ticular is important for the risk of infection, whereas this fraction is usually low in
iron-deficient patients even after iron treatment. A multicenter randomized clinical
trial of intravenous iron for the treatment of anemia in critically ill trauma patients
is currently being performed (ClinicalTrials.gov identifier NCT01180894).

In addition to the lack of clear evidence that iron administration is harmful to the
iron-deficient critically ill patient, iron deficiency is also associated with impaired
immunity and increased susceptibility to infection, as well as being associated
with increased length of stay in the ICU [49], providing an extra reason to fur-
ther examine the possible role of iron administration in the setting of intensive care
medicine.

Future Perspectives

Although iron homeostasis is complicated, it is clear that iron can play a crucial
role during infection or inflammation in critically ill patients. However, although
the discovery of several novel players in iron metabolism, including hepcidin and
its interaction with ferroportin, has resulted in an enormous surge in research on
iron biology, a lot still needs to be learned, especially with regard to the ICU set-
ting. Future research should clarify whether iron plays a detrimental role in the
development of organ failure or not. Most notably, the occurrence of labile plasma
iron during operative procedures and during the ICU stay and its relation with the
occurrence of organ dysfunction should be investigated. In addition, iron may play
a decisive role in infections, in which for some reason pathogens are not fully erad-
icated despite optimal antimicrobial treatment, and hold potential for therapeutic
intervention.

In the case of iron deficiency, the possibility of treating anemia with intravenous
iron supplementation in critically ill patients should be further examined, either in
combination with erythropoiesis-stimulating agents or not. In elective major surgi-
cal procedures, such as coronary artery surgery, early iron fortification can probably
accelerate recovery and prevent complications from anemia. Finally, therapies di-
rected against the action of hepcidin are being developed, which may be useful in
the future treatment of anemia of critical illness.



28 L. T. van Eijk et al.

Conclusion

Profound changes in iron metabolism occur in critically ill patients. These changes
are predominantly the result of both blood loss and the inflammatory process, and
are relevant to the intensive care patient for three reasons:
1) anemia is frequently observed in critically ill patients, is associated with im-

paired immunity and worse outcome, and cannot be adequately compensated by
transfusions or erythropoiesis – stimulating agents, whereas there might be an
additive role for iron supplementation;

2) iron homeostasis may determine the fate of an infection, as iron is an essential
nutrient for pathogens, and future research should, therefore, clarify the exact
role of bound and unbound iron in critically ill infected patients;

3) iron can catalyze oxidative stress reactions that cause organ damage, especially
when non-transferrin-bound or labile iron exists. This latter observation is es-
pecially relevant to the critically ill patient as they are likely to suffer from
oxidative stress and organ failure, whereas at the same time increased labile
iron concentrations are more likely to be present.

Future studies should further clarify the role of iron in critical illness and organ dys-
function, as the prevention of non-transferrin-bound or labile iron may contribute
to the prevention of organ dysfunction, whereas at the same time, iron supplemen-
tation or counteracting the actions of hepcidin may represent an adjuvant therapy to
prevent anemia of critical illness.
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Sepsis Guideline Implementation:
Benefits, Pitfalls and Possible Solutions

N. Kissoon

Introduction

Clinical practice guidelines are useful in improving quality of care and outcomes,
reducing inappropriate variation in practice, promoting efficient use of resources,
informing and empowering patients and informing public policy. However, diffi-
culties arise when guidelines are poorly introduced into routine daily practice and,
as a consequence, many patients do not receive the care intended or receive harmful
or unnecessary care [1].

Many guidelines have been formulated for the treatment of sepsis in children
and adults [2–6]. These guidelines emphasize early recognition and aggressive
treatment of the patient with sepsis in order to improve outcomes. However, the
context in which a guideline is to be used is important and to a large extent deter-
mines whether it will be implemented successfully [2, 3, 6–8]. Thus, in an attempt
to make sepsis guidelines relevant in both resource-poor and resource-rich environ-
ments, the level of resources in various settings have been taken into account and
guidelines have been formulated to suit both resource rich and poor regions of the
world [2–4]. Sepsis guidelines for children have also been designed to accommo-
date both resource and skill sets for countries with varying under-five mortality rates
(Fig. 1) and to accommodate resources for monitoring and treatment from district
clinics to tertiary care facilities [2] (Fig. 2), while guidelines for sepsis management
of both adults and children have been proposed by the Global Intensive Care Work-
ing Group of the European Society of Intensive Care Medicine [3]. In addition,
tremendous effort has been expended in revising the Surviving Sepsis Campaign
guidelines to include new evidence since its previous iteration in 2008 [4]. Al-
though these efforts are laudable, adherence to these guidelines has met with mixed
results in both resource poor and rich regions. Therefore, while resources to im-
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plement guidelines are important, other factors beyond resources may also mitigate
against successful adoption. This manuscript will address some of these issues. It
will outline the benefits of compliance with sepsis guidelines, the published ex-
perience with compliance, possible reasons for poor compliance and offer some
possible solutions to improve compliance and ultimately patient outcomes.

Benefits of Compliance with Sepsis Guidelines

There is no doubt that adherence with guidelines is associated with better outcomes.
Indeed, adherence to the American College of Critical Care Medicine (ACCM)
guidelines for children has led to a 30 % decrease in mortality when the guidelines
for initial resuscitation were followed by physicians in community hospitals [9].
Moreover, a decrease of 27 % in mortality was seen in children managed according
to ACCM guidelines, including central venous oxygen saturation (ScvO2)-directed
therapy, in an intensive care unit [10]. Adherence to sepsis guidelines in a pediatric
emergency department in Texas resulted in a decrease in the need for mechanical
ventilation and vasoactive agents and a decrease in mortality from 4 to 2.5 % [11].
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Guideline adherence in children with sepsis resulted in a 57 % reduction in pediatric
intensive care unit (PICU) hospital length of stay in Boston [12], while in Utah in-
creasing compliance with sepsis guidelines resulted in a decrease in mortality from
8.4 to 3.5 % [13]. In all these instances, although outcomes improved with com-
pliance, adherence to some elements of the guideline was less than optimal and
in many instances the entire bundle was provided to few patients. Similar find-
ings have been seen in adults in the Surviving Sepsis Campaign in which there was
a significant decrease in mortality with adherence to resuscitation and management
bundles [14]. Unadjusted hospital mortality decreased from 37 % to 30.8 % over
2 years (p = 0.001), offering optimism for further improvement in outcomes [14].
The experience of the World Federation of Pediatric Intensive and Critical Care
Societies (WFPICCS) initiative in children is similar with significant decreases in
mortality with compliance with the resuscitation bundle (OR 0.40, 95 % CI 0.19-
0.72 p < 0.004) and compliance with the management bundle was also associated
with a decrease in mortality (OR 0.30, 95 % CI 0.10-0.80, p < 0.018) [2]. These
benefits applied to children in both the developed and the developing world. In ad-
dition, although outcomes improved as resources increased, adherence did not differ
markedly suggesting that resources, while important, are not the only determinant
of compliance.
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Success with Adherence to Sepsis Guidelines

In the WFPICCS endeavor, resuscitation bundle compliance ranged from 24–52 %
while management bundle compliance range from 10–25 % across centers [2]. Sim-
ilarly, in the Surviving Sepsis Campaign, compliance with the entire management
bundle started at 18 % and increased to approximately 36 % at the end of two years
[14]. In children in areas that were adequately resourced, the news is no better.
Indeed, there was 19 % adherence to the resuscitation bundle at Boston Children’s
Hospital with significant delays in intravenous fluid administration and inotrope ad-
ministration [13]. In Utah and Texas, while intense efforts achieved an increase in
compliance, this was still suboptimal, with the highest compliance – 80 % – for in-
travenous fluids, antibiotic administration and lactate evaluation [11, 12]. Delayed
recognition and delayed intravenous fluids and inotropes were also reported, along
with a 36 % adherence to pre-PICU care, in a follow-up assessment of treatment
guidelines for meningococcemia in the UK [15]. In India, a survey reported 12 %
adherence to the ACCM guidelines among physicians; this low adherence was at-
tributed mostly to lack of skills and knowledge [16]. Adherence to guidelines has
also been poor in other parts of the world, including in Africa, where less than 50 %
of the Surviving Sepsis Campaign guidelines were implemented; the predominant
reasons were resource-limitations and lack of education [7]. In Asia (China, Hong
Kong, India, Malaysia, Singapore and South Korea) adherence to Surviving Sepsis
Campaign guidelines ranged from 5–15 % [17]. Low adherence to sepsis guidelines
was also found in Germany, where there was a perception reality gap; physicians
perceived that adherence to low tidal volume ventilation was 80 %, whereas in real-
ity it was 2.6–17 %. Similarly, the perception of adherence to glycemic control was
66 % whereas the reality was 6 % [18]. Suboptimal management related to lack of
adherence to sepsis guidelines has also been reported in children in France, Eng-
land, and Australia [19–21]. In most cases, suboptimal management resulted from
underestimation of disease severity, physician delay in administrating antibiotics or
fluids, insufficient fluid administration and inadequate inotropic support.

Reasons for Poor Adherence

Major contributors to poor adherence to guidelines are many fold and include failure
to recognize sepsis, lack of familiarity or lack of awareness of the sepsis guideline,
lack of agreement with the specific guideline, or lack of agreement with guidelines
in general, as well as lack of motivation [22, 23]. In addition there are many ex-
ternal barriers to guideline implementation. For instance, the characteristics of the
guidelines may render them impractical to implement – in some cases they are too
detailed and try to address all eventualities, whereas in others they may suggest
resources, such as laboratory tests, methods of monitoring and treatment options,
that are not available locally [3, 6, 7]. Environmental factors, such as lack of time,
lack of resources, lack of reimbursement and organizational constraints, may also
preclude adoption of guidelines. For instance, in areas where there are critical staff
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Fig. 3 Clinical practice guidelines: Preparation, implementation, evaluation and revision are all
important for successful adoption

shortages, it is unreasonable to place further burdens, such as frequent monitor-
ing and documentation, which are the standard of care in areas with substantially
more resources. In many areas of the world, white blood cell counts to determine
systemic inflammatory response syndrome (SIRS) criteria, laboratory capabilities
for blood culture and pulse oximetry or supplemental oxygen are not readily avail-
able [6, 7].

Poor guideline adoption may also be due to the fact that incentives may not be
aligned to the behavior. There are also concerns which lead to skepticism that guide-
lines may be subject to biases (used as a financial and marketing tool). Doubts about
the evidence on which a guideline is based stems from skepticism of the composi-
tion of the panels of experts that mold these judgments. While guideline users could
sometimes adjust for these biases, in some cases the values and goals and conflicts
are not explicit to allow for any adjustments. Moreover, some have argued that there
are too many sepsis guidelines and some are out of date and present conflicting in-
formation. A major concern in the United States is the fact that these guidelines
may be turned into performance measures to critique the quality of physician care
and even dictate hospital accreditation.
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In our local experience, clinicians were skeptical when a sepsis guideline was
introduced because they felt that screening for sepsis in the emergency department
was not necessary because their triage system was robust enough to detect sepsis.
Others felt their pediatric early warning systems served the same purpose on the
wards, and still others felt that introduction of the sepsis guideline implied that they
were managing sepsis incorrectly beforehand. These reasons for skepticism are not
unique to any single institution or any particular guideline and imply that craft-
ing a resource-appropriate guideline is an important process but without attention
to cultural issues, implementation and adoption are likely to be less than optimal
(Fig. 3 [24]). Another area that has hindered adoption and sustainability is the fail-
ure to measure meaningful outcomes and share the information widely with team
members.

A Framework for Crafting a Sepsis Guideline

In order to circumvent some of the barriers outlined above, as a first step, the
guideline writing process should be rigorous and transparent. It is important that
appropriate clinicians and policy makers be involved early in the discussion per-
taining either to crafting a guideline de novo or to adapting an existing guideline,
such as the WFPICCS society or Surviving Sepsis Campaign guidelines. This is
important because failure to invite the appropriate broad representation to the table
will likely lead to frustration, suspicion and ultimately failure. For example, in our
institution an oversight on our part was failure to involve pharmacy representatives
at the start of the process even though they are involved in stocking unit doses of
antibiotics in the emergency room and ICUs.

The AGREE tool is an example of a tool that provides a roadmap to either create
or evaluate a guideline (http://www.agreetrust.org). Strict adherence to the elements
included in such a roadmap will enable all stages to be conducted without missing
any important steps, will insure the appropriate team members are involved, and
will insure transparency and literature review. It will also allow evaluation of the
necessary resources and outcome measures as well as opportunities for revising the
guideline. The AGREE tool consists of 6 domains (Table 1) that address all aspects
of implementation. Each of these domains controls a series of items (total 23) that
guide every step of guideline development and address factors that may preclude
adoption. AGREE is not the only tool that serves to assist in guideline development
but it is validated, easy to use, widely accepted and comes with an easily accessible
training manual.

Barriers to successful guideline implementation are summarized in Fig. 4. Poor
adherence can be due to inherent flaws in the process used in preparing the guide-
lines as outlined above, but just as important are the strategies used in implementa-
tion. Moreover, if quality control indicators for evaluation and monitoring are not
appropriate and agreed on, monitoring will be haphazard and inadequate and pro-
vide meaningless information. This poses a problem in that if outcome measures
are not monitored diligently, it is very difficult to determine the effectiveness of

http://www.agreetrust.org
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Table 1 The Appraisal of Guidelines for Research and Evaluation (AGREE)

Domain 1.
Scope and Purpose:

The overall aim of the guideline, the specific health questions, and
the target population.

Domain 2.
Stakeholder Involvement:

The extent to which the guideline was developed by the appropriate
stakeholders and represents the views of its intended users.

Domain 3.
Rigor of Development:

The process used to gather and synthesize the evidence, the methods
to formulate the recommendations, and to update them.

Domain 4.
Clarity of Presentation:

The language, structure, and format of the guideline.

Domain 5.
Applicability:

The likely barriers and facilitators to implementation, strategies to
improve uptake, and resource implications of applying the guideline.

Domain 6.
Editorial Independence:

The formulation of recommendations not being unduly biased with
competing interests.

Overall assessment: Includes the rating of the overall quality of the guideline and
whether the guideline would be recommended for use in practice.

There are many barriers …
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� Behavior
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� Guidelines
� Policy
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Social System
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Fig. 4 Barriers to successful guideline implementation: All must be addressed for successful
adoption of guidelines

the guideline and to act to revise the guideline and protocol or address deficiencies
in guideline implementation. Feedback loops using rapid PDSA (Plan, Do, Study,
Act) cycles are important to continuously improve the guideline itself as well as to
address cultural, resource and care process issues. In addition, with the advent of
new technology, the framework used should include processes to incorporate these
new facets to improve the care processes (Fig. 3).
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Obstacles and Solutions in Implementation

In many parts of the developing world, poor guideline adherence is due to a lack of
resources such that those who are responsible for implementation of the guideline
are unable to do so. The obstacles in sepsis guideline implementation are unique
to the local environment and hence an environmental scan is important to highlight
the deficiencies that need to be addressed [7]. In some areas, the deficiencies are
obvious and mostly relate to a lack of personnel and supplies. For example, in many
areas of the world, human resources and equipment and supplies, such as antimi-
crobials, fluids and oxygen, are lacking or sporadically available. Essential staff,
equipment and supplies, therefore, need to be provided for successful implemen-
tation [25, 26]. Deficiencies such as these should be brought to the attention of
clinicians in positions of authority and policymakers so that they can be addressed.
There are limits to the resources that can be invested and this also highlights the im-
portance of crafting guidelines that are realistic to the local context. For example,
expectations regarding laboratory monitoring for diagnosis and response to therapy
are context dependent; in many areas of the world, blood counts are rarely available
and monitoring may involve vital signs and pulse oximetry only.

Overcoming some of the major challenges also requires creativity especially
when resources are limited. For example, lack of time and staff is a major barrier
that can be somewhat circumvented by creating standard operating procedures [5,
9, 10–13, 27]. Sepsis screening, for example, should be incorporated into the triage
process in emergency departments rather than be done separately. In as much as
possible, sepsis screening and treatment must be standard work and hence also
be congruent with early warning scores and systems [28]. In addition, creating
sepsis carts and standard flow sheets can also assist in standardizing and avoiding
duplication of work. Prepacked kits consisting of intravenous cannulas and fluid
administration sets as well as readily accessible essential drugs and fluids may also
encourage greater compliance. Specialized training and equipment is also an is-
sue but in resource limited environments less invasive monitoring, use of peripheral
inotropes and procedural training may be needed.

Lack of education, including recognition of signs and symptoms of sepsis, is an
issue that may lend to poor compliance and needs to be addressed. With little train-
ing, even patients and families, village health workers and non-physician clinicians,
such as anesthetic assistants and nurses, can be taught to recognize and treat sepsis,
as reported from Malawi [25, 26]. Familiarity with the guideline should be insured
as well as insuring that several versions are not in circulation. Courses that are sanc-
tioned by the World Health Organization, such as the Emergency Triage Assessment
and Treatment and the Integrated Management of Adolescent and Adult Illness, are
useful in resource poor areas and address critical illness as well as sepsis [6, 29].

What poses greater difficulty is attitudinal and cultural aversion to guideline
adoption and adherence (Fig. 2). To overcome this barrier, advocacy, leadership and
support is necessary from clinicians and policy makers alike to address all facets of
process and structure (Fig. 5). We have found that involvement of an anthropolo-
gist to assist in identifying causes of aversion and to facilitate change can enable



Sepsis Guideline Implementation: Benefits, Pitfalls and Possible Solutions 39

Better outcomes

Process Structure

Knowledge, skills, 
belief, attitude, behavior

InfrastructureIndividuals Environment

Care providers
Patients

Unit/team 
environment & 

functioning

System  
policy

Mission, values, organization  
communication, support, culture
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dramatic positive gains. Attempts at building a community of practice emphasizing
shared values and goals and shared learning experiences can also be a useful ro-
bust enabler. A community of practice may generate innovative ideas to circumvent
resource limitations, ensure staff engagement and advance educational efforts [30,
31]. A community of practice can foster collaboration among medical specialties,
such as the emergency department and the ICU, through standard operating prac-
tices. A team model is associated with an increase in compliance with guideline
of 80 % versus 40 % in the non-team model [8]. The community can also foster
early referral to the ICU and involvement of sepsis crash teams and rapid response
teams in the care of patients with sepsis. A stewardship program can enable a ro-
bust quality assurance program and the designation of an ambassador and feedback
systems can facilitate sustainability [30, 32]. Ultimately, ensuring guideline adher-
ence requires a gargantuan effort from those in leadership such that the culture of
the organization changes to embrace guidelines as part of standard work. Moreover,
commitment has to be ongoing because a decline in vigilance is likely to result in
loss of previous gains [5]. The rewards for sustained dogged effort can be improved
guideline adherence both in resource-rich and resource-poor environments.

Conclusion

Guidelines are useful in improving the quality of care and outcomes, reducing inap-
propriate variation in practice and promoting efficient use of resources. However,
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the benefits are hampered by poor adoption in both resource-rich and resource-poor
environments. Adoption and adherence to guidelines is hampered by many factors,
including the very nature of the process used in preparing the guidelines, as well as
clinicians’ skepticism, cultural aversion to guidelines and resource limitations that
preclude implementation.

In order to circumvent these issues it is suggested that a uniform and transparent
inclusive process be used to craft the guidelines. The AGREE tool is one example
of a system to insure that guideline development is rigorous. Strict adherence to its
elements will enable all steps of the guideline process to be conducted, will involve
the appropriate team members, and will insure transparency and literature review.
Such tools also include systems to allow evaluation of resources needed and out-
come measures as well as opportunities for revising the guideline. The guidelines
should also be crafted with a knowledge of the context they would be employed.
An environmental scan to identify the possible barriers to implementation in any
setting is important. The most common barriers are lack of personnel and resources
for carrying out the steps required for guideline adherence. These barriers should be
addressed early in the implementation stage for guideline adoption to be successful.
Rigorous attention should be paid to outcome measures to determine adherence to
guidelines as well as relevance to patient care. Many of the barriers to guideline
adherence can be overcome by close adherence to the culture of the environment
in which the guideline will be adopted. Developing a community of practice in
which all clinicians are involved in the development and promotion of the guide-
lines may ensure their success. Ensuring that a guideline is successfully adopted
requires a tremendous investment of resources and effort. However, the favorable
outcomes associated with guideline adherence far outweigh the effort that is needed
for successful implementation.
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Antimicrobial Dosing during Extracorporeal
Membrane Oxygenation

P. M. Honoré, R. Jacobs, and H.D. Spapen

Introduction

Extracorporeal membrane oxygenation (ECMO) is increasingly used to support
cardiac and respiratory function in critically ill patients [1]. As in continuous re-
nal replacement therapy (CRRT), antimicrobial dose adaptation during ECMO has
been completely neglected for decades [2, 3]. However, ECMO has been shown
to enhance the already profound physiologic derangements in critically ill patients,
thereby significantly altering drug pharmacokinetics (PK) [4].

Common mechanisms that influence PK during ECMO are sequestration in the
circuit, increased volume of distribution (Vd), decreased drug elimination and, in
analogy with CRRT [5, 6], direct adsorption to the membrane [7]. Lipophilic highly
protein-bound antimicrobials with a large Vd (e. g., voriconazole) are markedly
sequestered in the circuit [4, 8–11]. In contrast, hydrophilic antimicrobials with
a small Vd (e. g., ˇ-lactams and glycopeptides) are more prone to hemodilution and
direct adsorption by the membrane [4, 8–12].

Clinical PK data obtained during ECMO are scarce and mainly originate from
studies in neonates [4, 13]. The physiologic processes that influence absorption, dis-
tribution, metabolism, and excretion in the newly born are, however, still immature
and poorly match those of adults [4, 13]. Current recommendations for adjustment
of antimicrobial dosing during ECMO are also only available for neonates [13].
The purpose of this chapter is, therefore, to identify and review published data on
antimicrobial PK behavior during ECMO and its potential implications in adult in-
tensive care unit (ICU) patients [8–11]. We then propose a ‘framework’ to facilitate
antimicrobial dose decisions during ECMO in this population. Obviously, these
recommendations will need further refinement once more robust data emerge from
ongoing large controlled studies [14].
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Mechanisms of Altered Antimicrobial Pharmacokinetics
During ECMO

Sequestration in the Circuit

Some antimicrobials are markedly sequestrated in the ECMO circuit [4, 8, 10]. The
extent of loss depends primarily on the physicochemical properties of the drugs,
but also on type, age, and functioning of the circuit [9, 15]. Because of the high
bleeding risk, most ICUs run ECMO without anticoagulation (i. e., the Heparin
Free ECMO Protocol) accepting a shorter oxygenator lifespan [15]. We and others
use heparin-coated tubing and oxygenators and perform ECMO without heparin in
all patients. This approach does not increase thrombosis risk and results in a 5 to
8 day oxygenator lifespan.

PK studies in neonates and adults [4, 8, 10, 13] have consistently demonstrated
increased Vd and decreased drug clearance (CL) during ECMO. PK alterations,
however, may be multifactorial [16]. For example, sequestration of lipophilic an-
timicrobials in the circuit is not only related to an increased Vd but also depends on
‘third space’ formation and membrane adsorption [8, 10, 13].

Effects of Hemodilution

Hemodilution mathematically increases the body’s plasma proportion and thus de-
creases the concentration of water-soluble agents [4–11]. Hemodilution may also
alter protein binding capacity [4, 8–10]. Taken together, hemodilution will affect,
in particular, the PK of hydrophilic antimicrobials [4, 8–12].

Direct Adsorption on OxygenatorMembranes

Large amounts of hydrophilic antimicrobials are adsorbed by the new generation
of oxygenator membranes (i. e., mostly methacrylate, but also acrylonitrile and
polymethylmethacrylate membranes in selected oxygenators). Adsorption occurs
directly onto the surface but also into the bulk of the membrane. This effect reduces
the speed of the saturation process, which develops mainly at the surface [5–7].

Impact of ECMO on Specific Antibiotics and Antifungals

Aminoglycosides

Animal experiments and studies in neonates have shown that an increased Vd is re-
sponsible for lower plasma aminoglycoside concentrations during ECMO. Amino-
glycoside adsorption on methacrylate membrane oxygenators has not been thor-
oughly evaluated [4–6]. Preliminary results in veno-venous ECMO (VV-ECMO)
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encourage the use of higher than usually recommended loading doses [13, 16]. For
example, an initial dose of amikacin as high as 30–35 mg/kg has been suggested
to obtain effective bactericidal peak levels [17]. Severe pulmonary infections are
more frequently noticed in patients undergoing veno-arterial ECMO (VA-ECMO).
One explanation might be that VA-ECMO decreases pulmonary blood flow and
amikacin availability in the lungs. However, therapeutic pulmonary vein concen-
trations were detected early after amikacin injection in pigs [18], although were
not monitored over time. Awaiting more conclusive data, it also seems reason-
able to infuse an amikacin loading dose of 30 to 35 mg/kg in patients receiving
VA-ECMO.

Carbapenems

Carbapenems are time-dependent bactericidal antibiotics. Optimal activity is
reached at concentrations that remain above the minimum inhibitory concentra-
tion (MIC) of the pathogen for at least 40 % of the dosing interval. Meropenem
is degraded and significantly sequestered in the ECMO circuit after 4 to 6 h of
treatment. A study in surgical patients revealed extreme interindividual variability
of meropenem PK between the 1st and 4th day of treatment [19]. This finding was
recently corroborated by Taccone et al. [20], who found that predefined PK targets
after an initial dose of 1 g meropenem were reached in only 75 % of patients with
severe sepsis and septic shock (22 % among them with untreated acute kidney injury
[AKI]!). The authors concluded that PK changes induced by sepsis were largely
unpredictable and usual variables, such as age, disease severity, presence of shock,
vasopressor requirements and need for mechanical ventilation, were not predictive
of PK adequacy. Roberts et al. showed great Vd variability in severe sepsis both
in the same patient (especially the central compartment [˙ 45 %]) and between
patients (almost 27 %) [21]. Although all patients had serum creatinine values
below 1.36 mg/dl, variability of individual and inter-patient meropenem CL ranged
between 10 % and 20 %. Furthermore, ECMO induces a systemic inflammatory
response syndrome (SIRS). Independently from underlying sepsis, this ECMO-
induced SIRS impairs meropenem CL and augments Vd [4,16]. The duration of
meropenem infusion has also been shown to influence time above the MIC. In
patients with ventilator-associated pneumonia (VAP) [22], a 30-min infusion of 1 g
meropenem tid resulted in an adequate time above an MIC of 1 mg/l in only 74.7 %
of the patients. When MIC increased to 16 mg/l, only an extended 3 h infusion of
2 g meropenem tid could reach the 40 % “time above the MIC” target [22].

Optimization of meropenem treatment during ECMO thus requires either
more frequent dosing, a dose increase, or prolonged infusion [23, 24]. Ideally,
meropenem should be infused continuously over 24 h but, due to its relative in-
stability at room temperature, only a 3 h infusion is feasible [25]. We, therefore,
suggest that a 3 h infusion of 2 g meropenem every 4 to 6 h should be adminis-
tered. However, possible adaptations have to be anticipated since new, in particular
crystalloid-primed, circuits, may increase meropenem sequestration by allowing
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new sites to bind [4, 7–11]. Future studies should focus on more stable carbapen-
ems, such as doripenem [26].

Goncalves-Pereira and Paiva recently proposed the concept of antibiotic dose
modulation in critically ill patients [27]. This revolutionary approach aims to adapt
antibiotic therapy as a function of bacterial load and clinical response. In prac-
tice, the largest antibiotic dose is administered upfront when microbial load and PK
“swings” are highest in an attempt to lower the risk of drug underdosing and sub-
sequent treatment failure. Antibiotic dose is then progressively tempered under PK
guidance when sepsis or SIRS is subsiding. With regard to meropenem therapy in
ECMO patients, this implies additional administration of a 4 g loading dose on top
of an increased daily maintenance dose.

Piperacillin-tazobactam

Treatment with piperacillin-tazobactam in conditions of increased Vd and CL (e. g.,
severe burns, CRRT and ECMO) is challenging [16]. Piperacillin-tazobactam
remains stable for at least 24 h at room temperature, making it suitable for contin-
uous infusion. Such an approach allowed higher steady-state concentrations and
a longer timespan above the MIC even at a lower daily dose [28, 29]. A recent
study in septic patients showed that a 24 h infusion containing as low a dose as
8 g piperacillin-tazobactam resulted in significantly longer times above a MIC of
16 mg/l (100 % vs. 62 %) as compared with administration of a 4 g tid bolus [30].
Mortality rate in both groups was similar [30]. In VAP patients, piperacillin-
tazobactam penetrated relatively well into bronchial secretions [31], yet was poorly
secreted in epithelial lining fluid (ELF). For example, in patients with severe
nosocomial Pseudomonas aeruginosa pneumonia, steady-state concentrations of
piperacillin-tazobactam in ELF after infusion of 4 g/0.5 g tid remained substan-
tially lower than the MIC [32]. Continuous infusion also increased intrapulmonary
concentration up to around threefold in patients with moderate kidney injury as
compared to patients with preserved renal function [32]. The relationship between
piperacillin-tazobactam concentrations in ELF and clinical outcome has been ques-
tioned. However, Boselli et al. demonstrated that a continuous 24 h infusion of
16 g/2 g piperacillin-tazobactam produced higher alveolar concentrations and better
outcome than a 12 g/1.5 g infusion in patients with VAP [33]. Whether a simi-
lar strategy is also applicable for patients with VAP who are treated with ECMO
remains unknown.

In conclusion, we may assume that the classical 4 g loading dose is insufficient.
Rather, a piperacillin-tazobactam loading dose of up to 6 g/0.75 g or 8 g/1 g should
be given, followed by a continuous infusion of 16 g/2 g [33].
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Glycopeptides

Vancomycin
Vancomycin is a hydrophilic antibiotic. PK studies in a heterogeneous population
receiving ECMO confirmed decreased CL and increased Vd [34]. A vancomycin
loading dose (30 mg/kg) to account for this enlarged Vd followed by therapeutic
drug monitoring to keep maintenance doses around 30 mg/kg/day has been sug-
gested. Such a high loading dose in ECMO patients is in line with the current
recommended loading (35 mg/kg over 4 h) [35] and maintenance (30 mg/kg) doses
administered in patients receiving CRRT [36].

Teicoplanin
Teicoplanin is also a hydrophilic antibiotic. PK behavior is influenced by increased
Vd during ECMO. Because of its high protein binding, teicoplanin dosing dur-
ing extracorporeal treatment is even more challenging. This issue becomes par-
ticularly obvious in the presence of hypoalbuminemia [37], when a higher CL
of unbound drug fraction can be expected. In this condition, a supplemental or
higher teicoplanin dose can be safely administered [16, 38, 39]. Treatment should
aim to achieve serum trough levels of 20–60 mg/l for patients with severe Gram-
positive infection [39, 40]. Therefore, a regimen consisting of three loading doses
of 15 mg/kg every 12 h followed by 600 mg once daily has been suggested [40, 41].
This proposed regimen requires confirmation in ECMO patients because a recent
study showed massive adsorption of teicoplanin on polysulfone acrylonitrile oxy-
genator membranes [41].

Linezolid
Linezolid is a hydrophilic antibiotic and thus also subject to an increased Vd in
patients undergoing ECMO. Recent investigations are in favor of higher linezolid
doses (600 mg tid) during ECMO [42]. However, potential adverse effects, which
may occur more often at the proposed dose (e. g., severe thrombocytopenia), should
not be neglected.

Ciprofloxacin

Being strongly lipophilic, ciprofloxacin has a very large Vd in critically ill patients.
Because sequestration occurs during ECMO, a high loading dose of 800 mg fol-
lowed by 400 mg tid has been suggested [4, 5, 13]. Future PK studies in ECMO
patients must focus on both loading and maintenance doses, since quinolones are
both concentration- and time-dependent antibiotics [16].
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Tigecycline

Tigecycline is lipophilic and has a high (˙ 5 l/kg) Vd in critically ill patients [43].
It is unlikely that ECMO-induced hemodilution enhances this Vd, yet the drug is
sequestrated in the ECMO circuit. Veinstein et al. investigated tigecycline PK
in ECMO patients and found no modification of plasma tigecycline levels at the
currently advocated dose [43]. However, these investigators did not measure drug
levels in the ELF. It remains unclear whether the excellent tissue penetration of
tigecycline is not challenged by an ECMO-related increase in renal elimination
and adsorption of the drug. Still, the ‘classical’ 100 mg loading dose followed
by 50 mg bid as maintenance treatment is considered sufficient for treating most
infections [43]. However, concerns about risks of selecting resistant microorgan-
isms have incited some authors to suggest higher tigecycline doses (up to 150 mg
loading, followed by 100 mg bid) [44, 45].

Colistin

Colistin has recently reemerged as an ultimate therapeutic ‘rescue’ agent for
multidrug-resistant Gram-negative organisms. Dose recommendations exist for
colistimethate sodium, which is the parenteral formulation of colistin. Colistin
is a large cationic molecule with a molecular weight of 1750 Da and is tightly
bound to cell membrane lipids. In addition to being a lipophilic drug characterized
by a huge Vd in critically ill patients, colistin was also found to be adsorbed on
the dialysis membrane during CRRT [6]. Moreover, colistin is a concentration-
dependent antibiotic. Given the highly resistant nature of the bacteria treated with
colistin, maintenance of levels above the MIC is thus crucial. In accordance to
dose adjustments in CRRT [6, 46] and burn patients [46, 47], a loading dose of
9 million international units (MIU) followed by 4.5 MIU tid is proposed when
starting ECMO.

Antifungals

Voriconazole
Voriconazole is a second generation broad-spectrum triazole. It is lipophilic and
its antifungal activity is concentration-dependent. Mehta et al. described dramatic
sequestration (up to � 70 %!) in the ECMO circuit resulting in drug concentrations
largely below the MIC [48]. During the first 96 h of ECMO, the dose of voricona-
zole should, therefore, be increased to 6 mg/kg bid [49]. Close monitoring of drug
levels and liver function is required when this dose is applied.

Fluconazole
Up to 80 % of fluconazole is reabsorbed by the kidney. Thus, monitoring of renal
function is imperative to avoid underdosing [2]. The incidence of AKI in patients
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undergoing ECMO is very high [50]. Moreover, ECMO initiation often necessi-
tates urgent administration or adjustment of vasoactive drug therapy, resulting in
substantial hemodynamic fluctuations that may alter renal blood flow [50]. In addi-
tion to this ischemia/reperfusion-associated disorder, other ECMO-related factors,
such as systemic inflammation due to interaction between blood and artificial sur-
faces, a hypercoagulable state, and the occurrence of hemolysis/hemoglobinuria,
may also predispose patients to (exacerbation of) AKI [50]. As in CRRT, the dose
of fluconazole should be increased to 600 mg bid [2], preferentially under monitor-
ing of drug levels and liver function.

Conclusions

Antibiotic dosing and eventual dose adaptation in critically ill patients undergoing
ECMO has long been a ‘blind spot’. It has now been convincingly demonstrated that
some antibiotics and antifungals are sequestered from the circulation during ECMO.
The mechanism of sequestration is multifactorial and differs between hydrophilic
and lipophilic agents. This ECMO-related impact on antimicrobial PK behavior
is clinically relevant because inadequate antimicrobial coverage is associated with
treatment failure, development of resistance and worse outcome. In analogy with
the so-called “dialysis/CRRT trauma” – a term used to describe ‘collateral damage’
encountered in patients undergoing RRT in the ICU [3] – this unwarranted effect of
ECMO on antimicrobial efficacy could be regarded as part of an ‘ECMO trauma’.
Awareness of this previously unrecognized ‘antimicrobial-ECMO dilemma’ could
allow timely adjustments to minimize its consequences. As such, all proposed dose
modifications of relevant antibiotics and antifungals have been summarized in Ta-
ble 1. ECMO will increasingly become part of ICU treatment in various populations

Table 1 Suggested loading and maintenance doses for relevant antimicrobial agents in ECMO-
treated patients

Antibiotic/Antifungal Loading dose Maintenance dose
Amikacin 30–35 mg/kg TDM
Meropenem 4 g 2 g over 3 h every 4–6 h (qid)
Piperacillin-tazobactam 6 g/0.75 g to 8 g/1 g 16 g/2 g (CI)
Vancomycin 35 mg/kg over 4 h 30 mg/kg (TDM)
Teicoplanin 15 mg/kg 3x every 12 h 600 mg od
Linezolid 600 mg tid
Ciprofloxacin 800 mg 400 mg tid
Tigecycline 150 mg 100 mg bid
Colistin 9 MIU 4.5 MIU tid
Voriconazole 6 mg/kg bid
Fluconazole 600 mg bid

TDM: therapeutic drug monitoring; CI: continuous infusion; MIU: million international units; od:
once daily; bid: twice daily; tid: three times daily; qid: four times daily
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of critically ill patients. Because the outcome of most of these patients will ulti-
mately depend on an adequate antimicrobial approach, it is imperative to establish
guidelines for optimal initial and maintenance antimicrobial dosing.
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Corticosteroids as Adjunctive Treatment
in Community-Acquired Pneumonia

O. Sibila, M. Ferrer, and A. Torres

Introduction

Community-acquired pneumonia (CAP) is the leading cause of morbidity and mor-
tality from infectious diseases in developed countries. It affects more than 5 million
adults and accounts for more than 1 million admissions each year in the United
States. Pneumonia is the sixth leading cause of death worldwide, and age-adjusted
mortality is increasing. Despite effective antibiotic therapy, about 12–36 % patients
admitted to the intensive care unit (ICU) with severe CAP die within a short pe-
riod of time. Development of an efficacious adjunctive treatment, therefore, has
important implications for reducing this high attributable mortality.

During infectious pneumonia, the arrival of pathogens in the lung creates a com-
plex inflammatory response, with the interaction of several defense mechanisms and
the production of a number of inflammatory mediators and acute phase proteins.
The aim of this inflammatory response is to control progression of the infection.
If the reaction is over proportioned, various systemic consequences can negatively
influence the clinical progression of the infection. On the other hand, an excessive
host inflammatory response is related to poor outcomes in CAP. Elevated cytokine
release has been linked to treatment failure, ICU admission and mortality.

Corticosteroids exert an anti-inflammatory and immunosuppressive effect that
may affect pneumonia pathogenesis [1]. The use of corticosteroids is considered
a risk factor for opportunistic or highly resistant bacterial pneumonia because of
their immunosuppressive effects [2, 3]. However, corticosteroids have also been
postulated as adjunctive therapy for CAP based on the rationale of their anti-
inflammatory effect. Experimental studies have demonstrated that corticosteroid
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treatment attenuates pneumonia-associated inflammatory responses [4–6], with
a decreased pulmonary bacterial burden [5] and an improvement in histopatho-
logical severity scores [6]. Some clinical trials testing the usefulness of systemic
corticosteroids as adjunctive therapy for CAP have described some benefit [7–
12], whereas others showed no benefit or even an increase in related adverse
effects [13, 14].

The main purpose of this report is to review the efficacy and safety of corticos-
teroids as adjunctive therapy in the treatment of CAP in adults. For this purpose, we
performed a review of published articles in the English language with the following
search terms: Corticosteroids and community-acquired pneumonia.

Corticosteroids: Mechanisms of Action

Corticosteroids are the most effective and widely used anti-inflammatory drugs.
The most relevant systemic corticoids available on the market are prednisolone,
cortisone, dexamethasone, hydrocortisone, methylprednisolone, prednisone, and
triamcinolone. Corticosteroids are involved in a wide range of physiological pro-
cesses, including regulation of inflammation, immune response, stress response,
protein catabolism, carbohydrate metabolism and blood electrolyte levels. In CAP
pathogenesis, corticosteroids may regulate the expression and action of many cy-
tokines involved in the inflammatory response associated with pneumonia. In
short, corticosteroids can switch off genes that encode pro-inflammatory molecules
and can switch on genes that encode anti-inflammatory molecules. This anti-
inflammatory effect may be beneficial if it modulates the associated inflammatory
response. However, corticosteroids also exert a decisive influence on the immune
function of different host defenses against bacteria. An excessive immunosuppres-
sive effect may be harmful for the host.

Corticosteroids are transported in the blood bound to transcortin and albumin,
although a small portion is free and acts in a metabolically active state. The free
corticosteroid molecules readily cross the plasma membrane into the cytoplasm.
To exert their effects, corticosteroids need to bind to a specific cytoplasmic glu-
cocorticoid receptor (GR) [15]. Once activated, the drug–receptor complex moves
into the nucleus of the cell and binds to the DNA and directly or indirectly reg-
ulates the transcription of important inflammatory target genes [16]. In fact, the
anti-inflammatory effects of corticosteroids are due to three different molecular
mechanisms [1]. First, the activated GR binds as a homodimer to specific DNA
sequences located in the promoter regions of target genes to induce transcription
of several anti-inflammatory molecules, such as lipocortin 1, interleukin (IL)-10 or
phospholipase A2 inhibitor (transactivation). Second, an indirect negative regula-
tion of gene expression is achieved by GR-protein interaction (transrepression). In
brief, the ligand activated receptor binds as a monomer to key pro-inflammatory
transcription factors, such as activator protein (AP)-1 and nuclear factor (NF)-�B.
The resulting complex inhibits the initiation of transcription of relevant genes that
play a central role in inflammation such as inflammatory cytokines (IL-1, IL-6, tu-
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Table 1 Effect of corticosteroids on gene transcription

Enhanced
molecules

Lipocortin 1
ˇ2-receptors
IL-10
IL-1 receptor
Inhibitor of nuclear factor-�B
Phospholipase A2 inhibitor

Decreased
molecules

Cytokines (IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-8, IL-11, IL-13, TNF-˛)
Chemokines (exotoxin, MIP-1˛, monocyte chemotactic protein)
Receptors (IL-2 receptor, neurokinin-1 receptor)
Adhesion molecules (intercellular adhesion molecule-1 and vascular cell
adhesion molecule-1)
Enzymes (nitric oxide synthase, cyclooxygenase 2, phospholipase A2)

IL: interleukin; TNF: tumor necrosis factor

mor necrosis factor [TNF]-˛), chemokines or adhesion molecules [1] (Table 1). The
third mechanism is corticosteroid signaling through membrane-associated recep-
tors and second messengers (so-called non genomic pathways). The best-described
non-genomic mechanism involves the activation of endothelial nitric oxide synthase
(eNOS), which is responsible for a rapid vasorelaxation effect.

Experimental studies confirmed these anti-inflammatory effects in pneumo-
nia [4–6]. Li et al. [4] found that hydrocortisone decreased the inflammatory
response significantly in a mouse model of Escherichia coli pneumonia, reducing
the risk of death. Another experimental study in severe pneumonia induced by
Pseudomonas aeruginosa in piglets demonstrated that the association of methyl-
prednisolone with antibiotics attenuated local inflammatory response and decreased
bacterial burden in the lungs [5]. Meduri et al. [17] demonstrated that methylpred-
nisolone may suppress bacterial replication and intracellular bacterial growth in an
in vitro study using human monocytic cells. Tagliabue et al. [6] showed in exper-
imental Mycoplasma pneumonia respiratory infection in mice that steroids given
with macrolide therapy reduced lung histopathology scores.

Use of Corticosteroids in CAP

Respiratory diseases are the most common indication for corticosteroids. Corticos-
teroids are currently recommended in most case of acute exacerbation of chronic
respiratory diseases where bronchospasm is present, such as chronic obstructive
pulmonary disease (COPD), asthma or bronchiectasis. Epidemiological studies
have demonstrated that chronic respiratory diseases, mainly COPD, are risk fac-
tors for CAP [18]. COPD is a common disease and the third leading cause of
morbidity and mortality in the United States [19, 20]. The Copenhagen City Heart
Study reported that COPD patients had a two-fold risk of hospitalization for CAP
compared with patients without COPD. In addition, worsening severity of COPD,
as demonstrated by worsening forced expiratory volume in one second (FEV1), was
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associated with a higher risk of hospitalization and mortality due to CAP. Sliedrecht
et al. [18] reported similar results in a very old population (> 85 years of age), in
which patients with COPD had a three-fold higher risk of CAP compared with non-
COPD patients.

Despite the high use of corticosteroids in clinical practice, few studies have eval-
uated the impact of prior corticosteroid use in patients with CAP. Malave et al. [21]
studied the impact of prior systemic corticosteroid use on clinical outcomes in a co-
hort of 787 hospitalized CAP patients. In this study, prior corticosteroid use was not
associated with poor outcomes such as increased 30-day mortality, higher severity
of illness at the time of presentation or in the presence of the resistant or opportunis-
tic pathogens. However, there was no information regarding the indication, dose,
duration and stopping of corticosteroids in these CAP patients. Patients with corti-
costeroid use had a higher rate of COPD, which was the most common comorbid
condition [21]. Polverino et al. [22] recently published the reasons for acute use
of systemic corticosteroids in a large cohort of 3,257 patients admitted for CAP.
In this study, 260 patients (8 %) received corticosteroids at admission. The main
reasons for administering acute corticosteroids were the presence of chronic respi-
ratory conditions and severe clinical presentation. However, systemic corticosteroid
use did not influence mortality or clinical stability as was expected according to the
initial severity of illness score [22]. In contrast, corticosteroids were significantly
associated with a longer length of stay.

It is not clear that COPD patients with CAP have worse outcomes than those
without COPD. Recent studies have shown that COPD patients who develop pneu-
monia have higher mortality compared to CAP patients without COPD [23–25],
but other studies reported a protective effect [26] or no effect [27, 28] on mortal-
ity. In addition, in the development of the Pneumonia Severity Index (PSI), the
best-validated risk adjustment tool for CAP, COPD was not associated with worse
severity of illness at presentation [29]. These differences in mortality may be asso-
ciated with adjunctive therapies, such as corticosteroids, rather than the pneumonia
itself [30]. In the Spanish multicenter Neumofail study [26], which searched for
factors related to lack of response to antimicrobial treatment in CAP, COPD was
detected as a protective factor. The authors hypothesized that the routine use of
corticosteroids in COPD may justify this finding.

Role of Corticosteroids as Adjunctive Therapy

The use of corticosteroids as adjunctive therapy in CAP remains controversial [31].
The best evidence of benefit of corticosteroids comes from studies in specific
groups of CAP patients caused by less common pathogens, such as Pneumocystis
jirovecii, Varicella or fungal pneumonia. Randomized controlled trials (RCTs)
have shown that corticosteroids reduce mortality in acquired immunodeficiency
syndrome (AIDS) patients with P. jirovecii and significant hypoxia [32, 33]. Dif-
ferent cohort studies have suggested that corticosteroids may also improve the
outcome of severe Varicella pneumonia [34, 35]. Anecdotally, corticosteroids
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Table 2 Main results from randomized controlled trials (RCTs) in the last 10 years evaluating the
effects of corticosteroids as adjuvant therapy in community-acquired pneumonia (CAP)

Author/year
[ref]

Study design No of
patients

Disease Main Effect

Confalonieri
et al., 2005 [7]

DB RCT 46 CAP requiring ICU Decreased mortality

Mikami et al.,
2007 [9]

Open-label
RCT

31 Hospitalized CAP Early stabilization of
vital signs

Snijders et al.,
2010 [13]

DB RCT 213 Hospitalized CAP Increased late failure

Meijvis et al.,
2011 [10]

DB RCT 304 Hospitalized CAP Reduced length of stay

Fernandez-
Serrano et al.,
2011 [11]

DB RCT 56 Hospitalized CAP Decreased length of stay

Sabry et al.,
2011 [12]

DB RCT 80 Hospitalized CAP Decreased duration MV

DB: double-blind; MV: mechanical ventilation

are frequently used in the setting of severe fungal pneumonia, particularly due to
histoplasmosis [36] and blastomycosis [37].

A few retrospective studies have evaluated the impact of corticosteroid treat-
ment as adjuvant therapy in CAP patients. Garcia-Vidal et al. [8] performed an
observational study of a cohort of 308 hospitalized patients with severe CAP, in
which 77 % were treated with standard antimicrobial therapy and 23 % received
both antibiotic and systemic corticosteroids. Clinical characteristics were simi-
lar among groups except prevalence of COPD, which was higher in the steroid
group. In this study, mortality decreased in patients who received simultaneous
administration of corticosteroids with antibiotic treatment (odds ratio [OR] 0.28,
95 % CI 0.113-0.732) [8]. Another retrospective study presented data on 111 se-
vere CAP patients requiring invasive mechanical ventilation, in which corticos-
teroids were prescribed in 55 % of patients [14]. The main indications for cor-
ticosteroid use were bronchospasm and septic shock. These authors showed that
the administration of adjunctive corticosteroid therapy did not influence mortal-
ity, withdrawal of vasopressors or organ failure recovery in this cohort of ICU
patients [14].

Several RCTs have evaluated the effect of corticosteroids in CAP in the last ten
years with conflicting results (Table 2). Confalonieri et al. [7] assessed the effi-
cacy and safety of hydrocortisone in 46 patients with severe CAP requiring ICU
admission. These authors demonstrated a mortality reduction in the group treated
with hydrocortisone, a better modulation of the systemic inflammatory response
(determined by serum C-reactive protein [CRP]) and significant improvement in
clinical endpoints, such as chest x-ray score, multiple organ dysfunction syndrome
(MODS) severity scale, PaO2/FiO2 ratio, delayed septic shock and ICU and hos-
pital stay [7]. However, the small sample size and differences among groups at
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admission limited the generalizability of the results. Other RCTs performed in
less severe patients with CAP who required hospitalization gave conflicting results.
Mikami et al. [9] performed an open-label RCT in 31 CAP hospitalized patients
in Japan. In this study, patients treated with prednisone had an earlier stabiliza-
tion of vital signs and a shorter duration of intravenous antibiotic administration.
However, there were no differences among groups in the other clinical outcomes
evaluated [9]. Snijders et al. [13] studied the impact of prednisolone compared to
placebo among 213 hospitalized patients with CAP. The authors found no differ-
ences regarding the rate of 30-day mortality, time to clinically stability or length of
hospital stay among groups. In addition, patients treated with corticosteroids had
a faster decline in serum CRP levels compared to placebo. In contrast, late clinical
failure (defined as > 72 hours from admission) was more common in the corticos-
teroid group. However, there were no differences among groups when a subanalysis
was performed in the most severe CAP populations [13]. Meijvis et al. [10] eval-
uated the effect of intravenous dexamethasone versus placebo in the first 4 days
after admission in 304 CAP hospitalized patients. There were no differences be-
tween groups in the main outcomes evaluated, including in-hospital mortality, ICU
admission and severe adverse events. However, corticosteroid-treated patients had
a shorter length of hospital stay compared to the placebo group. In addition, a faster
decline of the associated inflammatory response (measured by CRP and IL-6) was
observed in the corticosteroid arm [10]. Fernandez-Serrano et al. [11] reported that
in 56 hospitalized CAP patients, those treated with antibiotics in combination with
methylprednisolone experienced an improvement in respiratory failure rates and
a faster time to clinical resolution. A quicker decrease after 24 hours of treatment
of CRP and IL-6 was also observed in the corticosteroid group. However, there were
no differences among groups in mortality, ICU admission, need for mechanical ven-
tilation or LOS [11]. Sabry et al. [12] randomized 80 CAP hospitalized patients in
Egypt to receive hydrocortisone for 7 days or placebo. At day 8, those patients
treated with corticosteroid showed a significant improvement in the PaO2/FiO2 ra-
tio, chest radiography score and a significant reduction in CRP levels, sequential
organ failure assessment (SOFA) score, and delayed septic shock compared to the
control group. In addition, hydrocortisone treatment was associated with a signif-
icant reduction in the duration of mechanical ventilation. However, there were no
differences in ICU mortality between groups [12].

Although most of these results seem to point towards a beneficial effect of cor-
ticosteroids in pneumonia, a recent meta-analysis evaluating all RCTs that used
corticosteroids as adjunctive therapy in hospitalized patients with CAP between
1956 and 2011 (nine trials involving 1,001 patients) did not suggest a benefit of
corticosteroid treatment in terms of reducing mortality (Peto OR 0.62, 95 % CI
0.37-1.04, p = 0.07) [38]. However, when only the most severely ill population
was considered, the use of corticosteroids was associated with improved mortal-
ity (Peto OR 0.26, 95 % CI 0.11-0.64, p = 0.03) [38]. Another meta-analysis, in
which the previous data were expanded by including patients with CAP recruited
in trials investigating prolonged low-dose glucocorticoid treatment in septic shock
and/or early acute respiratory distress syndrome (ARDS) (n = 1,206) confirmed the
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previous result. Again, corticosteroid treatment was associated with a survival ad-
vantage for the severe CAP population (relative risk [RR] 0.66, 95 % CI 0.51-0.84,
p = 0.001) [39].

Duration of Treatment

Duration and termination of corticosteroid treatment are important points to con-
sider. There is evidence that rapid tapering of corticosteroids can induce a hemo-
dynamic and immunological rebound effect if pro-inflammatory cytokine levels in-
crease and their receptors continue being suppressed [40]. Studies in sepsis showed
that hydrocortisone infusion produces a significant decrease in circulating levels of
different molecules depending on the transcription factor, NF-�B, such as IL-6 or
E-selectin. The suppression of steroid treatment caused a rebound effect in most
of these mediators [41]. However, prolonged corticosteroid treatment is associated
with downregulation of corticosteroid levels and a suppression of the hypothalamic-
pituitary-adrenal (HPA) axis, affecting systemic inflammation after treatment [42].

Different durations of corticosteroid treatment were used in the most recent
RCTs in CAP patients (Table 3). The largest trial was conducted over 9 days, and
was the only study in which gradual corticosteroid withdrawal was conducted [11].
No rebound of inflammation was reported in any of these studies [7, 9–13]. Fur-
thermore, a recent meta-analysis found that when a subgroup analysis by duration
of corticosteroid treatment was performed, patients with prolonged corticosteroid
treatment, defined as 5 or more days of treatment, had significantly reduced mortal-
ity (Peto OR 0.51, 95 % CI 0.26-0.97, p = 0.04) [38].

Table 3 Type of corticosteroid, duration of treatment and main adverse effects from randomized
controlled trials evaluating the effects of corticosteroids as adjuvant therapy in community-
acquired pneumonia in the last 10 years

Author/year
[ref]

Type of corticosteroid,
dosage

Duration of
treatment

Gradual
withdrawal

Adverse effects

Confalonieri
et al., 2005 [7]

Hydrocortisone
240 mg/d

7 days no none

Mikami et al.,
2007 [9]

Prednisolone
40 mg/d

3 days no none

Snijders et al.,
2010 [13]

Prednisolone
40 mg/d

7 days no none

Meijvis et al.,
2011 [10]

Dexamethasone
5 mg/d

4 days no Hyperglycemia

Fernandez-
Serrano et al.,
2011 [11]

Methylprednisolone
620 mg

9 days yes none

Sabry et al.,
2011 [12]

Hydrocortisone
300 mg/d

7 days no none
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Adverse Effects

Potential adverse effects of corticosteroid use in CAP are another important issue
that should be clarified. Different studies performed in patients with septic shock
and ARDS have demonstrated that corticosteroids may favor the onset of metabolic
disorders, superinfection, and muscle weakness. Recent studies in sepsis found
that corticosteroids increased the risk of hyperglycemia and hypernatremia [43].
Table 3 shows the most important adverse effects detected in recent RCTs using
corticosteroids in CAP. Meijvis et al. [10] reported increased levels of glycemia
in CAP patients treated with dexamethasone. Although other RCTs performed
in CAP patients did not make the same observation [7, 9, 11–13], corticosteroid
treatment was detected as a risk factor for hyperglycemia in a meta-analysis con-
ducted by Nie et al. (Peto OR 2.64, 95 % CI 1.68-4.15, p < 0.0001) [38]. Van
den Berghe et al. [44] demonstrated that intensive blood glucose control reduces
morbidity and mortality among critically ill patients. Therefore, strict control of
blood glucose levels is systematically recommended in these patients in current
guidelines [45].

Several studies involving patients with sepsis and ARDS have suggested that cor-
ticosteroid use increases the risk of secondary infections [46–48]. The prolonged
use of corticosteroids can alter the phagocytic action of macrophages and alveolar
granulocytes, which can facilitate the acquisition of severe bacterial and opportunis-
tic infections. Several studies have identified an increased incidence of potentially
highly resistant bacteria [3] and opportunistic infections of the lung, such as As-
pergillus spp, P. jirovecci and Nocardia spp in patients taking corticosteroids for
prolonged periods of time. However, no reports of superinfection have been associ-
ated with corticosteroid treatment as an adjunctive therapy in CAP [7–14, 38].

Another concerning issue is the influence of corticosteroids on muscle func-
tion. Several studies in critically ill patients receiving mechanically ventilation
found a strong association between corticosteroid treatment and muscle weak-
ness [49]. However, in studies conducted in hospitalized CAP patients, the
association between corticosteroid treatment and neuromuscular weakness has
not been described [7–14].

Conclusions

The immunoregulatory effect of corticosteroids is able to decrease the associated
inflammatory response in pneumonia, which is related to poor outcomes when it
is excessive. Observational studies have suggested a corticosteroid benefit in pa-
tients with pneumonia and concomitant corticosteroid administration, most of them
with chronic lung disease. Several RCTs have been performed in recent years eval-
uating the use of corticosteroids as adjunctive therapy in CAP with conflicting
results, although differences in severity of illness and duration of treatment limit
the generalizability of the results. Recent meta-analyses demonstrated improve-
ments in mortality rates in patients with severe CAP. Further, adequately powered
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randomized trials, especially in the most severe population with high associated
inflammatory responses, are needed to confirm this potentially beneficial effect.
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Ventilator-associated Pneumonia in the ICU

A. A. Kalanuria, M. Mirski, and W. Ziai

Introduction

Ventilator-associated pneumonia (VAP) is defined as pneumonia that occurs 48–
72 hours or thereafter following endotracheal intubation, characterized by the
presence of a new or progressive infiltrate, signs of systemic infection (fever, al-
tered white blood cell count), changes in sputum characteristics, and detection of
a causative agent [1]. VAP contributes to approximately half of all cases of hospital-
acquired pneumonia [1, 2]. VAP is estimated to occur in 9–27 % of all mechanically
ventilated patients, with the highest risk being early in the course of hospitaliza-
tion [1, 3]. It is the second most common nosocomial infection in the intensive care
unit (ICU) and the most common in mechanically ventilated patients [4, 5]. VAP
rates range from 1.2 to 8.5 per 1,000 ventilator days and are reliant on the definition
used for diagnosis [6]. Risk for VAP is greatest during the first 5 days of mechanical
ventilation (3 %) with the mean duration between intubation and development of
VAP being 3.3 days [1, 7]. This risk declines to 2 %/day between days 5 to 10 of
ventilation, and 1 %/day thereafter [1, 8]. Earlier studies placed the attributable
mortality for VAP at between 33–50 %, but this rate is variable and relies heavily
on the underlying medical illness [1]. Over the years, the attributable risk of death
has decreased and is more recently estimated at 9–13 % [9, 10], largely because
of implementation of preventive strategies. Approximately 50 % of all antibiotics
administered in ICUs are for treatment of VAP [2, 4]. Early onset VAP is defined as
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pneumonia that occurs within 4 days and this is usually attributed to antibiotic sensi-
tive pathogens whereas late onset VAP is more likely caused by multidrug resistant
(MDR) bacteria and emerges after 4 days of intubation [1, 4]. Thus, VAP poses
grave implications in endotracheally intubated adult patients in ICUs worldwide
and leads to increased adverse outcomes and healthcare costs. Independent risk
factors for development of VAP are male sex, admission for trauma and intermedi-
ate underlying disease severity, with odds ratios (OR) of 1.58, 1.75 and 1.47–1.70,
respectively [7].

Pathogenesis

The complex interplay between the endotracheal tube, presence of risk factors, viru-
lence of the invading bacteria and host immunity largely determine the development
of VAP. The presence of an endotracheal tube is by far the most important risk
factor, resulting in a violation of natural defense mechanisms (the cough reflex
of glottis and larynx) against microaspiration around the cuff of the tube [4, 11].
Infectious bacteria obtain direct access to the lower respiratory tract via: (1) mi-
croaspiration, which can occur during intubation itself; (2) development of a biofilm
laden with bacteria (typically Gram-negative bacteria and fungal species) within
the endotracheal tube; (3) pooling and trickling of secretions around the cuff; and
(4) impairment of mucociliary clearance of secretions with gravity dependence of
mucus flow within the airways [11–13]. Pathogenic material can also collect in
surrounding anatomic structures, such as the stomach, sinuses, nasopharynx and
oropharynx, with replacement of normal flora by more virulent strains [11, 12, 14].
This bacterium-enriched material is also constantly thrust forward by the positive
pressure exerted by the ventilator. Whereas reintubation following extubation in-
creases VAP rates, the use of non-invasive positive pressure ventilation has been
associated with significantly lower VAP rates [4]. Host factors such as the sever-
ity of underlying disease, previous surgery and antibiotic exposure have all been
implicated as risk factors for development of VAP [1].

In addition, it has recently been noted that critically ill patients may have im-
paired phagocytosis and behave as functionally immunosuppressed even prior to
emergence of nosocomial infection [4, 15, 16]. This effect is attributed to the
detrimental actions of the anaphylatoxin, C5a, which impairs neutrophil phago-
cytic activity and impairs phagocytosis by neutrophils [15]. More recently, a com-
bined dysfunction of T-cells, monocytes, and neutrophils has been noted to predict
acquisition of nosocomial infection [16]. For example, elevation of regulatory T-
cells (Tregs), monocyte deactivation (measured by monocyte HLA-DR expression)
and neutrophil dysfunction (measured by CD88 expression), have cumulatively
shown promise in predicting infection in the critically ill population, as compared
to healthy controls [16].
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Microbiology

The type of organism that causes VAP usually depends on the duration of mechan-
ical ventilation. In general, early VAP is caused by pathogens that are sensitive to
antibiotics, whereas late onset VAP is caused by multi-drug resistant and more dif-
ficult to treat bacteria. However, this is by no means a rule and merely a guide to
initiate antibiotic therapy until further clinical information is available.

Typically, bacteria causing early-onset VAP include Streptococcus pneumoniae
(as well as other streptococcus species), Hemophilus influenzae, methicillin-
sensitive Staphylococcus aureus (MSSA), antibiotic-sensitive enteric Gram-negative
bacilli, Escherichia coli, Klebsiella pneumonia, Enterobacter species, Proteus
species and Serratia marcescens. Culprits of late VAP are typically MDR bacte-
ria, such as methicillin-resistant S. aureus (MRSA), Acinetobacter, Pseudomonas
aeruginosa, and extended-spectrum beta-lactamase producing bacteria (ESBL) [4].
The exact prevalence of MDR organisms is variable between institutions and also
within institutions [1]. Patients with a history of hospital admission for � 2 days in
the past 90 days, nursing home residents, patients receiving chemotherapy or antibi-
otics in the last 30 days and patients undergoing hemodialysis at outpatient centers
are susceptible to drug resistant bacteria [1, 4]. Commonly found bacteria in the
oropharynx can attain clinically significant numbers in the lower airways. These
bacteria include Streptococcus viridans, Corynebacterium, coagulase-negative
staphylococcus (CNS) and Neisseria species. Frequently, VAP is due to polymi-
crobial infection. VAP from fungal and viral causes has a very low incidence,
especially in the immunocompetent host [1].

Pathogens causing VAP, their frequency (in parenthesis) and their possible mode
of multi-drug resistance, if any, are listed below [1–3]:
1. Pseudomonas (24.4 %): Upregulation of efflux pumps, decreased expression

of outer membrane porin channel, acquisition of plasmid-mediated metallo-
beta-lactamases.

2. S. aureus (20.4 %, of which > 50 % MRSA): Production of a penicillin-binding
protein (PBP) with reduced affinity for beta-lactam antibiotics. Encoded by the
mecA gene.

3. Enterobacteriaceae (14.1 % – includes Klebsiella spp., E. coli, Proteus spp.,
Enterobacter spp., Serratia spp., Citrobacter spp.): Plasmid mediated produc-
tion of ESBLs, plasmid-mediated AmpC-type enzyme.

4. Streptococcus species (12.1 %).
5. Hemophilus species (9.8 %).
6. Acinetobacter species (7.9 %): Production of metalloenzymes or carbapene-

mases.
7. Neisseria species (2.6 %).
8. Stenotrophomonas maltophilia (1.7 %).
9. Coagulase-negative staphylococcus (1.4 %).
10. Others (4.7 % – includes Corynebacterium, Moraxella, Enterococcus, fungi).
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Diagnosis

At the present time, there is no universally accepted, gold standard diagnostic cri-
terion for VAP. Several clinical methods have been recommended but none have
the needed sensitivity or specificity to accurately identify this disease [17]. Daily
bedside evaluation in conjunction with chest radiography can only be suggestive
of the presence or absence of VAP, but not define it [18]. Clinical diagnosis of
VAP can still miss about a third of VAPs in the ICU compared to autopsy find-
ings and can incorrectly diagnose more than half of patients, likely due to poor
interobserver agreement between clinical criteria [8, 18, 19]. Postmortem studies
comparing VAP diagnosis with clinical criteria showed 69 % sensitivity and 75 %
specificity, in comparison to autopsy findings [20].

The American Thoracic Society (ATS) and the Infectious Diseases Society of
America (IDSA) guidelines recommend obtaining lower respiratory tract samples
for culture and microbiology [1]. Analysis of these samples can be quantitative
or qualitative. This guideline also allows use of tracheal aspirates for their nega-
tive predictive value (94 % for VAP). Johanson et al. described clinical criteria for
diagnosis of VAP as follows [21]:
1. New or progressive radiographic consolidation or infiltrate. In addition, at least

2 of the following:
2. Temperature > 38 °C
3. Leukocytosis (white blood cell count � 12,000 cells/mm3) or leukopenia (white

blood cell count < 4,000 cells/mm3)
Presence of purulent secretions

The clinical pulmonary infection score (CPIS) takes into account clinical, phys-
iological, microbiological and radiographic evidence to allow a numerical value
to predict the presence or absence of VAP (Table 1) [18, 22]. Scores can range be-
tween zero and 12 with a score of � 6 showing good correlation with the presence of
VAP [22]. Despite the clinical popularity of the CPIS, debate continues regarding its
diagnostic validity. One meta-analysis of 13 studies evaluating the accuracy of CPIS
in diagnosing VAP reported pooled estimates for sensitivity and specificity for CPIS
as 65 % (95 % CI 61–69 %) and 64 % (95 % CI 60–67 %), respectively [23]. De-
spite its apparent straightforward calculation, the inter-observer variability in CPIS
calculation remains substantial, jeopardizing its routine use in clinical trials [24].
Of all the criteria used to calculate the CPIS, only time-dependent changes in the
PaO2/FiO2 ratio early in VAP may provide some predictive power for VAP out-
comes in clinical trials, namely clinical failure and mortality [25]. However, a trial
by Singh and colleagues [26] demonstrated that the CPIS is an effective clinical
tool for determining whether to stop or continue antibiotics for longer than 3 days.
In that study, antibiotics were discontinued at day 3 for patients who had been ran-
domized to receive ciprofloxacin instead of standard of care, if their CPIS remained
� 6. Mortality and length of ICU stay did not differ despite a shorter duration
(p = 0.0001) and lower cost (p = 0.003) of antimicrobial therapy in the experimental
as compared with the standard therapy arm, and the development of antimicrobial



Ventilator-associated Pneumonia in the ICU 69

Table 1 The clinical pulmonary infection score (CPIS)

Assessed Parameter Result Score
Temperature (°Celsius) 36.5–38.4 °C

38.5–38.9 °C
� 36 or � 39 °C

0
1
2

Leukocytes in blood (cells/mm3) 4,000–11,000/mm3

< 4,000 or > 11,000/mm3

� 500 Band cells

0
1
2

Tracheal secretions (subjective visual
scale)

None
Mild/non-purulent
Purulent

0
1
2

Radiographic findings (on chest
radiography, excluding CHF and ARDS)

No infiltrate
Diffuse/patchy infiltrate
Localized infiltrate

0
1
2

Culture results (endotracheal aspirate) No or mild growth
Moderate or florid growth
Moderate or florid growth AND
pathogen consistent with Gram stain

0
1
2

Oxygenation status (defined by
PaO2:FiO2)

> 240 or ARDS
� 240 and absence of ARDS

0
2

ARDS: acute respiratory distress syndrome; CHF: congestive heart failure

resistance was lower among patients whose antibiotics were discontinued compared
to those who received standard of care.

Respiratory samples can be obtained using several techniques:
1. Endotracheal aspirate: Easiest to obtain, does not require provider involvement.
2. Bronchoalveolar lavage (BAL): Requires bronchoscopic guidance.
3. Mini-bronchoalveolar lavage (mini-BAL): Performed ‘blind’, i. e., without bron-

choscopic guidance.
4. Protected specimen brush (PSB): Utilizes a brush at the tip of the catheter which

is rubbed against the bronchial wall.
The ATS/IDSA guidelines note that use of a bronchoscopic bacteriologic strat-
egy has been shown to reduce 14-day mortality when compared with a clinical
strategy (16.2 % vs. 25.8 %, p = 0.02) [1]. When samples are obtained by BAL
techniques (BAL, mini-BAL or PSB), the diagnostic threshold is 103 colony form-
ing units (cfu)/ml for protected specimen brushing and 104 cfu/ml for BAL. In
one multicenter study, BAL- and PSB-based diagnosis was associated with signif-
icantly more antibiotic-free days (11.5 ˙ 9.0 vs. 7.5 ˙ 7.6, p < 0.001) compared
to guideline-based clinical diagnosis alone [27]. This study also demonstrated
short-term mortality benefit in the BAL/PSB group. More recent evidence from
the Canadian Clinical Trials study of 740 suspected VAP patients randomized to
BAL or tracheal suctioning suggests that (excluding patients known to be colo-
nized/infected with pseudomonas species or MRSA) similar clinical outcomes and
overall use of antibiotics is observed when either BAL with quantitative culture
or endotracheal aspiration with non-quantitative culture is used for diagnosis [28].
This finding was confirmed by a Cochrane meta-analysis of 1,367 patients which
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again found no difference in mortality in the invasive vs. non-invasive groups
(26.6 % and 24.7 %, respectively), in quantitative versus qualitative cultures (rel-
ative risk 1.53, 95 % CI 0.54–4.39) or in antibiotic use [29].

Once specimens are obtained, the sample is sent for Gram stain, culture and
sensitivity. The Gram stain can provide crucial initial clues to the type of organ-
ism(s) and whether or not the material is purulent (defined as � 25 neutrophils and
� 10 squamous epithelial cells per low power field) [1,12]. Culture results can be
reported as semi-quantitative and/or quantitative values. Semi-quantitative values
obtained by endotracheal sampling are considered positive when the agar growth is
moderate (+++) or heavy (++++), while quantitative positivity is defined as � 105

cfu/ml. Exact speciation of pathogen bacteria and their sensitivity to antibiotics can
take a few days, but provides invaluable information.

Mechanically ventilated patients in the ICU receive frequent chest X-rays and
presence of infiltrate(s) and/or consolidation is considered part of diagnostic criteria
and is widely used. However, there are several clinical conditions that have radio-
graphic appearances similar to VAP. These conditions are commonly encountered in
mechanically ventilated patients and include aspiration and chemical pneumonitis,
atelectasis, congestive heart failure, acute respiratory distress syndrome (ARDS),
pleural effusion and intra-alveolar hemorrhage to name a few. Hence, reliance
on chest radiography for the diagnosis of VAP is not advisable. There is poor
correlation between radiographic signs (alveolar infiltrates, air bronchograms) and
histopathological diagnosis of pneumonia [12]. The sensitivity and specificity of
presence of infiltrates on chest X-ray is also not encouraging [12]. On the flip-side,
the negative predictive value of infiltrates may have clinical utility. In a meta-
analysis by Klompas, the presence or absence of fever, elevated white blood cell
count, or purulent secretions did not substantively predict the probability of infec-
tion; however, the absence of a new infiltrate on a plain radiograph lowered the
likelihood of VAP [18].

VAP must be distinguished from tracheo-bronchitis. Clinical features of these
diseases can overlap, but only VAP will demonstrate the presence of hypoxia and
the presence of infiltrate/consolidation on chest radiography [12].

Recently, the Centers for Disease Control and Prevention (CDC) rolled out new
surveillance criteria for possible or probable VAP [17]. The goals were to capture
other common complications of ventilator care, to improve objectivity of surveil-
lance to allow comparability across centers for public reporting, and to minimize
gaming [30]. Per these new criteria, a period of at least 2 days of stable or decreas-
ing ventilator settings (daily minimum positive end-expiratory pressure [PEEP] or
fraction of inspired oxygen [FiO2]) followed by consistently higher settings for at
least 2 additional calendar days is required before a patient can be said to have
a ventilator-associated condition (VAC). Most VACs are attributable to pneumonia,
pulmonary edema, atelectasis, or ARDS, conditions which all have well researched
prevention and management strategies [31]. Signs of infection/inflammation (ab-
normal temperature or white-cell count and administration of one or more new
antibiotics for at least 4 days) classify the patient as an “infection-related ventilator-
associated complication,” or IVAC. Presence of purulent secretions (according to
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quantitative Gram staining criteria) and pathogenic culture data will label the patient
as possible or probable VAP. Patients with an IVAC and purulent secretions alone
or pathogenic cultures alone have “possible pneumonia”; those with both puru-
lent secretions and positive quantitative or semiquantitative cultures have “probable
pneumonia”. Probable pneumonia is also defined by suggestive histopathological
features, positive pleural-fluid cultures, or diagnostic tests for legionella and se-
lected viruses. Chest radiograph findings have been excluded in the new criteria
because of their subjectivity without increased accuracy. This is not intended to
reduce the role of radiography in clinical care. At the present time, the new CDC
algorithm is for surveillance purposes only.

In the United States, VAP has been proposed as an indicator of quality of care
in public reporting, and its prevention is a national patient safety goal. The threat
of non-reimbursement and financial penalties for this diagnosis has put pressure
on hospitals to minimize VAP rates [13]. This has resulted in potential artifacts in
surveillance with more than 50 % of non-teaching medical ICUs in the United States
reporting VAP rates close to zero [30, 32]. These rates are an order of magnitude
lower than those in European centers, which utilize similar preventive and treatment
strategies suggesting that reductions in VAP rates may not reflect improvements
in prevention so much as subjective surveillance biases. It is anticipated that the
new CDC surveillance paradigm for ventilator-associated events will help achieve
a more realistic VAP rate.

Treatment

Selecting the appropriate antibiotic depends on the duration of mechanical ventila-
tion. Late onset VAP (> 4 days) requires broad spectrum antibiotics whereas early
onset (� 4 days) can be treated with limited spectrum antibiotics [1]. An updated
local antibiogram for each hospital and each ICU based on local bacteriological
patterns and susceptibilities is essential to guide optimally dosed initial empiric
therapy [1]. With any empiric antibiotic regimen, de-escalation is the key to reduce
emergence of resistance [33]. Delays in initiation of antibiotic treatment may add to
the excess mortality risk with VAP [1]. Tables 2 and 3 highlight the recommended
treatment regimens for VAP.

Owing to the high rate of resistance to monotherapy observed with P. aerugi-
nosa, combination therapy is always recommended. Acinetobacter species respond
best to carbapenems (also active against ESBL positive Enterobacteriaceae), col-
istin, polymyxin B and ampicillin/sulbactam [36, 37]. Although MDR organisms
are usually associated with late-onset VAP, recent evidence suggests that they are
increasingly associated with early-onset VAP as well [37, 38]. The role of inhaled
antibiotics in the setting of failure of systemic antibiotics is unclear [1]. The usual
duration of treatment for early-onset VAP is 8 days and longer in the case of late-
onset VAP or if MDR organisms are suspected or identified [39–41].

Despite therapy, if no response is observed, it may be prudent to reconsider the
diagnosis, reassess the organism being treated or search for other reasons for signs



72 A. A. Kalanuria et al.

Table 2 Comparison of recommended initial empiric therapy for ventilator-associated pneumonia
(VAP) according to time of onset [1, 34, 41]

Early-onset VAP Late-onset VAP
Cephalosporin
e. g., cefepime: 1–2 g every 8 hours;
ceftazidime 2 g every 8 hours
OR
Carbepenem
e. g., imipenem + cilastin: 500 mg every
6 hours or 1 g every 8 hours;
meropenem: 1 g every 8 hours
OR
Beta-lactam/beta-lactamase inhibitor
e. g., piperacillin + tazobactam: 4.5 g every
6 hours
PLUS

Aminoglycoside
e. g., amikacin: 20 mg/kg/day;
gentamicin: 7 mg/kg/day;
tobramycin: 7 mg/kg/day
OR
Antipseudomonal fluoroquinolone
e. g., ciprofloxacin 400 mg every 8 hours;
levofloxacin 750 mg daily

Second or third generation
cephalosporin: e. g., ceftriaxone: 2 g
daily;
cefuroxime: 1.5 g every 8 hours;
cefotaxime: 2 g every 8 hours
OR
Fluoroquinolones
e. g., levofloxacin: 750 mg daily;
moxifloxacin: 400 mg daily
OR
Aminopenicillin + beta-lactamase
inhibitor e. g., ampicillin + sulbactam:
3 g every 8 hours
OR
Ertapenem
1 g daily

PLUS
Coverage for MRSA
e. g., vancomycin: 15 mg/kg every 12 hours
OR
linezolid: 600 mg every 12 hours

Optimal dosage includes adjusting for hepatic and renal failure. Trough levels for vancomycin
(15–20 mcg/ml), amikacin (< 5 mcg/ml), gentamicin (< 1 mcg/ml) and tobramycin (< 1 mcg/ml)
should be measured frequently to avoid untoward systemic side effects. All recommended doses
are for intravenous infusion. Usual duration of therapy is 8 days unless treatment is for multidrug
resistant organisms, in which case treatment will be for 14 days.

and symptoms. Because of the challenges associated with diagnosing VAP, espe-
cially early in the course, the IDSA/ATS guidelines highlight the importance of
reassessing patients at 48–72 hours once pertinent data are available to determine
whether the patient should continue antibiotic therapy for VAP or whether an alter-
native diagnosis should be pursued. In one study, Swoboda et al. [42] found that
half of the empiric antibiotic use for VAP in two surgical ICUs was prescribed for
patients without pneumonia.

Prevention

There are multiple recommended measures for prevention of VAP. These measures
are summarized in Table 4 [43–46]. Institutions or ICUs may observe a reduction
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Table 3 Recommended therapy for suspected or confirmed multidrug resistant organisms and
fungal VAP [1, 34, 35, 41]

Pathogen Treatment
Methicillin-resistant Staphylococcus aureus
(MRSA)

See Table 2

Pseudomonas aeruginosa Double coverage recommended. See Table 2
Acinetobacter species Carbapenem

e. g., imipenem + cilastin; 1 g every 8 hours;
meropenem 1 g every 8 hours
OR
Beta-Lactam/beta-lactamase inhibitor
e. g., ampicillin + sulbactam: 3 g every 8
hours
OR
Tigecycline: 100 mg loading dose, then 50 mg
every 12 hours

Extended-spectrum beta-lactamase (ESBL)
positive enterobacteriaceae

Carbepenem
e. g., imipenem + cilastin: 1 g every 8 hours;
meropenem: 1 g every 8 hours

Fungi Fluconazole: 800 mg every 12 hours;
caspofungin: 70 mg loading dose, then 50 mg
daily;
voriconazole (for aspergillus species): 4 mg/kg
every 12 hours

Legionella Macrolides (e. g., azithromycin)
OR
Fluoroquinolones (e. g., levofloxacin)

in VAP rates by utilizing a ‘VAP-bundle’ approach [44, 47] using elements de-
picted in Table 4. The 5-element Institute of Healthcare Improvement (IHI) VAP
bundle [47] includes: Head of bed elevation, oral care with chlorhexidine, stress
ulcer prophylaxis, deep venous thrombosis prophylaxis, and daily sedation assess-
ment and spontaneous breathing trials. Each of these elements has been shown
to reduce the incidence of VAP although the quality of evidence supporting the
effectiveness and importance of each intervention has been questioned. Even stud-
ies using VAP bundles have been criticized as failing to demonstrate clinical and
cost effectiveness [48]. A before-after study which systematically implemented
a VAP prevention bundle using IHI methodology showed a significant reduction
in VAP rates, antibiotic use and MRSA acquisition [43]. There was no reduction,
however, in duration of mechanical ventilation or ICU admission. The IHI empha-
sizes the need for high (95 %) overall compliance rates with VAP bundles although
this particular study reported overall bundle compliance rates of 70 %. Issues with
completeness of documentation may underestimate compliance, which remains an
important feature of VAP bundle prevention strategies. Another important contri-
bution towards VAP prevention and shortening periods of antibiotic exposure was
a recent prospective study (n = 129), which concluded that a single-dose of antibi-
otics within 4 h of intubation may be effective in preventing early onset VAP in
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Table 4 Suggested measures for prevention of ventilator-associated pneumonia (VAP) [41, 42,
49]

ICU focused measures Institution focused measures
Alcohol-based hand washing policy Surveillance program for pathogen profiling

and creation of “antibiogram”
Early discontinuation of invasive devices Frequent educational programs to reduce

unnecessary antibiotic prescription
Reduce reintubation rates Propagate use of non-invasive positive

pressure ventilation (NIPPV)
Use of oropharyngeal vs. nasopharyngeal
feeding tubes

Endotracheal tubes (ETTs) with potential
benefit:
Polyurethane-cuffed ETT
Silver/antibiotic coated ETT
Aspiration of subglottic secretions (HI-LO
ETT)

Semi-recumbent patient positioning (30–45°) Maintain policy for oral decontamination
Selective digestive decontamination (SDD)

Endotracheal tube cuff pressure ~ 20 cm H2O Early weaning and extubation
Early tracheostomy Daily sedation holds
Small bowel feeding instead of gastric feeding Preference on using heat-moisture exchangers

over heater humidifiers
Prophylactic probiotics Mechanical removal of the biofilm (e. g., the

mucus shaver)

a cohort of comatose patients [49]. A randomized clinical trial is needed to address
this question.

Conclusion

VAP occurs frequently and is associated with significant morbidity in critically ill
patients. The primary obstacle in diagnosing VAP is the absence of gold standard
criteria and, therefore, VAP continues to be an inconspicuous clinical syndrome.
There is enough evidence to indicate that VAP is preventable and that hospitals can
decrease VAP rates, a factor that the new CDC VAP definitions are poised to demon-
strate more objectively. The diagnostic challenge of VAP has multiple implications
for therapy. Although a CPIS score > 6 may correlate with VAP, the sensitivity,
specificity and inter-rater agreement of this criterion alone are not encouraging.
Microbiological data should be used for tailoring antibiotic therapy and not be re-
stricted only to diagnosis. The pitfall in using empiric antibiotics for suspicion of
VAP is the potential for antibiotic overuse, emergence of resistance, unnecessary
adverse effects and potential toxicity. The major goals of VAP management are
early, appropriate antibiotics in adequate doses followed by de-escalation based on
microbiological culture results and the clinical response of the patient. Antimicro-
bial stewardship programs involving pharmacists, physicians and other healthcare
providers optimize antibiotic selection, dose, and duration to increase efficacy in
targeting causative pathogens and allow the best clinical outcome.
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Optimal Oxygen Therapy



A Re-evaluation of Oxygen Therapy
and Hyperoxemia in Critical Care

S. Suzuki, G. M. Eastwood, and R. Bellomo

Introduction

Oxygen therapy is universally administered to acutely ill patients. Most of these
patients require a higher than normal fraction of inspired oxygen (FiO2) in order to
maintain an adequate arterial oxygen concentration (PaO2). Despite the ubiquitous
use of oxygen therapy in critical care, relatively little is known about the benefits
and risks associated with oxygen therapy in adult critical illness and the correct
dosing of such therapy in different subgroups of acutely ill patients. In this chapter,
we discuss the rationale for oxygen therapy, recent insights into the risks associated
with hyperoxemia, and the imperative to re-evaluate our oxygen therapy practice
and targets for critically ill patients.

Rationale for Oxygen Therapy

Oxygen is a physiologic requirement for normal cellular function and is essential to
sustaining human life. Under normal conditions, the human body has adapted to the
oxygen concentration of ambient air (21 %) with the normal PaO2 at atmospheric
pressure (760 mmHg) at 80–100 mmHg [1]. This corresponds to an oxygen satura-
tion of 95–96 % when measured by arterial blood gas sampling (SaO2) or via pulse
oximetry (SpO2). A failure to maintain adequate blood oxygen concentrations can
lead to cellular hypoxia, organ dysfunction and death. Hypoxemia is a common
finding among critically ill patients irrespective of their underlying diagnosis [2].
Hypoxemia is believed to carry significant risk and in most cases is generally care-
fully avoided. Conversely, although hyperoxemia is believed to provide a buffer of
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safety in some high risk patients, it may also be injurious to lung tissue and other
organs.

Oxygen Therapy

Oxygen therapy is the therapeutic administration of supplemental oxygen to pa-
tients, primarily for the treatment or prevention of hypoxemia. A wide range of
oxygen delivery devices are available for use in practice ranging from nasal can-
nulas, high-flow nasal cannulas through to invasive mechanical ventilation with an
endotracheal tube. Indeed, oxygen therapy is often believed to be a simpler method
of increasing tissue oxygenation in acute care compared to manipulating cardiac
preload (fluid loading), contractility or afterload (infusion of inotropes and other va-
soactive drugs) and improving oxygen-carrying capacity (transfusing blood) [3].

Oxygen Toxicity

Molecular Effects

Although the damage associated with severe hypoxemia appears obvious, injury
associated with hyperoxemia is less well understood. Common explanations of-
fered for hyperoxemic damage typically focus on the production of reactive oxygen
species (ROS) and reactive nitrogen species, leading to cellular dysfunction or
death [4–7]. ROS are free, negatively charged molecules containing an unpaired
electron, which can cause death and lysis of oxygen-sensitive cells by oxidizing
DNA, proteins and lipids, resulting in the microvascular and alveolar cell injury
typical of oxygen toxicity [7, 8]. While production of ROS is physiological and
necessary for energy production and innate immunity, in tissue hyperoxia, ROS and
subsequent reaction products formed by mitochondria and other intracellular or-
ganelles may exceed the capacity of the antioxidant enzymes to detoxify them [8]
and cause tissue injury.

Pulmonary Toxicity

Lung tissue is particularly susceptible to oxygen-related damage when exposed to
supranormal oxygen concentrations. Prolonged exposure to FiO2 of 0.6 leads to
alveolar septal injury in baboons [9]. Sinclair and colleagues reported that 4 hours
exposure to FiO2 of 0.5 enhanced the severity of lung injury induced by high-stretch
ventilation in rabbits, as determined by histopathology changes [10]. Additionally,
ventilation with oxygen (6 hours) even at ambient air level (21 %), but not with-
out oxygen (100 % nitrogen) increases tissue volumes, myofibroblast differentiation
and apoptosis in sheep lung [11]. Even in the healthy human lung, exposure to high
FiO2 of 0.95 for a short period of time (17 hours) will cause increased alveolar cap-
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illary leak, as well as evidence of fibrotic changes [12]. Supplemental oxygen has
also been associated with absorption atelectasis, an increase in ventilation/perfusion
(V/Q) mismatch [13], impaired alveolar macrophages and promotion of pulmonary
infection [14].

Extrapulmonary Toxicity

Animal studies have also shown that supranormal oxygen concentrations (hyperox-
emia) can reduce heart rate and cardiac output and increase systemic vascular resis-
tance [15, 16]. These findings have been confirmed in healthy volunteers [17] and
patients with congestive heart failure, in whom the effect is more pronounced [18].
In addition, hyperoxemia has been shown to decrease cerebral blood flow by 11 to
33 % in healthy adults [19, 20]. The mechanism for the decrease in cerebral blood
flow is presumably partly due to direct increase in cerebrovascular resistance as
a result of increased vasoconstriction, whereas the accompanying small decrease in
end-expiratory carbon dioxide may also influence cerebral blood flow [19, 21].

Current Oxygen Saturation Recommendations

At the present time, despite concerns related to hyperoxemia and high FiO2, oxygen
therapy is commonly and liberally used in the management of acute conditions,
such as ischemic heart disease, sepsis, pneumonia, stroke, and cardiac arrest [22–
24]. Supplemental oxygen is regarded as safe and, because of fear of giving too
little, there has been almost no concern about giving too much [25]. In particular, in
emergency situations, 100 % oxygen is always provided until the emergent period
is over. Once the patient is past the acute period, oxygen saturation targets should
be established and oxygen therapy modified. However, the timeliness and targets of
such adjustments remain unknown and, in many patients, high FiO2 therapy with
associated hyperoxemia is continued for much longer than required after the initial
emergency, resulting in prolonged hyperoxemia.

The British Thoracic Society (BTS) guidelines for the emergency use of oxygen
in adults [6] and a recent review [22] recommend oxygen saturation (SpO2) targets
of 94 % to 98 % for most acutely ill patients or 88 % to 92 % for those at risk of hy-
percapnic respiratory failure. The Acute Respiratory Distress Syndrome (ARDS)
Network protocols recommended maintaining an SpO2 of 88 % to 95 % (PaO2 55–
80 mmHg) [25]. However, evidence supporting such recommendations is lacking
and these recommendations are essentially based on expert opinion, observational
data and inductive physiological reasoning. Thus, for patients admitted to the in-
tensive care unit (ICU), the optimal SpO2 target levels remain unclear. Moreover,
it is unclear whether there is compliance with such targets in daily practice, given
the weakness of the evidence to support them and the all-abiding concern about
avoiding hypoxemia. Nonetheless, there are many aspects of the physiological and
clinical effects of hyperoxemia and high FiO2 therapy, which raise concern (Box 1).



84 S. Suzuki et al.

Box 1:
Reportedadverseevents potentially the result ofor associatedwith hyperoxemia
Cardiovascular system
� Decreased stroke volume
� Increased systemic vascular resistance
� Coronary artery vasoconstriction
� Decreased cardiac output in congestive heart failure
� Increased left ventricular end-diastolic pressure
Pulmonary system
� Hypercapnia in chronic obstructive pulmonary disease
� Increased mortality in chronic obstructive pulmonary disease
Cerebrovascular system
� Increased stroke severity
� Increased stroke-related mortality
� Increased release of neuron-specific enolase after cardiac arrest
� Increased mortality after resuscitation from cardiac arrest

Oxygen Therapy in Acute Illness

Chronic Obstructive Pulmonary Disease

The level of evidence supporting the view that giving oxygen can lead to clinically
important adverse effects is strongest in the management of acute exacerbations of
chronic obstructive pulmonary disease (COPD). A well-designed randomized trial
of high-concentration versus titrated-oxygen treatment (target SpO2 88–92 %) in
the pre-hospital treatment of suspected acute exacerbation of COPD was recently
conducted in Australia [26]. In an intention-to-treat analysis of 405 patients, the
risk of death was significantly reduced by 58 % with titrated oxygen treatment. In
the subgroup of patients with confirmed COPD, the risk of death was reduced by
78 % with titrated oxygen treatment. Thus, controlled oxygen therapy titrated to
achieve oxygen saturations of 88–92 % can be considered the correct therapeutic
regimen in patients with acute exacerbations of COPD, as recommended in the BTS
guidelines [6]. It is unclear whether this should be the target for all patients with
acute respiratory illness or only those on mechanical ventilation.

Perioperative Care

Several trials have reported that perioperative use of 80 % oxygen decreases the
rate of surgical site infection after abdominal surgery as compared with 30 % oxy-
gen [5]. However, the largest and arguably the best designed trial conducted to date,
the PeRioperative OXygen Fraction (PROXI) trial, found no significant difference
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in surgical site infections when 1,400 patients were randomized to receive 80 or
30 % oxygen during and 2 hours after acute or elective laparotomy [27]. Addition-
ally, a recent follow-up study of the PROXI trial revealed that patients randomized
to 80 % perioperative oxygen administration were more likely to have died at long
term follow-up compared with those randomized to 30 % oxygen [28]. This obser-
vation raises concerns about the use of high FiO2, and the pursuit or maintenance
of hyperoxemia during and after major surgery.

Stroke

Ronning and Guldvog showed that survival at 1 year for patients with mild or mod-
erate stroke was significantly greater in those given air than in those given 100 %
oxygen for the first 24 hours after the event [29]. A very small (n = 16) study of short
term high flow oxygen treatment (45 l/min for 8 hours) after acute stroke showed
transient early improvements in neurological performance and infarct size but no
long-term clinical benefit at three months [30]. This study was followed by a larger
trial of the same intervention, which was stopped after 85 patients were enrolled
because of an imbalance of deaths in favor of the control group (40 % mortality on
oxygen vs. 17 % mortality on room air) [31]. Observational data in 2,643 critically
ill, mechanically ventilated stroke patients found that hyperoxemia was common
but that there was no relationship between worst oxygen level on day of admis-
sion and subsequent outcome [32]. Finally, a recent, randomized controlled pilot
study showed routine oxygen supplementation at a low flow rate (2–3 l/min via nasal
cannula) for 72 hours after acute stroke led to a small, but statistically significant,
improvement in neurological recovery at 1 week [33] but none of the key outcomes
differed at six months between the groups [34]. Following this pilot study, a large
multicenter, prospective, randomized, open, blinded-endpoint study is now ongo-
ing [35]. Until the results of this trial are reported, it is unclear whether giving
supplemental oxygen to stroke patients is beneficial.

Acute Myocardial Infarction

Concerns have been raised about the role of supplemental oxygen in the manage-
ment of acute myocardial infarction (AMI) [36]. Current evidence is suggestive of
several harmful effects associated with supplemental oxygen, yet published stud-
ies are underpowered or lack the ability to draw a causal relationship [36, 37]. To
date, four randomized controlled clinical trials have studied the effect of oxygen in
AMI patients. In a double-blind, randomized in-hospital study, 200 patients with
AMI were allocated to receive air or face mask supplemental oxygen for the initial
24 hours of hospitalization [38]. Findings revealed no significant difference in mor-
tality, incidence of arrhythmias or use of analgesics between the groups. However,
the oxygen group had higher serum aspartate aminotransferase levels and a greater
incidence of sinus tachycardia. In a second study, 50 patients were allocated to
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either room air or face mask supplemental oxygen [39]. The incidence of hypox-
emia (SpO2 < 90 %) was 70 % and that of severe hypoxemia (SpO2 < 80 %) 35 % in
patients who were not treated with oxygen, compared with 27 % and 4 % in those
who were administered oxygen. The requirement for analgesia or presence of ST-
segment change, however, did not differ with oxygen use. This study did not report
mortality rate. In the third study, 137 patients were allocated to either supplemental
oxygen (4–6 l/min) or air [40]. Complications including heart failure, pericarditis
and rhythm disorders occurred less frequently in the oxygen group (relative risk
0.45, 95 % CI 0.22-0.94). One patient out of 58 died in the oxygen group and none
of 79 participants in the air group. Finally, the most recent trial compared rou-
tine oxygen use versus titrated oxygen therapy [41]. There was only 1 death in the
68 patients treated with routine oxygen and 2 in 68 of those treated with the titrated
oxygen therapy in this study (relative risk 0.5; 95 % CI 0.05-5.4). The investiga-
tors found no evidence of benefit or harm from high-concentration compared with
titrated oxygen in initially uncomplicated ST-segment elevation myocardial infarc-
tion and concluded that large randomized controlled trials are required to resolve
this clinical uncertainty.

Cardiac Arrest

Animal experiments using a model of cardiac arrest provide strong evidence that
hyperoxemia aggravates neurological injury [42] and justify concerns that similar
injury might occur in humans. There is emerging evidence to support early goal-
directed oxygenation targets during the immediate post-resuscitation care of cardiac
arrest patients. Kilgannon and colleagues reported the results of a multicenter ob-
servational trial comparing outcomes in patients after non-traumatic cardiac arrest
based on PaO2. These authors found that hyperoxemia (PaO2 � 300 mmHg) within
24 hours following ICU arrival was independently associated with increased mortal-
ity compared to both the normoxemic and the hypoxemic group [43]. Additionally,
they identified a dose-dependent association between supranormal oxygen tension
and risk of in-hospital death [44]. Another recent observational study is consis-
tent with these findings [45]. In contrast, a large, multicenter, observational cohort
study in Australia and New Zealand using the same oxygenation thresholds did not
show any correlation between arterial hyperoxia and outcome following cardiac ar-
rest [46]. This lack of correlation was confirmed by a study in 957 patients from
a cardiac registry in Australia [47]. Several studies are under way to assess the feasi-
bility and safety of delivering conservative oxygen therapy to patients experiencing
an out-of-hospital cardiac arrest.

Mechanically Ventilated Patients

Mechanical ventilation is a life-saving intervention commonly applied to acutely ill
patients. In order to determine the association between hyperoxemia and mortal-
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ity in mechanically ventilated patients, two large cohort observational studies have
recently been conducted. In the first study, de Jonge and colleagues performed
a retrospective audit of 36,307 patients from 50 ICUs in The Netherlands and re-
ported that high FiO2 and high PaO2 in the first 24 hours after admission were
independently associated with increased in-hospital mortality in ventilated ICU pa-
tients [48]. However, a bi-national multicenter observational study in Australia
and New Zealand involving 152,680 patients from 150 ICUs found no indepen-
dent relationship between hyperoxemia in the first 24 hours in ICU and mortality
in ventilated patients [49]. Given the discrepancy related to the impact of early hy-
peroxemia on mortality for mechanically ventilated patients, the widespread use of
oxygen, the uncertainty over therapeutic targets and the observational nature of the
above studies, more investigations appear desirable.

Re-evaluating Oxygen Therapy and Oxygen Targets
in Acute Illness

Although there is increasing awareness of the potential harms of hyperoxemia, these
concerns have not translated into changes to more conservative routine practice. In
large observational studies in patients after cardiac arrest, hyperoxemia (defined
as PaO2 � 300 mmHg) occurred in 18 % of patients in a US cohort [43] and in
10.6 % of patients in a cohort from Australia and New Zealand [43]. Of 126,778
arterial blood gas measurements from 5,498 mechanically ventilated ICU patients,
22 % had a PaO2 above 120 mmHg and in most cases such hyperoxemic levels
did not lead to adjustment of ventilator settings if the FiO2 was < 0.41 [50]. This
lack of attention to careful oxygen therapy titration has been confirmed by detailed
observational studies.

Two recent observational studies have described in detail current oxygen therapy
in mechanically ventilated ICU patients who required ventilation for > 48 hours.
In the first study, a time-weighted average FiO2 of 0.42 was applied to achieve
a time-weighted average SpO2 of 97.1 % for the initial 7 days of mechanical venti-
lation [51] (Figs. 1 and 2). In the second prospective observational study, patients
spent most of their time with an FiO2 between 0.3 and 0.5 and had a relatively high
SpO2 and PaO2, implying that further decreases in FiO2 could likely be easily and
safely implemented [52] (Figs. 1 and 2). The authors concluded that an interven-
tional study comparing current liberal oxygen practice to more conservative oxygen
targets (PaO2 of between 60 to 65 mmHg and/or SpO2 of between 90 to 92 %) was
possible.

Fortunately, a pilot study in mechanically ventilated ICU patients (NCT
01684124), and a randomized controlled trial in ICU patients (NCT01319643),
and studies in patients with AMI [49], stroke [35] and traumatic brain injury
(NCT01201291) are all currently underway. These studies will provide clinical in-
formation on the safety, feasibility and/or efficacy of a more conservative approach
to oxygen therapy in several acute care settings.
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Fig. 1 Graphic display
of time weighted average
(TWA) for SpO2, FiO2, PaO2

in mechanically ventilated
patients from two recent ob-
servational studies [51, 52].
Seemingly unnecessarily high
FiO2 levels despite relative
hyperoxemia appear common
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Fig. 2 Graphic represen-
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Conclusions

Intensive care clinicians make decisions every day regarding the management of
oxygen therapy for acutely ill patients. Despite mounting concern over the clinical
risks of supplemental oxygen therapy, current oxygen management remains lib-
eral, excess oxygen is routinely delivered, hyperoxemia is common and guidelines
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are not based on high quality evidence. Given the ubiquitous use and the possible
harmful effects of excessive oxygen administration, it is time to re-evaluate our ther-
apeutic targets and obtain higher level evidence to guide the selection of therapeutic
targets for oxygen therapy in critical illness.
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Normoxia and Hyperoxia in Neuroprotection

P. Le Roux

Introduction

Oxygen (O2) is one of the commonest therapeutic agents used in hospitals and the
outpatient setting. It is a drug in the true sense of the word with specific biochem-
ical properties, specific physiologic actions, a range of effective doses, and known
adverse effects at high doses. Oxygen is widely available and commonly prescribed
and the cost of a single use of O2 is low. However, there are few evidence-based data
on its use in many clinical conditions. This is particularly important for neuropro-
tection, because the human brain weighs about 2 % of total body mass yet consumes
20 % of the O2 and 25 % of the glucose used by the whole body at rest. The O2 and
energy reserves in the brain are very limited, and its survival and function depend
on a constant supply of O2 and energy-rich substrate. Consequently there is interest
in the role of O2 in neuroprotection, including: 1) avoidance of hypoxia, 2) hyper-
oxic resuscitation, 3) hyperbaric oxygen (HBO), 4) normobaric hyperoxia (NBO),
and 5) correction of brain oxygen (PbtO2). However, the margin of safety between
effective and potentially toxic O2 doses is relatively narrow and hence O2 use in
neuroprotection requires a full understanding of the balance between its benefits
and potentially deleterious effects. Here, we will review the role of normoxia or
hyperoxia in neuroprotection for acute neurological disorders. The role of HBO or
NBO to potentiate recovery after concussion or for post-traumatic stress disorder,
and its role in infection, wound healing, high altitude sickness and diving will not
be reviewed.
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Benefits of Hyperoxia

There are many potential beneficial effects of hyperoxia in the brain, e. g., it in-
creases PbtO2, restores brain mitochondrial redox potential, decreases intracranial
pressure (ICP), restores aerobic metabolism, and improves pressure autoregula-
tion [1–6]. Systemically, hyperoxia has several effects including:
1) a temporary increase in blood pressure through an increase in total peripheral

vascular resistance secondary to systemic peripheral vasoconstriction;
2) inhibition of neutrophil adherence;
3) reduction in expression of the endothelial adhesion molecules, E-selectin and

intercellular adhesion molecule (ICAM)-1;
4) induction of endothelial nitric oxide synthase (eNOS) production;
5) it influences macrophage and T-cell function; and
6) it provokes anti-inflammatory responses in macrophages among others [7].

Oxygen Toxicity

The benefits of O2 therapy and its potential toxicity have been known since the late
18th century. However, the concept of O2 toxicity and the toxic threshold (exposure
length and level) remain debated although it is known that healthy individuals can
breathe 55 % fraction of inspired oxygen (FiO2) for 7 days [8]. There are three
major concerns: 1) lung toxicity (including the airway); 2) central nervous system
(CNS) toxicity; and 3) altered cerebral blood flow (CBF) [9].

Our knowledge comes mostly from animal HBO studies and from the diving
and aviation industry, and suggests that CNS toxicity may occur when O2 partial
pressure is > 2.0 atmosphere absolute (ATA). In addition the effects of hyperoxia
have been well studied in very premature infants (< 28 weeks gestation) with lon-
gitudinal studies establishing a relationship between hyperoxia and development of
retinopathy of prematurity, chronic lung disease, and brain injury [10]. In adults,
acute tracheobronchitis is the earliest clinical syndrome. This condition does not
develop in humans breathing O2 at partial pressures < 0.05 MPa (0.5 ATA or 50 %
O2 at normal atmospheric pressure). In healthy humans breathing > 95 % O2 at nor-
mal atmospheric pressure (1 ATA), tracheobronchitis develops after a latent period
of 4 to 22 hours, but as early as 3 hours while breathing O2 at 3 ATA. The symptoms
subside within a few hours of termination of hyperoxia, with complete resolution
within a few days. Other pulmonary concerns important in neuroprotection include
absorption atelectasis, hypoxic pulmonary vasoconstriction (HPV), and hyperoxia-
induced lung injury. At different O2 doses, different mechanisms may underlie
pulmonary toxicity: At 1 or 1.5 ATA, an inflammatory response and destruction of
the alveolar-capillary barrier leading to edema, impaired gas exchange, and respira-
tory failure evolves over time, whereas at 2–3 ATA, pulmonary injury is accelerated
but less inflammatory in character, and events in the brain often are a prelude to
lung pathology. The CNS-mediated component of this lung injury can be attenu-
ated by selective inhibition of neuronal NOS (nNOS) or by unilateral vagus nerve
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transection [11]. In many acute neurologic disorders, e. g., traumatic brain injury
(TBI) and subarachnoid hemorrhage (SAH), lung injury is common and whether
the pulmonary toxicity is from the disease or the treatment can be difficult to elu-
cidate. Recently, Rockswold et al. [2, 3] examined bronchoalveolar lavage (BAL)
interleukin (IL)-8 and IL-6 assays in TBI patients who received HBO (1.5 ATA)
and NBO. No increase in these inflammatory markers was observed suggesting no
toxic effects of the treatment.

Many factors can influence CNS O2 toxicity, e. g., carbon dioxide (CO2), phys-
ical activity, circadian rhythm, gender, and fluid status [8]. Minor symptoms of
O2 toxicity include nausea, dizziness, headache, disorientation, and blurred vision.
Seizures may develop at higher O2 concentrations. Breathing 100 % O2 at 1 atm,
may reduce CBF by vasoconstriction in normal individuals. In select patients this
effect may be beneficial since it can reduce ICP. When breathing hyperoxic mix-
tures, reactive oxygen species (ROS), including O2 free radicals, can be generated at
a rate exceeding the body’s antioxidant capacity and can subsequently initiate lipid
peroxidation and cellular destruction [12]. Brain tissue is especially vulnerable to
lipid peroxidation and ROS. This observation may be true in ischemia and reper-
fusion but the role of hyperoxic-induced ROS in TBI is less clear. Indeed several
clinical studies in severe TBI using microdialysis or cerebrospinal fluid (CSF) anal-
ysis during HBO or NBO found no evidence of oxidative stress [2, 3, 13]; instead
markers of lipid peroxidation, phospholipid degradation, and inflammation, e. g.,
F2-isoprostanes and glycerol actually decreased, suggesting a biochemical bene-
fit. Individually tailored O2 treatment regimens specific to the disease are likely
important; nevertheless there are various therapies that have been shown to reduce
O2 toxicity, e. g., minocycline, topiramate, sildenafil, pentoxifylline, omeprazole,
omega-3 fatty acid supplementation, estradiol, colchicine and caffeine among many
others [14–17].

Hyperbaric Oxygen

HBO can increase PbtO2. In animal ischemia or cardiac arrest models, or clini-
cal stroke studies, HBO can reduce infarct volume, blood brain barrier disruption,
edema and neurologic deficits [18–23]. In experimental TBI, HBO can ameliorate
neuron injury and reduce edema [25–27]. In severe TBI patients, HBO improves
metabolism measured by microdialysis, decreases ICP and reduces mortality, par-
ticularly when there is cerebral edema and elevated ICP [2, 3, 28, 29]. However,
administering HBO is a formidable undertaking and patients must be moved out
of the intensive care unit (ICU) to the HBO chamber. Furthermore, its feasibility
remains limited because HBO chambers are expensive and available at only a few
centers.
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Normobaric Hyperoxia

Although HBO has a more robust treatment effect than NBO on oxidative cerebral
metabolism [2], NBO (100 % FiO2 at 1 ATA) has several advantages over HBO:
it is simple to administer, non-invasive, inexpensive, widely available, and can be
started promptly after TBI or stroke (e. g., by paramedics). Many possible mecha-
nisms have been reported to describe the neuroprotective effects of NBO, such as
improved tissue oxygenation, increased CBF, reduced oxidative stress, maintain-
ing penumbral oxygenation and protecting the blood brain barrier [24]. However,
the end result may depend on what the predominant mechanism of cell injury is,
because experimental studies suggest that NBO may reduce excitotoxin-induced
injury but aggravate O2 and glucose deprivation-induced cell injury [30]. In animal
models, NBO administered during transient ischemia attenuated magnetic reso-
nance imaging (MRI) abnormalities, stroke lesion volumes, and the frequency of
peri-infarct depolarizations (PIDs) and improved outcome without increasing mark-
ers of oxidative stress [31–35]. These effects could be seen despite complete flow
arrest [36]. These experimental observations, i. e., increased FiO2 can ameliorate
brain injury during ischemia, have been confirmed in clinical studies. In particular,
in a small, randomized trial in humans, Singhal et al. [37] observed that high-flow
O2 was associated with reduced clinical deficits and MRI abnormalities in select
patients with acute ischemic stroke, supporting the importance of dissolved O2 in
salvaging vulnerable tissue.

In TBI, hypoxia is a significant adverse factor and aerobic metabolism and mi-
tochondrial function are disturbed. Hence, there is interest in NBO as a treatment
in patients with TBI. In experimental TBI models, NBO can reduce the severity
and extent of secondary brain damage, the volume of contusions and morbidity [27,
38, 39]. Following moderate or severe TBI, brain glucose is decreased and lactate
increased; these changes are attenuated by breathing 100 % O2, i. e., hyperoxia re-
stores ‘normal’ metabolism [40, 41]. However, care is needed in extrapolating these
biochemical results, because there is evidence that in some circumstances elevated
brain lactate may be protective [42]. Several groups have studied NBO (100 %
FiO2) in TBI patients using microdialysis, near-infrared spectroscopy (NIRS) and
PbtO2 monitors; the results are mixed and depend in part on methodology [4–6,
41, 43–48]. In general, they show that NBO increases PbtO2 and reduces lactate
and glutamate levels particularly during the first 24 hours after TBI. The ‘benefi-
cial’ effects on the lactate/pyruvate ratio or PbtO2 depend on baseline values and
in patients with normal baseline levels a significant change in metabolic variables
may not occur [46, 47]. The effects are most noticeable in patients who have ele-
vated baseline brain lactate levels. Interestingly, a greater PbtO2 response appears
to be associated with worse outcome [47]. Together, these data suggest that there is
a narrow effective dose and that NBO may only be effective in a specific group of
patients. It should be remembered that the monitors used in these various studies are
local monitors. More global measures, e. g., using positron emission tomography
(PET), may provide better insight. However, PET studies provide conflicting data
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with some studies suggesting that NBO does not improve the cerebral metabolic
rate for oxygen [48] and others showing an effect only in “at-risk” tissue [5].

Correction of Brain Oxygen

Many factors can influence oxygen levels in the brain (Box 1) and rather than de-
livering high O2 doses, simple correction of PbtO2 using a variety of therapies may
suffice, thus avoiding the potentially deleterious effects associated with hyperoxia.
Brain oxygen monitors have been used in the clinical environment since 1993 and
were first included in the treatment guidelines for severe TBI in 2007 and their
use and physiology has been described in several reviews [49–51]. Decreases in
PbtO2 are not benign and are associated with independent chemical markers of
brain ischemia [52] in microdialysis studies. The number, duration, and intensity
of brain hypoxic episodes (PbtO2 < 15 mmHg), and any PbtO2 value < 5 mmHg are
associated with poor outcome after TBI [53–60]. Indeed, a PbtO2 < 10 mmHg af-
ter TBI is associated with a significant increase in both mortality and unfavorable
outcome [58]. Furthermore, the burden of brain hypoxia is an independent factor
associated with poor outcome [60]. The exact relationship with outcome, however,
may vary depending on where the probe is placed (i. e., in normal white matter,
in the penumbra, or in a contusion [61, 62]). Similar but less robust relationships
between reduced PbtO2 and poor outcome are observed in SAH [63, 64].

Box 1:
Factors that may influence oxygen levels in the brain (PbtO2)

Local factors of major influence on PbtO2 Systemic factors of major influence on PbtO2

1. Oxygen consumption of neurons and
glial cells
2. Oxygen diffusion conditions/gradients
in tissue
3. Number of perfused capillaries per
tissue volume
4. Length and diameter of perfused
capillaries
5. Capillary perfusion rate and microflow
pattern
6. Hemoglobin oxygen release in
microcirculation

1. Intracranial pressure
2. Arterial blood pressure and cerebral
perfusion pressure
3. PaO2, PaCO2, pH,
4. Temperature
5. Blood hemoglobin content, P50, viscosity,
and hematocrit

Brain oxygen monitoring is useful in a variety of clinical situations in which
secondary brain injury may occur [65, 66], and some studies suggest that PbtO2

complements ICP monitoring. Episodes of brain hypoxia are common and may oc-
cur even when ICP and cerebral perfusion pressure (CPP) are normal [60, 67–69],
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emphasizing the potential value of multimodal monitoring that integrates data from
several physiologic monitors. A strong relationship is observed between PbtO2 and
several drivers of brain perfusion, such as mean arterial pressure (MAP), CPP, and
end-tidal CO2 [70–72]. This observation can help clinicians to better understand the
complex pathophysiology of the brain after an acute insult, evaluate autoregulation,
and identify optimal physiologic targets and the utility of therapeutic interven-
tions [73–79]. Some, but not all, observational series suggest that the addition of
PbtO2-based care to conventional ICP- and CPP-based care is associated with im-
proved outcome after severe TBI [80–83]; this question is now being evaluated in
a multicenter clinical trial.

What is the Optimal Oxygen Level During Resuscitation?

An association between hypoxia and poor outcome from TBI, ischemic stroke,
and SAH is well documented. Hence, avoidance of hypoxia is central to man-
agement guidelines for all these conditions. However, it is unclear whether hyper-
oxygenation is beneficial and the concept of hyperoxic resuscitation is controver-
sial. Hyperoxic resuscitation has been studied most in reperfusion and cardiac
arrest. In animal models of global cerebral ischemia or ventricular fibrillation,
cardiac arrest hyperoxic reperfusion increases hippocampal neuronal death and in-
duces behavioral deficits [84] and impairs oxidative energy metabolism [85]. In
the last decade, moderate hypothermia has become the mainstay of treatment in the
post-resuscitation period after clinical cardiac arrest. However, for the damaged
brain, optimal O2 transport, including arterial oxygenation, may also be impor-
tant; international guidelines recommend a target arterial O2 saturation of 94 % to
98 % [86]. There are, however, conflicting data on hyperoxia in the immediate
post-resuscitation period with some studies finding a dose-dependent association
between supranormal O2 tension and risk of in-hospital death [87], and others re-
porting that hyperoxia did not have a robust or consistently reproducible association
with mortality [88]. In these studies, the relationship with cerebral outcomes and
neurologic function was not well studied.

In observational clinical studies of severe TBI, both hyperoxia and hypoxia are
equally detrimental to short-term outcomes [89, 90]. These conflicting results may
depend on the mechanism of cellular injury and highlight the pathophysiological
complexity of acute neurologic disorders. Several studies suggest that hyperoxia
(or NBO) reduces excitotoxin-induced calcium influx and subsequent neuronal de-
generation but favors ischemia-induced (oxygen-glucose deprivation) brain damage
and neuronal death [30, 91]. Although there may be deleterious effects with hy-
peroxia, some experimental studies suggest that benefits of enhanced O2 delivery
during TBI resuscitation may outweigh detrimental increases in oxidative stress
and neuroinflammation and reduce fluid requirements [92, 93]. The implication of
these observations is that there is no ‘one size fits all’ and use of a narrower, tar-
geted therapeutic window for oxygenation may improve outcomes. Consistent with
this observation, Balan et al. [94], in a clinically applicable protocol designed to
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reduce post-resuscitative hyperoxia in dogs by using oximetry and aiming for an O2

saturation of 95 %, observed reduced CA1 neuron injury and improved outcome.

Conclusions

Hypoxia is a known risk factor for adverse outcome in a variety of acute neurologic
disorders but whether increasing the O2 supply to supraphysiological levels has
beneficial or detrimental effects on patients has been a matter of debate for decades.
In part, the effects may depend on the disease and the dose, e. g., amount and time
of exposure [95]. Clinical physiologic studies demonstrate that HBO and NBO
improve brain oxidative metabolism; for some investigators this is important but
for others it represents only a biological epiphenomena. However, it appears that
O2 treatment is not an all or nothing phenomenon but has a graduated effect. Several
studies suggest that PbtO2-directed therapy may contribute to reduced mortality and
improved outcome of TBI patients but there is clinical equipoise. What is clear is
that any injury to the brain triggers a battery of damaging events, some of which
may benefit from a specific therapy (O2) and some that will not. The challenge is
to identify the patient who will benefit.

Oxygen therapy – especially NBO – guided by measures of brain metabolism
and function, may offer a simple and effective therapeutic strategy. Combining
NBO with other agents or treatments that target multiple mechanisms of injury
may achieve better outcomes than an individual treatment alone. More importantly,
correcting abnormal oxygenation or metabolism in the brain rather than using O2

therapy in all may be the most effective approach. The success of any O2 therapy
will depend on recognizing that the margin of safety between effective and poten-
tially toxic O2 doses is relatively narrow, on the ability to carefully control its dose,
on careful adherence to therapeutic protocols, and on individually tailored treatment
regimens.
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Part III
Mechanical Ventilation



Intubation in the ICU:
We Could Improve our Practice

A. De Jong, B. Jung, and S. Jaber

Introduction

Airway management is a commonly performed procedure in the intensive care unit
(ICU). Hypoxemia and cardiovascular collapse represent the initial and most seri-
ous life-threatening complications associated with difficult airway access, both in
emergency intubation in the critically ill [1–4] and in planned intubations (e. g.,
scheduled surgery or invasive procedures) [5]. To prevent and limit the incidence of
life-threatening complications following intubation, several pre-oxygenation tech-
niques and intubation algorithms have been entertained.

The objectives of the present chapter are to:
1) describe new tools (e. g., the MACOCHA Score) to better identify patients at

high-risk of difficult intubation and related complications;
2) describe new strategies for improving pre-oxygenation before intubation (e. g.,

continuous positive airway pressure [CPAP] or non-invasive ventilation [NIV]);
3) propose an intubation bundle (the Montpellier-ICU intubation algorithm) to

limit complications related to the intubation procedure;
4) report recent data on the role of videolaryngoscopes in the ICU; and, finally,
5) propose an algorithm for secure airway management in the ICU (The Montpellier-

airway ICU algorithm).

Which Patients are ‘At Risk’ of Complications During Intubation?

All ICU patients could be considered at risk of complications during intubation.
The main indication for intubation in the ICU is acute respiratory failure [1–4]. In
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these cases, the risk of hypoxemia and cardiovascular collapse during the intubation
process (often crucial) is particularly elevated (15 to 50 %) [3]. Respiratory muscle
weakness (‘ventilatory insufficiency’) and gas exchange impairment (‘respiratory
insufficiency’) are often present. It is thus worth anticipating that life-threatening
complications may occur during intubation [6]. Obesity and pregnancy are the two
main situations where functional residual capacity (FRC) is decreased and where
the risk of atelectasis is increased leading to hypoxemia [6]. Other ‘at risk’ patients
include those who cannot safely tolerate a mild degree of hypoxemia (epilepsy,
cerebrovascular disease, coronary artery disease, sickle cell disease, etc. . . . ). Fi-
nally, patients considered to be ‘difficult to intubate’, in particular require adequate
pre-oxygenation [7].

How to Identify Risk Factors for Difficult Intubation in the ICU?

Although several predictive risk factors and scores for difficult intubation have
been identified in anesthesia practice, until recently no (a priori) clinical score
had been developed for ICU patients. However, a recent study assessed risk fac-
tors for difficult intubation in the ICU [3] and developed a predictive score of
difficult intubation, the MACOCHA score, which was then externally validated.
The main predictors of difficult intubation were related to the patient (Mallampati
score III or IV, obstructive sleep apnea syndrome, reduced mobility of cervical
spine, limited mouth opening), the pathology (coma, severe hypoxia) and the oper-
ator (non-anesthesiologist) (Table 1). By optimizing the discrimination threshold,
the discriminative ability of the score is high. In order to reject difficult intubation
with certainty, a cut-off of 3 or greater seems appropriate, providing an optimal
negative predictive value (97 % and 98 % in the original and validation cohorts, re-
spectively) and sensitivity (76 % and 73 % in the original and validation cohorts,
respectively). The MACOCHA score enables patients at risk of difficult intubation
to be identified and further studies are needed to determine whether calculating this

Table 1 MACOCHA score calculation worksheet

Points
– Factors related to patient

Mallampati score III or IV
Obstructive sleep apnea syndrome
Reduced mobility of cervical spine
Limited mouth opening < 3 cm

5
2
1
1

– Factors related to pathology
coma
Severe hypoxemia (< 80 %)

1
1

– Factor related to operator
Non-anesthesiologist

1

Total 12

Coded from 0 to 12, 0 = easy, 12 = very difficult
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score before each intubation could help reduce the incidence of difficult intubations
and related complications.

Of note, the Intubation Difficulty Scale (IDS) is a quantitative scale of intuba-
tion difficulty, which can be useful for objectively comparing the complexity of
endotracheal intubation, but a posteriori and not a priori [21].

How to Improve Pre-oxygenation Before Intubation?

Spontaneous Ventilation

Several maneuvers in spontaneous ventilation (e. g., 3–8 vital capacities vs 3 min-
utes tidal volume breathing) exist to improve pre-oxygenation before intubation and
seem to be almost equally effective [8]. Some technical details, however, can make
a significant difference. First, the clinician needs to make sure that the facemask
properly fits the patient’s facial morphology. Second, fresh gas flow needs to be
set at a high range to homogenize ventilation through the lungs and to decrease
the impact of leaks [9, 10]. Third, leaks should be avoided and diagnosed either by
a flaccid reservoir bag or by the absence of a normal capnograph waveform, because
leaks impair the efficacy of pre-oxygenation.

End-tidal oxygen concentration (EtO2 in %) is available as a surrogate for oxy-
gen alveolar pressure (PAO2) which reflects, in part, the oxygen reserve in the lungs;
the target commonly adopted is 90 % [11]. This target is reached more quickly when
pure oxygen is administered. Although the clinician must be aware of the poten-
tial complication of de-nitrogenation-induced atelectasis, the benefit of reaching an
end-inspiratory oxygen fraction of 90 % before attempting intubation outweighs the
risk of developing atelectatic-related hypoxia in ‘at risk’ patients.

In critically ill patients, the advantage of a prolonged period of pre-oxygenation
has not been clearly demonstrated. Most such patients present with acute respira-
tory failure with a certain amount of shunt, a reduced FRC, and do not respond to
administration of oxygen as well as patients scheduled for surgery [12]. Mort et al.
demonstrated a moderate increase in arterial oxygen pressure (PaO2) after 4 min of
oxygen therapy before intubation (from 62 to 88 mmHg before and after oxygen
therapy) [12]; despite pre-oxygenation, half of the 34 patients included in the study
experienced severe hypoxia during intubation.

Position

Patient position is an important factor and limits the decrease in FRC. Studies have
reported that pre-oxygenation in the semi-sitting position or in the 25° head-up po-
sition can achieve higher PaO2. It may also prolong the time to hypoxemia in obese
patients scheduled for surgery [13, 14]. To our knowledge, thus far only one study,
performed in non-obese patients scheduled for surgery, has reported a beneficial
impact of semi-sitting (20° head up) during pre-oxygenation in terms of time to
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desaturation [15]. This position seems not to be beneficial in pregnant patients,
probably because of the gravid uterus constraining the diaphragm in its upper posi-
tion and because of the detrimental effect of the sitting position on vena caval back
flow [16]. In the critically ill, there are so far no pre-oxygenation studies evaluating
the semi-sitting versus the supine positions.

Non-invasive Ventilation with Positive Pressure

Positive end-expiratory pressure (PEEP) with high-flow oxygen has been evaluated
as a pre-oxygenation method in the morbidly obese. The aim of positive pressure
used as a pre-oxygenation method is to increase the proportion of aerated lung,
thereby limiting the decrease in FRC. This limitation in FRC decrease will result
in an increase in lung oxygen stores, and may also help keep the closing capacity
below the FRC. The closing capacity is the volume of air at which airways begin
to close during expiration. The volume of air between the closing capacity and the
residual volume is called the closing volume.

The first study was performed in the early 2000s and found that applying
7 cmH2O of CPAP for 3 minutes did not prolong time to desaturation in morbidly
obese women [17]. Important limitations of this study were the absence of ven-
tilation between the onset of apnea and intubation, and the relative brevity of the
pre-oxygenation (only 3 minutes). Later studies, however, showed a benefit of ap-
plying CPAP with oxygen during pre-oxygenation in morbidly obese patients [18,
19]. Compared to O2 alone, CPAP of 10 cmH2O + O2 for 5 min increased the time
to desaturate and reduced the amount of atelectasis following intubation [18, 19].
Immediately after intubation, the amount of atelectasis measured by computed
tomography (CT) was 10 % in the oxygen group compared to only 2 % in the
10 cmH2O PEEP group [18].

In a landmark study of morbidly obese patients, our group showed that NIV us-
ing a pressure support ventilation (PSV) level of 8 cmH2O and PEEP of 6 cmH2O
for 5 minutes was safe, feasible, and efficient [20]. We reported that 95 % of
patients could reach the end-expiratory oxygen fraction target of 90 % with NIV
compared to 50 % in the oxygen group [20]. The impact of the combination of both
semi-sitting position and NIV in obese and non-obese surgical patients needs to be
evaluated.

Pre-oxygenation with NIV in pregnant patients has never been formally evalu-
ated, as it may be harmful because of the risk of aspiration in this patient population.

NIV as a pre-oxygenation maneuver has also been evaluated in critically ill
patients; our group reported its benefits compared to administration of oxygen
alone [21]. Indeed, in a randomized controlled trial including hypoxemic patients,
the incidence of severe hypoxemia (SpO2 < 80 %) within 30 min after intubation
was 7 % in the NIV group (PSV 5–15 cmH2O, PEEP 5–10 cmH2O, FiO2 = 100 %),
compared to 42 % in the oxygen group. To perform NIV for 3 to 5 min in critically
ill patients, the facial mask available in every ICU room is adequate. The patient
should be in the semi-sitting position, FiO2 set at 100 %, inspiratory pressure set to
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Box 1 The Montpellier-ICU intubation algorithm, adapted from [2]

PRE-INTUBATION
1. Presence of two operators
2. Fluid loading (isotonic saline 500 ml or starch 250 ml) in absence of cardiogenic edema
3. Preparation of long-term sedation
4. Pre-oxygenate for 3 min with NIV in case of acute respiratory failure (FiO2 100 %, pressure
support ventilation level between 5 and 15 cmH2O to obtain an expiratory tidal volume between
6 and 8 ml/kg and PEEP of 5 cmH2O)

PER-INTUBATION
5. Rapid sequence induction:
– Etomidate 0.2–0.3 mg/kg or ketamine 1.5–3 mg/kg
– Succinylcholine 1–1.5 mg/kg (in absence of allergy, hyperkalemia, severe acidosis, acute or
chronic neuromuscular disease, burn patient for more than 48 h and medullar trauma)
– Rocuronium: 0.6 mg/kg IVD in case of contraindication to succinylcholine or prolonged stay
in the ICU or risk factor for neuromyopathy
6. Sellick maneuver

POST-INTUBATION
7. Immediate confirmation of tube placement by capnography
8. Norepinephrine if diastolic blood pressure remains < 35 mmHg
9. Initiate long-term sedation
10. Initial ‘protective ventilation’: tidal volume 6–8 ml/kg, PEEP < 5 cmH2O and respiratory
rate between 10 and 20 cycles/min, FiO2 100 % for a plateau pressure < 30 cmH2O
11. Recruitment maneuver: CPAP 40 cmH2O during 40 s, FiO2 100 % (if no cardiovascular
collapse)
12. Maintain intubation cuff pressure from 25–30 cmH2O

NIV: non-invasive ventilation; CPAP: continuous positive airway pressure ; FiO2: inspired fraction
of oxygen

observe a tidal volume of 6 to 10 ml/kg and respiratory rate of 10 to 25 cycles/min.
The duration of the procedure usually corresponds with the time needed to prepare
the drugs and equipment for intubation. NIV was included in a bundle and was
associated with a decrease in life-threatening hypoxemia following intubation in
a multicenter study [1, 2] (Box 1).

Recruitment Maneuver

As discussed earlier, the rationale of use NIV during pre-oxygenation is to recruit
lung tissue available for gas exchange: ‘Open the lung’ with the PSV and ‘keep
the lung open’ with PEEP, which limits alveolar de-recruitment. Conversely, the
combination of de-nitrogenation (with 100 % O2) and the apneic period associated
with the intubation procedure can dramatically decrease the aerated lung volume
ratio, thereby causing atelectasis. In obese patients pre-oxygenated without posi-
tive pressure, the proportion of atelectasis following intubation can represent 10 %
of the total lung volume [18]. One option to limit alveolar de-recruitment after in-
tubation is to ventilate the patient using a bag-valve balloon. However, it is not
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possible to measure the pressure delivered when patients are ventilated using this
method.

A recruitment maneuver (RM) consists of a transient increase in inspiratory pres-
sure. Several maneuvers exist, but the one best described in this situation consists
of applying a CPAP of 40 cmH2O for 30 to 40 s [22–24]. In the ICU, a randomized
controlled trial was conducted by our group in 40 critically ill patients requiring in-
tubation for acute hypoxemic respiratory failure [22]. Compared to no RM, an RM
performed immediately after intubation was associated with a higher PaO2 (un-
der 100 % FiO2) 5 min (93 ˙ 36 vs 236 ˙ 117 mmHg) and 30 min (110 ˙ 39 and
180 ˙ 79 mmHg) after intubation.

In the operating room, an initial study assessed the impact of applying sev-
eral PEEP (0, 5, 10 cmH2O) values following intubation in obese and non-obese
patients scheduled for surgery [24]. At each step, end-expiratory lung volume,
static elastance, gas exchange and dead space were measured. In both obese
and non-obese patients, PEEP of 10 cmH2O compared with zero end-expiratory
pressure (ZEEP) improved end-expiratory lung volume and elastance without ef-
fects on oxygenation. We then randomized 66 morbidly obese patients (body
mass index 46 ˙ 6 kg/m2) scheduled for surgery into 3 groups: Conventional
pre-oxygenation, pre-oxygenation with NIV and pre-oxygenation with NIV +
post-intubation RM [23]. The study demonstrated that the combination of pre-
oxygenation with NIV + post-intubation RM helped maintain lung volumes and
oxygenation during anesthesia induction more so than pre-oxygenation with either
pure oxygen alone or with NIV. One of the main take home messages of this study
was that to improve PaO2 5 min after intubation, an RM added to NIV could be
performed. Both oxygenation (PaO2, 234 ˙ 73 mmHg vs 128 ˙ 54 mmHg) and
capnia (PaCO2 42 ˙ 3 vs 40 ˙ 3 mmHg) were improved in the RM + NIV group
compared to NIV alone.

Bundle to Limit Complications Related to Intubation
(TheMontpellier-ICU Intubation Algorithm)

Pre-oxygenation and RMs are only two of the procedures that can improve air-
way safety. Managing the airway of ‘at risk’ patients presents some unique chal-
lenges for the anesthesiologist/intensivist. The combination of a limited physio-
logic reserve in these patients and the potential for difficult mask ventilation and
intubation mandates careful planning with a good working knowledge of alterna-
tive tools and strategies, should conventional attempts at securing the airway fail.
Pre-oxygenation techniques can be combined to limit the risk of hypoxia during
intubation attempts. To limit the incidence of severe complications occurring after
this potentially hazardous procedure, we believe that the whole process (pre-, per-
and post-intubation) should be guided by protocols geared toward patient safety.
We designed a multicenter study and described how implementation of such a bun-
dle protocol could improve the safety of airway management in the ICU [1, 2]. This
bundle, the Montpellier-ICU intubation algorithm, is summarized in Box 1.
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Briefly, pre-intubation period interventions consisted of fluid loading if there was
no cardiogenic edema, pre-oxygenation with NIV in the case of acute respiratory
failure, preparation of sedation by the nursing team and the presence of two opera-
tors. NIV applied during the 3-min pre-oxygenation phase was performed with an
ICU ventilator (most often those which served to provide invasive mechanical ven-
tilation) and a standard face mask. The PSV level was set between 5 and 15 cmH2O,
adjusted to obtain an expired tidal volume of 6 to 8 ml/kg of ideal body weight. The
FiO2 was set at 100 % and we used a PEEP level of 5 cm H2O.

During the intubation period, rapid sequence induction (RSI) was recommended
using short-acting, well tolerated hypnotics (etomidate or ketamine), and a rapid
onset muscle relaxant (succinylcholine), with application of cricoid pressure (Sel-
lick maneuver). The Sellick maneuver was performed to prevent gastric contents
from leaking into the pharynx, by external obstruction of the esophagus, and associ-
ated inhalation of substances into the lungs, as well as vomiting into an unprotected
airway.

Just after the intubation (post-intubation period), we recommended verifying the
tube’s position by capnography (a technique which allows the endotracheal posi-
tion of the tube to be confirmed and verifies the absence of esophageal placement),
initiation of long-term sedation as soon as possible (to avoid agitation) and use of
‘protective’ mechanical ventilation settings, as defined by the ARDS network. At
any time, vasopressors were mandatory in the event of severe hemodynamic col-
lapse.

Intubation Devices: Role of Videolaryngoscopes in the ICU

Videolaryngosopes are indirect rigid fiberoptic laryngoscopes with a video camera
mounted at the end of an angled blade. The blade is inserted into the mouth in
the midline and guided down the back of the tongue until the glottis is visualized.
The tip of the endotracheal tube can then be visualized on the video screen and
is positioned to enter the glottic inlet. New videolaryngoscope devices are sug-
gested to improve airway management both in anesthesia care and in critically ill
patients [25]. In recent years, the role of videolaryngoscopes has been debated, par-
ticularly in the ICU where there has been a lack of scientific evidence and generally
intubation conditions are more difficult than in the operating room [26]. Recently,
however, videolaryngoscopes, such as C-Mac [27, 28] or Glide-scope [29, 30], have
demonstrated their effectiveness in the ICU setting. Moreover, a recent study [31]
assessed a new mixed videolaryngoscope that can be used as a direct or indirect
view laryngoscope. This before-after prospective study showed that the systematic
use of a mixed videolaryngoscope for intubation in a quality improvement process
using an airway management algorithm significantly reduced the incidence of dif-
ficult laryngoscopy and/or difficult intubation. In multivariate analysis, standard
laryngoscope use was an independent risk factor for difficult laryngoscopy and/or
difficult intubation, as were Mallampati score III or IV and non-expert operator sta-
tus. Moreover, in the subgroup of patients with difficult intubation predicted by
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the MACOCHA score [3], incidence of difficult intubation was much higher in the
standard laryngoscope group (47 %) than in the mixed videolaryngoscope group
(0 %).

In summary, videolaryngoscopes seem to be effective at reducing difficult intu-
bation in ICU patients, but a large multicenter study is needed to assess whether
complications of intubation are decreased using videolaryngoscopes.

AirwayManagement Algorithm

As previously recommended in the operating room [32], an airway management
algorithm is advised in the ICU (Fig. 1). First, the difficulty of intubation is evalu-
ated using the MACOCHA score. The availability of equipment for management of
a difficult airway is checked. During the procedure, the patient should be ventilated
in case of desaturation to < 80 %. In case of inadequate ventilation and unsuc-
cessful intubation, emergency non-invasive airway ventilation (supraglottic airway)
must be used. If a difficult intubation is predicted (MACOCHA score � 3), the
presence of two operators, use of a metal blade, and use of a malleable stylet are
recommended. The videolaryngoscopy or combo videolaryngoscopy are also rec-
ommended in case of predicted difficult intubation. In other cases, choice of the
device is at the discretion of the physician. In cases of abundant secretions even
after aspiration, direct laryngoscopy is preferred rather than videolaryngoscopy. Fi-
nally, in cases of intubation failure, an intubating stylet (malleable stylet or long
flexible angulated stylet) should be added first, followed successively by the use
of videolaryngoscopy if not initially used, an intubation laryngeal mask airway,
fiberoscopy and finally the use of rescue percutaneal or surgical airway.

Studies are needed to assess whether applying this protocol in the ICU enables
reduction of difficult intubation and complications. In each ICU, this airway man-
agement algorithm could be adapted according to local ICU practice.

Conclusions

Pre-oxygenation is a standard of care before intubation in the operating room and
in the ICU. The aim of pre-oxygenation is to increase the lungs’ stores of oxygen.
In the critically ill patient, the combination of pure oxygen, NIV, de-nitrogenation
and post-intubation recruitment maneuvers outweighs the potential risk of post-
intubation atelectasis. Moreover, potential risk factors for difficult intubation should
be assessed in ICU patients, in order to identify patients at risk of difficult intuba-
tion using a simple score applicable at the bedside. An intubation bundle should
then be applied in order to reduce complications of intubation. Finally, an airway
management algorithm is strongly advised in the ICU, as in the operating room. In
this setting, new intubation devices, such as videolaryngoscopes, should be used
after an appropriate training program.
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MACOCHA Score <3 MACOCHA Score ≥3

Two operators: mandatory
Metal blade: mandatory

Malleable stylet: recommended
RSI: mandatory

Two operators: if possible
Metal blade: if possible

Malleable stylet: up to physician
RSI: mandatory

Direct laryngoscopy

Secretions No secretions

Fluid aspiration

Aspiration 
success

Aspiration 
failure

Videolaryngoscopy 

Step 3: Intubating laryngeal 
mask airway (ILMA)  

Step 4: Fibroscopy 
if immediately available 

Step 1: Add intubating 
stylet if not used initially

Step 5: Rescue 
surgical or percutaneous airway

Unsuccessful
intubation (difficult)** 

Successful
intubation

Successful
intubation

Direct laryngoscopy Combo videolaryngoscopy or videolaryngoscopy

Physician choice

Step 2: Videolaryngoscopy 
if possible and not used initially

Recommended

Evaluation of difficult intubation*

Fig. 1 Airway management algorithm in the intensive care unit.
* The availability of equipment for management of a difficult airway is checked;
** During the whole procedure, the patient should be ventilated in case of desaturation < 80 %. In
case of inadequate ventilation and unsuccessful intubation, emergency non-invasive airway venti-
lation (supra-glottic airway) must be used. RSI: rapid sequence induction
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Oral Care in Intubated Patients:
Necessities and Controversies

S. Labeau and S. Blot

Introduction

Healthcare professionals in both the community and hospital settings are respon-
sible for maintaining good oral health of patients who are not able to perform this
simple activity themselves. Cancer patients receiving chemotherapy or radiother-
apy, institutionalized elderly, and patients in a critical care environment (intensive
care unit [ICU]) are undeniably among the most vulnerable patients, in whom
oral status deserves adequate attention because they may suffer from poor oral
health [1, 2].

Oral health deteriorates following admission to hospital, and in the critical care
setting in particular [3]. Patients who are tracheally intubated and mechanically
ventilated are most prone to bad oral health, as a result of various physiological,
pathological, mechanical and immunological factors [2, 4, 5]. In addition to issues
relating to patient comfort, a lack of oral hygiene is associated with increased mor-
bidity [6, 7]. Poor oral health may lead to the development of caries, thus causing
permanent damage to teeth. Potentially lethal complications, such as ventilator-
associated pneumonia (VAP), may also be the result of inadequate oral care. The
added costs of complications are exponentially higher than the expenses associated
with thorough prevention so that complications due to inadequate oral hygiene may
carry a substantial health-economic burden [8].

Despite the ostensible advantages of providing adequate oral care to critically
ill patients, oral care practices remain inconsistent, and mouth care is often still
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perceived as a comfort measure. There is, therefore, an urgent need for defined
oral care procedures that are well supported by scientific evidence. This chapter
provides a non-extensive overview of the growing interest in oral care, problem
statement, impact of bad oral health, and oral care practice.

AGrowing Interest in Oral Care

Interest in oral care by healthcare professionals and investigators has long been lim-
ited. Only in recent years has the number of studies related to this important topic
begun to increase. As a consequence of this delay, evidence-based recommenda-
tions for oral care are not yet available, and several questions remain unanswered.
The current lack of evidence pertains to various aspects of oral care, such as the
best method, the best frequency, the best product and the best concentration of the
best product [9].

The growing interest in oral care was well illustrated by Dale et al. who explored
the evolution of nursing discourse in oral hygiene for tracheally intubated and me-
chanically ventilated patients by searching the online CINAHL and MEDLINE
databases for nurse-authored English language articles published between 1960 and
2011 in peer-reviewed journals, and that discussed oral problems or related care for
intubated adult patients [10]. Their review resulted in the identification of 84 pub-
lications that met the inclusion criteria. The early literature, defined as published
between 1960 and 1985, revealed just six publications, three of these being descrip-
tive evaluative studies and three with a narrative review design. Of the remaining
78 publications, 63 were published in or later than the year 2000. Among these,
only six, however, were randomized controlled trials, with the earliest being pub-
lished in 2006 [10].

This evolution in nursing interest for an efficient and effective means to deliver
oral care to tracheally intubated patients clearly demonstrates growing awareness
of their responsibility in a professional domain that still needs to be extensively
charted.

Problem Statement

Several, often interrelated, mechanisms are involved in the deterioration of oral
health in critically ill tracheally intubated patients.

Oral Flora

In healthy persons, the oropharynx is mainly colonized by Gram-positive strepto-
cocci and dental microorganisms. Within 48 hours of hospital admission, however,
dramatic changes in this flora take place. Critical illness induces an increased
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vulnerability to colonization with exogenous microbes, leading to a shift in com-
mensal oral flora towards a predominance of Gram-negative organisms and Staphy-
lococcus aureus [1, 5]. Critically ill patients have increased levels of proteases in
their oral secretions, which cause a depletion of fibronectin, a glycoprotein that
interferes with binding of Gram-negative bacteria to epithelial cells and acts as
a reticuloendothelial-mediated host defense system [11]. As a result, organisms
such as Pseudomonas aeruginosa easily attach to the buccal and pharyngeal epithe-
lial cell receptors [12]. Increased activity of proteolytic enzymes, such as elastases
and proteases, and loss of fibronectin, followed by adherence of Gram-negative
bacteria have been shown to be associated events [13–15]. The length of stay in the
ICU is, moreover, an important contributing factor because the degree of coloniza-
tion of the oral cavity with respiratory pathogens such as S. aureus, Streptococcus
pneumoniae, Hemophilus influenza, and Acinetobacter baumannii increases to over
70 % with increasing severity of illness and length of stay in a critical care environ-
ment [16].

Dental Plaque

Dental plaque results from colonization and growth of aerobic, anaerobic and fila-
mentous microorganisms on the surface of teeth and soft tissues [12]. It is a dynamic
and complex system connecting microorganisms embedded in an extracellular ma-
trix. Dental plaque starts to build up on teeth within 72 hours after cessation of an
adequate oral hygiene regimen [17] and is not easily removed. Biofilm formation
enhances bacterial replication and the ability of bacteria to overcome host defense
mechanisms [18].

A recent systematic review demonstrated that hospitalization was associated
with increased dental plaque accumulation leading to increased risk of inflamma-
tory conditions in the mouth, such as periodontal disease [3]. A study comparing
the colonization of dental plaque by respiratory pathogens in medical ICU patients
with age-matched, untreated control subjects found higher dental plaque levels in
the ICU patients [2]. More recently, a prospective, longitudinal observational study
collected dental plaque samples of ICU patients from up to six sites per patient in
order to determine microbiological change from baseline to seven days [19]. For
patients who were still in the ICU on day 14, additional analysis was conducted.
Of the 50 patients recruited, 36 were available for review at one week. A statisti-
cally significant (p < 0.01) increase in total viable microbe counts by a median of
2.26 × 106 cfu/ml from baseline to week one (95 % CI: 3.19 × 106, 1.24 × 107) was
identified [19].

Dental plaque may be an important reservoir for pathogens, and dental plaque in
ICU patients can be colonized by potential respiratory pathogens [2, 5, 19].



122 S. Labeau and S. Blot

Drugs

Various drugs that are frequently used in the ICU negatively influence oral health.
Exposure to antibiotics may promote colonization of the oral cavity by opportunistic
pathogens [1, 2], and several medications cause xerostomia, which has a damaging
impact on oral health [20]. The latter include antihypertensives, anticholinergics,
antihistamines, antipsychotics, anorectics, anticonvulsants, antineoplastics, sympa-
thicomimetics, antidepressants, and diuretics [20].

Endotracheal Tube

The presence of an oral endotracheal tube (ETT), in combination with the use of
sedative drugs, inhibits or hampers swallowing. As a result, accumulated debris in
the oral cavity creates a perfect environment for the multiplication of microorgan-
isms. As the most important mechanism in the development of VAP is aspiration
of oropharyngeal secretions into the lower respiratory tract, the presence of an ETT
provides a direct pathway for translocation of microorganisms from the oropharynx
to the lower respiratory tract, through an open glottis [21].

Evidence-based guidelines recommend the oral route of intubation with regard
to the prevention of VAP [22]. However, oral intubation simultaneously causes
the patient’s mouth to be continuously open, resulting in xerostomia that induces
drying of the mucous membranes, accumulation of dental plaque and reduction
in the distribution of salivary immune factors [5]. Contrarily, ETTs may cause
hypersalivation by inducing a hyperactive gag reflex [1, 23].

ETTs are also mechanical barriers that may hamper adequate examination and
evaluation of the oral cavity and limit access for oral care [1, 24].

Finally, endotracheal intubation facilitates bacterial adherence to the mucosa by
reducing mucosal immunoglobulin A, increasing protease production, damaging
mucous membranes, increasing airway pH, and increasing the numbers of airway
receptors for bacteria because of acute illness and antimicrobial use [2, 4, 16, 21].

Salivary Flow

Saliva contains natural antimicrobial proteins, including lysozyme, lactoferrin,
lactoperoxidase, immunoglobulins, proline-rich proteins, cystatins, histatins, Von
Ebner gland protein, secretory leukocyte proteinase inhibitor, and chromogranin
A [25, 26]. Salivary flow, therefore, contributes considerably to maintaining oral
health through its antimicrobial, lubricating and buffering properties [5, 27]. The
buffering capacity plays an important role in limiting the deleterious effects of
acid-producing bacteria on the teeth [11]. In critically ill patients, the production
and distribution of saliva is threatened by several factors, including fever, diarrhea,
extensive burn injury, and reduced or insufficient fluid intake [27]. As mentioned
above, xerostomia can additionally result from drug administration [1, 2, 5, 20, 24,
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27] and from orally inserted ETTs [1, 5, 20, 24]. Importantly, stress and anxiety
may in turn induce xerostomia [5].

Xerostomia can facilitate oropharyngeal colonization with Gram-negative bac-
teria, the development of mucositis [27], and the accumulation of dental plaque.
It also reduces the distribution of salivary immune factors, such as salivary im-
munoglobulin A, which protects against respiratory pathogens, and lactoferrin,
which is bactericidal against several major pathogens, including S. aureus, P.
aeruginosa and H. influenzae [5].

Impact of Poor Oral Health

Reduced salivary flow has been directly, positively related to development of
caries [17]. Stomatitis increases the risk of bacterial translocation and may result
in sepsis and subsequent multiple organ failure [28]. Bacterial plaque development
may be followed by gingivitis, inducing a shift at the gingival surface from pre-
dominantly streptococcus and Actinomyces spp. to aerobic Gram-negative bacilli.
In case of dental plaque accumulation, subgingival inflammation may progress to
periodontitis, which, in turn, has been associated with systemic diseases such as
bacteremia, rheumatoid arthritis or cardiovascular diseases [17, 28].

Substantial evidence supports the relationship between poor oral health, the oral
microflora and VAP [2]. Nosocomial pneumonia is responsible for up to 50 % at-
tributable mortality and considerable morbidity in the ICU [29]. Micro-aspiration
of contaminated upper airway secretions along leaks and defects of the tracheal seal
of the cuff is assumed to play a pivotal role in VAP development, with oropharyn-
geal colonization among the most critical risk factors [4, 5, 21, 30].

Oral Care Practice

Nurses’ Attitudes Towards Oral Care

In the past decade, the attitude of ICU nurses towards oral care appears to have
undergone some positive change. An American survey of 77 nursing care providers
in 2003 reported that oral hygiene was generally directed towards patient comfort
rather than towards preventing infection. Additionally, oral care priority was rated
only 54 on a 100-point scale [31].

A 2004 survey among nurses in two ICUs in a London hospital found that 62 %
of 103 participants had received some training in oral need assessment and 74 % in
oral care methods; 58 % requested initial or further training in oral care. On a 10-
point Lickert scale, 13.5 % of the nurses rated oral care as a low priority (grades
4–6) [24].

Also in 2004, a survey by Furr et al. aimed to determine the factors that affect
quality of care. The survey was completed by 556 respondents in 102 American
ICUs. The oral care education nurses had received, along with having sufficient
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time to provide care, prioritizing oral care, and not viewing oral care as unpleasant
were found to have direct effects on the quality of the oral care provided [32].

In 2007, a survey in 59 European ICUs revealed that oral care was considered
a high priority by most of the respondents (88 %) [33]. Although 77 % of par-
ticipants indicated that they had received adequate training on this issue, the vast
majority (93 %) stated that they would like additional oral care education. Impor-
tantly, 32 % of participants considered cleaning the oral cavity as a difficult and
unpleasant task, and 68 % considered it difficult. Moreover, 37 % of respondents
felt that, despite their efforts, oral hygiene worsens over time in tracheally intu-
bated patients. The authors concluded that it is an important challenge to train and
educate nurses in such a way that their attitude becomes more positive [33].

Education

The positive effect of oral care education on ICU nurses’ knowledge and practice is
well illustrated by a study using a quasi-experimental design to evaluate the effec-
tiveness of an evidence-based practice education program, incorporating oral care
with 0.12 % chlorhexidine oral rinse solution. In a convenience sample of 44 reg-
istered nurses, there was a statistically significant difference in the total oral care
educational level (p = 0.009) as well as an increased frequency of providing oral
care (p = 0.001) after a 30 min educational program [34].

Current Practice

A recent Turkish study found a wide variety in the type and frequency of oral care
measures among 101 ICU nurses. Surprisingly, the most commonly used solution
for oral care was sodium bicarbonate (79.2 %), and the most frequently used equip-
ment was foam swabs (82.2 %). Oral care was carried out less than every 4 h per
day by 44.5 % of the nurses. Oral care products and solutions were reported to be
different in almost every unit [35].

In Swiss ICUs, also, a large variety of oral care practices was identified. A sur-
vey yielding completed questionnaires from 21 ICUs revealed that all performed
mechanical tooth cleaning with toothbrushes, with 90 % of these also applying
toothpaste; 75 % of the centers surveyed additionally used oral antiseptics with
chlorhexidine as the preferred product in 67 % of the cases. Iodine use was not
reported. Remarkably, 29 % reported using other mouth wash solutions, most of
which do not possess any pronounced or proven antiseptic properties. Oral hygiene
measures were performed 3 times per day by 75 % of the centers and twice a day by
the remaining 25 %. Saliva substitute was additionally administered by 1/3 of the
centers. Oral hygiene was exclusively administered by the nursing staff [36].

Oral care practices in Europe appear to differ from those in the United States. In
European ICUs, the use of foam swabs and moisturizers is rather rare [33], whereas
in the US these are used very frequently (at least every 12 hours in more than 90 %
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of the respondents) [37]. The beneficial effect of foam swabs, however, remains
unconfirmed [38, 39]. Electric toothbrushes are very rarely used in either European
or American ICUs [37].

The accent of oral care practice in Europe is clearly on mouthwashes, mostly
with chlorhexidine. Indeed, chlorhexidine mouthwashes have been associated with
a decrease in dental plaque [40], incidence of respiratory infections [41], VAP [40,
42] and in nosocomial infections in general [41]. A systematic review and ran-
dom effects meta-analysis of randomized trials assessing the effect of oral care with
chlorhexidine or povidone-iodine on the prevalence of VAP versus oral care with-
out these antiseptics in adult mechanically ventilated patients included 14 studies
with 2,481 patients; 12 investigated the effect of chlorhexidine (2,341 patients) and
two of povidone-iodine (140 patients). Overall, antiseptic use resulted in a sig-
nificant risk reduction in rates of VAP (RR 0.67; 95 % CI 0.50–0.88; p = 0.004).
Chlorhexidine application was shown to be effective (RR 0.72; 95 % CI 0.55–0.94;
p = 0.02), whereas the effect of povidone-iodine remains unclear (RR 0.39; 95 %
CI 0.11–1.36; p = 0.14). Favorable effects were more pronounced in subgroup anal-
yses for 2 % chlorhexidine (RR 0.53, 95 % CI 0.31–0.91), and in cardiosurgical
studies (RR 0.41, 95 % CI 0.17–-0.98) [9].

Chemical and/or Mechanical Cleaning

The oral cavity can be cleaned either mechanically, chemically, or by combining
both methods. Chemical cleaning can be performed with mouthwashes, of which
chlorhexidine appears to be the most effective product with respect to VAP preven-
tion (cfr. supra) [9].

Mouthwashes alone will nevertheless not eliminate dental plaque, and the forma-
tion of a biofilm protects potentially deleterious bacteria against chemical agents.
Foam swabs and toothettes are frequently used in the United States, but their value
in removing plaque formation is unproven and highly questionable [1, 33, 37–39].
A toothbrush is a more adequate tool when it comes to thorough mechanical clean-
ing of the oral cavity [38, 39]. Although not always easy to perform in ICUs,
this practice leads to improved oral health, decreased gingival inflammation, and
cost savings through the elimination of toothettes [43]. Although the size of the
toothbrush itself does not seem to influence its ability to remove dental plaque,
a small-headed or pediatric toothbrush may be more useful in patients with oral
ETTs [1].

Recently, there has been a growing interest in assessing the effect of oral care in-
volving toothbrushing on the development of VAP. Alhazzani et al. [44] and Gu
et al. [45] simultaneously conducted a systematic review and meta-analysis ex-
ploring this issue. Because of variations in inclusion criteria between the research
groups, six [44] and four [45] randomized controlled trials were identified for anal-
ysis, respectively (Table 1). Both meta-analyses yielded identical results, namely
that toothbrushing does not significantly reduce the incidence of VAP (risk ratio
0.77, 95 % CI 0.50–1.21). In addition to some methodological concerns related to
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Table 1 Results of randomized controlled trials comparing an oral care protocol that includes
toothbrushing with an oral care protocol without toothbrushing

Ventilator-associated pneumonia
occurrence rate

Risk ratio (95 %
confidence interval)

Author Setting

Toothbrush
group

Control group

Munro
2009 [46]

Medical, surgical
and trauma ICU

48/97 (47.4 %) 45/95 (47.4 %) 1.04 (0.78–1.40)

Pobo
2009 [55]

Medical, surgical
and trauma ICU

15/74 (20.3 %) 18/73 (24.7 %) 0.82 (0.45–1.50)

Yao
2011 [47]

Neurosurgical
ICU

4/28 (14.3 %) 14/25 (56.0 %) 0.26 (0.10–0.67)

Lorente
2012 [56]

Medical, surgical
and trauma ICU

21/217 (9.7 %) 24.219 (11.0 %) 0.88 (0.51–1.54)

the fact that VAP diagnosis was exclusively based on a Clinical Pulmonary Infection
Score � 6 in two studies [46, 47] in both meta-analyses, the results should not lead
to the conclusion that there is no need for toothbrusing in oral care. Toothbrush-
ing is essential to remove dental plaque and maintain oral health in any individual,
and helps alleviate the oral discomfort that patients with oral ETTs are particularly
prone to [48, 49]. Providing oral care that does not involve toothbrushing should be
considered as bad practice and cannot be listed among current controversies in the
prevention of VAP as its primary goal is not the avoidance of pneumonia [50, 51].

Oral tool kits are now available that contain all the materials needed to provide
oral care for 24 hours. It has been demonstrated that the availability of such kits
at the bedside increases the frequency and comprehensiveness of the oral care pro-
vided [52].

Frequency of Oral Care

The optimal frequency to administer oral care is another controversial issue for
which evidence-based recommendations are still lacking. Grap et al. compared
self-reported frequencies of oral care interventions by ICU nurses with the fre-
quencies documented in the patients’ medical records [31]. Although a majority
of the 170 nurses surveyed reported providing oral care 2 or 3 times daily for non-
intubated patients, and 5 times daily or even more for intubated patients, the authors
identified a mean of only 1.2 times daily per patient based on the unit’s flow sheets.
In a replication study with a sample of 181 nurses, findings were generally compa-
rable to those of the original study, with participants self-reporting more oral care
than was actually documented in writing: the overall documented frequency of oral
care for non-intubated patients was 1.8 for the previous 24 hours, whereas the self-
reported frequency was 3; in intubated patients the main documented frequency was
3.3, whereas the self-reported frequency was 4.2 [53]. The results of the surveys
by Grap et al. [31] and Hanneman and Gusick [53] support the statement by Cutler
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and Davis that “the disparity between what nurses think they do and what is ac-
tually documented raises questions about the reliability of documentation and the
consistency of practice” [52].

It has been suggested that oral care be provided based upon an ‘at risk’ calculator
score, or anywhere between every two and four hours, depending on the patient’s
condition [54]. Cutler and Davis propose swabbing every two hours or as needed
while limiting deep endotracheal suctioning to every six hours [52]. Another proto-
col proposes toothbrushing every two hours combined with oral moistening every
two hours while the ETT remains in situ [54]. It has also been advised to use oral
assessment scores to determine mouth care regimes [12].

Assessment of the Oral Cavity

Oral care can only be effective if preceded by an adequate and thorough assessment
of the oral cavity. Despite the fact that assessment tools are available, they do not
seem to be used often in daily nursing practice [1, 24]. This observation may be due
to a lack of time or knowledge, or because they do not assist the bedside nurses in
identifying specific problems such as Candida or Herpes simplex [1]. Collaborative
interactions with a dental hygienist have been proposed, but have not been routinely
employed either in the care of the critically ill or to advise nursing staff in practical
oral care [54].

In their survey on oral care practices, Jones et al. found that 98 % of respondents
reported performing an oral needs assessment routinely, but only 26 % appeared
to use a written assessment tool [24]. Binkley et al. consider the use of an oral
health assessment tool to be a substantial advantage as it stimulates awareness and
allows the practitioner to monitor the value of their interventions [37]. Jones et al.
recommend that the use of an oral assessment tool be made a priority in ICUs [24].
Again, because nurses feel that, despite their efforts, oral hygiene worsens over time
in patients who have an ETT in situ [33, 37], the use of an assessment tool might
help counter this perception [37].

The BRUSHED Assessment Model was suggested by Hayes and Jones to en-
courage nurses to look for particular signs during oral care by means of a simple
mnemonic [23]. Routine inspection of the elements in the model (Bleeding, Red-
ness, Ulceration, Saliva, Halitosis, External factors, Debris) may sharpen awareness
of the different problems that may arise, and may result in systematic and vigilant
cleaning of the oral cavity.

Protocols

In a non-randomized trial with use of a historical control group, Mori and colleagues
demonstrated a significant decrease in the relative risk of VAP (relative risk: 0.37,
95 % CI 0.277 to 0.62) after introduction of an oral care protocol in a medical-
surgical ICU of a university hospital [42]. The VAP incidence decreased from 10.4
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to 3.9 per 1,000 ventilator days [42]. Koeman et al. also found a significantly
decreased risk of VAP when using either a chlorhexidine (hazard ratio: 0.35, 95 %
CI 0.16 to 0.79; p = 0.012) or a chlorhexidine/colistin solution (hazard ratio: 0.45,
95 % CI 0.22 to 0.93; p = 0.030) in comparison with a placebo solution [30]. These
studies indicate that investment in an oral care protocol may be beneficial.

While awaiting solid evidence, we recommend thorough mechanical cleaning
with use of a toothbrush twice daily with additional chemical decontamination us-
ing a chlorhexidine 2 % oral care solution preferably every 6 hours. For patients
with a tendency to develop mouth dryness, repeated administration of ice chips
may help to enhance patient comfort. In such patients, application of moisturizers
can be recommended as well. As micro-aspiration of subglottic secretions is the
principal mechanism in the pathogenesis of VAP, we recommend performing deep
oropharyngeal aspiration of subglottic secretions at least every two hours. We pro-
pose this approach as a ‘best practice’ model, acknowledging a lack of validation of
this protocol and, therefore, we stress the need for well-designed randomized trials
on this issue.

Conclusion

Although strong evidence-based recommendations are lacking, it is clear that pre-
serving oral health is crucial to avoid the development of mouth and respiratory
infections in intubated patients. Good oral health can be achieved by combining
mechanical and chemical cleaning/decontamination of the oral cavity several times
per day, along with an adequate oral assessment. Based on the literature currently
available, we have proposed a non-validated best practice protocol.

Oral care in the critically ill patient with an ETT in situ is often perceived as
a difficult and unpleasant task. Moreover, efforts to preserve adequate hygiene are
often not perceived as beneficial. Thus, implementation of a protocol with the aim
of improving oral care should be accompanied by substantial efforts to increase
awareness of the problem, investment in a more positive attitude, and adequate in-
service training.
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Sleep andMechanical Ventilation
in Critically Ill Patients

C. Psarologakis, S. Kokkini, and D. Georgopoulos

Introduction

Sleep in critically ill patients has been recently recognized as an important con-
cept of modern intensive care. Impaired sleep in intensive care unit (ICU) patients
may have serious cardiorespiratory, neurological, immunological, and metabolic
consequences [1]. Several factors, such as pre-existing medical or chronic sleep
disorders, severity of illness, the acute illness that precipitated the ICU admission,
the ICU environment, alterations in circadian rhythm, various medications and me-
chanical ventilation, may place critically ill patients at risk of poor sleep quality [1].
Among these factors, mechanical ventilation has attracted considerable interest in
recent years. Mechanical ventilation may affect sleep by several direct and indirect
mechanisms, mainly involving aspects of control of breathing and patient-ventilator
interaction, and the use of medications to facilitate care. Studies indicate that care-
fully chosen ventilator modes and titration of ventilator settings may have an impact
on sleep quality in these patients. In this chapter, we will summarize the current
knowledge about this important but largely ignored issue.

Basic Principles of Control of Breathing During Sleep

Although extensive discussion of control of breathing during sleep is beyond the
scope of this chapter, some important issues relevant to mechanical ventilation may
help the reader to understand the relationship between mechanical ventilation and
sleep patterns.
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Data from experimental studies in animals and healthy subjects have shown that
control of breathing differs markedly between wakefulness and sleep [2–4]. In con-
trast to wakefulness, during non-rapid eye movement (NREM) sleep, respiration
is dominated mainly by chemical feedback. This feedback refers to the response
of respiratory muscle pressure (Pmus) to PaO2, PaCO2 and pH. It has been shown
that NREM sleep unmasks a highly sensitive PaCO2 apneic threshold, such that ap-
nea is induced by small transient reductions in PaCO2 below eupnea [2, 4, 5]. This
effect does not occur during wakefulness, in which it has been shown that manipula-
tion of chemical stimuli over a wide range has no appreciable effect on respiratory
rate (Fig. 1) [6, 7]. Unlike in NREM sleep, in both phasic and tonic rapid eye
movement (REM) sleep, ventilatory control was believed to be largely independent
of chemoreceptor drive but dominated by behavioral factors [8]. Earlier studies
suggested that during REM sleep the sensitivity to CO2 is significantly reduced,
whereas on the other hand there is a non-chemoreceptor activation of respiratory
neurons and absence of apnoeic threshold [8,9]. However, Meza et al. showed no
significant difference between REM and NREM sleep in terms of the response of
Pmus to chemical stimuli [5]. During both REM and NREM sleep, even a small
change in tidal volume (VT) that was inevitably associated with chemical stimuli
alteration resulted in a corresponding response of Pmus [5]. This finding indicates
that chemical feedback dominates respiration during all stages of sleep.

Not only is chemical feedback a major determinant of breathing during sleep, its
magnitude is influenced by the wakefulness/sleep stage. Compared to wakefulness,
several studies have shown that the sensitivity to chemical stimuli is reduced during
sleep. This reduction applies to all stages of sleep, although data in REM sleep are
scanty. Some of this reduction in chemosensitivity may be secondary to an increase
in upper airway resistance but this is unlikely to be the sole explanation because
PaCO2 increases during sleep even when the upper airways are by-passed [10].

The fact that control of breathing differs between wakefulness and sleep (and
possible sedation) is relevant to mechanical ventilation. Ventilatory settings and/or
ventilator modes which are appropriate during wakefulness may not be so during
sleep and vice versa.

Sleep in Mechanically Ventilated Patients

Surveys of ICU survivors have shown that sleep deprivation and the inability to
sleep rank among the top three major sources of anxiety and stress during the
ICU stay (along with pain and intubation) [11]. Moreover, sleep abnormalities,
as detected by polysomnograpy, are extremely common in mechanically ventilated
critically ill patients [12, 13]. Notwithstanding that sleep scoring using conventional
rules may not be feasible in some patients because of the absence of stage-2 markers
and abnormal electroencephalogram (EEG) features during wakefulness [14], crit-
ically ill patients exhibit considerable reduction (or absence) in REM and NREM
slow-wave sleep (SWS, deep sleep), increased duration of stage 1 (light sleep) and
more frequent arousals and awakenings than normal [1, 12, 13]. Thus, although to-
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Fig. 1 a Schematic representation of ventilatory response to CO2 in normal subjects. Note that in
awake patients, the response is linear in the hypercapnic range. In the hypocapnic range the slope
progressively decreases with decreasing PaCO2. Apnea is not observed. During sleep, apnea
develops when PaCO2 is reduced 2–3 mmHg below the eupneic level. Data for awake subjects
are based on refs. [6] and [7]. Data for asleep subjects are based on refs. [2–5]. b Intensity of
inspiratory effort (Pmus) and breathing frequency (Fr) (expressed as % of the values at eupnea) as
a function of PaCO2 during wakefulness. Data based on [6]

tal sleep time in mechanically ventilated patients may be normal or even increased,
the quality of sleep is poor and these patients are considered to be qualitatively sleep
deprived [1, 12, 13]. As was stated earlier, this may cause serious consequences
leading to more days on mechanical ventilation, longer ICU stays and increased
morbidity [1].
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It is of interest to note that REM and SWS sleep are considered to have the most
restorative effects. Animal studies have shown that both REM sleep deprivation
and sleep fragmentation contribute to reduction in neurogenesis in the hippocampal
dentate gyrus [15, 16]. Furthermore, reductions in both NREM (SWS and stage 2)
and REM sleep decrease the number of brain cells that subsequently develop into
adult neurons [17]. These effects of REM and SWS reduction may be linked to
cognitive dysfunction [17], frequently observed in ICU survivors. In addition to
these effects, human studies have shown that REM and SWS stages are crucial for
memory formation and learning process [18]. It follows that critically ill patients, in
whom reduction (or even absence) of REM and SWS is the rule, may exhibit both
memory and learning problems. Since defects in memory formation and learn-
ing process abnormalities have been linked to delirium and post-traumatic stress
disorder [17], poor sleep quality during the ICU stay may partly explain the high
incidence of these disorders in critically ill patients.

WhyMight Mechanical Ventilation Affect Sleep?

During mechanical ventilation, the pressure provided by the ventilator (Paw) is in-
corporated into the system that controls breathing [19]. In mechanically ventilated
patients, the total pressure applied to the respiratory system at time t [PTOT(t)]
is the sum of Pmus(t) and Paw(t). PTOT(t) is dissipated to overcome the elas-
tic and resistive pressures of the respiratory system according to the equation of
motion:

PTOT.t/ D Pmus.t/ C Paw.t/ D V0.t/ � Rrs C �V.t/ � Ers (1)

where V0 and �V are instantaneous flow and volume (in relation to passive FRC),
respectively, Rrs is respiratory system resistance and Ers is respiratory system elas-
tance. The relationships of Eq. 1 determine the volume-time profile during mechan-
ical ventilation, which, via neuro-mechanical, chemical and behavioral feedback
systems, affects the Pmus waveform. The ventilator pressure, by changing flow
and volume, may influence these feedback systems, and thus alter either the pa-
tient’s control of breathing itself or its expression. In addition, Pmus, depending
on several factors, alters the Paw waveform. Thus, during mechanical ventila-
tion, ventilatory output is not under the exclusive influence of a patient’s control
of breathing; instead, it represents the final expression of an interaction between
ventilator-delivered pressure and patient respiratory effort [19, 20].

During sleep, respiration is mainly under the influence of chemical feedback and
to a lesser extent of neuro-mechanical feedback systems [5]. Thus, to the extent
that mechanical ventilation interferes with these feedback systems, it might be an
important determinant of sleep in ventilated patients.
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HowDoesMechanical Ventilation Affect Sleep?

Theoretically, mechanical ventilation may affect sleep by:
1) promoting unstable breathing;
2) inducing dyssynchrony between patient effort and ventilator delivered pressure;
3) altering the Pmus (patient’s respiratory effort); and
4) the use of sedatives and analgesic agents to facilitate its process.

Unstable Breathing andMechanical Ventilation

Unstable breathing and central apneas are well recognized causes of sleep fragmen-
tation [21]. Although the mechanism(s) by which these events may disrupt sleep is
not well established, fluctuation of sympathetic tone during the cycles of unstable
breathing may be involved [21].

The pathophysiologic mechanisms by which mechanical ventilation causes un-
stable breathing may be best explained using the engineering concept of loop gain,
as proposed by Khoo and colleagues [22]. Theoretically, in a closed system gov-
erned mainly by chemical control (as occurs during sleep or sedation, see earlier),
a transient change in ventilation at a given metabolic rate (�V0

initial) will result in
a transient change in alveolar gas tensions. This change is sensed by peripheral
and central chemoreceptors, which, after a variable delay, exert a corrective venti-
latory response (�V0

corrective). This corrective response is in the opposite direction
to the initial perturbation. The ratio of �V0

corrective to �V0
initial defines the loop

gain, a dimensionless index that is the mathematical product of three types of gain:
Plant gain (the relationship between the change in gas tensions in mixed pulmonary
capillary blood and �V0

initial), feedback gain (the relationship between gas tensions
at the chemoreceptor level and those at the mixed pulmonary capillary level), and
controller gain (the relationship between �V0

corrective and the change in gas tensions
at the chemoreceptor level) (Fig. 2). Loop gain has both a magnitude and a dy-
namic component [22, 23]. In this system, instability occurs when the corrective
response is 180° out of phase with the initial disturbance (dynamic component) and
the loop gain is � 1 (magnitude component). This instability leads to fluctuation
in chemical stimuli, namely PaCO2. If PaCO2 reaches the apneic threshold, apnea
occurs.

Positive-pressure ventilation exerts multiple effects on loop gain by influencing
almost all the factors that determine plant, feedback and controller gains. These
effects are complex and, at times, opposing and variable. Nevertheless, the ef-
fect of mechanical ventilation on controller gain exerts the most powerful influence
on the propensity to develop breathing instability [23]. The magnitude and direc-
tion of the change in controller gain depends on the ventilator mode, the level of
assistance, the mechanics of the respiratory system, and the Pmus waveform. Dis-
ease states may also interfere with the effects of mechanical ventilation on loop
gain [23, 24].
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Fig. 2 Schematic representation of the “Loop Gain” model of respiratory chemical control system.
Total loop gain is the product of the three component gains: Gplant, Gfeedback, and Gcontroller. Below
each component are depicted physiologic parameters that influence the component gain, and con-
sequently the total loop gain and the propensity for an individual to develop periodic breathing.
Mechanical ventilation or medication (e. g., sedative agents) may modify some of these parameters
and thus alter an individual’s intrinsic propensity to develop periodic breathing. FRC: functional
residual capacity; V0/Q0: ventilation-perfusion ratio; VD/VT: dead space fraction; PACO2 and
PAO2: alveolar partial pressure of CO2 and O2, respectively, CO: cardiac output; Pmus: pressure
developed by respiratory muscles; Paw: airway (ventilator) pressure; Ers and Rrs: elastance and
resistance of respiratory system respectively

In addition to CO2, O2 and pH can play a key role in destabilizing breathing in
ventilated patients during sleep. It is well known that hypoxia, acting via periph-
eral chemoreceptor stimulation, decreases PaCO2 and, as a result, it reduces the
plant gain (stabilizing influence); for a given change in alveolar ventilation, PaCO2

will change less when baseline PaCO2 is low [3, 25]. Hypoxia, however, increases
the controller gain to a much greater extent, because the slope of the ventilatory
response to CO2 below eupnea increases and becomes a highly destabilizing in-
fluence [3, 25]. Similar principles apply if pH is considered a chemical stimulus.
Acidemia decreases the plant gain (lowers PaCO2) and increases, to a much lesser
extent, the controller gain [3, 25]. During mechanical ventilation, the propensity to-
wards unstable breathing in the face of changing O2 and pH depends on a complex
interaction between the effects of these stimuli and mechanical ventilation on plant,
feedback and controller gains.



Sleep and Mechanical Ventilation in Critically Ill Patients 139

Patient-ventilator Dyssynchrony

Patient-ventilator dyssynchrony is a common phenomenon during mechanical ven-
tilation [26]. Dyssynchrony occurs either when cycling of the ventilator is not in
phase with patient effort or when the instantaneous ventilatory demands of the pa-
tients are not met by the gas delivered by the ventilator. Several types of asynchrony
exist, but it is not known whether a particular type of asynchrony affects sleep more
than another [26]. Nevertheless, ineffective efforts, which are considered the most
extreme form of asynchrony, might cause sleep disruption, since this type of asyn-
chrony is a form of airway obstruction, a well-known cause of arousals and sleep
fragmentation [27]. However, studies that examined the effects of dyssynchrony on
sleep showed contradictory results (see below).

Sleep and Respiratory Effort

Indirect data from recent studies indicate that sleep in critically ill patients may be
influenced by the magnitude of a patient’s inspiratory effort. It has been shown
that, compared to low pressure support, controlled mechanical ventilation (passive
mechanical ventilation) is associated with better sleep both in terms of quantity and
quality [28]. It seems that there is a negative relationship between patient effort
and sleep quality and quantity. Thus, to the extent that the mode of mechanical
ventilation as well as the ventilator settings are major determinants of Pmus [20],
mechanical ventilation may affect sleep by simply altering the respiratory effort.

Sleep andMedications that Facilitate the Process
of Mechanical Ventilation

Sedative agents (e. g., gamma aminobutyric acid A [GABAA] agonists) and anal-
gesics (e. g., opioids) are commonly used in critically ill patients in order to facil-
itate the process of mechanical ventilation. A widely held belief is that sedation
in critically ill patients promotes sleep and thus reduces the detrimental effects of
sleep deprivation or poor sleep quality. It has been shown that in ~50 % of me-
chanically ventilated pa tients, the dose of sedatives (benzodiazepine, propofol) is
increased during the night (11 pm–7 am) [29]. However, data from recent studies
do not support this practice. Kondili et al. have shown that propofol administration
to achieve the recommended level of sedation in critically ill patients (Ramsay 3)
does not increase sleep efficiency and by suppressing REM sleep further worsens
the already impaired sleep quality of these patients [30]. These effects of GABAA

agonists on sleep may explain the link between the use of these agents and the in-
cidence of delirium and post-traumatic stress disorders [29]. Similar to sedative
agents, reduction of REM sleep has also been observed when opioids are used for
analgesia [31].
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Sleep Patterns andMechanical Ventilation

As stated earlier, mechanical ventilation affects sleep through several mechanisms.
Modes of mechanical ventilator and/or ventilator settings may affect sleep by in-
fluencing these mechanisms. The effects on sleep may, however, be unpredictable
because these influences may be opposing.

In order to understand the interaction between sleep and mechanical ventilation,
we should realize that the ventilator mode and settings are major determinants of
driving pressure for flow and thus of arterial blood gases and chemical feedback.
Assume that in a ventilated patient PaCO2 decreases because of an increase in the
set level of assistance or a decrease in metabolic rate and/or dead space (VD)/VT

ratio. During sleep, as the sensitivity to CO2 dictates (i. e., chemical feedback), the
intensity of inspiratory effort will decrease, whereas the breathing frequency will
change minimally [20]. This operation of chemical feedback (down-regulation of
inspiratory effort) serves to minimize or even to prevent the decrease in PaCO2.
Thus, it is obvious that the proper operation of chemical feedback depends almost
exclusively on the relationship between the intensity of patient inspiratory effort
(expressed by the pressure time product of Pmus, PTP-Pmus) and the volume de-
livered by the ventilator (VT) [7]. Similarly, if PaCO2 increases (by a decrease
in assistance level, increase in metabolic rate and/or VD/VT ratio), the patient will
increase the intensity of inspiratory effort and, to a much lesser extent, the respira-
tory frequency. Thus, VT/PTP-Pmus per breath is critical for the effectiveness of
chemical feedback to compensate for changes in chemical stimuli (PaCO2) [20].

During sleep, conventional modes of assisted mechanical ventilation, such as
pressure support and volume assist-control without back-up rate, may promote
unstable breathing [32]. Indeed, it has been shown that with these modes, high
assist results in high VT/PTP-Pmus, leading to impaired neuroventilatory cou-
pling [7]. This effect may have serious consequences, because in the presence of
high VT/PTP-Pmus (i. e., high assist) the system becomes unstable [20]. Under
this circumstance, there is a possibility for fluctuation in chemical stimuli (mainly
PaCO2) which may result in periodic breathing and sleep disruption [5, 33]. Pa-
tients with pre-existing diseases that predispose to periodic breathing (e. g., patients
with congestive heart failure or brain damage) are at high risk of unstable breathing
with conventional modes of assisted mechanical ventilation [24, 32]. Parthasarathy
and Tobin studied the effect of pressure support and assist control ventilation
with back-up rate on sleep fragmentation in 11 mechanically ventilated critical
ill patients [32]. Total sleep fragmentation, measured as the sum of arousals and
awakenings, was approximately 50 % greater during pressure support than during
assist-control ventilation (79 vs. 54 events/hour). During pressure support, one
third of these events were due to central apneas as contrasted with rates of zero
during assist-control ventilation (Fig. 3). The most important determinant of central
apneas was the difference between the basic level of end-tidal CO2 and the patient’s
apneic threshold: A small difference was associated with a higher probability of
central apneas. An experimental increase in dead space resulted in a significant
decrease in sleep fragmentation by increasing basic end-tidal CO2 in those patients
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Fig. 3 Polysomnographic tracings during assist-control and pressure support ventilation in a rep-
resentative patient. Electroencephalogram (C4-A1, O3-A2), electrooculogram (ROC, LOC),
electromyograms (Chin and Leg), integrated tidal volume (VT), rib-cage (RC), and abdominal
(AB) excursions on respiratory inductive plethysmography are shown. Notice: 1) the periodic
breathing during pressure support; and 2) that arousals and awakenings, indicated by horizon-
tal bars, were more numerous during pressure support than during assist-control ventilation.
From [32] with permission

with central apneas on pressure support (83 and 44 events per hour, respectively, for
the two experimental conditions). The relationship between sleep fragmentation
and central apneas is also highlighted by a study by Alexopoulou et al. which
showed that the presence of unstable breathing in mechanically ventilated criti-
cally ill patients was associated with a fourfold increase in sleep fragmentation
index [34].

Theoretically, unstable breathing during sleep in mechanically ventilated pa-
tients may be prevented or attenuated with modes that decrease the volume de-
livered by a ventilator in response to any reduction in the intensity of patient effort.
Proportional-assist ventilation (PAV) and neurally-adjusted ventilator assist (NAVA)
are such modes of support, because with these modalities there is a tight link be-
tween effort and ventilator [35]. Nevertheless, if the assist setting during both
modes is such that controller gain increases considerably and the inherent loop gain
of the patient is relatively high, then the patient will be at risk of developing un-
stable breathing [33]. During conventional modes, decreasing assist may improve
breathing stability by decreasing VT/PTP-Pmus ratio [20]. However, the effects of
this strategy on sleep are unpredictable; lowering the assist improves breathing sta-
bility (beneficial effect on sleep), but increases respiratory effort (harmful effect on
sleep). Similar reasoning should apply with PAV and NAVA.
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Fig. 4 Sleep architecture in each patient with proportional assist ventilation with load adjustable
gain factors (PAV+, upper panel) and with pressure support ventilation (PS, lower panel). Patient
no. 9 did not achieve sleep during the entire recording period. Asynchrony events (events per hour
of sleep) are shown in each patient and for both modes of mechanical ventilation (italics). Notice
that compared to pressure support, PAV+ significantly decreased the asynchrony events per hour
of sleep, but did not improve sleep architecture. REM: rapid eye movement; S1, S2: sleep stages 1
and 2, respectively; SWS: slow-wave sleep; TST: total sleep time. From [38] with permission

It has been proposed that patient-ventilator dyssynchrony may be another im-
portant mechanism of sleep disruption. If this is true, assisted modes of mechanical
ventilation that are associated with improvement in patient-ventilator synchrony
(such as PAV and NAVA) should result in improved sleep quality in critically ill
patients but data so far are controversial. Two studies have shown that reduc-
ing patient-ventilator asynchrony using PAV [36] or NAVA [37] results in sleep
improvement. Other studies, however, do not support the hypothesis that patient-
ventilator synchrony plays a central role in determining sleep quality in mechan-
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Fig. 5 Comparison of quantity of sleep stages expressed as a percentage of total recording time
during the entire night between pressure-controlled ventilation (PCV, passive mechanical ventila-
tion) and low-level pressure-support ventilation (low-PSV). *p < 0.01. From [28] with permission

ically ventilated patients. Alexopoulou et al. examined patient-ventilator asyn-
chrony in 14 non-sedated critically ill patients ventilated with PAV+ (i. e., PAV with
automatic measurement of respiratory system mechanics) and pressure support.
Interestingly, although PAV+ was associated with considerably better synchrony be-
tween the patient and the ventilator, this mode failed to improve sleep (Fig. 4) [38].
Fanfulla et al. demonstrated, in patients admitted to a step-down unit after ICU dis-
charge, that the role of patient-ventilator asynchronies in sleep fragmentation was
negligible [39]. Cabello et al. [40] studied the effects of common ventilator modes
(assist-control and pressure support) on sleep and observed that patient-ventilator
asynchrony explained a small percentage (less than 10 %) of sleep fragmentation.
However, the interpretation of all these studies is complicated by the fact that pa-
tients’ respiratory efforts were not controlled.

The effects of assist-control and pressure support on sleep architecture were in-
vestigated by Toublanc et al. in a report on 20 mechanically ventilated patients at
the end of the weaning period [41]. In this randomized crossover study, patients
were assigned to receive either assist-control or low pressure support ventilation
for 4 hours. With assist-control, the VT and ventilator frequency were set so as
to provide the patient’s minute ventilation. The authors showed that ventilation on
assist-control, unlike pressure support, was associated with a significant increase in
the time that a patient spent in sleep stages 1 and 2, a reduction in wakefulness dur-
ing the first part of the night, and a significant increase in sleep stages 3 and 4 during
the second part of the night. These results indicate better sleep with assist-control
than with pressure support. It is likely that the difference in sleep quality is the re-
sult of the different assistance provided by the two modes and not of the mode itself.
This hypothesis is supported by a study by Andrejak et al. which demonstrated that
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mechanically ventilated patients with acute-on-chronic respiratory failure had sig-
nificantly improved sleep quality and quantity when respiratory muscles were rested
at night using pressure-controlled ventilation (passive mechanical ventilation) com-
pared to using low-level pressure support ventilation (Fig. 5) [28]. Collectively,
these findings indicate that sleep may be improved if the ventilator settings (or
mode) meet or even exceed the ventilatory demands of the patient. However un-
der this circumstance, the ratio of VT/PTP-Pmus might be high, making the system
unstable, and thus the use of sufficient back-up rate is mandatory for sleep improve-
ment.

Because of discrepancies in the control of breathing between wakefulness and
sleep, it is possible to have excessive or inadequate control during sleep at set-
tings determined during wakefulness. Fanfulla et al. investigated the effect of
different ventilator settings on sleep quality in nine patients with neuromuscular
disease receiving long term non-invasive mechanical ventilation (NIV) [42]. The
authors evaluated breathing patterns and sleep architecture during ventilation with
two non-invasive pressure support ventilation settings titrated: 1) on simple clin-
ical parameters, and 2) to the patient’s respiratory effort. The authors showed
that during wakefulness, both strategies were effective in improving arterial blood
gases. However, during sleep, NIV settings based on clinical parameters did not
predict ventilatory synchrony, but settings based on respiratory effort did improve
synchrony and resulted in better sleep. This study highlights the importance of
wakefulness/sleep state in ventilator setting titration, a difficult task because the
caregiver usually cannot tell what state (sleep/wakefulness) a patient is in.

Conclusions

Sleep in mechanically ventilated patients is characterized by poor quality. Mechan-
ical ventilation may contribute to this through several direct and indirect mech-
anisms, such as the promotion of unstable breathing, patient-ventilator dyssyn-
chrony, increased respiratory effort and the use of sedatives and opioids to facilitate
care. Taking into account that a particular ventilatory strategy may have both bene-
ficial and harmful effects on sleep, carefully chosen ventilator settings and/or mode
of mechanical ventilation specifically targeting these mechanisms may have a great
impact on sleep quality.
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The Importance ofWeaning for Successful
Treatment of Respiratory Failure

J. Bickenbach, C. Brülls, and G. Marx

Introduction

Identification of acute respiratory failure and treatment of the underlying cause(s)
are crucial but also difficult challenges in ICU management. Weaning from mechan-
ical ventilation must be conducted in a timely manner because invasive, prolonged
mechanical ventilation can be a significant hazard with a negative influence on the
weaning process. Interestingly, the process of weaning from mechanical ventilation
represents approximately 40–50 % of the duration of mechanical ventilation [1–3]
and is directly associated with patient prognosis [4].

Our knowledge of the pathophysiological aspects of mechanical ventilation have
increased in recent years. Here we review recent aspects of ventilator-induced com-
plications, their impact on weaning from mechanical ventilation and the role of
weaning protocols as well as the potential role of specialized weaning units.

Ventilator-associated Complications

Ventilator-induced Lung Injury

Despite the necessity and the vital role of mechanical ventilation, it exposes the lung
to mechanical stress. This effect can have an important impact on the pathophysi-
ology especially when high inspiratory pressures are used. During one of the most
distinctive forms of acute respiratory failure, the acute respiratory distress syndrome
(ARDS), in particular, considerable heterogeneous damage to the lung occurs and
coexistence of normally aerated, consolidated and collapsed lung regions can be
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found [5], thus promoting different regional alveolar stresses and strains, which are
the main determinants of ventilator-induced lung injury (VILI) [6, 7]. VILI de-
scribes the phenomenon of further damage to alveoli because of mechanical stress
and progressive overdistension of lung tissue, resulting in mechanotransduction
and an inflammatory response. In other areas, especially atelectatic lung regions,
enormous sheer stress due to cyclic opening and closing of alveoli can be found
(atelectrauma) [8].

New imaging technologies can support the analysis of regional ventilation and
related alveolar morphologies in the heterogeneously damaged lung. For example,
electrical impedance tomography (EIT) is a non-invasive imaging modality which
can be used at the bedside, and offers information about regional ventilation of the
lung. The method is based on visualization and quantification of tissue impedance
determined by applying non-hazardous electrical currents and measuring the re-
sulting voltages at the surface of the thorax. EIT-based measurements are able to
identify lung heterogeneity, as is typical in ARDS [9], and to guide modification of
positive end-expiratory pressure (PEEP) and tidal volumes for prevention of further
VILI [10].

Regarding the effects of mechanical ventilation on the alveolar network, intrav-
ital microscopy enables direct visualization of alveolar dynamics. Early studies
showed that alveoli could be identified according to their different mechanical be-
havior when changing ventilatory settings [11–13]. Advancements in intravital
microscopy led to a technique that offers imaging of alveolar mechanics with a flex-
ible miniprobe applicable not only in vivo, but also in real time and without surgical
opening of the thorax. The fibered confocal laser scanning microscopy (CLSM)
provides images of alveolar structure giving depth information that is advantageous
over conventional microscopy. Use in a porcine model of acute lung injury (ALI)
showed regional effects of recruitment after incremental PEEP (Fig. 1) [14, 15].
Based on these findings, translation into clinical use would be of enormous interest.
Thus, clinical studies need to be conducted, particularly in intensive care settings
where patients need to be treated with mechanical ventilation because of respiratory
insufficiency. The technique of CLSM may help to better understand the mechani-
cal behavior of alveolar structure during mechanical ventilation and their effects on
pulmonary function. CLSM may be an interesting technique for endoscopic use in
patients, for example in association with diagnostic bronchoscopies.

For prevention of VILI, the most evident therapeutic measure we have at the mo-
ment is lung-protective ventilation with reduction of tidal volume to 6 ml/kg body
weight and limitation of plateau pressures to 30 cmH2O [16]. However, the discus-
sion about lung-protective strategies has not ended yet. Remarkably, a recent study
demonstrated that in patients with severe ARDS (PaO2/FiO2 � 150), even smaller
tidal volumes (� 3 ml/kg), combined with extracorporeal CO2-elimination were as-
sociated with a significantly higher number of ventilator-free days than higher tidal
volumes (� 6 ml/kg) without extracorporeal CO2-elimination [17].
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Fig. 1 Confocal laser scanning microscopy (CLSM) for imaging of alveolar structure in a porcine
model of acute lung injury. Images show a alveoli of a healthy lung, b after experimental lung
injury by lavage and c after alveolar recruitment by positive end-expiratory pressure (PEEP)

Ventilator-associated Pneumonia

Intensive care unit (ICU) patients receiving mechanical ventilation are at high risk
of developing ventilator-associated pneumonia (VAP), with an incidence of 8 %–
28 % in patients who are mechanically ventilated for > 24 hours [18]. The patho-
physiological mechanisms of VAP are well known and, in particular, aspiration of
colonized pharyngeal secretions along the cuff of the endotracheal tube (ETT) plays
an important role in the development of VAP, gaining access to the airway via folds
in the wall of the cuff. A bacterial biofilm gradually forms on the inner surface of
the ETT and acts as a hatchery for microbes. Other crucial mechanisms for VAP
development are the absence of effective coughing as well as a relevant reduction
in mucociliary clearance in analgosedated patients [19].

The incidence of VAP can be reduced by shortening invasive mechanical venti-
lation, but preventive measures have also been shown to reduce the rate of VAP, es-
pecially those that reduce colonization of the airway (e. g., oral care with chlorhex-
idine, closed tracheal suction systems, patient positioning for reduction of aspira-
tion) [18, 20, 21]. Ricard et al. conducted a study in which European ICU staff were
interviewed about adherence to current prevention strategies. Interestingly, overall
median adherence to VAP prevention measures was 72 % (34.5–83.0); however,
data revealed a large discrepancy between countries [22].

These studies emphasize the impact of a bundle approach, because no single
preventive measure may preclude VAP. Thus it is of importance to a) identify pa-
tients at risk of VAP early, and b) treat them with a bundle of preventive measures.
Implementation and educational processes are challenging and need broader per-
meation.
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Ventilator-induced Diaphragmatic Dysfunction

Mechanical ventilation harms the diaphragm. There has been evidence for more
than a decade that ventilator-induced diaphragmatic dysfunction (VIDD), as a col-
lective term for diaphragm muscle atrophy and contractile dysfunction, is a clinical
reality [23] and it is accepted that it endangers the weaning process. There has been
growing evidence about the pathophysiology of this condition, pointing at inactiv-
ity as a major contributor to VIDD leading to generation of reactive oxygen species
(ROS), mainly from mitochondria [24]. ROS damage contractile proteins and acti-
vate the proteolytic and apoptotic cascade resulting in contractile deficit and muscle
atrophy [25]. This process is rapid and occurs in less than one day of mechanical
ventilation [26].

Mitochondrial ROS production originating from an uncoupling of the respira-
tory chain is one major contributor to VIDD and scavenging of mitochondrial ROS
can ameliorate contractile dysfunction and prevent muscle atrophy [27]. Picard
and colleagues investigated specimens from organ donors ventilated for 15 h–176 h
and compared them to diaphragm biopsies from short-term ventilated (6 h) lung
surgery patients [28]. These authors hypothesized that nutritive imbalance, com-
parable to the metabolic syndrome, might be responsible for the uncoupling in the
respiratory chain. They revealed lipid accumulation, concomitant down-regulation
of mitochondrial biogenesis and damage of mitochondrial DNA. Although it can-
not be simply concluded that nutritive oversupply triggers ROS production (or that
the opposite occurs), their findings are a further landmark in our understanding of
VIDD [29]. Compared to these findings of oversupply, the results of Davis and
colleagues [30] may seem contradictory. After 6 hours of mechanical ventilation in
rats, blood flow and oxygen delivery to the diaphragm decreased significantly com-
pared to after 30 minutes of mechanical ventilation. This finding was found solely
in the diaphragm but not in other investigated respiratory or hindlimb muscles, rais-
ing the question as to whether hypoxia-induced generation of ROS contributes to
VIDD. This reduction in blood flow during mechanical ventilation may be one fac-
tor leading to alterations in angio-neogenetic factors that may induce further vessel
sprouting in the diaphragm [31].

All these studies underline the crucial changes in diaphragm muscle physiology
during mechanical ventilation and point to the need for early spontaneous breath-
ing in ICU patients to avoid prolonged/difficult weaning. Importantly, spontaneous
breathing in a sedated state seems to quickly restore diaphragm function, resulting
in an increase in force of 59 % 4–7 hours after stopping mechanical ventilation [32]
and supporting the relevance of spontaneous breathing trials (SBT). However, these
data can only be interpreted for healthy individuals, in whom VIDD is the sole cause
of diaphragm dysfunction. After infection and sepsis, in particular, diaphragm func-
tion is reduced further [33], and the danger of overloading is more likely.

Another interesting and clinical important novelty was the finding by Jung and
colleagues [34], in a porcine model of VIDD, that prolonged hypercapnia for 72 h
could prevent diaphragm atrophy. This observation is in contradiction to earlier
findings of contractile impairment after acute hypercapnia [35]. Both findings are
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important in respect to weaning patients: Acute hypercapnia prior to extubation or
SBTs should be avoided, whereas permissive hypercapnia during mechanical ven-
tilation, if necessary to prevent further VILI, does not further reduce contractile
force. Importantly, there is no evidence that different levels of VILI further aggra-
vate contractile dysfunction [36].

Finally it should be emphasized that VIDD is only one aspect of respiratory
weakness. Although not directly induced by mechanical ventilation, other acquired
muscle weaknesses can occur in critical care patients. As is often the case in severe
sepsis, critical illness myopathy may develop, thus weakening respiratory muscles
and lead to prolonged weaning from mechanical ventilation [37].

TheWeaning Process

Typical ventilator-induced complications thus have a marked influence on the length
of mechanical ventilation and can lead to a prolonged weaning process. To mini-
mize or to avert these mechanisms, invasive mechanical ventilation should be ter-
minated as soon as possible (Fig. 2).

Inspection for Spontaneous Breathing Capacity

The essential condition for successful weaning is a balance between necessary and
potential work of breathing at the best possible rate [38]. It is indispensable to
achieve the necessary work of breathing without any mechanical support, so ade-
quate respiratory muscle function must be seen as a basic prerequisite for successful
weaning [39] .
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Hence, crucial aspects of weaning from mechanical ventilation are:
1. Evaluation of spontaneous breathing capacity
2. Performance of defined SBTs with regard to breathing capacity
3. Avoidance of extubation failure and high re-intubation rates

To standardize these clinical procedures, weaning protocols may be useful, es-
pecially for logistic reasons and for helping personnel to identify a preferably
early time point for the weaning process. Several studies have demonstrated that
protocol-based weaning can reduce both duration of mechanical ventilation and
ventilator-associated complications (e. g., VAP) [40].

Regarding spontaneous breathing capacity, a ‘traditional’ procedure is complete
liberation from the respirator with use of a T-piece trial. Trials over 30–120 min are
sufficient for evaluation of spontaneous breathing capacity in patients [41]. How-
ever, to avoid early fatigue, a small amount of ventilator support to compensate for
the work of breathing is recommended. Pressure support levels of 6–12 cmH2O
compensate respirator and tube-dependent work of breathing with a higher num-
ber of successful SBTs [42, 43]. However, large controlled studies demonstrating
a clear benefit or advantage for one of the possible strategies are still lacking.

Patient-controlled Ventilation

Proportional-assist ventilation (PAV), as a modification of pressure support, allows
individual pressure support, dependent on the patient’s possible work of breathing.
A defined amount of pressure support, with consideration of changes in compliance
and resistance, may contribute to more effective ventilator support [44]. Other ap-
proaches with regard to patient-ventilator interaction are based on the reduction in
asynchrony between respirator and patient, and on mechanical support that is indi-
vidual for every breathing rate. These approaches may result in a reduction in stress
and work of breathing. In neurally-adjusted ventilatory assist (NAVA), the respi-
rator gives support in proportion to the electrical activity of the diaphragm, which
needs to be measured with an esophageal captured electromyographic signal. Pres-
sure support is then directly proportional to the intensity of the signal and will be
continuously adapted to the signal intensity. This procedure, as demonstrated by
Roze et al., seems promising as muscular fatigue can be rapidly identified and mus-
cular recovery can be seen in patients with prolonged weaning [45]. However, large
clinical trials need to be conducted to support the effect of NAVA on weaning.

Other closed-loop controlled strategies are targeted at patient-related, physiolog-
ical feedback to drive ventilation and oxygenation (e. g., Intellivent with control of
FiO2 and PEEP). Arnal et al. studied the effects of Intellivent on patients with res-
piratory failure and demonstrated that in passive patients the system was effective.
Intellivent provided a lower tidal volume and higher PEEP without any difference
in oxygenation when compared to adaptive support ventilation (ASV), a ventilator
mode for regulating airway pressure [46].
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All these procedures considering patient-ventilator interactions seem promising
and they may contribute to a shortened duration of mechanical ventilation. How-
ever, large clinical trials need to focus on patients undergoing prolonged weaning.

Identification of Difficult-to-Wean-Patients:
Importance of Specialized Treatment

An unnecessary delay in liberation from the ventilator could, because of ventilator-
associated complications, increase mortality rates [41, 47]. Thus, it is essential to
begin the weaning process immediately after the underlying cause of respiratory
failure has been addressed. Using recent classification of weaning [4], most pa-
tients (around 60 %) can be successfully extubated after one SBT (simple weaning),
suggesting that only a short period of ventilator assistance was given or the under-
lying cause could be removed quickly. Roughly 30–40 % of patients present as
‘difficult weaning’, requiring up to three SBTs (or as long as 7 days) to be success-
fully extubated, and 6–15 % of patients need prolonged weaning, characterized as
> 3 SBTs (or longer than 7 days). This classification, although quite simple, seems
relevant because different patients may need different management strategies dur-
ing weaning. For example, in patients with prolonged weaning, a higher number of
co-morbidities (chronic heart failure, severe chronic respiratory insufficiency) may
influence treatment. Patients with prolonged weaning have worse outcomes [48]
and this may be one reason why such patients should be managed in specialized
units.

Remarkably, a multicenter study demonstrated that a significant proportion of
postoperative patients as well as patients with pneumonia or acute respiratory in-
sufficiency for other reasons exhibited prolonged weaning, resulting in worse out-
comes [49]. This important study underlines the clinical relevance of weaning in
a broad group of postoperative patients. In summary, prolonged weaning is time-
and resource-consuming, demands multidisciplinary treatment and is probably best
performed in specialized units with a high demand for quality. The German Society
of Anesthesiology and Intensive Care Medicine has implemented a certification
procedure for prolonged weaning, which demands different modules of quality
management and a specific number of patients within the three weaning classifi-
cation groups.

Conclusion

The process of weaning from mechanical ventilation can take considerable time.
It is essential to identify the best time point to start weaning, because mechanical
ventilation is associated with several complications that influence outcomes. The
development of mechanical ventilation in recent years has been targeted on optimiz-
ing patient-ventilator interaction and synchrony; however, large clinical trials need
to prove the relevance of these closed-loop systems. Patients undergoing prolonged
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weaning are increasingly present in postoperative care. Only a multi-professional,
approach in specialized units can sufficiently counter this clinical challenge.
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Lung Protective Strategies



Protective Lung Ventilation During General
Anesthesia: Is There Any Evidence?

S. Coppola, S. Froio, and D. Chiumello

Introduction

In acute respiratory distress syndrome (ARDS) several studies have shown that
mechanical ventilation with high tidal volume (VT) and low levels of positive end-
expiratory pressure (PEEP) can promote ventilator-induced lung injury (VILI), thus
increasing morbidity and mortality [1]. An open lung strategy, combining the use
of low VT with adequate PEEP levels and recruitment maneuvers, has thus been
recommended in ARDS patients [2–4]. In patients without ARDS admitted to in-
tensive care units (ICUs), who required mechanical ventilation for at least 12 hours,
the use of a high VT significantly increased the inflammatory response [5, 6]. In
contrast to critically ill patients, during general anesthesia, mechanical ventilation
is required only for a few hours, thus the beneficial effects of lung-protective venti-
lation remain questionable. Moreover, there are limited data from few randomized
controlled trials with only small cohorts of enrolled patients.

Two recent meta-analyses that enrolled patients from ICUs and the operating
room (OR) showed that lung-protective ventilation was associated with lower mor-
tality and postoperative complications [2, 7]. However, there are no recommenda-
tions regarding optimal ventilatory strategies in patients without lung injury during
general anesthesia.

In the present article, we provide a comprehensive picture of the current liter-
ature on lung-protective ventilation during general anesthesia in patients without
ARDS, focusing on the applications of this strategy in patients undergoing abdom-
inal, thoracic and cardiac surgery.
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HowMechanical Ventilation is Applied in the Operating Room

Although the protective ventilation approach may be beneficial in a broader popu-
lation with and without ARDS, the use of high VT without PEEP is still common
during general anesthesia. A large French multicenter observational study, in which
more than 2,900 patients undergoing general anesthesia were enrolled, showed that
18 % of patients were ventilated with a VT greater than 10 ml/kg body weight and
81 % without PEEP [8]. Moreover, a recruitment maneuver was applied in only 7 %
of patients.

Similarly a 5-year observational study, in which 45,575 patients were enrolled,
reported that although use of a VT less than 10 ml/kg and PEEP levels greater than
5 cmH2O increased progressively over time, 16–18 % of patients continued to re-
ceive a VT greater than 10 ml/kg without application of PEEP [9]. The presence of
obesity and a short height were the main risk factors for receiving a large VT during
prolonged anesthesia [10].

Rationale for Lung-protective Ventilation
During General Anesthesia

General anesthesia affects lung function primarily because of the loss of muscle
tone, which promotes a reduction in lung volume, an alteration in ventilation-
perfusion ratio and the onset of lung atelectasis. The development of atelectasis
is very common and occurs in more than 90 % of subjects undergoing general anes-
thesia [11, 12]. Atelectasis is mainly due to three basic mechanisms [13, 14]:
� compression atelectasis
� absorption atelectasis
� loss of surfactant atelectasis.
Compression atelectasis is caused by the alterations in chest wall mechanics in-
duced by general anesthesia per se and by several other mechanisms, such as the
patient’s position (head-down), the body mass index, the age of patient and the
type of surgery (abdominal surgery or laparoscopy), which increase intra-abdominal
pressure (IAP), thus decreasing chest compliance and functional residual capac-
ity (FRC), with the consequent development of intraoperative atelectasis, intrapul-
monary shunting and hypoxemia. Other factors related to surgery can contribute to
the reduction in pulmonary inflation and to the development of atelectasis, such as
a prolonged recumbent position intraoperatively, residual pain that reduces cough
effectiveness, and postoperative diaphragmatic dysfunction that can persist for up to
one week [15, 16]. If the FRC is reduced below closing capacity, airway closure will
occur; consequently the lung bases will be well perfused, but underventilated due
to airway closure and alveolar collapse. This phenomenon increases ventilation-
perfusion mismatch and promotes further atelectasis generation and hypoxemia.

Absorption atelectasis can be caused by exposure to high inspired fraction of
oxygen (FiO2) levels. When oxygen is absorbed from the alveolar gas into the
capillary in distal occluded alveolar areas or where the ventilation-perfusion ratio is
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low or high FiO2 levels are delivered, reabsorption of gas is promoted and generates
atelectasis [11].

Loss of surfactant atelectasis arises from alterations in surfactant induced by
effects of general anesthesia on healthy lungs [17].

The presence of atelectasis is an important factor in the pathogenesis of post-
operative pulmonary complications, such as hypoxemia, pulmonary infections and
local inflammatory response [18]. Postoperative pulmonary complications in the
first hours after surgery are mainly due to atelectasis in the dependent regions of
the lungs. Lung atelectasis may also promote the development of VILI by lung
overdistension and by cyclic opening and closing of lung units at the boundary
between the normally inflated and collapsed lung units. On the basis of several
studies of mechanical ventilation in ARDS patients, the same mechanisms of injury
could be applied to mechanically ventilated patients during general anesthesia with
healthy lungs. The use of recruitment maneuvers associated with adequate levels
of PEEP could open and keep open previously collapsed lung regions. In addi-
tion, the use of a low-moderate VT could avoid overstress-overdistension of lung
units.

Protective versus Conventional Lung Ventilation Strategies
during General Anesthesia

In Table 1, we provide a synopsis of randomized controlled trials (RCT) comparing
protective versus conventional lung ventilation strategies during general anesthe-
sia over time, in specific surgical settings showing the main outcomes explored in
these studies. In Fig. 1, we show the numbers of RCTs that we considered, divided
according to the type of surgery.

Abdominal Surgery

Postoperative pulmonary complications remain a significant problem after surgery.
They occur in 5–10 % of all surgical patients and 9–40 % of those undergoing ab-
dominal surgery experience postoperative pulmonary complications [19], which
increase morbidity and mortality [19, 20]. Among the postoperative pulmonary
complications, lung atelectasis is one of the principle mechanisms for the develop-
ment of VILI, pneumonia and postoperative respiratory failure.
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Abdominal surgery
8 RCT (44.4%) 

Explored outcomes

•  Biochemical markers: 3 studies

•  Clinical outcomes: 4 studies 

•  Both: 1 study

Explored outcomes

•  Biochemical markers: 3 studies

•  Clinical outcomes: 3 studies 

•  Both: 1 study

Cardiac surgery
7 RCT (38.9%) 

Thoracic surgery
3 RCT (16.7%) 

Explored outcomes

•  Biochemical markers: 1 study

•  Clinical outcomes: 2 studies 

Fig. 1 The number and percentage of randomized controlled trials (RCTs) included in Table 1,
divided by type of surgery

In this context, Wrigge and colleagues investigated in two studies the effect of
different ventilatory strategies on the release of inflammatory mediators in patients
undergoing elective surgery [21, 22]. In the first study, 39 patients scheduled for
extra-thoracic surgery (abdominal, vascular, bone and other) were randomized to
one of three mechanical ventilation strategies: 1) VT of 15 ml/kg ideal body weight
without PEEP; 2) VT of 6 ml/kg without PEEP; and 3) VT of 6 ml/kg with PEEP
10 cmH2O. Plasma levels of interleukin (IL)-6, IL-10 and tumor necrosis factor
(TNF)-˛ were measured after one hour of mechanical ventilation [21]. In the
second study, 64 patients undergoing general anesthesia were randomized to re-
ceive mechanical ventilation with a VT of 12–15 ml/kg ideal body weight without
PEEP, or with VT of 6 ml/kg and PEEP levels of 10 cmH2O. Local and systemic in-
flammatory biomarkers, including IL-8, IL-1, IL-6, IL-10, TNF-˛ and IL-12, were
determined after 3 hours of mechanical ventilation [22]. Both studies were unable to
find any significant differences in terms of inflammatory mediators and the authors
concluded that, in contrast to patients with acute lung injury in whom there is a sys-
temic inflammatory reaction during major surgery, in uninjured normal lungs short
term mechanical ventilation alone with high VT levels did not increase pulmonary
or systemic inflammation related to surgery [21, 22]. No differences in biomark-
ers of lung epithelial injury were observed after 5 hours in a later study, which
compared ventilation with VT 12 ml/kg ideal body weight without PEEP versus VT

6 ml/kg and PEEP 10 cmH2O [23].
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To explore the effect of a high compared to a low VT for similar PEEP levels,
Treschan et al. randomized patients to receive a VT of 12 ml/kg body weight versus
6 ml/kg with a PEEP of 5 cmH2O [24]. Except for the intraoperative oxygenation,
which was higher in the high VT group, there was no significant difference in forced
vital capacity and forced expiratory volume in one second between groups, for up
to five days after the surgery.

Different from the previous studies, Weingarten et al. evaluated an open lung
strategy in which low VT ventilation was associated with PEEP plus a recruit-
ment maneuver in order to minimize atelectasis and shear stress in the lung
parenchyma [25]. This open lung strategy, consisting of a VT of 6 ml/kg pre-
dicted body weight with PEEP 12 cmH2O and recruitment maneuvers, significantly
improved only intraoperative oxygenation with no difference in the inflamma-
tory response or length of hospital stay compared to a VT of 10 ml/kg without
PEEP [25]. These first studies seem to suggest that a protective ventilator strategy
does not have any role in patients without lung injury [21–25]. However, these
studies demonstrated that this mode of ventilation is feasible in open abdominal
surgery with no adverse effects [23, 25]. In contrast to the previous studies, Sev-
ergnini et al., comparing a lung protective mechanical ventilation consisting of
a VT of 7 ml/kg ideal body weight with PEEP levels of 10 cmH2O and recruitment
maneuvers versus a VT of 9 ml/kg without PEEP, showed beneficial effects of the
lung-protective strategy during general anesthesia lasting more than 2 hours [26].
The lung-protective strategy improved postoperative respiratory function in terms
of dynamic spirometry, oxygenation, and pulmonary complications for up to 5 days
after surgery, without increasing the incidence of intraoperative complications.
Although there was no significant difference in the hospital length of stay between
groups, 20 % of the patients in the lung-protective group, compared with 40 % in
the control group, were still in hospital on postoperative day 14 [26].

A recent multicenter randomized clinical trial in which lung-protective venti-
lation with a VT of 6–8 ml/kg predicted body weight, PEEP 6–8 cmH2O and re-
cruitment maneuvers repeated every 30 minutes was compared with non-protective
ventilation with VT 10–12 ml/kg without PEEP, found that the lung-protective ven-
tilation significantly reduced major pulmonary and extrapulmonary complications
from 27.5 % to 10.5 % [27]. The lung-protective strategy also significantly reduced
the proportion of patients who required postoperative ventilator assistance from
17 % to 5 % and the hospital length of stay.

Compared to the earlier studies [22–25], these two recent trials found a beneficial
effect of a lung-protective strategy probably because of the large number of enrolled
patients, the homogeneity of the selected population of patients undergoing open
abdominal surgery with an expected duration of at least 2 hours, the standardization
of fluid management, and the clinically relevant outcomes explored (not only lung
inflammatory mediators) in the postoperative period.

These results demonstrate that in patients undergoing abdominal surgery a multi-
faceted open lung protective strategy can prevent the intraoperative alveolar opening
and closing and overdistension of lung areas that lead to VILI and pulmonary
complications. Currently, we are waiting for the results of the PROVHILO study,
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a worldwide multicenter RCT in which patients scheduled for abdominal surgery
are being enrolled. In this study, all patients are ventilated with protective tidal vol-
umes (in both groups, VT < 8 ml/kg predicted body weight) and randomly assigned
to a lung-protective strategy with use of recruitment maneuvers and PEEP levels
of 12 cmH2O or a conventional strategy without recruitment maneuvers and PEEP
between 0 and 2 cmH2O [28]. If the results of this study confirm those of the last
two trials [27, 26], lung-protective strategies will be more widely applied in patients
undergoing abdominal surgery [28].

Thoracic Surgery

During thoracic surgery, one-lung ventilation is an established procedure that could
increase the risk of promoting VILI compared to double lung ventilation, because
of greater reduction in lung volume and greater degree of alveolar collapse in de-
pendent lung regions. Two retrospective studies of patients who had undergone
elective pneumonectomy found that larger intraoperative VT and higher inspiratory
airway pressure were associated with the development of pulmonary edema and res-
piratory failure [29, 30]. Despite this, conventional mechanical ventilation in these
patients consists of VT between 8–12 ml/kg to prevent lung atelectasis with zero or
low levels of PEEP to avoid shunt aggravation by redistribution of blood flow to
non-ventilated regions [31, 32]. However this approach is not an evidence-based
guideline.

Schilling et al., in a randomized study in patients scheduled for open thoracic
surgery undergoing one-lung ventilation, showed that mechanical ventilation with
VT of 5 ml/kg ideal body weight compared to 10 ml/kg significantly decreased the
pulmonary inflammatory response up to 2 hours postoperatively [33]. Subsequently,
Licker et al. retrospectively evaluated the implementation of a lung-protective venti-
lation strategy in lung cancer resection combining a low VT (< 8 ml/kg) with PEEP
4–10 cmH2O and recruitment maneuvers versus a conventional VT target ventila-
tion of 9–12 ml/kg during two-lung ventilation and 8–10 ml/kg during one-lung
ventilation without recruitment maneuvers and PEEP applied at the discretion of
the anesthetist [34]. The lung-protective strategy significantly reduced the inci-
dence of atelectasis (from 8.8 % to 5 %), postoperative acute lung injury (from
3.7 % to 0.9 %), ICU admission (from 9.4 % to 2.5 %) and length of hospital stay
(from 14.5 ˙ 3.3 to 11.8 ˙ 4.1 days). These data were confirmed in a randomized
study during elective lobectomy in which patients were ventilated with a high VT

of 10 ml/kg without PEEP compared to a low VT of 6 ml/kg with 5 cmH2O of PEEP
and pressure controlled ventilation [35]. The lung-protective ventilation was asso-
ciated with a lower incidence of lung infiltration or atelectasis (2 versus 10) and of
cases of hypoxemia (1 versus 8).

During esophagectomy, a procedure requiring a prolonged period of one-lung
ventilation, Michelet et al. demonstrated in an RCT that lung-protective ventilation
(VT 9 ml/kg during two-lung ventilation, reduced to 5 ml/kg during one-lung venti-
lation and PEEP 5 cmH2O throughout the operative time) could prevent alterations
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in lung function and reduce the inflammatory response in patients without previous
lung disease compared to conventional ventilation strategy (VT 9 ml/kg during two-
and one-lung ventilation without PEEP) [36].

The majority of studies so far have demonstrated that, during thoracic surgery,
traditional intraoperative ventilatory settings seem to be harmful. An intraopera-
tive open lung approach based on small VT, moderate-high PEEP and recruitment
maneuvers may be beneficial but further randomized clinical trials are necessary to
generate clinical evidence.

Cardiac Surgery

In cardiac surgery, use of cardiopulmonary bypass (CPB), contact of the blood with
artificial surfaces and ischemia/reperfusion of the heart and lungs are associated
with a pulmonary and systemic inflammatory response, with activation of elements
of the complement cascade, neutrophils and pro-inflammatory cytokines [37–39].
This systemic inflammatory response syndrome can be mild to severe in 10 to 35 %
of cases and may induce an acute lung injury, which generally resolves within
24 hours. This clinical event contributes to increased morbidity and mortality [40].
In this context, injurious mechanical ventilation could aggravate the primary inflam-
matory response described above (first hit), representing a second hit. Moreover,
during CPB, the lungs are not ventilated and either rest at low values of continu-
ous positive pressure [41] or are completely disconnected from the ventilator [42–
44]. Traditionally, ventilator settings in cardiac surgery patients included large VT

(10–15 ml/kg) in order to minimize atelectasis and minimal levels of PEEP to re-
duce hemodynamic consequences. Following the results of clinical trials in ARDS
patients [45, 46], there has been increased interest in protective lung ventilatory
strategies during cardiac anesthesia and several trials have tried to demonstrate the
role of protective lung ventilation in this context.

Koner et al. found no differences in plasma levels of IL-6 and TNF-˛ 2 hours
after the end of CBP among patients randomized to receive protective ventilation
(VT 6 ml/kg ideal body weight, PEEP 5 cmH2O) or conventional VT ventilation
(VT 10 ml/kg) with and without PEEP levels at 5 cmH2O [42]. There were no
differences among groups in the explored clinical outcomes, including total intra-
operative fluid balance, intubation time and hospital length of stay [42].

Wrigge et al. measured pulmonary and plasma levels of different cytokines and
chemokines (IL-2, IL-4, IL-6, IL-8, IL-10, TNF-˛ and interferon-�) in patients
ventilated with high or with low tidal volumes (VT 12 ml/kg versus VT 6 ml/kg ideal
body weight). They observed higher values of TNF-˛ after 6 hours of ventilation
with high VT, with no differences in other inflammatory mediators [41].

However, a significantly reduced inflammatory response, in terms of pulmonary
and systemic mediator levels (IL-6 and IL-8) was observed when applying a mod-
erate PEEP level strategy (VT 8 ml/kg with PEEP 10 cmH2O) compared to a low
PEEP and high VT strategy (10–12 ml/kg with PEEP 2–3 cmH2O) [44]. In compar-
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ison to previous studies [41, 42], this study evaluated a greater difference in PEEP
levels and a longer duration of mechanical ventilation [44].

Reis et al. investigated the effect of open lung ventilation, consisting of low
VT (4–6 ml/kg) with moderate-high PEEP levels (10 cmH2O) and recruitment ma-
neuvers, on inflammatory mediators. In this study, they compared an early (im-
mediately after intubation) and a late (at the end of CPB) application of the same
open lung strategy, with conventional ventilation (VT 6–8 ml/kg, PEEP 5 cmH2O).
Both the open lung approaches significantly decreased IL-8 and IL-10 levels after
CPB [47]. Subsequently, the same authors showed that the early open lung approach
significantly attenuated the reduction in postoperative FRC, for up to 5 days after
surgery, and reduced the incidence of hypoxemic events during the first 3 days after
extubation [48]. Ventilation and weaning times were similar among groups. This
positive effect on postoperative FRC could be related to the prevention of additional
lung injury caused by mechanical ventilation. Chaney et al. similarly reported bet-
ter dynamic and static lung compliance and less shunt in patients ventilated with
low compared to high VT (6 versus 12 ml/kg) [49].

Recently Sundar and colleagues observed that a larger number of patients were
extubated after 8 hours (53 % versus 31 %) when ventilated with a low VT of 6 ml/kg
ideal body weight compared to VT 10 ml/kg with similar PEEP levels. Further-
more, a lower postoperative reintubation rate was observed. However, global time
to extubation was similar between groups, as were ICU length of stay and 28-day
mortality [43].

There is, therefore, a small amount of evidence from small studies in support
of lung-protective ventilation in cardiac surgery patients [50]. However, the pres-
ence of several confounding factors, not related to mechanical ventilation, which
could contribute to the development of a systemic inflammatory response and post-
operative pulmonary complications, may have influenced the main outcome results.
Hence, further studies with larger cohorts of patients are needed to confirm the still
weak evidence in favor of lung-protective ventilation in cardiac anesthesia.

Conclusions

Mechanical ventilation is necessary for patients during general anesthesia. Al-
though mechanical ventilation is considered a safe procedure, it can generate pul-
monary stress and strain, promoting lung injury. There is increasing evidence that
lung-protective ventilation may be beneficial in abdominal surgery (lower inflam-
matory response and better outcome). During thoracic and cardiac surgery, lung
protective ventilation has only been associated with a reduced inflammatory re-
sponse.

Lung-protective ventilation should be considered in the presence of pulmonary
disease, prolonged anesthesia, in high-risk patients or for high-risk surgery. Al-
though lung-protective ventilation may be beneficial for the lung, it may impair
the cardiovascular system, reducing venous return and cardiac output and requiring
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the use of fluids and vasopressors. Thus, the risks and benefits of lung-protective
ventilation need to be balanced in each individual patient.
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Protective Mechanical Ventilation in the
Non-injured Lung: Review andMeta-analysis

Y. Sutherasan, M. Vargas, and P. Pelosi

Introduction

Acute respiratory distress syndrome (ARDS) is one of the main causes of mortal-
ity in critically ill patients. Injured lungs can be protected by optimum mechanical
ventilator settings, using low tidal volume (VT) values and higher positive-end ex-
piratory pressure (PEEP); the benefits of this protective strategy on outcomes have
been confirmed in several prospective randomized controlled trials (RCTs). The
question is whether healthy lungs need specific protective ventilatory settings when
they are at risk of injury. We performed a systematic review of the scientific liter-
ature and a meta-analysis regarding the rationale of applying protective ventilatory
strategies in patients at risk of ARDS in the perioperative period and in the intensive
care unit (ICU).

Mechanism of Ventilator-Induced Lung Injury in Healthy Lungs

Several studies have reported the multiple hit theory as the main cause of ARDS in
previously healthy lungs (transfusion, cardiopulmonary bypass [CPB], sepsis etc.).
Recently, many investigators have reported that, in healthy lungs, mechanical venti-
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lation can aggravate the ‘one hit’ ventilator-induced lung injury (VILI), even when
using the least injurious settings.

The pathophysiologic principles of VILI are complex and characterized by dif-
ferent overlapping interactions. These interactions include: (a) high VT causing
over distension; (b) cyclic closing and opening of peripheral airways during tidal
breath resulting in damage of both the bronchiolar epithelium and the parenchyma
(lung strain), mainly at the alveolar-bronchiolar junctions; (c) lung stress by in-
creased transpulmonary pressure (the difference between alveolar and pleural pres-
sure); (d) low lung volume associated with recruitment and de-recruitment of unsta-
ble lung units (atelectrauma); (e) inactivation of surfactant by large alveolar surface
area oscillations associated with surfactant aggregate conversion, which increases
surface tension [1]; (f) local and systemic release of lung-borne inflammatory me-
diators, namely biotrauma [2].

Recent experimental and clinical studies have demonstrated two main mech-
anisms leading to VILI: First, direct trauma to the cell promoting releasing of
cytokines to the alveolar space and the circulation; second, the so-called ‘mechan-
otransduction’ mechanism. Cyclic stretch during mechanical ventilation stimu-
lates alveolar epithelial and vascular endothelial cells through mechano-sensitive
membrane-associated protein and ion channels [3]. High VT ventilation led to
an increase in expression of intrapulmonary tumor necrosis factor (TNF)-˛ and
macrophage inflammatory protein-2 in mice without previous lung injury [4] and
recruited leukocytes to endothelial cells [3]. Tissue deformation activates nuclear
factor-kappa B (NF-�B) signaling consequent to the production of interleukin (IL)-
6, IL-8, IL-1ß and TNF-˛ [3]. The cellular necrosis is associated with an inflam-
matory response in surrounding lung tissue [3].

Mechanotransduction is the conversion of mechanical stimuli to a biochemi-
cal response when alveolar epithelium or vascular endothelium is stretched during
mechanical ventilation. The stimulus causes expansion of the plasma membrane
and triggers cellular signaling via various inflammatory mediators influencing pul-
monary and systemic cell dysfunction [3]. A high level of mechanical stretch is
associated with increased epithelial cell necrosis, decreased apoptosis and increased
IL-8 level [3]. Extracellular matrix (ECM), a three-dimensional fiber mesh, is com-
posed of collagen, elastin, glycosaminoglycans (GAGs) and proteoglycans. The
ECM represents the biomechanical behavior of the lung and plays a role in stabi-
lizing lung matrix and fluid content. Mechanotransduction causes the mechanical
force on ECM that causes the lung strain (the ratio between VT and functional resid-
ual capacity [FRC]). High VT ventilation causes ECM remodeling, influenced by
the airway pressure gradient and the pleural pressure gradient [2, 5].

In animal models, VILI, defined by lung edema formation, develops when lung
strain is greater than 1.5–2 [6]. Cyclic mechanical stress causes release and activa-
tion of matrix metalloproteinase (MMP). MMP plays an important role in regulating
ECM remodeling and VILI. Lung strain also leads to modification of proteoglycan
and GAGs. The fragmentation of GAGs may affect the development of the in-
flammatory response by interacting with various types of chemokine and acting as
ligands for Toll-like receptors [5, 7]. In addition, the ECM has been demonstrated
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Physical injury
Volutrauma
Barotrauma

Atelectrauma 

Biotrauma
Mechanotransduction

Endothelial, epithelial, ECM injury
Cytokines to systemic circulation

Non-pulmonary organ failure
Small intestine, kidney

ARDS
Pulmonary infection

Risk factors
Thoracic, vascular, abdominal surgery

General anesthesia 
Transfusions

Sepsis
Restrictive lung

Brain injury

Mechanical ventilation

Protective ventilation
VT 6 ml/kg PBW

Pplateau < 20 cmH2O
PEEP  6–12 cmH2O

Recruitment maneuver

Fluid balance 
Restrictive transfusion
Sepsis management

Fig. 1 Pathophysiology of ventilator-induced lung injury (VILI) in non-injured lungs and the lung-
protective ventilatory approach. VT: tidal volume; PBW: predicted body weight; PEEP: positive
end-expiratory pressure; ARDS: acute respiratory distress syndrome; ECM: extracellular matrix

to be the signal of matrikines requiring proteolytic breakdown. Mechanical strain
induces ECM breakdown [5].

During the perioperative period, general anesthesia and deep sedation with or
without muscle paralysis markedly affect lung structure by reducing the tone of
respiratory muscles and altering diaphragmatic position [8]. A direct effect of anes-
thetics on pulmonary surfactant, as well as the weight of the heart and greater
intra-abdominal pressure in the supine position, promotes collapse of dependent
lung regions and partial collapse of mid-pulmonary regions as a consequence of the
reduction in end-expiratory lung volume. These alterations promote: (a) increase in
lung elastance; (b) increase in lung resistance; and (c) impairment in gas exchange.
The morphological alterations of the lungs are sustained at least for the first 24–
72 hours postoperatively, particularly in patients undergoing high-risk surgery. In
addition these alterations facilitate rapid shallow breathing and increased work of
breathing as well as impaired gas-exchange [9] (Fig. 1).
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Protective Ventilation Strategies

The previously mentioned mechanisms have encouraged intensive care physicians
and anesthesiologists to consider ‘protective ventilation strategies’ in vulnerable
non-injured lungs, which use physiologic low VT values, moderate to high levels of
PEEP and/or recruitment maneuvers.

Tidal Volume, Positive End-Expiratory Pressure
and Recruitment Maneuvers

In Surgery
A recent large prospective cohort study conducted in different types of surgery
demonstrated that the incidence of in-hospital mortality was about as high as the
incidence of postoperative pulmonary complications which were associated with
prolonged hospital stays [10]. Historically, use of large VT (10–15 ml/kg) was advo-
cated during the perioperative period to prevent impaired oxygenation and re-open
collapsed lung units [11]. Nowadays, lung protective ventilation has become the
standard of care in patients with ARDS. Secondary analysis of the ARDS network
trial database revealed that the reduction in VT from 12 to 6 ml/kg predicted body
weight (PBW) yielded benefit, regardless of the level of plateau pressure [12]. Over
the last few decades, clinicians have tended to decrease VT from 8.8 ml/kg actual
body weight (ABW) to 6.9 ml/kg ABW in critically ill patients [13].

Applying a PEEP � 8 cm H2O and using recruitment maneuvers may increase
end-expiratory lung volume (EELV) beyond airway closure, certainly preventing
atelectasis. However, the adverse effect of PEEP and recruitment maneuvers is
a possible reduction in right ventricular (RV) preload and an increase in RV after-
load. These consequences may lead to lower stroke volume and potentially became
problematic during surgery. Therefore, the role of low VT ventilation and moderate
to high PEEP levels with recruitment maneuvers in previously non-injured lungs is
still controversial during surgery.

In terms of lung mechanics and gas exchange, during cardiac surgery protective
ventilation with a VT of 6 ml/kg and PEEP 5 cm H2O can improve lung mechanics
and prevent postoperative shunting compared to conventional or standard ventila-
tion with VT of 12 ml/kg and PEEP 5 cm H2O [14].

In patients undergoing CPB surgery, Koner et al. found no differences in plasma
levels of TNF-˛ or IL-6 in patients ventilated with VT of 6 ml/kg plus PEEP
5 cm H2O, with VT 10 ml/kg plus PEEP 5 cm H2O or with VT 10 ml/kg but zero
end-expiratory pressure (ZEEP) [15]. Wrigge et al. also reported that ventilation
with VT of 6 ml/kg or with 12 ml/kg for 6 hours did not affect serum TNF-˛, IL-6,
or IL-8 concentrations in CPB surgery; only bronchoalveolar lavage (BAL) fluid
TNF-˛ levels were significantly higher in the higher VT group [16]. In contrast,
Zupancich et al. showed that serum and BAL fluid IL-6 and IL-8 levels were
elevated in a conventional ventilation group compared to a protective ventilation
group after 6 hours of ventilation [17].
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During major thoracic and abdominal surgery, there was no difference in the
time course of tracheal aspirate and plasma TNF-˛, IL-1, IL-6, IL-8, IL-12, or IL-
10 in patients receiving conventional ventilation (VT 12–15 ml/kg ideal body weight
[IBW] and PEEP 0 cm H2O) and those receiving protective ventilation (VT 6 ml/kg
IBW and PEEP 10 cm H2O) [18]. In abdominal surgery, Wolthuis et al. demon-
strated attenuation of pulmonary IL-8, myeloperoxidase and elastase in a protective
ventilation group [19]. In terms of clinical outcomes, elderly patients undergo-
ing major abdominal surgery ventilated with 6 ml/kg PBW, 12 cm H2O PEEP and
receiving a recruitment maneuver by sequentially increasing PEEP in 3 steps to
20 cm H2O had no hemodynamic effects and achieved better intraoperative PaO2

and dynamic lung compliance compared with patients receiving conventional ven-
tilation with VT 10 ml/kg without PEEP and recruitment maneuvers. However, this
study showed no differences in IL-6 and IL-8 levels [20].

In a prospective study of 3434 cardiac surgery patients, only 21 % of patients
received VT < 10 ml/kg PBW; VT values of more than 10 ml/kg PBW were an inde-
pendent risk factor for multiple organ failure [21]. Obesity, female gender and short
height are risk factors for receiving VT of more than 10 ml/kg [22].

Treschan et al. demonstrated that applying VT of 6 ml/kg PBW during major
abdominal surgery did not attenuate postoperative lung function impairment com-
pared to VT values of 12 ml/kg PBW with the same PEEP level of 5 cm H2O [23].
However, Severgnini et al. showed that compared to conventional ventilation (VT

9 ml/kg IBW without PEEP), application of protective ventilation during abdominal
surgery lasting more than 2 hours (VT 7 ml/kg IBW, PEEP 10 cm H2O, and recruit-
ment maneuver) improved pulmonary function tests for up to 5 days, with reduced
modified Clinical Pulmonary Infection Scores (mCPIS), lower rates of postopera-
tive pulmonary complications, and better oxygenation [24]. A study conducted by
Futier et al. (IMPROVE study) emphasizes the benefits of low VT with PEEP and
recruitment maneuver. This large RCT demonstrated that major pulmonary and ex-
trapulmonary complications within 7 days after major abdominal surgery occurred
in 21 patients (10.5 %) in the protective ventilation group (VT 6–8 ml/kg PBW,
PEEP 6–8 cm H2O and recruitment maneuver) compared with 55 patients (27.5 %)
in the conventional ventilation group (VT 10–12 ml/kg PBW without PEEP); fur-
thermore, patients in the protective ventilation group had shorter lengths of hospital
stay than those in the conventional group [25].

Higher VT ventilation seems to be an inflammatory stimulus for the lungs. How-
ever, as shown in the studies mentioned earlier, in terms of resultant local and
systemic inflammatory responses processes, results are still debated [15, 16, 18,
26]. Application of lower VT is challenging because it can possibly increase the
risk of atelectasis. Nevertheless, Cai et al. showed that applying ventilation with
VT of 6 ml/kg alone was associated with no difference in the amount of atelecta-
sis compared to ventilation with VT of 10 ml/kg [27] and application of PEEP may
additionally counteract this effect [24]. Several studies have shown that protective
ventilation can improve lung mechanics, gas exchange and decrease the incidence
of postoperative pulmonary complications [24, 25, 28] (Table 1).
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To better investigate the impact of protective ventilation itself involving low VT

or PEEP and recruitment maneuvers, a large RCT including 900 patients and in-
vestigating the effect on postoperative pulmonary complications of an open lung
strategy with high PEEP and recruitment maneuvers in short term mechanical ven-
tilation has recently been completed (PROVHILO) [29]. Finally, the impact of
current mechanical ventilatory practice during general anesthesia on postoperative
pulmonary complications will be revealed by another large prospective observa-
tional study (LAS VEGAS) [30].

In the Intensive Care Unit
In a study comparing mechanical ventilation with VT of 6 ml/kg and 12 ml/kg but
with the same level of PEEP (5 cm H2O) in a surgical ICU, the low VT group had
a lower, but not significantly, incidence of pulmonary infections, duration of intu-
bation, and duration of ICU stay [31]. Pinheiro de Oliveira et al. demonstrated
in trauma and general ICU patients that protective ventilation (VT 5–7 ml/kg PBW
and PEEP 5 cm H2O) attenuated pulmonary IL-8 and TNF-˛ compared with high
VT ventilation (10–12 ml/kg PBW and PEEP 5 cm H2O) after 12 hours of mechan-
ical ventilation. Nevertheless, there were no differences in number of days on
mechanical ventilation, length of ICU stay or mortality between the 2 groups [32].
Determann et al. also reported that conventional ventilation with VT 10 ml/kg was
associated with a significantly lower clearance rate of plasma IL-6 compared to
protective ventilation with a VT 6 ml/kg PBW [33]. This trial was stopped early
because more patients in the conventional ventilation group developed acute lung
injury (ALI, 10 patients [13.5 %] vs. 2 patients [2.6 %], p = 0.01) [33].

Not only a high VT but also the time of exposure can lead to the release of pro-
inflammatory mediators and an increase in the wet-to-dry ratio in the lung [34]. In
a large retrospective cohort study in ICU patients who received mechanical ventila-
tion for > 48 hours, 24 % of 332 patients developed acute lung injury (ALI) within
5 days. A VT > 6 ml/kg PBW (OR 1.3 for each ml above 6 ml/kg PBW, p < 0.001),
history of blood transfusion, acidemia, and history of restrictive lung disease were
independent risk factors for development of ALI [35]. The incidence of ARDS
decreased from 28 % to 10 % when applying a quality improvement intervention,
namely setting VT at 6–8 ml/kg PBW in patients at risk of ARDS plus using a re-
strictive protocol for red blood cell (RBC) transfusion [36]. Lower VT ventilation
was also not associated with differences in sedative drug dosage [37].

Recent Meta-analyses

Serpa Neto et al. [38] performed a meta-analysis of 20 trials that compared higher
and lower VT ventilation in critically ill patients and surgical patients who did not
meet the consensus criteria for ARDS. Patients who received lower VT ventilation
showed a decrease in the development of ALI (risk ratio [RR] 0.33, 95 % CI 0.23–
0.47, number needed to treat [NNT] 11), pulmonary infection (RR 0.45, 95 % CI
0.22–0.92, NNT 26), atelectasis (RR 0.62, 95 % CI 0.41–0.95) and mortality (RR

ENREF_32
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0.64, 95 % CI 0.46–0.86, NNT 23) [38]. However, there are some limitations that
need to be addressed in the design of this meta-analysis. Some of the included
studies were small, five studies were observational and studies included various
types of clinical settings, such as sepsis in the ICU and one-lung ventilation in the
operating room [36, 39]. Therefore, the results of this study cannot be considered
as definitive.

To better specify the effect of protective ventilation in cardiac and abdominal
surgical patients, excluding ICU patients, Hemmes et al. [40] performed a meta-
analysis focusing on the effects of protective ventilation on the incidence of postop-
erative pulmonary complications and included eight articles. These authors demon-
strated that applying protective ventilation decreased the incidence of lung injury
(RR 0.40, 95 % CI 0.22–0.70, NNT 37), pulmonary infection (RR 0.64, 95 % CI
0.43–0.97, NNT 27) and atelectasis (RR 0.67, 95 % CI 0.47–0.96, NNT 31). When
comparing lower PEEP and higher PEEP, higher PEEP also attenuated postopera-
tive lung injury (RR 0.29, 95 % CI 0.14–0.60, NNT 29), pulmonary infection (RR
0.62, 95 % CI 0.40–0.96, NNT 33) and atelectasis (RR 0.61, 95 % CI 0.41–0.91,
NNT 29).

The most recent systematic review was performed by Fuller et al. [41]. These
authors hypothesized that low VT is associated with a decreased incidence in the
progression to ARDS in patients without ARDS at the time of initiation of me-
chanical ventilation. Thirteen studies were included and only one was a RCT. The
majority of these studies showed that low VT could decrease the progression of
ARDS. However, a formal meta-analysis was not conducted because of the marked
heterogeneity and variability of baseline ARDS among included patients [41].

Meta-analysis Including theMost Recent Trials

From the results of two additional recently published RCTs, which included overall
more than 400 patients [24, 25], we hypothesized that the use of a protective ventila-
tor strategy, defined as physiologically low VT with moderately high PEEP with or
without recruitment maneuvers, could lead to a substantial decrease in pulmonary
complications in non-injured lungs and may affect mortality. Therefore, we con-
ducted a new meta-analysis restricted to RCTs in patients undergoing surgery and
critically ill patients, and excluding one-lung ventilation. Studies were identified
by two authors through a computerized blind search of Pubmed using a sensitive
search strategy. Articles were selected for inclusion in the systematic review if they
evaluated two types of ventilation in patients without ARDS or ALI at the onset
of mechanical ventilation in the operating room or ICU. Protective ventilation was
defined as low VT with or without high PEEP, and standard ventilation was defined
as high VT with or without low PEEP. Articles not reporting outcomes of interest
were excluded. Data were independently extracted from each report by two inves-
tigators using a data recording form developed for this purpose. We extracted data
regarding study design, patient characteristics, type of ventilation, and mean change
in arterial blood gases, lung injury development, and ICU and hospital length of
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stay, overall survival, and incidence of atelectasis. The longest follow-up period in
each trial up to hospital discharge was used in the analysis. After extraction, the
data were reviewed and compared by a third investigator. Whenever needed, we
obtained additional information about a specific study by directly questioning the
principal investigator. We assessed allocation concealment, the baseline similarity
of groups (with regard to age, severity of illness, and severity of lung injury), and
early treatment cessation.

The primary endpoint was the development of lung injury in each study group.
Secondary endpoints included incidence of lung infection, atelectasis, length of ICU
stay, length of hospital stay and mortality. Continuous outcome data were evaluated
with a meta-analysis of risk ratio performed with a fixed-effects model according
to Mantel and Haenszel. When heterogeneity was > 25 %, we performed a meta-
analysis with mixed random effect using the DerSimonian and Laird method. Re-
sults were graphically represented using Forest plot graphs. The homogeneity
assumption was measured by the I2, which describes the percentage of total vari-
ation across studies that is due to heterogeneity rather than to chance; a value of
0 % indicates no observed heterogeneity, and larger values show increasing hetero-
geneity. Parametric variables are presented as mean and standard deviation, and
nonparametric variables as median and interquartile range (IQR). All analyses were
conducted with OpenMetaAnalyst (version 6), Prism 6 (GraphPad software) and
SPSS version 20 (IBM SPSS). For all analyses, 2-sided p values less than 0.05 were
considered significant. To evaluate potential publication bias, a weighted linear re-
gression was used, with the natural log of the OR as the dependent variable and
the inverse of the total sample size as the independent variable. This is a modified
Macaskill’s test, which gives more balanced type I error rates in the tail probability
areas in comparison to other publication bias tests [42].

Seventeen articles were included in the meta-analysis [14–20, 23–28, 31–33,
43]. Three studies were conducted in critically ill patients and the others in sur-
gical patients. Six of the studies were in cardiac surgery, 6 in major abdominal
surgery, 1 in neurosurgery, and 1 in thoracic surgery. A total of 1362 patients,
comprising 682 patients with protective ventilation and 680 patients with conven-
tional ventilation, were analyzed. Characteristics of the included RCTs are shown
in Table 2. Nine studies evaluated inflammatory mediators as their primary out-
come. The development of pulmonary complications was the primary outcome in
three studies. The average VT values in the protective ventilation and conventional
ventilation groups were 6.1 ml/kg IBW and 10.7 ml/kg, respectively. The average
plateau pressures were < 20 cm H2O in both groups, significantly lower in the pro-
tective ventilation group than in the conventional ventilation group. The protective
ventilation groups had higher levels of PaCO2 and more acidemia, although within
the normal ranges (Table 3).

The protective ventilation group had a lower incidence of ALI (RR 0.27, 95 %
CI 0.12–0.59) and lung infection (RR 0.35, 95 % CI 0.25–0.63); however, applica-
tion of protective ventilation did not affect atelectasis (RR 0.76, 95 % CI 0.33–1.37)
or mortality (RR 1.03; 95 % CI 0.67–1.58) compared with conventional ventilation
(Figs. 2 and 3). There were no differences in length of ICU stay (weighted mean
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Table 2 Characteristics of the studies included in the meta-analysis

First author,
Year [Ref]

Number
of patients

Protective
ventilation

Standard
ventilation

Setting Design Primary outcome

VT

(ml/kg)
N VT

(ml/kg)
N

Lee
1990 [31]

103 6 47 12 56 ICU RCT Duration of MV

Chaney
2000 [14]

25 6 12 12 16 Surg RCT Lung mechanics

Wrigge
2004 [18]

62 6 30 12 32 Surg RCT Cytokines in BAL

Koner
2004 [15]

44 6 15 10 29 Surg RCT Cytokines in
blood

Wrigge
2005 [16]

44 6 22 12 22 Surg RCT Cytokines in BAL

Zupancich
2005 [17]

40 8 20 10 20 Surg RCT Cytokines in BAL

Michelet
2006 [43]

52 5 26 9 26 Surg RCT Cytokines in
blood

Cai 2007 [27] 16 6 8 10 8 Surg RCT Atelectasis
Wolthius
2008 [19]

40 6 21 12 19 Surg RCT Pulmonary
Inflammation

Determan
2008 [26]

40 6 21 12 19 Surg RCT Cytokines in BAL

Weingarten
2010 [20]

40 6 20 10 20 Surg RCT Oxygenation

Determann
2010 [33]

150 6 76 10 74 ICU RCT Cytokines in BAL

Pinheiro de
Oliveira
2010 [32]

20 6 10 12 10 ICU RCT Cytokines in BAL

Sundar
2011 [28]

149 6 75 10 74 Surg RCT Duration of MV

Treschan
2012 [23]

101 6 50 12 51 Surg RCT Spirometry

Severgnini
2013 [24]

55 7 27 9 28 Surg RCT Change in mCPIS

Futier
2013 [25]

400 6–8 200 10–12 200 Surg RCT Pulmonary and
extrapulmonary
complications

BAL: bronchoalveolar lavage; ICU: intensive care unit; MV: mechanical ventilation; Surg: surgi-
cal; VT: tidal volume; mCPIS: modified Clinical Pulmonary Infection Score.

difference [WMD] –0.40, 95 % CI –1.02; 0.22) or length of hospital stay (WMD
0.13, 95 %CI –0.73; 0.08) (Fig. 4) between the protective ventilation and conven-
tional ventilation groups. The I2 test revealed no heterogeneity in the analysis of
lung injury and mortality, but there was heterogeneity in the analysis of atelectasis
and length of stay.
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Table 3 Demographic, ventilation and laboratory characteristics of the patients included in the
different studies

Protective ventilation
(n = 682)

Standard ventilation
(n = 680)

p

Age, years 61 (8.4) 61 (7.7) 0.96
Weight, kg 77.5 (10.1) 77.2 (9.5) 0.82
Tidal volume, ml/kg 6.1 (0.63) 10.7 (1.2) 0.00
PEEP, cm H2O 7.6 (2.4) 2.5 (2.6) 0.00
Plateau pressure, cm H2O 17.2 (2.2) 19.9 (3.9) 0.03
Respiratory rate, breaths/min 16.7 (3.2) 10.1 (3.5) 0.00
PaO2/FiO2 331.6 (62.3) 332.5 (64.3) 0.94
PaCO2, mmHg 42.6 (5.5) 38.4 (4.8) 0.01
pH 7.37 (0.3) 7.40 (0) 0.01

Results are shown as mean (˙SD). FiO2: fraction of inspired oxygen; PEEP: positive end-
expiratory pressure.

Our meta-analysis including the most recent trials suggests that among surgi-
cal and critically ill patients without lung injury, protective mechanical ventilation
with use of lower VT, with or without PEEP, is associated with better clinical pul-
monary outcomes in term of ARDS incidence and pulmonary infection but does
not decrease atelectasis, mortality or length of stay. The plateau pressure in the
conventional group was less than 20 cm H2O, indicating that ARDS can occur even
below the previously-believed safe plateau pressure level. The meta-analysis by
Serpa Neto et al. [38] demonstrated that mortality was significantly lower with pro-
tective ventilation than in our study. This finding can be explained by the fact that
we included only RCTs in our meta-analysis and the two most recent RCTs were
not analyzed in the previous study. We summarize the characteristics of each recent
meta-analysis Table 4.

In Specific Populations

Donors
A prospective multicenter study in brain death patients reported that 45 % of poten-
tial lung donors have a PaO2/FiO2 < 300, making them ineligible for lung donation.
The authors suggest that mechanical ventilation management should be changed to
protective ventilation settings to improve the supply of donor lungs [44]. Mascia
et al. compared a protective mechanical ventilation strategy, including VT of 6–
8 ml/kg PBW, PEEP of 8–10 cm H2O, apnea tests performed by using continuous
positive airway pressure (CPAP), closed circuit for airway suction and recruitment
maneuver performed after each ventilator disconnection, with conventional ventila-
tion, namely VT of 10–12 ml/kg PBW, PEEP 3–5 cm H2O, apnea test performed by
disconnecting the ventilator and open circuit airway suctioning, in potential donors.
The authors clearly demonstrated that the number of lungs that met lung donor eligi-
bility criteria after the 6-hour observation period and the number of lungs eligible to
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Table 4 Characteristics and outcomes of three recent meta-analyses

Author, year [ref] Serpa Neto et al.
2012 [38]

Hemmes et al. 2013
[40]

Our meta-analysis

Number of
studies

20 articles 8 articles 17 articles

Number of RCTs 15 articles 6 articles 17 articles
Populations ICU and surgical

patients
Only surgical patients ICU and surgical patients

Search strategy
until (year)

2012 2012 2013

Statistical
analysis

Fixed effect + Mantel
and Haenszel

Fixed effect + Mantel
and Haenszel

Fixed effect + Mantel and
Haenszel, when I2 > 25 %
random effect plus
DerSimonian and Laird

Number of
patients

2833 1669 1362

PV group CV
group

PV group CV group PV group CV group

VT (ml/kg) 6.5 10.6 6.1 10.4 6.1 10.7
PEEP (cm H2O) 6.4 3.4 6.6 2.7 7.6 2.5
Plateau pressure
(cmH2O)

16.6 21.4 16.6 20.5 17.2 19.9

Main outcome
ALI RR 0.33; 95 %CI

0.23–0.47
RR 0.40; 95 % CI
0.22–0.70

RR 0.27; 95 % CI
0.12–0.59

Pulmonary
infection

RR 0.52; 95 %CI
0.33–0.82

RR 0.64; 95 % CI
0.43–0.97

RR 0.35; 95 % CI
0.25–0.63

Atelectasis RR 0.62; 95 %CI
0.41–0.95

RR 0.67; 95 % CI
0.47–0.96

RR 0.76; 95 % CI
0.33–1.37

Mortality RR 0.64; 95 %CI
0.46–0.86

No data RR 1.03; 95 % CI
0.67–1.58

ICU length of
stay

No data No data WMD –0.40; 95 %CI
–1.02; 0.22

Hospital length
of stay

No data No data WMD 0.13; 95 %CI
–0.73; 0.08

Homogeneity
test

Found heterogeneity
in pulmonary
infection outcome

Found heterogeneity in
atelectasis outcome

Found heterogeneity in
atelectasis, ICU length of
stay and hospital length of
stay outcome

RCT: randomized control trial; VT: tidal volume; PEEP: positive end-expiratory pressure; PV:
protective ventilation; CV: conventional ventilation; ICU: intensive care unit; RR: risk ratio; 95 %
CI: 95 % confidence interval. WMD: weighted mean difference.

be harvested were nearly two times higher with protective ventilation compared to
traditional mechanical ventilation [45]. The authors concluded that these strategies
can prevent the lungs from ARDS caused by brain injury and can recruit atelecta-
sis.
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One-Lung Ventilation
Michelet et al. demonstrated that during one-lung ventilation, protective ventila-
tion resulted in higher PaO2/FiO2 ratios and shortened duration of postoperative
mechanical ventilation in patients undergoing esophagectomy compared to con-
ventional ventilation [43]. In patients undergoing esophagectomy, protective ven-
tilation during one-lung ventilation causes lower serum levels of IL-1, IL-6, and
IL-8 [43, 46]. In lobectomy patients, during one lung ventilation, Yang et al. re-
ported that applying VT of 6 ml/kg PBW, PEEP 5 cm H2O and FiO2 0.5 decreased
the incidence of pulmonary complications and improved oxygenation indices com-
pared to conventional ventilation [47].

Obesity
Obesity can aggravate atelectasis formation and is one of the risk factors for re-
ceiving high VT values [21]. In morbid obesity, the forced vital capacity, maximal
voluntary ventilation and expiratory reserve volume are markedly reduced. Dur-
ing anesthesia, an increase in body mass index correlates well with decreasing lung
volume, lung compliance and oxygenation [48] but increasing lung resistance. The
decrease of FRC is linked with atelectasis formation consequent to hypoxemia [49].
Ventilator management during anesthesia in obesity should be set as follows: (a)
low VT; (b) open lung approach with PEEP and recruitment maneuvers; (c) low
FiO2, less than 0.8 [49]. Because of the effects of chest wall and intra-abdominal
pressure, we recommend careful monitoring of airway plateau pressure, intrinsic
PEEP and transpulmonary pressure. Further studies are warranted to define pro-
tective ventilation settings in this group and particularly during the perioperative
period.

Conclusions

Although, mechanical ventilation is a supportive tool in patients with respiratory
failure and during the perioperative period, it has proved to be a double-edged
sword. Mechanisms of VILI are now better understood. Implementation of pro-
tective ventilator strategies, consisting of VT of 6 ml/kg, PEEP of 6–12 cm H2O
and recruitment maneuvers can decrease the development of ARDS, pulmonary
infection and atelectasis but not mortality in previously non-injured lungs in the
perioperative period and the ICU.

References

1. De Prost N, Dreyfuss D (2012) How to prevent ventilator-induced lung injury? Minerva
Anestesiol 78:1054–1066

2. Pelosi P, Negrini D (2008) Extracellular matrix and mechanical ventilation in healthy lungs:
back to baro/volotrauma? Curr Opin Crit Care 14:16–21

3. Lionetti V, Recchia FA, Ranieri VM (2005) Overview of ventilator-induced lung injury mech-
anisms. Curr Opin Crit Care 11:82–86



190 Y. Sutherasan et al.

4. Wilson MR, Choudhury S, Goddard ME, O’Dea KP, Nicholson AG, Takata M (2003) High
tidal volume upregulates intrapulmonary cytokines in an in vivo mouse model of ventilator-
induced lung injury. J Appl Physiol 95:1385–1393

5. Pelosi P, Rocco PR (2008) Effects of mechanical ventilation on the extracellular matrix. Inten-
sive Care Med 34:631–639

6. Protti A, Cressoni M, Santini A et al (2011) Lung stress and strain during mechanical ventila-
tion: any safe threshold? Am J Respir Crit Care Med 183:1354–1362

7. Souza-Fernandes AB, Pelosi P, Rocco PR (2006) Bench-to-bedside review: the role of gly-
cosaminoglycans in respiratory disease. Crit Care 10:237

8. Duggan M, Kavanagh BP (2005) Pulmonary atelectasis: a pathogenic perioperative entity.
Anesthesiology 102:838–854

9. Tusman G, Bohm SH, Warner DO, Sprung J (2012) Atelectasis and perioperative pulmonary
complications in high-risk patients. Curr Opin Anaesthesiol 25:1–10

10. Pearse RM, Moreno RP, Bauer P et al (2012) Mortality after surgery in Europe: a 7 day cohort
study. Lancet 380:1059–1065

11. Bendixen HH, Hedley-Whyte J, Laver MB (1963) Impaired oxygenation in surgical patients
during general anesthesia with controlled ventilation. A concept of atelectasis. N Engl J Med
269:991–996

12. Hager DN, Krishnan JA, Hayden DL, Brower RG, Network ACT (2005) Tidal volume reduc-
tion in patients with acute lung injury when plateau pressures are not high. Am J Respir Crit
Care Med 172:1241–1245

13. Esteban A, Frutos-Vivar F, Muriel A et al (2013) Evolution of mortality over time in patients
receiving mechanical ventilation. Am J Respir Crit Care Med 188:220–230

14. Chaney MA, Nikolov MP, Blakeman BP, Bakhos M (2000) Protective ventilation attenuates
postoperative pulmonary dysfunction in patients undergoing cardiopulmonary bypass. J Car-
diothorac Vasc Anesth 14:514–518

15. Koner O, Celebi S, Balci H, Cetin G, Karaoglu K, Cakar N (2004) Effects of protective and
conventional mechanical ventilation on pulmonary function and systemic cytokine release af-
ter cardiopulmonary bypass. Intensive Care Med 30:620–626

16. Wrigge H, Uhlig U, Baumgarten G et al (2005) Mechanical ventilation strategies and inflam-
matory responses to cardiac surgery: a prospective randomized clinical trial. Intensive Care
Med 31:1379–1387

17. Zupancich E, Paparella D, Turani F et al (2005) Mechanical ventilation affects inflammatory
mediators in patients undergoing cardiopulmonary bypass for cardiac surgery: a randomized
clinical trial. J Thorac Cardiovasc Surg 130:378–383

18. Wrigge H, Uhlig U, Zinserling J et al (2004) The effects of different ventilatory settings on
pulmonary and systemic inflammatory responses during major surgery. Anesth Analg 98:775–
781

19. Wolthuis EK, Choi G, Dessing MC et al (2008) Mechanical ventilation with lower tidal
volumes and positive end-expiratory pressure prevents pulmonary inflammation in patients
without preexisting lung injury. Anesthesiology 108:46–54

20. Weingarten TN, Whalen FX, Warner DO et al (2010) Comparison of two ventilatory strategies
in elderly patients undergoing major abdominal surgery. Br J Anaesth 104:16–22

21. Lellouche F, Dionne S, Simard S, Bussieres J, Dagenais F (2012) High tidal volumes in me-
chanically ventilated patients increase organ dysfunction after cardiac surgery. Anesthesiology
116:1072–1082

22. Fernandez-Bustamante A, Wood CL, Tran ZV, Moine P (2011) Intraoperative ventilation: in-
cidence and risk factors for receiving large tidal volumes during general anesthesia. BMC
Anesthesiol 11:22

23. Treschan TA, Kaisers W, Schaefer MS et al (2012) Ventilation with low tidal volumes during
upper abdominal surgery does not improve postoperative lung function. Br J Anaesth 109:263–
271



Protective Mechanical Ventilation in the Non-injured Lung: Review and Meta-analysis 191

24. Severgnini P, Selmo G, Lanza C et al (2013) Protective mechanical ventilation during general
anesthesia for open abdominal surgery improves postoperative pulmonary function. Anesthe-
siology 118:1307–1321

25. Futier E, Constantin JM, Paugam-Burtz C et al (2013) A trial of intraoperative low-tidal-
volume ventilation in abdominal surgery. N Engl J Med 369:428–437

26. Determann RM, Wolthuis EK, Choi G et al (2008) Lung epithelial injury markers are not
influenced by use of lower tidal volumes during elective surgery in patients without preexisting
lung injury. Am J Physiol Lung Cell Mol Physiol 294:L344–350

27. Cai H, Gong H, Zhang L, Wang Y, Tian Y (2007) Effect of low tidal volume ventilation on
atelectasis in patients during general anesthesia: a computed tomographic scan. J Clin Anesth
19:125–129

28. Sundar S, Novack V, Jervis K et al (2011) Influence of low tidal volume ventilation on time to
extubation in cardiac surgical patients. Anesthesiology 114:1102–1110

29. Hemmes SN, Severgnini P, Jaber S et al (2011) Rationale and study design of PROVHILO
– a worldwide multicenter randomized controlled trial on protective ventilation during general
anesthesia for open abdominal surgery. Trials 12:111

30. Hemmes SN, de Abreu MG, Pelosi P, Schultz MJ (2013) ESA Clinical Trials Network 2012:
LAS VEGAS – Local assessment of ventilatory management during general anaesthesia for
surgery and its effects on postoperative pulmonary complications: a prospective, observa-
tional, international, multicentre cohort study. Eur J Anaesthesiol 30:205–207

31. Lee PC, Helsmoortel CM, Cohn SM, Fink MP (1990) Are low tidal volumes safe? Chest
97:430–434

32. de Pinheiro Oliveira R, Hetzel MP, dos Anjos Silva M, Dallegrave D, Friedman G (2010)
Mechanical ventilation with high tidal volume induces inflammation in patients without lung
disease. Crit Care 14:R39

33. Determann RM, Royakkers A, Wolthuis EK et al (2010) Ventilation with lower tidal volumes as
compared with conventional tidal volumes for patients without acute lung injury: a preventive
randomized controlled trial. Crit Care 14:R1

34. Bregeon F, Roch A, Delpierre S et al (2002) Conventional mechanical ventilation of
healthy lungs induced pro-inflammatory cytokine gene transcription. Respir Physiol Neuro-
biol 132:191–203

35. Gajic O, Dara SI, Mendez JL et al (2004) Ventilator-associated lung injury in patients without
acute lung injury at the onset of mechanical ventilation. Crit Care Med 32:1817–1824

36. Yilmaz M, Keegan MT, Iscimen R et al (2007) Toward the prevention of acute lung injury:
protocol-guided limitation of large tidal volume ventilation and inappropriate transfusion. Crit
Care Med 35:1660–1666

37. Wolthuis EK, Veelo DP, Choi G et al (2007) Mechanical ventilation with lower tidal volumes
does not influence the prescription of opioids or sedatives. Crit Care 11:R77

38. Serpa Neto A, Cardoso SO, Manetta JA et al (2012) Association between use of lung-protective
ventilation with lower tidal volumes and clinical outcomes among patients without acute res-
piratory distress syndrome: a meta-analysis. JAMA 308:1651–1659

39. Licker M, Diaper J, Villiger Y et al (2009) Impact of intraoperative lung-protective interven-
tions in patients undergoing lung cancer surgery. Crit Care 13:R41

40. Hemmes SN, Serpa Neto A, Schultz MJ (2013) Intraoperative ventilatory strategies to prevent
postoperative pulmonary complications: a meta-analysis. Curr Opin Anaesthesiol 26:126–133

41. Fuller BM, Mohr NM, Drewry AM, Carpenter CR (2013) Lower tidal volume at initiation
of mechanical ventilation may reduce progression to acute respiratory distress syndrome: a
systematic review. Crit Care 17:R11

42. Peters JL, Sutton AJ, Jones DR, Abrams KR, Rushton L (2006) Comparison of two methods
to detect publication bias in meta-analysis. JAMA 295:676–680

43. Michelet P, D’Journo XB, Roch A et al (2006) Protective ventilation influences systemic in-
flammation after esophagectomy: a randomized controlled study. Anesthesiology 105:911–
919



192 Y. Sutherasan et al.

44. Mascia L, Bosma K, Pasero D et al (2006) Ventilatory and hemodynamic management of
potential organ donors: an observational survey. Crit Care Med 34:321–327

45. Mascia L, Pasero D, Slutsky AS et al (2010) Effect of a lung protective strategy for organ
donors on eligibility and availability of lungs for transplantation: a randomized controlled
trial. JAMA 304:2620–2627

46. Lin WQ, Lu XY, Cao LH, Wen LL, Bai XH, Zhong ZJ (2008) Effects of the lung protec-
tive ventilatory strategy on proinflammatory cytokine release during one-lung ventilation. Ai
Zheng 27:870–873

47. Yang M, Ahn HJ, Kim K et al (2011) Does a protective ventilation strategy reduce the risk
of pulmonary complications after lung cancer surgery?: a randomized controlled trial. Chest
139:530–537

48. Pelosi P, Croci M, Ravagnan I et al (1998) The effects of body mass on lung volumes, respira-
tory mechanics, and gas exchange during general anesthesia. Anesth Analg 87:654–660

49. Pelosi P, Gregoretti C (2010) Perioperative management of obese patients. Best Pract Res Clin
Anaesthesiol 24:211–225



Dynamics of Regional Lung Inflammation:
NewQuestions and Answers Using PET

J. Batista Borges, G. Hedenstierna, and F. Suarez-Sipmann

Introduction

When the image is new, the world is new (Gaston Bachelard).

The work of the eyes is done. Go now and do the heart-work on the images imprisoned
within you (Rainer Maria Rilke).

The meaning of the term ‘inflammation’ has undergone considerable evolution. It
was originally defined around the year 25 A.D. by Aulus Cornelius Celsus [1] and
described the body’s acute reaction following a traumatic event, such as a micro-
scopic tear of a ligament or muscle. His original wording: “Notae vero inflammatio-
nis sunt quatour: rubor et tumor cum calore et dolore” (true signs of inflammation
are four: redness and swelling with heat and pain) still holds. Disturbance of func-
tion (functio laesa) is the legendary fifth cardinal sign of inflammation and was
added by Galen in the second century A.D. [2]. Recent articles [3] highlight the
complicated role that inflammation plays in chronic illnesses, including metabolic,
cardiovascular and neurodegenerative diseases. In addition to these difficult-to-
treat diseases, more research and research tools are needed to illuminate therapeutic
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strategies in another difficulty-to-treat inflammatory malady, the acute respiratory
distress syndrome (ARDS).

In more than 40 years of extensive research on ARDS, little advance has been
made in terms of outcome improvement [4] and much debate remains over piv-
otal concepts regarding the pathophysiology and almost every aspect of its treat-
ment [5]. ARDS is a frequent and important cause of morbidity and mortality in
critically ill patients [4, 6]. Some 74,500 persons die of acute lung injury (ALI)
in the United States each year, a figure that is comparable to the number of adult
deaths attributed to breast cancer or human immunodeficiency virus (HIV) disease
in 1999 [6]. More importantly, ARDS occurs with a higher incidence than previ-
ously reported, currently estimated to be about 190,600 cases per year in the United
States with a mortality rate of 38.5 %, and therefore has a substantial impact on
public health [6].

The Inflammatory Component of ARDS
and Ventilator-induced Lung Injury

Dysregulated inflammation, inappropriate accumulation and activity of leukocytes
and platelets, uncontrolled activation of coagulation pathways, and altered perme-
ability of alveolar endothelial and epithelial barriers are central pathophysiologic
concepts in ARDS [7–9]. Activation of the innate immune response by binding
of microbial products or cell injury-associated endogenous molecules (danger-
associated molecular patterns [DAMPs]) to pattern recognition receptors, such as
the Toll-like receptors (TLRs) on the lung epithelium and alveolar macrophages,
is now recognized as a potent driving force for acute lung inflammation. Newly
reported innate immune effector mechanisms, such as formation of neutrophil
extracellular traps – lattices of chromatin and antimicrobial factors that capture
pathogens but can also cause endothelial injury – and histone release by neutrophils
may contribute to alveolar injury. Signaling between inflammatory and hemostatic
effector cells, such as platelet-neutrophil interaction, is also important. The delicate
balance between protective and injurious innate and adaptive immune responses
and hemostatic pathways may determine whether alveolar injury continues or is
repaired and resolved.

Mechanical ventilation strategies designed to protect from the so-called ventila-
tor-induced lung injury (VILI) reduce accumulation of pulmonary edema by pre-
serving barrier properties of the alveolar endothelium and alveolar epithelium. Re-
ductions in markers of lung epithelial injury have also been observed in clinical
studies. These mechanical ventilation approaches aimed to attenuate VILI down-
regulate mechanosensitive pro-inflammatory pathways, resulting in reduced neu-
trophil accumulation in the alveoli and lower plasma levels of interleukin (IL)-6,
IL-8, and soluble tumor necrosis factor (TNF) receptor 1.

VILI can induce or aggravate ARDS [10]. Mechanical cell deformation can
be converted to biochemical changes, including production of pro-inflammatory
cytokines. The proposed mechanism of VILI involves direct tissue damage due
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to mechanical stretch and activation of specific intracellular pathways involved
in ‘mechanotransduction’ [11]. Of note, the development of hyaline membranes
and increased permeability require the presence of polymorphonuclear leukocytes
(PMN), suggesting that in addition to mechanical damage, inflammation is also
necessary for mechanical ventilation to induce injury.

Much controversy remains about the precise contribution, kinetics, and pri-
mary role of each one of the putative VILI mechanisms and how best to design
a full-bodied mechanical ventilation strategy capable of minimizing the majority
of them [12]. A pressing unanswered question remains over the relative role of
lung cyclic stretch, in even moderate degrees, vs. low-volume injury. Low-volume
injury promotes local concentration of stresses in the vicinity of collapsed regions
in heterogeneously aerated lungs together with cyclical recruitment of airways
and alveoli. This mechanism tends to predominate in more dependent regions
of the lungs and to occur in previously damaged lungs prone to collapse [13,
14]. Tremblay et al. showed increased production of inflammatory cytokines in
lungs ventilated without positive end-expiratory pressure (PEEP) [15]. Conversely,
stretch tends to occur in non-dependent regions and results from increased regional
lung volume. Overstretching of alveolar walls causes endothelial and epithelial
breaks and interstitial edema. Detachment of endothelial cells from the basement
membrane and death of epithelial cells with denuding of the epithelial basement
membrane become obvious after 20 min of mechanical ventilation with very high
tidal volumes (VT) [16]. The excessive deformation of epithelial and endothelial
cells, as well as of the extracellular matrix, leads to an increased pro-inflammatory
response. In some studies, low-volume injury was shown to predominate [13,
14, 17], whereas in others, including laboratory [18] and clinical studies [19],
overdistension was the prevailing VILI mechanism.

Lung Inflammation Assessedby Positron Emission Tomography

Since inflammation in the lung seems to be a mediator in all causes of VILI [15,
20] and neutrophils play an important role in the inflammatory response to injurious
mechanical ventilation [21], a research tool suitable for tracking regional inflamma-
tory responses in the course of VILI and during lung protective ventilation strategies
is of great interest.

Positron emission tomography (PET) is an advanced nuclear medicine technique
used for non-invasive and quantitative measurements of radioactivity concentration
within living tissues. It is based on the physical properties of certain isotopes that,
when decaying, emit a positron, a particle with a mass equal to an electron but
with a positive charge. The positron almost immediately collides with an electron
and both are annihilated. In this process, two high-energy photons are created and
leave the site of annihilation in opposite directions. The PET scanner is equipped
with a large number of scintillation detectors arranged in a ring surrounding the
object of interest. When two photons with equal energies are detected in coinci-
dence, the event is stored in a dedicated data array called a sinogram. Typically,
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many millions of coincidences are stored during a PET scan. Coincidences are col-
lected for a finite amount of time, called a time-frame. With modern PET scanners,
a time-frame can range from a few seconds up to several minutes. Dynamic PET is
a term used when several time-frames are collected from the same area of the body
to track the changes in radioactivity concentration over time. The complete sino-
gram is then converted into a three-dimensional data array in a process called image
reconstruction. Each data entry in this new data array contains the actual radioac-
tivity concentration of a certain portion of the body within the specified time-frame.
The three-dimensional image array can be viewed as a stack of tomographic slices
on a computer display with color codes for the actual radioactivity concentration.
When kinetic information is wanted, the dynamic PET data are processed further
with dedicated computer software. Regions of interest are placed at will within the
tissue and data resembling the changes in concentration over time are extracted. In
advanced kinetic analysis, the time-activity curves of both the blood and the tis-
sue of interest are needed. Advanced kinetic analysis typically involves the use of
computer-aided mathematical modeling.

In ALI, the non-barrier functions of the pulmonary endothelium have been em-
phasized. But the barrier function per se is essential in preserving the most im-
portant purpose of the lungs: the adequate exchange of respiratory gases. PET
studies have shown that measures of barrier function are a non-specific index of
lung injury, indicating functional not structural lung injury [22, 23]. For example,
PET imaging methods allow the rate at which proteins move across the endothe-
lial barrier from vascular to extravascular compartments to be measured, the so
called pulmonary transcapillary escape rate (PTCER). Palazzo et al. [24] used PET
imaging to measure PTCER in an in vivo canine model of unilateral pulmonary
ischemia-reperfusion injury and found that it was increased in the ischemic lung.
Interestingly, both lungs had an increased PTCER compared with control non-
ischemic lungs, suggesting that injury in one lung can lead to similar injury in
the contralateral lung, a finding that has been observed in an analogous clinical
setting, such as acute unilateral pneumonia. Calandrino et al. [22] described that,
while PTCER and extravascular density, a close correlate to extravascular lung wa-
ter (EVLW), were both elevated in ARDS patients they correlated poorly with one
another on a regional basis. Moreover, as extravascular density returned to normal,
PTCER remained elevated suggesting that lung tissue injury might be ‘subclin-
ical’ but still present, even after pulmonary edema has actually resolved. This
observation was further confirmed by Sandiford et al. [25] who examined the re-
gional distribution of PTCER and extravascular density more closely in ARDS
patients and found ventral-dorsal gradients only for extravascular density but not
for PTCER. Once more, functional injury was detected even in lung regions that
appeared to be free of structural injury. The finding that the lungs of ARDS pa-
tients are more diffusely involved than what might otherwise be assumed from
just structural radiological imaging, such as computed tomography (CT), helps ex-
plain why ARDS lungs are so vulnerable to VILI: radiographically ‘normal’ lung,
i. e., lung with a normal EVLW content in non-dependent lung regions may still
be abnormal and vulnerable to mechanical stresses caused by mechanical venti-
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lation. These data tell us that non-dependent regions of ARDS lung are ‘at risk’
because they demonstrate subclinical evidence of injury, which can be made man-
ifest by inappropriate ventilator use. Jones et al. [26] showed a surprisingly high
pulmonary uptake of [18F]-fluorodeoxyglucose (18F-FDG) in patients with head in-
jury at risk of developing ARDS but without lung symptoms at the time of the scan.
This signal may reflect sequestration of primed neutrophils in lung capillaries. In
vitro studies in isolated human neutrophils have demonstrated that the uptake of de-
oxyglucose is increased to the same extent in cells that are only primed or primed
and stimulated [27]. This finding indicates the vulnerability of these patients while
on ventilatory support, because, even though neutrophils remain in a primed state,
any additional stimulus precipitates actual tissue damage.

PET with 18F-FDG, a glucose-analog tracer, offers the opportunity to study re-
gional lung inflammation in vivo with the advantage over conventional histological
methods of preserving the integrity of the lung. 18F-FDG is taken up predomi-
nantly by metabolically active cells and has been recognized as a key marker of
neutrophilic inflammation in the inflamed non-tumoral lung [14, 21, 28–33].

The type of lung cells responsible for 18F-FDG uptake (K i) has been the mat-
ter of extensive investigation in models of ALI. 18F-FDG is a non-specific tracer,
because it labels any cell with intense glucose uptake. However, several studies per-
formed in humans [34] and animal models [29] have shown that, during pulmonary
inflammation, most of the 18F-FDG uptake as measured by K i can be attributed to
activated neutrophils [35], even when macrophages are more abundant [30]. Al-
though not usually characterized by an intense 18F-FDG uptake [36], macrophages
may play a role in the generation of VILI [37]. The latest evidence [38] suggests
that macrophages, as well as type 2 epithelial cells, might contribute to the 18F-
FDG uptake signal during VILI. Therefore, although the overall 18F-FDG uptake
signal is a complex mixture of the metabolic activity of many cell types, prior [29,
34–36] and very recent studies [17] have established that the major influence on the
regional signal is the high metabolic activity of recruited neutrophils. In the acutely
injured lung, images can therefore be interpreted, with a good approximation, as
the regional distribution of neutrophilic inflammation.

There is a theoretical concern that in ALI, 18F-FDG may leak to the alveolar
spaces becoming a major and non-specific determinant of the 18F-FDG signal, po-
tentially causing a false, non-inflammation related increase in the measured uptake
(K i). The presence of edema, however, does not seem to affect the measurement
of K i, as suggested by Chen and Schuster [29], who measured glucose uptake with
18F-FDG in anesthetized dogs after intravenous oleic acid-induced ALI or after low-
dose intravenous endotoxin followed by oleic acid. The rate of 18F-FDG uptake was
significantly elevated in both endotoxin-treated groups, but not in the group treated
only with oleic acid, leading the authors to conclude that pulmonary vascular leak,
and consequently edema, does not significantly contribute to the K i in ARDS lungs.



198 J. Batista Borges et al.

Higher Uptake in Normally and Poorly Aerated Lung

This in vivo non-invasive molecular imaging method has brought new insights into
the role of low-volume vs. high-volume injury mechanisms [14, 32, 39]. Increased
inflammation was found in normally aerated lung regions in a mixed population
of patients with ARDS [39], an interesting finding differing from the classically
assumed VILI targets in either overstretched or collapsed lung regions. Although
thought-provoking, the study could not locate the regional onset of lung inflamma-
tion or determine the relative importance of the different mechanisms of VILI, as
studied patients ranged in severity and duration of their ARDS.

We proceeded one step further by studying the location and magnitude of early
inflammatory changes using PET imaging of 18F-FDG in a porcine experimental
model of ARDS. We evaluated the individual contributions of regional injurious
mechanisms during early stages of VILI. To accomplish this aim, we created an ex-
perimental VILI model and designed a study that produced lungs heterogeneously
aerated with significant amounts of non-aerated, poorly and normally aerated, and
hyperinflated lung tissue (shown by CT). Within the same lung, we simultaneously
found tidal hyperinflation, predominantly located in the non-dependent lung region,
and collapse with tidal recruitment, mostly located in the dependent region. Re-
markably, these two regions, classically comprising the major mechanisms of VILI,
had 18F-FDG uptakes similar to the healthy control group. On the other hand, the
remaining regions situated in the intermediate portions of the lung presented a sig-
nificantly higher uptake. Similarly, in the normal and poorly aerated regions we
found the highest differences in 18F-FDG uptake as compared to healthy controls,
whereas the hyperinflated and non-aerated regions were similar to the control group
(Fig. 1). We believe these findings challenge the current notion that hyperinflation
and/or repeated collapse and re-expansion of alveolar units play the major role in
early VILI. Instead, our data suggest that tidal stretch was highest in the poorly and
normally aerated regions and this mechanism is the most important trigger of in-
flammation in these conditions. They also support the concept that the smaller the
ventilated lung, the higher the VILI-triggering forces will be, as a larger fraction of
VT is delivered to a smaller lung volume.

An intriguing yet unanswered question raised by our data is whether the in-
creased susceptibility to VILI was related to small length-scale heterogeneities of
the lung parenchyma or of the airways [40], below the resolution limit of the CT,
occurring in the poorly or even in the normally aerated regions. These hetero-
geneities would tend to produce an uneven distribution of VT within lung regions
and might have contributed to VILI. Perlman and Bhattacharya used real-time con-
focal microscopy to determine the micromechanics of alveolar perimeter distension
in perfused rat lungs [41]. These investigators were able to image a 2-µm thick
optical section under the pleura. Five to eight segments were identified within each
alveolus. The average length of these segments was compared during normal in-
flation and hyperinflation. They found segmental distension to be heterogeneous
within a single alveolus. Similarly, by using synchrotron-based X-ray tomographic
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Fig. 1 Representative
positron emission tomog-
raphy (PET) image of net
[18F]fluoro-2-deoxy-D-
glucose (18F-FDG) uptake
rate (Ki) in an experimental
model of ventilator-induced
lung injury. Note the pre-
dominance of activity in
the normal and poorly aer-
ated regions as seen in the
corresponding computed
tomography (CT) image

Ki (ml/min/ml)

0.00

0.031

CT

PET

microscopy on isolated rat lungs, Rausch et al. [42] estimated that local strains de-
veloping in alveolar walls were as much as four times higher than the global, with
‘strain hotspots’ occurring within the thinnest parts of the alveolar walls. When
studying 3D microscopic distribution of lung parenchyma, using it as an input to
their finite element modeling of alveolar expansion, they observed that thin regions
may become overstretched, whereas regions with tissue accumulation remain un-
challenged. These data fit with our own results and strongly suggest that a tidal
stretch of the ‘healthy’ aerated parts of the heterogeneous aerated ARDS lungs can
play a primary role in the activation of the inflammatory signaling cascade.
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Furthermore, our finding of increased inflammation in normally aerated regions
is in agreement with those of Bellani and colleagues [39] who, in their study of
ARDS patients, determined that the metabolic activity of aerated regions was as-
sociated with both plateau pressure and regional VT normalized by end-expiratory
lung gas. Interestingly, neither they nor we found an association between cyclic
alveolar recruitment-derecruitment and increased metabolic activity. Some key dif-
ferences between this clinical study and our experimental observations highlight
their complementary nature in terms of understanding VILI: 1) the time on mechan-
ical ventilation before the clinical PET study averaged nine days and ranged from
two to sixteen days, likely mixing distinct phases of ARDS and VILI pathophysiol-
ogy, whereas our experimental study focused on early (hours) ARDS; 2) patients
had limited tidal recruitment (2.9 % of the total lung weight) due to the lung-
protective mechanical ventilation strategy applied, raising the question whether
conditions with higher tidal recruitment would have produced more inflammation
in those or in other regions, which our experimental data ruled out; 3) likewise,
the amount of tissue undergoing hyperinflation was much smaller in the clinical
study compared to our experimental study, because of the relatively low plateau
pressures and VT used in the patients. We observed that, even in more extreme
ventilatory conditions with significant amounts of collapse, tidal recruitment, and
hyperinflation, lung inflammation still predominates in the poorly and normally aer-
ated regions.

At least three mechanisms could explain the increased Ki in poorly aerated re-
gions: 1) alveolar cyclic recruitment at the subvoxel level; 2) cyclic opening and
closing of small airways; or 3) increased tidal stretch. Measurements based on flu-
orescent microspheres confirmed the existence of ventilation heterogeneity down to
length scales of 2 cm3 [43], and findings from synchrotron CT suggested that het-
erogeneity of specific ventilation (defined as ventilation per unit gas volume) can
occur at lung volumes as low as 1 mm3 [44]. Recently, Wellman et al. have ele-
gantly developed methods using PET to assess heterogeneity of specific ventilation
at length scales below and above the effective image resolution of 12 mm [40]. Sub-
resolution specific ventilation heterogeneity was reflected by multi-compartment
voxel-level tracer kinetics during washout of [13N]nitrogen (13NN) from alveo-
lar air space. These authors modeled the washout kinetics of 13NN with PET
to examine how specific ventilation heterogeneity at different length scales was
influenced by lung aeration. They showed that airway narrowing or alveolar de-
recruitment can occur in poorly aerated lung regions especially at low length scales
with a significant component derived from sub-resolution (< 12 mm) length scales.
Components of specific ventilation heterogeneity at all studied length scales (< 12
to 60 mm) were highest in poorly aerated regions. Rylander et al., when study-
ing the size and distribution of a “poorly aerated” compartment in ARDS patients,
observed an uneven distribution of ventilation due to the presence of small-airway
closure and/or obstruction [45]. Of note, airway dysfunction has been increasingly
recognized as an important contributor to pulmonary impairment in patients with
ARDS [46]. Animal models of ARDS have shown that, in addition to damage to
the parenchyma, small airway injuries are characterized by bronchiolar epithelial
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necrosis and sloughing and by rupture of alveolar-bronchiolar attachments [47]. In
humans who died with ARDS, small airway changes were characterized by wall
thickening with inflammation, extracellular matrix remodeling, and epithelial de-
nudation [46, 48].

Putting together all these aspects, it seems that, during VILI, the collapsed de-
pendent and hyperinflated non-dependent regions may indirectly damage the nor-
mally and poorly aerated lung regions, by diverting the VT to those regions sub-
mitting them to higher tidal stretch. We believe that the local consequences of the
stretch in non-dependent regions and the local consequences of the mechanisms
related to collapse in dependent regions are less important than the remote con-
sequent stretches inflicted to the remainder intermediately located “baby lung” in
terms of regional inflammation. Our findings highlight that we cannot determine
which mechanism of VILI is more critical to oppose, but rather they emphasize the
importance of strategies capable of minimizing both, collapse and hyperinflation,
thereby unloading the small-aerated lung.

The effects of a protective ventilation strategy on topographic lung inflamma-
tory cell activity have been recently described [17]: In a model of endotoxemic
ALI, de Prost et al. found that mechanical ventilation had an important effect in de-
termining the regional distribution and degree of early neutrophilic inflammation.
When comparing protective ventilation (VT 8 mL/kg and PEEP titrated to obtain
a plateau pressure (Pplat) of 30 cmH2O) with injurious ventilation (zero PEEP and
VT titrated to obtain a Pplat of 30 cmH2O), the former resulted in a more homo-
geneously distributed uptake. Their findings are compatible with the concept that
ventilation strategy plays an early pathogenic role in determining the profile of in-
flammatory cell distribution before lung injury is established and emphasize that
the prevention of VILI should be a key aspect of patient management, even when
mechanical ventilation periods and the underlying level of injury are limited [49].
Such results support former suggestion that heterogeneous inflammation may be an
important element in the pathogenesis of ARDS [13]. Of note, these results indicate
that in early endotoxemia during mechanical ventilation with no PEEP, inflamma-
tion predominates in the dependent regions.

Perspectives

As we have discussed, PET provides unique and unprecedented information to shed
light on the inflammatory component of ARDS and VILI. The development of new
and more selective/specific tracers to detect early inflammation has the potential
to further enhance PET’s capabilities and contributions. TNF-˛ is a well-known
pro-inflammatory cytokine produced by monocytes and macrophages. It mediates
the immune response by recruiting white blood cells to sites of inflammation and
is involved in acute responses to injury. TNF-˛ appears in the circulation during
the onset of sepsis-induced lung injury and is suggested to be an important early
mediator of ALI. Interestingly, neutrophil recruitment induced by pure mechanical
lung stretch has a significant TNF-˛ component [50].
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Fig. 2 Animals submitted to an experimental model of VILI were studied with positron emission
tomography/computed tomography (PET/CT). PET images of the lung were obtained dynamically
after injection of a tracer based on TNF-˛. The images were generated with a novel approach with
the pre-normalization of data before application of principal component analysis (PCA). PCA
is a multivariate technique that has become an attractive tool in analyzing dynamic PET images
because is a data-driven technique that emphasizes the regions with different kinetics without
modeling assumptions. Three different slices at three different levels from the same animal are
shown. Coloring is according to a relative scale for each image with black representing minimal
and red maximal activity. Note the predominance of the activity in the poorly aerated regions

We have explored a new meaningful PET tracer based on TNF-˛ using a fusion
protein of two affibody molecules fused genetically. Affibody molecules are a class
of small protein domains that compete with receptor binding and have been shown
to function as good imaging agents in the clinical setting. In preliminary tests in
vivo, using an experimental model of ARDS, we tested a novel positron-emitting
ligand of gallium, 68Ga-TNF˛. In the same way as with 18F-FDG, PET images
were obtained dynamically and at the end of the experiment tissue samples were
taken from the lung and the abdomen. Significant activity inside the lung tissue was
evidenced on the PET/CT images (Fig. 2). Tissue samples showed TNF-˛ (as ana-
lyzed with enzyme-linked immunosorbent assay [ELISA]) in the lung parenchyma
and in small intestine tissue 4 hours after establishing the lung injury model. We
confirmed that the used ligand of TNF-˛ bound to inflamed lung tissue and thus
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may become a future useful marker of inflammation especially when repeated stud-
ies are desirable.

Conclusions

Dynamic PET/CT imaging of 18F-FDG has provided new relevant information on
the location and distribution of inflammation in early VILI. The findings suggest
that normally and poorly aerated regions – corresponding to intermediate gravita-
tional zones – are the primary targets of the inflammatory process accompanying
early VILI. This may be attributed to the small aerated lung volume that receives
most of the ventilation and has potential implications in the way we approach lung
protective ventilation.
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Non-conventional Modes of Ventilation
in Patients with ARDS

L. Morales Quinteros and N. D. Ferguson

Introduction

Acute respiratory distress syndrome (ARDS) is a life-threatening form of acute
respiratory failure characterized by acute hypoxemia and by diffuse pulmonary in-
filtrates on chest radiography. ARDS represents a common pathway of lung injury
that arises in a variety of clinical settings, most often associated with pneumonia,
sepsis, and trauma. Many treatments have been explored in ARDS, but most suc-
cess has come through avoidance of iatrogenic ventilator-associated lung injury by
manipulation of the mechanical ventilator. Using conventional ventilation, we now
know that strategies that limit tidal volumes and inspiratory pressures, and which
employ higher levels of positive end-expiratory pressure (PEEP) lead to significant
reductions in mortality [1, 2]. In recent years there has been an increasing interest in
non-conventional modes of ventilation. In this chapter, we review several of these
‘new’ modes and discuss their applicability to the patient with ARDS.

Non-conventional Ventilatory Modes in ARDS

The majority of intensive care units (ICUs) use conventional ventilator strategies,
such as volume assist-control, pressure control, or pressure support to ventilate pa-
tients with mild-moderate ARDS. However, in patients with severe and refractory
hypoxic respiratory failure, units differ between using high PEEP and so called
‘non-conventional’ modes to maintain oxygenation. Newer ventilators can be set
to modes other than the pressure-control and volume-control modes of older ma-
chines. Technological advances and computerized control of mechanical ventilators
have made it possible to deliver ventilatory assistance in new modes. In fact,
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there has been a growing interest in the use of alternative modes of mechanical
ventilation that fulfill the principles of lung-protective ventilation, preventing lung
injury and asynchony, promoting better oxygenation and faster weaning. We call
these innovations non-conventional modes to differentiate them from the traditional
volume-control and pressure-control modes. Here we will examine the physiolog-
ical rationale, and give an overview on how four of these these non-conventional
ventilatory modes work, as well as the clinical evidence for their use in adult pa-
tients who have ARDS.

Pressure-regulated Volume Control

Overview and physiology
Pressure-regulated volume control (PRVC), is a mode of mechanical ventilation
that automatically adjusts inspiratory pressure in response to dynamic changes in
patient mechanics and efforts. On a breath-to-breath basis, the ventilator in PRVC
mode will adjust the delivered inspiratory pressure to achieve the goal tidal vol-
ume (Fig. 1). One can think of PRVC as a traditional pressure control mode that
automatically adjusts itself to deliver a target tidal volume. Thus the clinician sets
an inspiratory time and a goal tidal volume. Once these settings are entered, the
ventilator will deliver a series of test breaths to establish the inspiratory pressure
required to deliver the goal tidal volume with the chosen inspiratory time. The ven-
tilator subsequently measures tidal volume on a breath-to-breath basis. If a change
in respiratory system mechanics or patient effort causes the delivered tidal volume
to be below goal, the ventilator will increase the inspiratory pressure on the next
breath and vice versa.

Advantages
� Ensures safe tidal volumes over time in a patient with improving respiratory

system compliance.
� Patient has very little work of breathing requirement.
� Variable minute ventilation to meet patient demand.
� Decelerating flow waveform for improved gas distribution.
� Breath by breath analysis.

Disadvantages and risks
� Varying mean airway pressures.
� When patient demand is increased, pressure level may diminish when support is

needed.
� May be tolerated poorly in awake non-sedated patients.

Evidence in ARDS
There are two studies that have compared volume-controlled ventilation with this
mode in patients with ARDS: PRVC did not improve clinical outcomes but it may
achieve lower pressure airways [3, 4].
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Fig. 1 Pressure-regulated volume control. (1) Test breath (5 cm H2O); (2) pressure is increased to
deliver set volume; (3) maximum available pressure; (4) breath delivered at preset VE, at preset
respiratory frequency, and during preset inspiratory time; (5) when tidal volume corresponds to set
value, pressure remains constant; (6) if preset volume increases, pressure decreases; the ventilator
continually monitors and adapts to the patient’s needs

High-frequency Oscillatory Ventilation

Overview and physiology
High-frequency oscillatory ventilation (HFOV) is an alternative mode of ventila-
tion that uses a relatively constant and higher mean airway pressure along with
very small tidal volumes to achieve many of the goals of lung protection (Fig. 2).
Although HFOV is a recent arrival in the adult critical care unit, it has been used
and studied extensively in neonatal and pediatric ICUs over the past 30 years. In
the early 1970 s, Lunkenheimer and colleagues [5] published their findings with
the surprising observation that they could achieve adequate CO2 clearance using an
electromagnetic vibrator at high respiratory frequencies of up to 40 Hz. Around the
same time, Bryan in Toronto [6], noted similar phenomena while measuring lung
impedance during anesthesia. Over the next decade, a series of experiments on ani-
mals and humans helped develop HFOV into a viable treatment option for neonates
with respiratory distress syndrome.

A feature of HFOV is the relative ability to decouple oxygenation and venti-
lation. Oxygenation is dependent on the mean airway pressure (with the overall
objective of reducing the intrapulmonary shunting of blood) and the fraction of in-
spired oxygen (FiO2), whereas ventilation (and tidal volume) is inversely related
to the frequency and is directly related to the excursion of the diaphragm of the
oscillator (pressure amplitude, �P).
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Fig. 2 Pressure-time curve
contrasting conventional
pressure control ventila-
tion (CMV) with large tidal
swings in pressure (light blue
line) versus high-frequency
oscillatory ventilation
(HFOV, dark blue line)
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Advantages
� The main benefit of HFOV in ALI/ARDS may be its ability to fulfill the doctrine

of lung protective ventilation optimally and to attenuate ventilator-induced lung
injury (VILI).

� Limiting excess distension of alveoli by delivering small tidal volumes, one
should expect avoidance of barotrauma and volutrauma.

� The high mean airway pressures used in HFOV allow maintenance of high end-
expiratory lung volume (an ‘open lung’), greater alveolar recruitment and the
prevention of end-expiratory alveoloar collapse and hence avoidance of atelec-
trauma.

� HFOV consistently leads to improved oxygenation.

Disadvantages
� High mean airway pressure delivered by HFOV may increase intrathoracic pres-

sure, causing a decrease in venous return, cardiac output and cerebral perfusion.
� Higher mean airway pressure during HFOV may result in barotrauma.
� Heavy sedation and frequently paralysis are needed during HFOV.

Clinical evidence in ARDS
Supported by this strong physiologic rationale for lung protection, positive animal
data, and successful clinical use of HFOV in the setting of neonatal/pediatric res-
piratory failure, there has been a growing interest in the use of HFOV in adults
who have ARDS. Until recently, clinical studies on the application of HFOV in
adults have mainly been case series in ‘rescue’ situations in which conventional
ventilation arguably has failed. In addition, a number of small clinical trials sug-
gested a mortality benefit in adults with ARDS treated with HFOV, but these
trials were confounded by small sample sizes and outdated control ventilation
strategies [7, 8]

To address this issue, two larger randomized controlled trials were conducted to
compare HFOV with lung-protective conventional mechanical ventilation in terms
of mortality in adult ARDS. In the OSCAR study, Young et al. [9] randomized
795 people with ARDS in 13 UK centers to receive HFOV or usual care con-
ventional ventilation. There was no difference in the primary outcome of 30-day
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Fig. 3 Pressure-time curve
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mortality between the two groups (HFOV 42 % vs. conventional ventilation 41 %).
Meanwhile, in the OSCILLATE study, Ferguson et al. [10] randomized 548 people
at 39 centers in 5 countries (including the U.S. and Canada) with ARDS to either
HFOV or protocolized conventional ventilation using low tidal volumes, recruit-
ment maneuvers and high PEEP. This study was stopped early because of an excess
mortality in the HFOV arm. In-hospital mortality was 47 % in the HFOV group
compared to 35 % in the control group (relative risk of death with HFO, 1.33; 95 %
confidence interval, 1.09 to 1.64; p = 0.005). Possible factors that might explain
this excess mortality in the HFOV arm were a greater use of sedation, neuromuscu-
lar blocker use, and longer and higher rates of vasoactive drugs, as well as chance
alone. In light of these considerations, the results of these two studies preclude
the routine use of this mode in patients with ARDS. There may still be a place for
HFOV in the setting of rescue therapy.

Airway Pressure Release Ventilation

Overview and physiology
Airway pressure release ventilation (APRV) was described by Downs and Stock in
1987 [11] as a modified form of continuous positive airway pressure (CPAP) to en-
hance oxygenation by augmenting alveolar recruitment and allowing spontaneous
breathing throughout the ventilation cycle. APRV functions essentially as two lev-
els of CPAP, where patients spend most of the time at the higher level (Phigh), with
intermittent, brief releases to the lower CPAP level (Plow) to facilitate ventilation.
Throughout this ventilatory CPAP cycle, patients are also able to breath sponta-
neously, adding to ventilation and potentially contributing to many of the purported
benefits of APRV (Fig. 3).

Advantages
� Allows spontaneous breathing (with potentially less need for sedation or paraly-

sis) and potentially reduced atrophy of the diaphragm during critical illness.
� Can provide a relatively high mean airway pressure to improve oxygenation.
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� Allows patients to breath spontaneously while continuing lung recruitment.
� May improve venous return and cardiac output with subsequent increase in oxy-

gen delivery, compared with equivalent modes of ventilation.

Disadvantages
� Potential for high (unmeasured) transpulmonary pressures during spontaneous

breaths.
� Potential for decruitment during release breaths.
� Potential for volutrauma with large release volumes.

Clinical evidence in ARDS
The clinical evidence evaluating the use of APRV in ARDS patients is currently
limited to observational studies [12] and small randomized trials. Small studies
have demonstrated that compared with conventional ventilation, patients ventilated
with APRV have lower peak airway pressures but higher mean airway pressures
with comparable oxygenation and ventilation parameters. Despite considerable en-
thusiasm among some groups, to date no studies have demonstrated convincing
improvements in clinical outcomes with APRV.

Putensen et al [13], randomized 30 patients with multiple trauma to either
APRV with spontaneous breathing (n = 15) or pressure-control ventilation (n = 15)
for 72 hours. Weaning was performed with APRV in both groups. APRV was
associated with increases in lung compliance and oxygenation and reduction of
shunting. Interestingly, the use of APRV was associated with shorter duration of
ventilatory support (15 vs 21 days), shorter length of ICU stay (23 vs 30 days), and
shorter duration of sedation and use of vasopressors. An important confounder in
this trial, however, was that all patients on pressure-control ventilation were initially
paralyzed, favoring the APRV group. In 2004, a study randomized 58 patients with
acute lung injury (ALI) after stabilization to either APRV or pressure-controlled
synchronized intermittent mandatory ventilation [14]. There were no significant
differences in the clinically important outcomes, such as ventilator-free days, seda-
tion days, need of hemodialysis, or ICU-free days.

Neurally-adjusted Ventilatory Assist

Overview and physiology
Diaphragmatic electromyography (EMG) as a tool to study respiration was first de-
scribed in 1959. In the 1990s, however, work was done by Sinderby et al. [15] who
developed electrodes lodged in a nasogastric tube that permitted reliable diaphragm
EMG signal acquisition, reflecting the patient’s neural respiratory drive in real time,
and minimizing artifacts and noise. The mode of ventilation that converts this elec-
trical activity into a proportionally assisted and synchronized breath is known as
neutrally-adjusted ventilatory assist (NAVA).

The purpose of mechanical ventilation is to provide appropriate unloading of the
respiratory muscles and to maintain adequate gas exchange until the respiratory dis-
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ease that is responsible for the patient’s respiratory failure has improved. Short-term
mechanical ventilation itself is associated with rapid diaphragmatic dysfunction and
atrophy [16–18]. Partial support modes that permit diaphragmatic effort or allow for
periods of spontaneous breathing may alleviate some of the ventilator-induced di-
aphragmatic dysfunction (VIDD). On the other hand, patient-ventilator asynchrony
is present in 25 % of patients receiving mechanical ventilation in the ICU [19] and
may contribute to patient discomfort, sleep fragmentation, higher use of sedation,
development of delirium, VILI, prolonged mechanical ventilation, and ultimately
death.

How does it work?
During spontaneous breathing, the respiratory signal originates in the brainstem
and is transmitted down the phrenic nerve to the diaphragm, causing electrical ex-
citation. The diaphragm then contracts, creating negative pressure in the chest.
This negative pressure results in air being drawn into the lung, producing lung ex-
pansion and changes in pulmonary pressures, flow, and volume. Neural feedback
from various sensors regulates the respiratory drive during spontaneous breathing
on a breath-by-breath basis. This regulation system involves responses to stretch
receptors in the lung, the Hering-Breuer reflex, and changes in lung compliance,
upper airway receptors, peripheral chemoreceptors in the carotid body, and central
chemoreceptors localized in the brainstem.

The NAVA approach to mechanical ventilation is based on the patient’s neu-
ral respiratory output. By using a nasogastric tube with embedded electrodes, the
electrical activity of the diaphragm (Edi) is detected and is transmitted to the ven-
tilator. The ventilator assists the spontaneous breath by delivering pressure directly
and linearly proportional to the Edi. Therefore, the peak inspiratory pressure (PIP)
delivered is proportional to the neural respiratory drive. Inspiration (pressure deliv-
ery) is maintained until the electrical activity decreases by 30 % of the peak pressure
generated, and then the breath is terminated. NAVA works on the principle that there
is nothing wrong with the patient’s respiratory neural center, just an imbalance be-
tween the amount of work of breathing they need to do and their ability to do that
work. NAVA, like other forms of proportional assist ventilation allows the patient
to drive the ventilator, rather than the ventilator driving the patient.

Advantages
� Optimal ventilation based on the patient’s ongoing needs, providing them the

ability to use physiologic feedback to control ventilation and comfort for each
breath.

� Reduced work of breathing, fewer missed patient trigger efforts. Intrinsic PEEP
will not affect triggering in NAVA.

� Improved synchrony – the patient’s diaphragmatic electrical activity controls on-
set, breath delivery and cycling off of the breath.

� Reduced need for sedation and/or paralysis.
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Disadvantages
� Cannot be used if the respiratory center, phrenic nerve and neuromuscular junc-

tion are not intact.
� The Edi signal may not be present if patient is over ventilated. This may be

a result of too high a pressure support level or NAVA level if in NAVA mode.
� Contraindications to insertion of a nasogastric tube (malformations, bleeding,

varices, tumors, infections, stenosis or rupture).

Clinical evidence in ARDS
The evidence base for NAVA in ARDS is limited to small studies showing feasibil-
ity and focused on physiological endpoints. Colombo et al. [20] compared varying
levels of pressure support with matched NAVA levels in 14 patients with acute res-
piratory failure of varied etiologies. Gas exchange was not affected by the mode or
assist level. The differences in breathing pattern, ventilator assistance, and respira-
tory drive and timing between PSV and NAVA were small, overall, at the two lower
assist levels. At the highest assist, however, tidal volumes were greater, breathing
frequency lower, and electrical activity of the diaphragm smaller in PSV than in
NAVA. There was mismatch between neural and flow-based timing in PSV but not
in NAVA and the rate of asynchronous events exceeded 10 % in five (36 %) patients
on PSV, but none on NAVA. In summary, compared to PSV, NAVA averted the
risk of over-assistance, avoided patient-ventilator asynchronies, and improved the
overall patient-ventilator interaction.

In 15 ICU patients, Lecomte et al. [21] progressively increased the NAVA level,
hypothesizing that the corresponding increase in airway pressure and tidal volume
would be limited at a NAVA level where adequate unloading of the respiratory
muscles was achieved. Indeed, tidal volume reached a plateau at around 6 ml/kg,
while diaphragm electrical activity progressively decreased in response to increases
in NAVA support. Meanwhile, Patroniti and colleagues [22] compared different
assistance levels of NAVA versus PSV examining the effects on respiratory pat-
tern, breathing variability, and the incidence of tidal volumes above 8 and 10 ml/kg.
These authors found that NAVA improved synchrony, while maintaining oxygena-
tion and protective tidal volumes.

Conclusions

ARDS remains a life-threatening form of respiratory failure with long term con-
sequences in survivors. Mechanical ventilation represents the mainstay supportive
treatment of ARDS and several of the non-conventional modes may have a role
in future management. Of the four modes we reviewed here, PRVC is closest to
conventional ventilation and is already in common use because much of the evi-
dence about conventional lung protective ventilation can reasonably be applied to
this mode. There are new data available about HFOV that suggest it should be used
cautiously in adults with ARDS and likely reserved as rescue therapy for refractory
hypoxemia. APRV has potential pros – the ability to recruit the lung while simul-
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taneously preserving spontaneous breathing – and cons – the potential for cyclic
overdistention and atelectrauma – the balance of which has not yet been adequately
described. Large trials are needed in this area. Finally, NAVA represents a paradigm
shift in how patients interact with ventilators, resulting in excellent synchrony and
essentially putting the patient back in charge of their respiratory pattern. How this
will translate into effects on clinical outcomes in ARDS has not yet been assessed.

New modes of conventional ventilation are appearing all the time, often with
very limited data about their clinical implications. As an ICU community we should
take it upon ourselves to adequately study these innovations. Until such time as data
on outcomes become available, one must weigh the potential benefits of choosing
a novel mode of ventilation against the existing data for conventional modes. What-
ever mode is ultimately chosen for a patient, clinicians should always keep in mind
that simply selecting a given mode is not enough – how we use it may be even more
important.
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Part V
Acute Respiratory Distress Syndrome



ARDS: A Clinical Syndrome
or a Pathological Entity?

P. Cardinal-Fernández, A. Ballén Barragán, and J. A. Lorente

Introduction

Despite substantial advances in the understanding of the pathogenesis of the acute
respiratory distress syndrome (ARDS), no specific pharmacologic treatment has
been shown to affect outcome [1]. This failure has been attributed in part to a lack
of a reliable definition for ARDS [2, 3]. Indeed, how the target population is defined
for a clinical trial affects the results and their generalizability. Studies including pa-
tients with a low probability of responding to the treatment under study (because
they are unlikely to have the diagnosis or because of other reasons) are likely to
yield false-negative results [4, 5]. Thus a reliable definition of ARDS is essential
for research (clinical trials, epidemiologic studies, and studies on pathogenesis) and
for clinical practice (to reliably make a diagnosis of ARDS and provide appropriate
treatment). In this context several relevant questions arise: What are the different
diagnostic criteria for the definition of ARDS? What are the diagnostic test char-
acteristics of these different criteria considering diffuse alveolar damage (DAD) as
the histological reference for the diagnosis of ARDS? Does the clinical phenotype
of ARDS correlate with one or with more histological entities? Is DAD the sole
histological manifestation of ARDS?
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Original Definition

Although much has been written on ARDS, it is of interest to review how pa-
tients with ARDS were identified in the first description of the syndrome [6]. The
first description of ARDS appeared in 1967, when Ashbaugh and colleagues de-
scribed 12 patients with acute respiratory distress (4 with multiple trauma, 1 with
chest trauma, 1 with gunshot wound to the chest, 1 with gunshot wound to the ab-
domen, 1 with pancreatitis, and 4 with probable viral pneumonia) characterized by
“dyspnea, tachypnea, cyanosis that is refractory to oxygen therapy, decreased lung
compliance, and diffuse alveolar infiltrates evident on the chest radiograph” [6]. X-
ray findings included patchy, bilateral alveolar infiltrates, frequently confused with
acute heart failure and mild pulmonary edema, evolving before death to consoli-
dation. The theoretical relationship of this syndrome to an alveolar surface agent
was postulated. Similar cases of respiratory failure in combination with prolonged
cardiopulmonary bypass (CPB), congestive atelectasis, viral pneumonia and with
fat-embolism had been reported (cited in [6]) at the time of this initial report [6].

The microscopic appearance of lung tissue in five patients who died early in
their course was described as “hyperemia, dilated engorged capillaries, and areas
of alveolar atelectasis”. Interstitial and intra-alveolar hemorrhage and edema were
also common [6]. Alveolar macrophages were numerous. A striking finding was
the presence of hyaline membranes in all but one patient. Diffuse interstitial fibrosis
without notable hyperemia was present in two patients who died after a protracted
course. Both patients had hyaline membranes.

The Concept of ARDS

In classical thought, a definition was taken to be a statement of the essence of
a thing. A definition of the object must include the essential attributes that form
its “essential nature”. What then is ARDS? A recently convened international ex-
pert panel conference agreed that “ARDS is a type of acute diffuse, inflammatory
lung injury, leading to increased pulmonary vascular permeability, increased lung
weight, and loss of aerated lung tissue” [3]. Very similar definitions have been
provided in other consensus conferences and review articles, all of which include
acute inflammation and increased endothelial and epithelial permeability to protein
as elements of the ARDS conceptual model [7, 8].

The clinical hallmark of this syndrome includes:
(i) a risk factor for the development of ARDS;
(ii) severe hypoxemia;
(iii) bilateral pulmonary infiltrates;
(iv) no clinical evidence of cardiogenic pulmonary edema (although ARDS can

also occur in the setting of left ventricular [LV] failure);
(v) the presence of physiological abnormalities, such as increased venous ad-

mixture, increased physiological dead space, and decreased lung compli-
ance [3, 9].



ARDS: A Clinical Syndrome or a Pathological Entity? 221

The corresponding pathologic findings are lung edema, inflammation and hemor-
rhage, hyaline membranes, and alveolar epithelial cell injury (i. e., DAD) [3, 10].

ARDSDefinitions

ARDS is caused by an inflammatory insult to the alveolocapillary membrane that
results in increased permeability and subsequent interstitial and alveolar edema [9].
However, it is not yet possible to measure capillary and alveolar permeability at
the bedside. Thus, diagnosis has to rely on a combination of clinical, gas ex-
change and X-ray findings that reflect the presence of pulmonary inflammation
and hyperpermeability pulmonary edema. These criteria lack sufficient specificity
(see below), as they often identify patients that do not fit the conceptual model of
ARDS.

In the case of ARDS, four clinical definitions are commonly used to define this
population for studies: the American-European consensus conference (AECC) def-
inition [7], the lung injury score (LIS) [11], the Delphi definition [12] and the Berlin
definition [3].

The 1994 AECC considered as diagnostic criteria gas exchange (PaO2/FiO2

ratio � 200), X-ray findings (bilateral infiltrates), clinical presentation (acute on-
set) and evidence for absence of hydrostatic pulmonary edema (pulmonary artery
occlusion pressure [PAOP] � 18 mmHg or no clinical suspicion of left atrial hyper-
tension) [7]. This definition also recognized different degrees of severity, defining
acute lung injury (ALI) as a less severe form of respiratory dysfunction character-
ized by a PaO2/FiO2 � 300, and ARDS if gas exchange is more severely affected
with a PaO2/FiO2 ratio � 200.

The LIS definition included a score from 0 to 4 in four domains (PaO2/FiO2

ratio, presence of consolidation in 0 to 4 quadrants on chest X-ray, positive end-
expiratory pressure (PEEP) level, and compliance) [11]. The total score is divided
by the number of domains. ARDS is diagnosed if LIS > 2.5.

The Delphi definition also assessed four domains: Hypoxemia (PaO2/FiO2 ra-
tio � 200 with PEEP � 10 cmH2O); chest X-ray (bilateral airspace disease); onset
(within 72 h of the insult); and non-cardiogenic origin of the edema (subjective as-
sessment on the absence of clinical evidence of congestive heart failure) [12]. All
four criteria have to be present for a diagnosis of ARDS, in addition to at least one
of two additional criteria: Objective evidence of non-cardiogenicon-cardiogenic
edema (PAOP � 8 mmHg or LV ejection fraction � 40 %) or presence of a rec-
ognized risk factor for ARDS.

The Berlin Definition

The Berlin definition proposed three mutually exclusive categories of ARDS
based on the degree of hypoxemia: Mild (200 mmHg < PaO2/FiO2 � 300 mmHg
with PEEP or continuous positive airway pressure [CPAP] � 5 cmH2O), moder-
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ate (100 mmHg < PaO2/FIO2 � 200 mmHg with PEEP � 5 cmH2O), and severe
(PaO2/FiO2 � 100 mmHg with PEEP � 5 cmH2O) [3].

Using the Berlin definition, stages of mild, moderate, and severe ARDS were
associated with increased mortality (27 %, 95 % confidence interval [CI] 24–30 %;
32 %, 95 % CI 29–34 %; and 45 %, 95 % CI 42–48 %, respectively) and increased
median duration of mechanical ventilation in survivors (5 days, interquartile range
[IQR] 2–11; 7 days, IQR 4–14; and 9 days, IQR 5–17, respectively). Although
not part of the definition, a subgroup of particular severity was identified, char-
acterized by a PaO2/FiO2 � 100 mmHg and either a respiratory system compli-
ance � 20 ml/cmH2O or a corrected minute ventilation � 13 l/min (corrected minute
ventilation is a surrogate of dead space ventilation and is calculated as the mea-
sured minute ventilation multiplied by the arterial partial pressure of carbon dioxide
[PaCO2] divided by 40 mmHg). This higher-risk subgroup among patients with se-
vere ARDS included 15 % of the entire ARDS population and had a mortality of
52 % (95 % CI 48–56 %). Patients with severe ARDS who did not meet the higher-
risk subset criteria included 13 % of the entire ARDS population and had a mortality
rate of 37 % (95 % CI 33–41) [3].

This updated and revised Berlin Definition for ARDS addressed a number of the
limitations of the AECC definition:
(i) the timing from insult to onset of disease was stated as “acute onset” in the

AECC definition, and within a specified timeframe (1 week since the insult) in
the Berlin definition;

(ii) the ALI category (PaO2/FiO2 ratio � 300 in the AECC) becomes a subgroup
of ARDS patients with less severity;

(iii) the gas exchange criterion (PaO2/FiO2 ratio � 300 for ALI and � 200 for
ARDS, regardless of PEEP) has to be met with a minimal PEEP � 5 cmH2O
in the Berlin definition;

(iv) the chest radiograph criterion is clarified (bilateral opacities not fully explained
by effusions, lobar/lung collapse, or nodules; findings could be demonstrated
on CT scan instead of chest radiograph);

(v) the cardiogenic cause of the pulmonary edema criterion is modified (it is only
required that hydrostatic edema is not the primary cause of respiratory failure);

(vi) the presence of a risk factor, not considered in the AECC, is required in the
Berlin definition (the diagnosis can be made in the absence of a risk factor, but
in this case hydrostatic edema has to be objectively ruled out).

One of the main advantages of the Berlin definition is the proposal of diagnostic
criteria sensitive to disease severity, because there is evidence of differential effects
of interventions depending on ARDS severity. For example, an individual patient
meta-analysis of three large randomized clinical trials of high PEEP suggested harm
in patients with mild ARDS, a group unlikely to have DAD [13]. Another meta-
analysis suggested benefit from prone ventilation only for the most severe ARDS
cases [14].
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Specificity of the Definitions According
to the Histological Findings

Although the pathologic correlate of ARDS is DAD, studies have demonstrated
only moderate agreement between the clinical diagnosis of ARDS and DAD at au-
topsy [2, 15–19]. In a series of autopsy cases, Pinheiro et al. found that DAD was
present in 5 of 10 patients with the clinical diagnosis of ARDS (50 %) and in 2 of
12 without a clinical diagnosis of ARDS [16]. Sarmiento et al. studied 17 cases
with extrapulmonary ARDS and found that DAD was present in 15 (88 %) [17].
In another series of 49 autopsy cases with the clinical diagnosis of pneumonia and
ARDS, the same group found that DAD was present in 31 (63 %) [18]. In a series of
64 patients with a clinical diagnosis of ARDS who died and had a clinical autopsy,
de Hemptinne et al. found typical DAD lesions on histological examination in only
32 (50 %) [19].

Studies on the specificity of the diagnosis of ARDS using lung biopsy specimens
show similar results. Kao et al. studied 41 patients with ARDS of < 1 week duration
who underwent open lung biopsy for diagnostic purposes, and found that DAD was
present in only 12 (29 %) [20]. In a series of 57 patients with ARDS undergoing
open-lung biopsy, DAD was found in only 23 (40 %) [21].

The diagnostic test properties of the different definitions have been formally
studied. Esteban et al., using a modified AECC definition (requiring four-quadrant
air-space disease to make the diagnosis of ARDS instead of bilateral chest X-ray
infiltrates as stated in the AECC definition), studied 382 patients who died in the
intensive care unit (ICU) and had an autopsy examination. Among 127 patients
with a diagnosis of ARDS, only 84 (66 %) had DAD [15]. Sensitivity was 75 % and
specificity 84 %. Specificity decreased to 75 % among patients with a risk factor
for ARDS, and was greater in cases with extrapulmonary ARDS than in cases with
pulmonary ARDS (78 % versus 69 %).

Ferguson et al. compared the diagnostic test properties of three different ARDS
definitions [2] in a study of 138 cases receiving mechanical ventilation for more than
12 h that died in the ICU and were autopsied (excluding those that died > 14 days
after the last intubation). DAD was present in 42 patients and clinical ARDS was
diagnosed in 82, 53 and 46 patients, using AECC, LIS, and Delphi definitions,
respectively. In patients with a clinical diagnosis of ARDS, DAD was present at au-
topsy in 35/82 (43 %), 31/53 (58 %), and 29/46 (63 %) patients, using AECC, LIS,
and Delphi definitions, respectively. Sensitivities and specificities (95 % confidence
intervals) were, respectively, 0.83 (0.72–0.95) and 0.51 (0.41–0.61) (AECC); 0.74
(0.61–0.87) and 0.77 (0.69–0.86) (LIS); and 0.69 (0.55–0.83) and 0.82 (0.75–0.90)
(Delphi definition).

In a more recent study in a large series of 712 autopsy cases, among the 356 pa-
tients who met the Berlin definition of ARDS, only 159 (45 %) had DAD [22]. The
Berlin definition had sensitivity and specificity for identification of DAD of 89 %
and 63 %, respectively, among all autopsies studied, and 98 % and 31 % among pa-
tients with at least one risk factor for ARDS. The presence of DAD varied with the
severity of ARDS according to the Berlin definition: DAD was found in 12 %, 40 %
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and 58 % of patients with mild, moderate and severe ARDS, respectively, according
to the Berlin definition. In this study, 14 % of patients meeting the clinical diagnos-
tic criteria for ARDS had normal lungs at autopsy examination [22]. This finding
may represent atelectasis that resolved during the fixation process or false positive
X-ray interpretation because of the presence of pleural effusion or soft tissue opaci-
ties [23, 24].

A number of conditions can be diagnosed in patients with the clinical syndrome
of ARDS that do not show DAD on histological examination, including pneumonia,
edema, malignancy and other conditions [16–22] (Box 1).

Box 1:
Pathological entities diagnosed in patients with the clinical syndrome of ARDS
and who do not have diffuse alveolar damage (DAD) on histological examina-
tion [16–22]
� Pneumonia
� Diffuse alveolar hemorrhage
� Edema
� Pulmonary embolism
� Pulmonary infarction
� Metastatic disease
� Pulmonary lymphoma
� Lymphangitic tumor
� Emphysema
� Specific bacterial or fungal infections

– Tuberculosis
– Pneumocystis jiroveci pneumonia
– Allergic bronchopulmonary aspergillosis
– Cytomegalovirus pneumonitis

� Eosinophilic pneumonia
� Fibrosis
� Organizing pneumonia
� Wegener´s granulomatosis
� Usual interstitial pneumonia (UIP)
� Desquamative interstitial pneumonia (DIP)
� Bronchiolitis obliterans organizing pneumonia (BOOP)
� Non-specific interstitial pneumonitis
� Organizing pneumonia
� Interstitial pneumonitis
� Bronchiolitis
� Drug reaction
� Hypersensitivity pneumonia
� Metastatic calcification
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What are the Clinical Correlates of DAD?

DAD is the histological manifestation of ALI due to a variety of insults that damage
the alveolar epithelium and the capillary endothelium. Epithelial and endothelial
injury result in the formation of cell debris that form, in combination with coagu-
lation and other plasma proteins, intraalveolar eosinophilic linear structures termed
hyaline membranes. The acute phase is followed by a reparative organizing, prolif-
erative, or fibroproliferative stage, characterized by rapid proliferation of fibroblasts
within the interstitium. The presence of histologically diffuse fibroblast prolifera-
tion differentiates DAD in the organizing phase from usual interstitial pneumonia
(UIP), in which fibrosis is manifested by collagen deposition rather than by massive
fibroblast proliferation [25].

DAD is the defining characteristic of acute interstitial pneumonia (AIP) [26].
The term AIP was introduced in 1986 by Katzenstein et al. to designate the cases
previously known as the Hamman-Rich syndrome, in order to distinguish these
cases clinically and histologically from chronic forms of idiopathic interstitial
lung disease, such as UIP (the histological correlate of idiopathic pulmonary fi-
brosis) [27,28]. AIP is an idiopathic pulmonary disease that is characterized by
rapid onset of respiratory failure. The clinical manifestations of AIP fit into what
is clinically defined as ARDS. Radiologically, AIP is characterized by the pres-
ence of bilateral lung infiltrates, patchy or diffuse, often described as alveolar. CT
shows bilateral ground-glass opacities and/or bilateral airspace consolidation [25].
Histological findings in AIP are those of DAD: Formation of hyaline membranes
(acute phase), followed by fibroblast migration into the alveolar septa and finally in-
terstitial thickening by fibroblasts. Other findings are alveolar collapse/atelectasis,
hyperplasia of type 2 pneumocytes, edema within the alveolar septa, thrombi within
small pulmonary arteries, squamous metaplasia, and mild interstitial chronic in-
flammation. AIP differs clinicopathologically from the other types of interstitial
pneumonia in that it shows diffuse interstitial fibrosis [25].

The term AIP is applied to cases of DAD of unknown cause. The lack of an
identifiable etiology defines the entity, in analogy to UIP, which is a term used when
there is a known etiology, and idiopathic pulmonary fibrosis, a term used when the
etiology is unknown [25]. As AIP is an idiopathic entity, other causes of DAD
should be excluded before making the diagnosis. Causes of DAD include sepsis,
drug toxicity (most commonly chemotherapeutic agents, such as bleomycin and
busulfan, amiodarone and nitrofurantoin), connective tissue disease, complications
of lung transplantation, oxygen toxicity, and aspiration. Indeed, any risk factor for
ARDS (as the clinical syndrome designating cases with DAD of known cause) can
be included in the list, such as sepsis, trauma, blood transfusion, or pancreatitis.

The differential diagnosis of AIP (i. e., idiopathic DAD) should include causes of
acute respiratory failure and alveolar infiltrates on the chest X-ray (e. g., hydrostatic
pulmonary edema), and known causes of DAD (e. g., ARDS). In addition, some pa-
tients with known UIP/idiopathic pulmonary fibrosis develop superimposed DAD,
often of unknown cause, and also present clinically as ARDS [29]. Whether DAD
presents different histological characteristics according to the cause was examined
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by Kang et al. [30] who studied 26 autopsy cases of DAD. Clinicians were asked
to classify the cases into those due to infection (n = 7), tumor chemotherapy or drug
toxicity (n = 16) or AIP (n = 3). Unfortunately, cases of DAD due to other causes
were excluded. All cases with DAD had clinical criteria for a diagnosis of ARDS.
Intraalveolar fibrosis was observed in most cases. All 7 cases of DAD due to severe
infection showed multiple organ dysfunction syndrome, only 2 of 7 patients showed
interstitial myofibroblast proliferation, and thrombi were identified in 4 of 7. When
DAD was attributed to tumor chemotherapy or drug toxicity, only 3 of 16 patients
showed multiple organ dysfunction syndrome, 15 showed interstitial myofibrob-
last proliferation, and 6 showed thrombi formation. Of the 3 cases diagnosed as
AIP, none showed multiple organ dysfunction syndrome, 3 showed marked inter-
stitial myofibroblast proliferation, and thrombi were identified in 1. The cases in
the severe infection group showed a predominance of intra-alveolar myofibroblasts,
whereas myofibroblasts were markedly present not only in the intra-alveolar spaces
but also within the swollen alveolar interstitia in most cases of DAD due to tumor
chemotherapy and drug toxicity and AIP [30]. These results suggest that the patho-
physiologic mechanism of DAD caused by severe infection involves a systemic
insult, and the mechanism underlying DAD due to tumor chemotherapy or drug
toxicity appears to involve interstitial pneumonia-like lesions, similar to AIP.

Is DAD the Sole Histological Correlate of ARDS?

Many experts agree that the most common histological finding in ARDS is
DAD [19, 21, 30–33]. ARDS shows the same rapid evolution from diffuse pul-
monary edema to fibrosis through the proliferation of myofibroblasts and collagen
deposition in the alveoli. The injury/repair process includes microvascular throm-
bosis, endothelial and epithelial injury, inflammation, apoptosis, and fibrosis [34,
35]. The question is whether DAD is the sole histological manifestation of ARDS?
The definitions alluded to above define merely a clinical entity and do not require
particular histological findings. On the other hand, without reference to any histo-
logical pattern, ARDS is a term that does not define a specific clinicopathological
entity and encompasses a heterogeneous list of conditions rather than a well-defined
clinicopathological entity [19, 21,32,36].

The answer depends on the conceptual model of ARDS. One may consider
ARDS as a primary clinical phenotype with a variety of pathologic findings or as
a pathologically defined entity with variable clinical presentations [2, 3, 15, 22, 23,
37]. As stated, members of the recently convened Berlin definition panel were not
in complete agreement that DAD is the sole pathologic correlate of ARDS [37], and
some considered pneumonia and non-cardiogenic edema as compatible with ARDS
when clinical criteria are met [23]. It is interesting to note that, in the study by
Thille et al., if the pathological findings of pneumonia without DAD were added to
the cases of DAD, then DAD or pneumonia, or both, was identified in 88 % of the
ARDS cases by the Berlin definition [22, 23]. Thus the Berlin definition is quite
specific for identifying cases of DAD and pneumonia, which is the most common
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clinical cause of ARDS, and it has been proposed that pneumonia in the histolog-
ical examination be added to the pathological correlate of ARDS, which would be
important for clinical-pathological studies of ARDS [23]. The Berlin definition
identifies a group of patients having respiratory failure due to acute lung inflam-
mation (DAD and pneumonia without DAD). The finding of a higher frequency of
DAD in patients with greater ARDS severity [22] suggests that patients with pneu-
monia but still without hyaline membranes could represent a less severe form of
lung injury. Further, it is reasonable to think that these patients with the clinical
syndrome of ARDS and pneumonia (albeit without hyaline membranes) at autopsy
examination have lung inflammation and increased alveolocapillary permeability,
as the defining characteristics of ARDS. Indeed, that patients with clinical ARDS
and pneumonia without DAD on histological examination have a different clini-
cal course and different response to therapies than patients with DAD has not been
proven.

The diagnostic criteria of the Berlin definition identify a clinical phenotype of
ARDS that includes DAD, pneumonia and other findings such as alveolar hemor-
rhage and edema [23]. Indeed, transient hydrostatic edema coexists with increased
permeability to protein in approximately 30 % of patients with a clinical diagnosis
of ARDS [38]. In addition, mortality was reduced with low tidal volume ventilation
in all patients with ALI associated with various conditions, which likely included
patients who did not have DAD [39, 40].

Conclusions

Current clinical definitions of ARDS identify patients with DAD with a low speci-
ficity. Only around 50–60 % of patients with the clinical syndrome are found at
autopsy or lung biopsy to show the characteristic histological findings of DAD. This
lack of specificity represents a challenge for appropriate patient selection for clinical
trials to test new therapies, and makes it harder for clinicians to make the diagnosis
in a specific manner and, therefore, be able to implement effective preventive or
therapeutic measures in patients with ARDS. The lack of correlation between the
clinical manifestations and the histological findings emphasizes the need for a more
complete biological characterization of the syndrome, including research on diag-
nostic biomarkers (e. g., gene expression patterns, proteomics, metabolomics) for
the identification of cases according to their clinicopathological phenotype.
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Novel Pharmacologic Approaches
for the Treatment of ARDS

R. Herrero, Y. Rojas, and A. Esteban

Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous disease, which is
defined by the acute onset of hypoxemic respiratory failure with bilateral infiltrates
on chest radiography due primarily to non-cardiogenic pulmonary edema [1]. Only
two supportive strategies have shown to improve survival in patients with acute lung
injury (ALI)/ARDS, namely lung protective ventilation that reduces the stretch of
the lungs and a conservative fluid strategy [2, 3]. The mortality of ARDS, how-
ever, remains high and no pharmacological therapies have effectively improved the
outcome of these patients so far.

Studies of the pharmacologic management of ARDS, such as trials of anti-
inflammatory agents, anticoagulants, surfactant, vasodilators, and ˇ2 agonists, have
shown conflicting results [4]. Potential reasons for such conflicting results may be:
1) the heterogeneity of the pathophysiologic processes leading to lung injury;
2) failure to apply therapies to subgroups of patients with an homogeneous disease

process; and
3) inappropriate dosing and route of administration of the drugs.

In the last decade, there has been extensive research into potential therapeutic
targets and methods of drug administration that could help in the development
of specific pharmacological drugs to prevent or mitigate the development of
ARDS.
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Pathophysiology

Early in ARDS, there is widespread neutrophilic alveolitis with disruption of the
alveolar epithelial and endothelial barriers, which leads to the formation of protein-
rich edema in the interstitium and alveolar spaces [5]. There is activation of alveolar
macrophages and neutrophil recruitment, cell death in the alveolar epithelium and
vascular endothelium, deposition of hyaline membranes on the denudated basement
membrane, deficient surfactant production that contributes to alveolar collapse, and
formation of microthrombi. This scenario evolves to a fibro-proliferative process
that fills the airspaces with granulation tissue containing proliferating alveolar type
II cells, as well as new blood vessels and extracellular matrix rich in collagen and
fibrin. In some patients, this process progresses to irreversible lung fibrosis [6].

Modulation of Neutrophil Migration and Activation

A considerable quantity of neutrophils is present in the bronchoalveolar lavage
(BAL) fluid from patients with ARDS. Persistence of elevated numbers of neu-
trophils correlates with worsening gas exchange and with poor prognosis [7]. The
regulation of neutrophil lifespan is known to be critical for maintaining an effec-
tive host response and preventing excessive inflammation. One of the mechanisms
that controls the number of neutrophils in the lung is the induction of apoptosis.
Interestingly, neutrophils are less susceptible to undergo apoptosis under hypoxic
conditions, as occurs in the alveoli in ARDS. In this line, the hypoxia-inducible
factor (HIF) oxygen-sensing pathway has been shown to play a role in prolonging
neutrophil survival during hypoxia. The expression and transcriptional activity of
HIF are regulated by the oxygen-sensitive prolyl hydroxylases (PHD1-3) [8]. This
suggests that modulation of HIF and PHD1-3 expression aimed at enhancing neu-
trophil apoptosis may be a potential approach to downregulate inflammation in the
early phase of ARDS.

Active neutrophils release a series of enzymes that contribute to lung dam-
age. Neutrophil elastase is a serine protease stored in the azurophilic granules
of leukocytes that has been implicated in the pathology of ARDS. Neutrophil
elastase seems to promote inflammation, endothelial and epithelial cell injury,
extracellular matrix damage and collagen deposition that leads pulmonary fibro-
sis [9–11]. Sivelestat was the first neutrophil elastase inhibitor tested in humans
and it suppressed the production of neutrophil elastase and interleukin (IL)-8,
resulting in improved respiratory function in patients with ARDS secondary to
cardiopulmonary bypass [12]. In animal models of lung fibrosis, sivelestat not
only decreased inflammatory cell recruitment in the acute phase, but also reduced
collagen deposition in lung parenchyma in the fibroproliferative phase of ARDS
resulting in less fibrosis and better static compliance of the lung. This beneficial
effect was also associated with a decrease in transforming growth factor (TGF)-ˇ1
activation and expression of phospho-SMAD2/3, which are mechanisms involved
in lung fibrosis [9, 11]. AZD9668 (N-f[5-(methanesulfonyl)pyridin-2-yl]methylg
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-6-methyl-5-(1-methyl-1H-pyrazol-5-yl)-2-oxo-1-[3-(trifluoromethyl)phenyl]-1,2-
dihydropyridine-3-carboxamide) is another novel neutrophil elastase inhibitor that
can be administered orally. It exerts selective and rapid inhibition of neutrophil
elastase that is also reversible. Oral administration of AZD9668 to mice or rats
prevented human neutrophil elastase-induced lung tissue injury as assessed by
decreased matrix protein degradation products in BAL fluid and reduced inflam-
matory responses in the lung in acute and chronic lung injury models. Therefore,
neutrophil elastase inhibitors may be drugs that could potentially reduce lung in-
flammation and diminish structural and functional pulmonary changes in human
ARDS [13].

Endothelial Protection

Because the cardinal feature of ALI/ARDS is an increase in lung vascular per-
meability, often precipitated by an exuberant inflammatory response with subse-
quent endothelial barrier disruption, strategies aimed at promoting endothelial bar-
rier function could serve as novel therapies in this setting. In this regard, several
promising agonists have been identified, including lipid mediators (sphingosine 1-
phosphate, resolvins), statins, ang-1/2-Tie2 system and activated protein C (APC).
All these agonists have in common the ability to directly mediate endothelial cell
signaling and induce characteristic actin cytoskeletal rearrangement leading to en-
dothelial cell barrier protection [14].

Sphingosine 1-phosphate

There is increasing evidence that sphingolipids contribute to different pulmonary
disorders, including ALI. Sphingolipids are essential constituents of plasma mem-
branes and regulate many pathophysiological cellular responses inducing apoptosis
and cell survival, vascular permeability, mast cell activation, and airway smooth
muscle functions [15].

Sphingosine-1-phosphate (S1P) exerts a protective effect against ALI. S1P is
a potent angiogenic factor that preserves human lung endothelial cell integrity and
barrier function [16] preventing the alveolar flooding demonstrated in animal mod-
els of ARDS. S1P is a naturally occurring bioactive sphingolipid that acts extracel-
lularly (via its G protein-coupled receptors, S1P1-5) and intracellularly on various
targets. The synthesis of S1P is catalyzed by sphingosine kinases 1 and 2, and the
degradation of S1P is mediated by lipid S1P phosphatases and S1P lyase, contribut-
ing to the control of the S1P cellular responses [15, 16] (Fig. 1). S1P enhances
vascular barrier function through a series of cellular events initiated by activation
of its G-protein coupled receptor, S1P1, and the subsequent downstream activation
of Rho and Rac1. Activation of these intracellular signals results in endothelial
cytoskeletal reorganization to form strong cortical actin rings in the cell periph-
ery, and reinforcement of focal adhesions and paracellular junctional complexes
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Fig. 1 Overview of sphin-
golipid metabolism. Arrows
indicate regulatory enzymes
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(cadherin, paxillin, catenins, zona occludens), that prevent excessive vascular per-
meability [16, 17].

Recent studies show that stimulating the S1P-SIP1 axis reduces vascular perme-
ability, which can be of great value to treat ARDS. S1Ps and S1P analogs, such as
FTY720 and ftysiponate, serve as protective agents limiting the disruption of the
pulmonary microvascular endothelial barrier and lung edema formation, as well as
attenuating parenchymal accumulation of inflammatory cells, which limit the de-
velopment of ARDS [16, 18]. Another strategy is the prevention of degradation of
S1P via inhibition of S1P lyase (S1PL). All these results can be particularly relevant
as lung injury was associated with an enhanced S1PL expression and decreased S1P
levels in lung tissue in some models of lipopolysaccharide (LPS)-induced ARDS.
2-acetyl-4(5)-[1(R),2(S),3(R),4-tetrahydroxybutyl]-imidazole inhibited S1PL in
lung tissue and BAL fluid and reduced lung injury and inflammation in animal
models [19].

Resolvins

Resolvins are docosahexaenoic acid (DHA)-derived lipid mediators that consti-
tute novel endogenous pathways of local-acting mediators that possess both anti-
inflammatory and pro-resolvin properties [19]. A novel resolvin D1 (RvD1) sup-
pressed production of pro-inflammatory mediators by primary human cells, such
as small airway epithelial cells and monocytes, in a dose-dependent manner in
vitro [20] and attenuated inflammation in LPS-induced ALI in vivo [21]. This
attenuated lung inflammation was mediated by the suppression of nuclear factor-
kappa B (NF-�B) activation through a mechanism partly dependent on peroxisome
proliferator-activated receptor gamma (PPAR�) activation. Also, RvD1 signifi-
cantly reduced macrophages and neutrophil exocytosis and upregulated the expres-
sion of the anti-inflammatory cytokine, IL-10, which accelerated the resolution of
lung inflammation [20]. In addition, these endogenous mediators seem to have
anti-fibrotic and host-directed antimicrobial actions [19]. Thus, resolvins consti-
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tute a novel genus of chemical mediators that could be useful for the design of new
therapies for ARDS.

Statins

Statins are a class of 3-hydroxy-3-methylglutaryl-coenzyme A-reductase inhibitors
that have pleiotropic properties. Statins not only lower cholesterol, but also have
other non-lipid-lowering effects that can be beneficial for the management of sep-
sis and sepsis-induced ARDS, particularly associated with pneumonia [22]. In this
context, statins confer lung protection by preserving endothelial function and in-
tegrity, reducing vascular leak, and exerting anti-inflammatory and anti-thrombotic
effects. In experimental studies of endotoxin-induced lung injury, simvastatin pre-
served protein permeability preventing lung edema formation, attenuated neutrophil
migration to the lung, and reduced endothelial cell-derived cytokine expression (IL-
6, IL-8, monocyte chemotactic protein [MCP]-1, regulated upon activation normal
T cell expressed and presumably secreted [RANTES]). These protective effects of
statins are mediated through the upregulation of the activity of integrin-ˇ4 in en-
dothelial cells. These findings support statins as useful drugs and integrin-ˇ4 as
a novel therapeutic target in patients with ALI [23].

Angiopoietin-1/2 System

The angiopoietin (Ang)-1/2 system has been recognized to play a major role in
various features of human sepsis and ALI. Ang-1 and Ang-2 bind to the endothelial
and the soluble form of the Tie2 receptor (sTie2). Ang-1 induces activation of the
endothelial Tie2 receptor, and reduces pulmonary inflammation and endothelial cell
permeability. Ang-2 prevents Ang-1 from binding to the endothelial Tie2 receptor,
and consequently leads to pulmonary inflammation and increased endothelial cell
permeability [24, 25]. This suggests that the Ang-1/2-Tie2 system should be further
investigated as it constitutes a potential target for treating patients with ARDS.

Activated Protein C

APC, an endogenous protein that promotes fibrinolysis and inhibits thrombosis,
can modulate the coagulation and inflammation associated with ALI. Restoring
normal alveolar levels of APC was expected to prevent the progression of pul-
monary coagulopathy and to mitigate the intensity of lung damage. However,
a recent clinical trial demonstrated that APC did not improve outcomes in patients
with ALI, suggesting that the method of APC administration may be important.
It has been speculated that APC inhalation, instead of intravenous administration,
might provide the expected benefit to patients with ARDS [26, 27]. Furthermore,
combination of APC with other anticoagulant agents (including anti-thrombin and
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Fig. 2 Schematic of the
renin-angiotensin system.
ACE: angiotensin-converting
enzyme; ACE2: angiotensin-
converting enzyme 2; AT1:
angiotensin II type 1 re-
ceptor; AT2: angiotensin II
type 2 receptor
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heparin) and pro-fibrinolytic agents (such as plasminogen activators) could be more
effective in attenuating pulmonary coagulopathy and inflammation, but this has not
been tested yet.

Regulation of the Renin-angiotensin System

Recent studies indicate that the renin-angiotensin system plays a critical role in
acute lung diseases. Angiotensin II, a key effector peptide of the system, causes
vasoconstriction and exerts multiple biological functions. Angiotensin-converting
enzyme (ACE) and ACE2 are homologs with different key functions in the renin-
angiotensin system. ACE cleaves angiotensin I to generate angiotensin II, whereas
ACE2 reduces angiotensin II levels and thereby functions as a negative regulator of
the angiotensin system (Fig. 2). Capillary blood vessels in the lung are a major site
of ACE expression and angiotensin II production in the human body [28]. ACE,
angiotensin II and the angiotensin II type 1 receptor (AT1) induce apoptosis in the
alveolar wall, alter alveolar capillary barrier integrity leading to lung edema, and
promote collagen deposition, which can result in lung fibrosis with the consequent
impairment of lung function. In contrast, ACE2 and the angiotensin II type 2 re-
ceptor (AT2) protect against all these effects (Fig. 2). Indeed, inhibiting ACE and
AT1 as well as increasing ACE2 and AT2 activity attenuated lung injury in several
animal models of ARDS, and may represent novel approaches for the treatment of
ARDS [29–32].

Endotoxin Signaling

Many drugs targeting endotoxin or the endotoxin-induced cytokine storm have been
developed with therapeutic purposes in sepsis and sepsis-induced ARDS. Toll-like
receptor 4 (TLR4) is activated by LPS or endotoxin, the major component of the
outer membrane of Gram-negative bacteria, and constitutes a potent inflammatory
stimulus implicated in septic shock and septic-induced ARDS. Activation of TLR4
by LPS depends on LPS binding protein (LBP)-catalyzed extraction and transfer
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of individual LPS molecules from aggregated LPS to CD14 and then from CD14
to MD2, followed by engagement and dimerization of TLR4. TLR4 signaling
may also be activated by stimuli other than LPS. Chemical (acid aspiration) or
virus (influenza) insults may cause ALI via the generation of host-derived, oxi-
dized phospholipids that potently stimulate TLR-4 [33]. Eritoran is a potent, well-
tolerated, synthetic TLR4 antagonist that protects against influenza-induced ARDS
in mice, improving the survival of these animals even when administered as late
as 6 days post-infection. Eritoran binds to CD14, which inhibits ligand binding to
MD2:TLR4 complexes preventing TLR4 dimerization and activation [34]. In viral
infection, eritoran blocks oxidized phospholipid-induced TLR4 signaling, mitigates
the subsequent cytokine storm, and also helps to control viral titer. Despite the lack
of benefit in severe septic patients (ACCESS trial) [38], eritoran could still be effec-
tive in influenza infection and, perhaps, in ALI mediated by non-infectious agents,
but its most effective timing and dosing remain unknown. Based on endotoxin chal-
lenge studies in animals, the prophylactic or very early administration of eritoran
in patients at-risk or with ARDS could be more effective in controlling the ‘sepsis
cascade’. Antagonism of TLR4 signaling could therefore become a useful therapy
for ARDS [35, 36].

Cell AdhesionMolecules

The cell adhesion molecules, integrins and selectins, are transmembrane cell surface
receptors that regulate leukocyte migration and activation, endothelial/epithelial
cytokine expression and alveolar-capillary protein permeability in the lung [37].
The ˛vˇ5 and ˛vˇ6 integrins have an important role on pulmonary endothelial
and epithelial cells, respectively. Dysfunction of these molecules alters alveolar
endothelial- and epithelial-cell functions and barrier integrity, leading to alveolar
flooding. In addition, ˛vˇ6 integrin, which is upregulated in injured epithelial
cells, plays a robust role in the development of lung fibrosis via activation of the
TGF-ˇ (a pro-fibrotic cytokine). Prevention of leukocyte-epithelial adhesion by us-
ing antagonists of integrins, such as XVA143 (antagonist of ˛-L/ˇ-2 integrin) or
BIO1211 (antagonist of ˛-4/ˇ-1 integrin), protects alveolar epithelial cells from
injury in inflammatory lung diseases [38].

These results identify integrins and selectins as promising therapeutic targets for
ALI, in particular in sepsis-induced ARDS [39]. Inhibition of these integrins by
specific antibodies has shown therapeutic effects in models of septic shock [40,
41]. In fact, these families of adhesion molecules have been under intense investi-
gation by the pharmaceutical industry. In this regard, antagonists of integrin ˛vˇ3
(e. g., abciximab), integrin ˛Lˇ2 (efalizumab), and integrin ˛4ˇ1 (natalizumab) are
currently US FDA-approved for acute coronary syndromes, psoriasis and multiple
sclerosis, respectively. However, none has been approved for indications related to
ARDS. Recently, positive results in phase II clinical trials with a small-molecule
selectin antagonist (bimosiamose) and a small-molecule integrin ˛4ˇ1 antagonist
(valategrast, R411) for the management of asthma and chronic obstructive pul-
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monary disease (COPD) have generated great enthusiasm [37]. The efficacy of
these molecules against the development of ARDS may therefore warrant further
investigation.

MicroRNA

ARDS is a disease affected by various genetic and non-genetic factors. MicroR-
NAs (miRNAs) have emerged as a novel class of gene regulators which play critical
roles in complex diseases including ARDS. From animal models of ALI, including
LPS- and ventilator-induced lung injury (VILI), several miRNAs (e. g., miR-146a,
miR-155, miR-16) have been identified as important regulators of inflammatory
responses in the lung. For example, upregulation of miR-16 significantly down-
regulates IL-6 and TNF-˛ expression in LPS-induced lung injury [42]. In ad-
dition, some miRNAs (hsa-miR-374a, hsa-miR-374b, hsa-miR-520c-3p, and hsa-
miR-1290) have been involved in endothelial cell barrier dysfunction and in the
increased vascular permeability and formation of lung edema in injured lungs.
These miRNAs seem to control endothelial cell barrier via regulation of non-muscle
myosin light chain kinase (nmMLCK) expression in human lung endothelium in
vitro. Thereby, modulation of miRNAs could have important beneficial effects on
controlling the development and progression of ARDS [43].

Antihistamines

Endogenous histamine is widely distributed in the lungs and is an important medi-
ator of early and late inflammatory responses. Histamine promotes neutrophil mi-
gration, increases cytokine expression, and enhances capillary permeability leading
to protein leak. In animal models of ALI, inhaled endotoxin causes an increase in
histamine concentration in BAL fluid. Administration of mepyramine (H1-receptor
antagonist) or ranitidine (H2-receptor antagonist) attenuates the increased histamine
concentration, but only the administration of ranitidine was associated with a sig-
nificant reduction in neutrophil numbers and in protein permeability. This study
suggests that endogenous histamine may be involved in the recruitment of neu-
trophils and protein leaks in endotoxin-induced ALI via the H2 receptors [44]. Also,
scavenging of endogenous histamine by the arthropod-derived histamine binding
protein, EV131, mitigates endotoxin-induced lung injury, supporting the notion that
histamine-mediated signaling could be a potential target in ARDS [45].
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Stimulators of Lung Repair

Growth Factors

A series of growth factors, such as keratinocyte-, epithelial-, basic fibroblast-,
hepatocyte- and vascular endothelial-growth factor, are emerging as important can-
didates to repair the damaged pulmonary alveolar capillary membrane. To this end,
the synergistic interaction of these growth factors, which directly or indirectly affect
pulmonary endothelial and epithelial cells, appears to promote the repair process of
lung damage. As an example, the combined effect of trefoil factor family peptides
and growth factors, such as epithelial growth factor (EGF), stimulated epithelial
proliferation and repair [46].

Erythropoietin

A number of preclinical studies have revealed beneficial effects of exogenous ery-
thropoietin (EPO) administration in various experimental models of ARDS. EPO
provides protection by modulating multiple early signaling pathways involved in
apoptosis, inflammation and peroxidation. Furthermore, EPO appears to confer
vascular protection by promoting angiogenesis. However, only preliminary studies
exist and more experimental and clinical data are necessary to clarify the efficacy
and cytoprotective mechanisms of EPO [47].

Hyaluronan

Hyaluronan constitutes the major glycosaminoglycan in lung tissue and has diverse
functions in normal lung homeostasis and pulmonary disease. Hyaluronan and
its degradation products, produced by hyaluronidase enzymes and reactive oxy-
gen species (ROS), are implicated in different aspects of the ALI process. The
different activities of hyaluronan and its degradation products are regulated by
multiple hyaluronan-binding proteins, including CD44, TLR4, hyaluronan-binding
protein 2 (HABP2), and receptor for hyaluronan-mediated motility (RHAMM).
Recent research indicates that exogenous administration of high molecular weight
hyaluronan can serve as a novel therapeutic intervention for lung diseases, including
LPS-induced ALI, sepsis/VILI, and airway hyperactivity [48].

Nanomedicine

Novel long-acting biocompatible and biodegradable phospholipid micelles have
been developed to inhibit different targets implicated in ALI. For example, nano-
sized micelles have been developed to trigger receptor expressed on myeloid cells
1 (TREM-1), ROS and heat shock protein (Hsp)90, all effectors thought to be in-
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volved in ALI. The main limitations of some peptide drugs for clinical use are the
short half-life (minutes) and their water-insolubility. To overcome these limitations,
some groups have developed micellar-targeted peptides in which the peptide drug
remains in its active form for longer (hours) and increases its stability and bioavail-
ability [49]. These long-acting micellar nanomedicines have provided significant
advancement in the treatment of ARDS in experimental models, which could be
extended to the clinical setting. Another advance is the novel nanovesicle aerosols
composed of non-lamellar phospholipids that were developed as pulmonary surfac-
tant aerosols and have been successfully used as therapy in mice with acid-induced
lung injury. Currently existing intratracheal surfactants are ineffective because they
are inactivated by albumin leakage and other mechanisms. The nanovesicle aerosols
of non-lamellar lipids improve the resistance of pulmonary surfactants to inhibition,
and may therefore be promising as a non-invasive aerosol therapy in ALI [50].

Conclusions

Despite decades of clinical trials and experimental research, there is no effective
pharmacologic therapy for the treatment of all patients with ARDS. Multiple bio-
chemical and biological targets, however, have been identified that could give rise
to future drug discovery and development. Several aspects should be taken into
account in order to guarantee the efficacy of those potential new drugs. Better
stratification may help to identify subgroups of patients with ARDS that benefit
from targeted interventions, given the heterogeneity of patients with ARDS and the
multiple etiologies of this disease (direct versus indirect ARDS). Combinations of
different therapeutic strategies could also improve outcomes for these patients com-
pared with therapies based on single agents. Finally, we also need to optimize the
dose, timing and route of administration as well as to determine the potential tox-
icity of the novel pharmacologic agents for their future use in the management of
patients with ARDS.
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Outcome of Patients with Acute Respiratory
Distress Syndrome: Causes of Death, Survival
Rates and Long-term Implications

M. Zambon, G. Monti, and G. Landoni

Introduction

Several treatments for patients with acute respiratory distress syndrome (ARDS)
have been proposed since its first description in 1967 [1], and a large amount of
research has been conducted. Despite many negative experimental and clinical
trials, in the last 15 years some treatments have received general consensus and
application. Above all, there are protective ventilation strategies, but also prone po-
sitioning, neuromuscular blockers, conservative fluid balance, and extracorporeal
membrane oxygenation (ECMO). Nevertheless, ARDS remains a major problem
in intensive care units (ICU) patients. In this review, we first discuss the reasons
why patients still die from ARDS; then, we review mortality rates and long-term
outcomes of ARDS patients.

Causes of Mortality

ARDS is often part of a systemic condition that can include other entities, such
as sepsis of pulmonary or non-pulmonary origin, trauma, acute kidney injury, etc.
Although several predictors of mortality have been reported, it is a difficult and
sometimes impossible challenge to understand the causes that lead to multiple or-
gan dysfunction syndrome (MODS) and to fatal outcomes in patients with ARDS.
Interestingly, predictors of mortality for ARDS were found to be the same markers
of severity of illness, and models using variables selected from ARDS patients pre-
dicted mortality as well as non-specific severity scores, such as APACHE III [2].
In fact, the most frequent cause of death described in ARDS patients is MODS [3].
Causes that lead to MODS in ARDS patients are summarized in Fig. 1.
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Fig. 1 Schematic representation of causes that lead to multiple organ dysfunction syndrome
(MODS) in patients with acute respiratory distress syndrome (ARDS). VILI: ventilator-induced
lung injury; RV: right ventricular

Refractory Hypoxemia

The main clinical characteristic of ARDS is, by definition, a severe form of hypox-
emia; therefore, one might be led to believe that refractory hypoxemia is the main
cause of death in these patients. The recent Berlin definition of ARDS [4] created
three categories (mild, moderate, severe) based on the degrees of hypoxemia, and
these were associated with increased mortality (27 %, 32 % and 45 % respectively).
However, death from refractory hypoxemia is relatively uncommon. A key article
published in 1986 by Montgomery and colleagues reported that, in a series of 47 pa-
tients who had ARDS, refractory hypoxemia was responsible for only 16 % of the
deaths. Sepsis/MODS was the leading cause of death in these patients [5]. Bersten
and colleagues [6] found that in their 168 ARDS patients, respiratory failure con-
tributed to death in 24 % and was the only cause of death in just 9 % of patients.
Other investigators have reported similar findings [7–9].

Ventilator-induced Lung Injury

A large number of investigations in the last 20 years have focused on the harmful ef-
fects of mechanical ventilation. It is now clear that efforts to improve gas exchange
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with aggressive ventilation have deleterious effects on the lungs: Ventilator-induced
lunch injury (VILI) is a well-recognized cause of increased mortality. Damage is
caused either by mechanical or biological mechanisms.

Barotrauma (and its consequence, pneumothorax) was a frequent complication
of mechanically ventilated patients with ARDS before the implementation of low
tidal volume ventilation; in a study by Boussarsar and colleagues, the incidence of
barotrauma increased dramatically when patients were ventilated with plateau pres-
sures higher than 35 cmH2O [10]. However, in a retrospective analysis of a large
cohort of mechanically ventilated patients where tidal volumes and airway pressure
were limited, barotrauma still occurred in 6.5 % of patients with ARDS and was
associated with a significant increase in mortality [11].

Another important mechanism of injury is the release of inflammatory mediators
from the lungs, which increases when patients are ventilated with higher tidal vol-
umes. These mediators (including interleukin [IL]-6, tumor necrosis factor [TNF],
IL-1 and IL-8) may have systemic effects, impairing the functions of other organs.
There is correlation between changes in a multiple organ failure score over 72 hours
and changes in plasma concentration of a number of inflammatory mediators [12].
Imay and colleagues found that mechanical ventilation led to epithelial cell apopto-
sis in the kidney and small intestine [13].

Mechanical ventilation can activate polymorphonuclear leukocytes; the conse-
quent release of elastase is correlated with the degree of systemic inflammatory
response and multiple organ failure [14]. All these data may explain the high rate
of MODS observed in patients with ARDS and the decrease in morbidity and mor-
tality in patients treated with a lung protective strategy.

Sepsis

Sepsis is the condition most often associated with ARDS. In a study assessing con-
secutive cohorts of patients who had ARDS from 1982, 1990, 1994 and 1998,
Stapleton and co-workers identified sepsis as the leading cause of death [9]. In
the recent PROSEVA trial, more than 80 % of patients with severe ARDS had sep-
sis [15]. Although sepsis is a well-recognized risk factor for mortality in ARDS
patients, the direct cause-effect relationship of infection on ARDS mortality is still
unclear. Several studies have reported no significant effects of pulmonary infection
on mortality rates [16–18].

Right Ventricular Failure

Increased pulmonary vascular resistance and pulmonary hypertension in severe
forms of acute respiratory failure were described more than 35 years ago [19].
In ARDS patients, microvascular obstruction, high respiratory pressures (namely
high positive end-expiratory pressure [PEEP]) and hypercapnia, through the raise
in pulmonary arterial pressure and the increased right ventricular (RV) afterload,
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may cause RV failure. Acute cor pulmonale in ARDS patients has been associated
with high mortality rates [20, 21]. In 1985, Jardin and co-workers found that when
patients were ventilated with large tidal volumes and excessive airway pressures,
the combination of acute cor pulmonale and lung parenchimal destruction led to
death in 100 % of cases [21]. However, in an observational study by the same group
after the implementation of protective ventilatory strategies and prone positioning,
the effect of RV dysfunction on mortality was not significant. It has to be noted
that in the group of patients with acute cor pulmonale, more patients were venti-
lated in the prone position; this markedly improved PaO2/FiO2 ratio and allowed an
immediate reduction in PEEP, implementing a sort of "RV protective" ventilatory
strategy [22].

HasMortality From ARDS Decreased?

In large epidemiologic studies conducted in the past decade, mortality rates for
ARDS patients were as high as 40–60 % [23, 24]. A systematic analysis by Krafft
et al. [25] concluded that the mortality rate of ARDS patients remained constant
from 1967, year of the first description by Ashbaugh [1], to 1994, at the time of the
American-European Consensus Conference (AECC) definition criteria [26]. De-
spite quite a large amount of research in the field, no great advances seem to have
been made in the treatment of critically ill patients with severe respiratory failure.
In the last decade, however, several single center studies have described improved
survival of ARDS patients [27, 28]. More recently, two French multicenter random-
ized controlled trials evaluating neuromuscular blocking agents and prone position
in severe ARDS patients obtained 28-days mortalities in the treatment groups as
low as 23 % and 16 % respectively [15, 29].

A systematic analysis of studies on ARDS published using the AECC definitions
included 72 papers published from 1994 to 2006 and 11,426 patients. Studies about
specific subgroups of ARDS patients (such as trauma, transfusion-related acute lung
injury [TRALI], sepsis-related ARDS) were excluded, because of the known dif-
ferences in outcomes of different subgroups of ARDS patients. The authors found
a significant trend towards a reduction in mortality over the years [30]. As expected,
mortality rates in randomized controlled trials was lower than that of observational
studies, because of the selected populations enrolled in controlled studies, the better
care provided in high quality centers and the Hawthorne effect. However, the trend
in mortality reduction is present both in epidemiologic studies and in interventional
trials. A possible limitation of these kinds of analyses is the heterogeneity in patient
populations among studies, and the different time of the outcome measurement (28-
day vs. ICU vs. hospital mortality). Nevertheless, aggregated data should minimize
these biases.

Interestingly, the same analysis conducted by another group concluded that there
had been no change in outcomes from ARDS over the years [31]. This opposite re-
sult can be explained by methodological issues [32]. The decline in mortality rates
is even stronger if we consider that severity of illness has generally increased over
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time [33, 34]. The main reason for the decline in mortality rates is commonly
believed to be the implementation of protective ventilatory strategies. After the
landmark ARDS network trial on low tidal volume ventilation versus high tidal
volume ventilation [35], protective ventilatory strategies have been progressively
implemented, even though translating this evidence-based therapy into practice has
presented some difficulties [36]. Ventilating patients with lower tidal volumes,
mainly reducing the incidence of VILI, could be the keystone in the ventilatory
management of severely hypoxemic patients. Erickson and co-workers, in a large
retrospective cohort study of patients enrolled in ARDS network trials in the same
time period as the two systematic analyses, suggested a reduction in mortality over
time. Interestingly, after adjusting for clinical covariates including lower tidal vol-
ume ventilation, the temporal trend persisted, indicating that factors other than
lower tidal volume ventilation were responsible for this survival improvement [37].

Another factor influencing the decrease in mortality could be the change in the
case mix of ARDS patients. Some authors suggest that there has been a decline in
hospital-acquired ARDS, perhaps secondary to a lower rate of nosocomial infec-
tions and a more conservative use of blood products [33]. ARDS in patients with
severe sepsis and septic shock is typically associated with higher mortality rates.
Better care of septic patients with implementation of sepsis bundles may have par-
ticipated in the decrease in ARDS mortality.

Long-term Outcome and Quality of Life

The long-term clinical outcomes of patients who survive ARDS has received great
interest in the last decade; with higher survival rates and increased patient disease
severity, more patients are exposed to morbidity that may persist for years. Qual-
ity of life (QOL) measures, in addition to long-term mortality evaluation, should
therefore be encouraged.

The most widely used instruments to evaluate long term QOL can be divided into
questionnaires and physiological tests. Included in the first group is the widely used
Medical Outcome Study Short Form 36-Item Health Survey (or SF-36), which mea-
sures QOL in eight different domains (physical functioning and role, bodily pain,
general health, vitality, social functioning, emotional role and mental health), each
scored from 0 (worst) to 100 (best). Every domain can be compared with those
of an age and sex matched control population. Another questionnaire is the St.
George’s Respiratory Questionnaire (SGRQ), a 76-item pulmonary specific ques-
tionnaire, with results grouped in 3 domains (symptoms, activity and impacts) and
an overall score; in SGRQ the lower the score, the better the QOL.

The second group of tests includes spirometry and pulmonary functioning testing
and the functional 6-minute walking test, in which the larger the number of meters
walked in 6 minutes, the better the result. A very comprehensive way to evaluate
QOL is the return of the patient to his/her previous job, but this measure is rarely
reported.
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Important issues related to QOL after ARDS can be extrapolated from a meta-
analysis published in 2006 by Dowdy et al. [38], which evaluated QOL in
557 ARDS survivors. First, QOL after ARDS is decreased, similar in different
population studies and more dependent on factors related to ARDS (e. g., impact
of critical illness, ARDS specific effect) than population factors. This finding is
shown consistently both by a reduction of performance in QOL questionnaires and
by a universally reported reduction of meters in the 6-minute walking tests [39].
Second, QOL recovery is both domain and time-specific. For example, consid-
ering the SF-36 domains, Cheung et al. [40] reported an increasing value in the
physical role domain from the 1st to the 2nd year (from 30 % to 60 % of predicted,
although not statistically significant). Similar results were reported by Heyland and
colleagues [41] in a 1-year follow up study.

More recently Herridge et al. [42] reported the 5 year results from the same
cohort of patients, showing a further increase in the physical domain performance,
especially in the younger group of patients, but none had a score as high as the
predicted score at 5 years for the general population. In other domains of SF-36,
conflicting results are reported: in the series by Herridge et al. [42], emotional role
and mental health were constantly high throughout the years (more than 75); in the
series by Heyland and colleagues [41], however, they were constantly depressed
(less than 65).

Interestingly, in a cohort of 18 patients with ARDS who were treated with ECMO
for refractory hypoxemia, SF-36 assessed at 8 months was significantly lower across
all domains compared to sex- and age-matched healthy individuals, and was lower
than other ARDS survivors in the domains of general health, mental health, vitality
and social function [43].

Apart from SF-36 evaluation, an interesting psychiatric study with a very long
follow up (up to 8 years) showed that about half of the ARDS survivors reached
DSM-IV diagnostic criteria for post-traumatic stress disorder (PTSD) or sub-PTSD.
At follow up, 40 % of patients were still suffering from PTSD or sub-PTSD [44].

Variability in cognitive functions could be related also to an important finding,
highlighted by Mikkelsen et al. in 2012: Being exposed to lower partial pressure of
arterial oxygen (PaO2) during ARDS is associated with cognitive and psychiatric
impairment, as previously hypothesized by the researchers [45]. The degree of
hypoxemia in different series of patients could be one of the intrinsic ARDS factors
that may alter subsequent QOL evolution in the mental health domains. Moreover,
the impact of ARDS could also spread to the QOL of the patient’s family. Tansey
et al. reported a reduction of about 1.5 standard deviations in the mental component
score of the SF-36 in the patient’s informal caregiver [46].

Trying to understand which survivors of ARDS are at greater risk of reduced
QOL is very important to improve early QOL and, perhaps, to develop prophylac-
tic interventions for high-risk patients. Kim et al. [47] evaluated whether there was
a relationship between the causes of ARDS (pulmonary versus extrapulmonary) and
subsequent QOL. These authors showed more serious sequelae in primary ARDS
but these were not associated with a worse QOL. However, this study had few
patients enrolled (n = 29), probably too few to detect a significant difference. In
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contrast, Parker et al. [48] demonstrated that patients with secondary lung injuries
had worse scores in all SF-36 domains in a 1-year follow-up study. Similar results
were reported in a study by Masclans et al. [49], who failed to show a correlation
between the cause of ARDS, a sepsis origin, the extent of compromise in pulmonary
function testing and the results of computed tomography (CT) scans. The only asso-
ciation identified was the robust positive correlation observed between 1-month and
6-month QOL, indicating that it is possible to identify patients with poor long-term
QOL at an early stage.

Conclusions

Mortality rates for ARDS seem to have decreased over time. Nevertheless, the most
severe forms of ARDS are still associated with mortality rates of around 40 %. The
main cause of death is MODS, which may be initiated by different conditions as-
sociated with ARDS, such as VILI, refractory hypoxemia, RV dysfunction, sepsis.
Understanding the risk factors for death in these patients is mandatory and could
allow us to identify subsets of patients that should be assigned earlier to specific
treatments (e. g., ECMO).

Patients who survive ARDS experience a lower QOL than the healthy pop-
ulation, with limited chances of improvement over time. Survivors with extra-
pulmonary ARDS, with a slower recovery of lung function and with periods of
severe hypoxemia, are at greater risk for impaired QOL. An early observation of
QOL reduction is likely to persist over time. Future research in ARDS should
include routine evaluations of long-term outcome markers to identify specific in-
terventions able to ameliorate quality of life.
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Quantitative Evaluation of Pulmonary Edema

T. Tagami, S. Kushimoto, and H. Yokota

Introduction

Pulmonary edema is one of the most common problems in critically ill patients and
has a profound effect on patient outcome [1]. Pulmonary edema is characterized
by excess accumulation of fluid in the extravascular space of the lungs, namely ex-
travascular lung water (EVLW). Because it is difficult to evaluate EVLW at the
bedside in routine clinical practice, its existence and the severity of pulmonary
edema are generally evaluated on the basis of patient history, physical examina-
tion (e. g., the presence of rales), laboratory examination, and chest radiographic
findings [1]. However, the interpretation of these parameters (e. g., chest radiogra-
phy) is often limited to a certain degree by subjectivity that may cause interobserver
error, even among experts [2]. In addition, a recent study suggests that there is only
a moderate positive correlation between chest radiographic findings and EVLW
measurements [3].

The pathological condition of pulmonary edema develops by two mechanisms:
An increase in the pulmonary capillary hydrostatic pressure (hydrostatic or car-
diogenic pulmonary edema) and an increase in pulmonary capillary permeability
(acute respiratory distress syndrome [ARDS]) [1]. However, it is often difficult to
discriminate between edema caused by increased hydrostatic pressure in the course
of cardiac disease, or by increased permeability associated with ARDS [1].

It is, therefore, difficult to evaluate pulmonary edema quantitatively in terms
of its existence, its severity (the degree of pulmonary edema), and the nature
of the disease (cardiogenic versus ARDS). However, recent studies suggest that
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transpulmonary thermodilution-derived variables, the extravascular lung water in-
dex (EVLWI) and the pulmonary vascular permeability index (PVPI), may be
promising variables to overcome this clinical dilemma. In this review, we describe
the value of EVLWI and PVPI in the quantitative evaluation of pulmonary edema
in terms of the existence, severity, and type of the disease.

Difficulties in the Evaluation of Pulmonary Edema:
Focusing on the ARDSDefinition

Since the first description of ARDS by Ashbaugh et al. in 1967 [4], the definition
was continuously reworked until the publication of the American-European Con-
sensus Conference (AECC) definition in 1994 [5]. The AECC definition is based
on: (a) acute onset; (b) the presence of bilateral pulmonary infiltrates on chest
radiography; (c) a PaO2/FiO2 ratio < 300 mmHg (for acute lung injury [ALI]) or
< 200 mmHg (for ARDS); and (d) a lack of evidence of left atrial hypertension [5].
Although the AECC criteria are simple and widely used, significant criticisms
of these criteria have been reported [6–12]. First, the interpretation of chest ra-
diography is often limited to a certain degree by subjectivity [2]. Second, the
PaO2/FiO2 ratio depends on FiO2, and the relationship between the numerator and
denominator is non-linear [10]. In addition, the effect of positive end-expiratory
pressure (PEEP) significantly impacts the PaO2/FiO2 ratio [11]. Third, the evidence
for cardiac dysfunction does not imply causality: Patients with chronic cardiac
disease also have abnormal cardiac function on echocardiography when they
develop a lung injury [12]. Finally, and most importantly, studies of pathological-
clinical correlations have shown only modest agreement between the pathologic
findings of ARDS, diffuse alveolar damage (DAD), and the AECC diagnostic
criteria [6–9].

Although the Berlin definition for ARDS was published in 2012 [13], it is
still mainly based on bilateral pulmonary infiltrates on chest radiography and on
PaO2/FiO2. It has been shown to have only slightly better predictive validity for
mortality than the AECC definition; with an area under the receiver operating curve
of 0.577 (95 % CI, 0.561–0.593) versus 0.536 (95 % CI, 0.520–0.553, p < 0.001).
Although this result is ‘statistically’ significant, as stated in a recent editorial, this
finding from the Berlin definition is “abysmal”, and should not be considered to
be progress [14]. Moreover, a recent autopsy study showed that histopathological
findings of DAD were observed in only 45 % of patients identified as having ARDS
according to the Berlin definition, suggesting very limited pathological-clinical
validation [15, 16].

The panel that developed the Berlin definition [13] agreed in their conceptual
model that ARDS has been described as a type of acute, diffuse, inflammatory lung
injury leading to increased pulmonary vascular permeability, increased lung weight,
and loss of aerated lung tissue. However, none of the suggested criteria evaluates the
increase in pulmonary vascular permeability and increased EVLW, despite the fact
that both are hallmarks of ARDS. Not only the AECC definition, but also the Berlin
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definition, may include an extensive range of respiratory insufficiencies without an
increase in pulmonary microvascular permeability or pulmonary edema [17, 18].

Potential Variables for Evaluating Pulmonary Edema:
EVLW and PVPI

The transpulmonary thermodilution-derived variables EVLW and PVPI are sensi-
tive, specific, and conceptual markers for evaluating pulmonary edema [12, 14, 17–
27] and can be easily, quickly, and repeatedly measured at the bedside. Previous
studies in animal models suggest that in both increased permeability and hydrostatic
pulmonary edema, measurement of EVLW using transpulmonary thermodilution
with a single indicator is very closely correlated with gravimetric measurement of
lung water [25], over a wide range of changes [28]. In humans, we observed a def-
inite correlation between EVLW measured by the single-indicator transpulmonary
thermodilution technique and post-mortem lung weight with a wide range of ill-
nesses and injured lungs [29]. More recently, Venkateswaran et al. [30] reported
a close correlation of the EVLW with gravimetric measurements of lung water in
human brain-dead donors. The most reliable pathophysiological feature of ARDS
is the development of DAD with increased permeability [31], which results in the
accumulation of water in the lungs. We recently validated the pathologic-clinical
relationship between EVLW and DAD using a pathological study and a nationwide
autopsy database study [32].

In the Berlin definition, the measurement of EVLW was considered but not in-
cluded in the current criteria [13, 33]. The authors stated that “EVLW does not
distinguish between hydrostatic and inflammatory pulmonary edema”, and for this
reason it was not included [13, 33]. However, this statement is not rationally cor-
rect. The amount of EVLW represents the degree of the pulmonary edema, but it
does not distinguish between hydrostatic or permeability pulmonary edema. It is
PVPI that allows the distinction between these two types of pulmonary edema [25,
28]. Recent clinical studies have indicated that PVPI can be used to differentiate
cardiogenic and non-cardiogenic (ARDS) pulmonary edema [20, 34].

Several clinical studies performed in patients with ARDS have suggested that
EVLW and PVPI correlate with disease severity [17] and are independent risk fac-
tors for 28-day mortality [24]. Thus, these variables have significant clinical impli-
cations and may be the key ‘bridge’ for a pathological-clinical correlation [27, 32].

The Transpulmonary Thermodilution Technique

The introduction of the double-indicator thermodilution technique made it possi-
ble to measure EVLW, and demonstrated an excellent correlation between in vivo
and postmortem gravimetric EVLW measurements [35]. However, this method was
cumbersome and too technically challenging for application in routine clinical prac-
tice. For EVLW evaluation in a clinical setting, the double-indicator technique
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has been replaced by the single-indicator technique, which is implemented in the
PiCCOTM monitoring system (Pulsion Medical Systems, Munich, Germany) [36].
The system uses a single thermal indicator technique to calculate cardiac output,
global end-diastolic volume (GEDV), EVLW, PVPI, and other volumetric param-
eters [37]. After the insertion of a central venous catheter, the tip is placed near
the right atrium, and a thermistor-tipped arterial catheter, the PiCCOTM catheter, is
inserted into the femoral or brachial artery and connected to the monitoring system.
A 15–20 ml bolus of cold (< 8 °C), normal saline is injected through the central
venous catheter. The mean value of at least three cold bolus injections reaches ac-
ceptable precision in clinical practice [38, 39]. The thermodilution curves are then
recorded by the thermistor at the tip of the arterial catheter to allow for an estima-
tion of cardiac output using the Stewart–Hamilton method [37]. Concurrently, the
mean transit time and the exponential downslope time of the transpulmonary ther-
modilution curve are calculated. The product of the cardiac output and the mean
transit time represents the intrathoracic thermal volume (ITTV) [36]. The product
of the cardiac output and the exponential downslope time represents the pulmonary
thermal volume (PTV). GEDV is calculated as the difference between the ITTV and
PTV, and represents the combined end-diastolic volumes of the four cardiac cham-
bers. This allows for the calculation of the intrathoracic blood volume (ITBV) from
its linear relationship with GEDV: ITBV = [1.25 × GEDV] – 28.4 [36]. EVLW is
the difference between the ITTV and the ITBV. The pulmonary blood volume is de-
duced from the difference between the PTV and the EVLW. The PVPI is calculated
as the ratio between the EVLW and the pulmonary blood volume. A recent study
by Belda et al. [40] suggested that use of the PiCCOTM catheter did not increase
the risk of complications when compared to the commonly used short peripheral
arterial or pulmonary artery catheters.

Several studies have suggested that indexing EVLW to the predicted body weight
(PBW) instead of the actual body weight (ABW) could improve the predictive value
of EVLW for survival and the correlation with markers of disease severity [22, 23,
41]. Indexing EVLW to the PBW instead of the ABW has been shown to im-
prove the correlation between EVLW and lung injury score and the PaO2/FiO2

ratio [22]. The PBW is calculated as follows: men, PBW (kg) = 50 + 0.91 × (height
in centimeters � 152.4); women, PBW (kg) = 45.5 + 0.91 × (height in centime-
ters � 152.4]. One must interpret the EVLWI value with caution, especially in
studies reported earlier than the year 2008 [22, 41], because previously the EVLW
was indexed only by ABW, not by PBW. The EVLW indexed by ABW may result
in an underestimation, especially in obese patients [22, 41].

The accuracy of transpulmonary thermodilution EVLW has been validated
against quantitative computed tomography (CT) scans [42] and gravimetry, which
is considered to be the gold standard [25, 28–30, 35, 43]. EVLW and PVPI corre-
late with the level of a biological mediator that is thought to be related to increased
pulmonary vascular permeability and the accumulation of lung water [44, 45].
Previous studies have also shown that the precision of these variables is clinically
acceptable [38, 39].



Quantitative Evaluation of Pulmonary Edema 261

EVLW: Existence and Degree of Pulmonary Edema

In 1983, Sibbald et al. [46] defined the normal mean EVLW value as 5.6 ml/kg (3.0
to 8.8 ml/kg) using the double-indicator technique. However, this study included
only 16 patients, and all of the ‘normal’ patients were critically ill and mechani-
cally ventilated without a pulmonary edema diagnosis on the basis of portable chest
radiography findings. Similar observations were reported in 1986 by Baudendistel
et al. [47]; a mean EVLW of 5.1 ml/kg (2.4 to 10.1 ml/kg) was obtained from 6 ‘nor-
mal’ critically ill patients. These values have thus been considered as ‘normal’ for
a long period; normal values of 3 to 7 ml/kg (indexed by ABW) have been reported,
but without a robust, validated study.

Recently, our clinical-autopsy studies showed mean EVLW values of approx-
imately 7.3 ˙ 2.8 ml/kg (indexed by PBW) to be the normal reference range for
humans (n = 534) [29, 32]. This value was supported by Eichhorn et al. [48], who
published a meta-analysis of clinical studies in which they found a mean EVLW
of 7.3 ml/kg (95 % CI 6.8–7.6) in patients undergoing elective surgery (n = 687),
who were believed not to have pulmonary edema. More recently, Wolf et al. [49]
showed a similar result (8 ml/kg, interquartile range [IQR] 7–9) in 101 elective brain
tumor surgery patients. In addition, an EVLWI > 10 ml/kg has been regarded as an
increased EVLW in several clinical studies [12, 17, 20–22, 26, 43, 50]. Japanese
nation-wide autopsy data (n = 1688) indicated that an EVLWI > 9.8 ml/kg represents
the quantitative discriminating threshold for a diagnosis of pulmonary edema from
normal lungs [32]. Several studies have suggested that an EVLWI > 10 ml/kg is
an ideal value to include in a future definition of ARDS [12, 17, 18, 26]. There-
fore, a normal EVLW value should be approximately 7 ml/kg and should not exceed
10 ml/kg.

Figure 1 clearly shows that EVLWI correlates with the severity of the lung in-
jury [3, 19, 20, 23, 24, 29, 32, 34, 48, 49, 51, 52]. In addition, a recent multicenter
prospective study suggested that EVLWI (and PVPI) was associated with the ARDS
severity categories as described by the Berlin definition [17]. Therefore, quantita-
tively evaluating lung status may help physicians in making an accurate diagnosis.
Moreover, evidence suggests that EVLWI relates to patient prognosis [24, 41, 53,
54]. A landmark study by Eisenberg et al. [55] suggested that EVLW-guided treat-
ment reduced mortality rates in patients with permeability pulmonary edema. This
study also indicated that patients with an initial EVLW of more than 14 ml/kg had
a significantly greater mortality rate than those with a lower EVLW [55]. Sakka
et al. [54] found that the mortality rate was approximately 65 % in patients with an
EVLW level of 15 ml/kg, whereas the mortality rate was approximately 33 % in pa-
tients with an EVLW level of 10 ml/kg. Furthermore, two similar studies by Phillips
et al. [41] and Craig et al. [23] demonstrated that an EVLW value > 16 ml/kg pre-
dicted intensive care unit (ICU) mortality in patients with ARDS. Recently, Jozwiak
et al. [24] reported similar results with more severe and larger numbers of ARDS
cases, and confirmed the results with multiple regression models.

The EVLWI value may also allow timely evaluation of pulmonary edema. This
is in contrast to chest radiographic findings, which are not time effective and re-
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Fig. 1 The extravascular lung water index (EVLWI) and the degree of lung injury in individual
studies. Individual studies with more than 30 patients were included. Data are presented as mean
(SD) or median (interquartile range). P/F = PaO2/FiO2 ratio

sult in delays of several hours for detecting EVLW [56]. LeTourneau et al. [26]
reported that EVLW could predict progression to ARDS in patients at risk for
its development 2.6 days before the patients met the AECC criteria for ARDS.
These 2.6 days may, therefore, represent a missed opportunity for therapeutic in-
tervention and improved outcome [26]. Zeravik et al. [57] studied 20 patients with
lung injury and suggested that EVLW may be useful in deciding when to switch
from controlled mechanical ventilation to assisted spontaneous breathing mode
(EVLWI < 11 ml/kg). Thus, EVLW may be helpful in guiding fluid management
and could facilitate timely respiratory treatment.

PVPI: Differentiating the Types of Pulmonary Edema

It is a daily dilemma for the physician to determine which mechanism is responsible
for an increase in EVLW: Extravasation of fluid toward the interstitium resulting
from increased hydrostatic pressure in the pulmonary capillary bed, or increased
permeability of the lung capillary membrane resulting from damage, as in ARDS.
The concept that PVPI may reflect the permeability of the alveolocapillary bar-
rier was first validated by Katzenelson et al. [25] in an animal model. Groeneveld
and Verheij [58] demonstrated that lung vascular injury was associated with a rise
in PVPI in mechanically ventilated patients with pneumonia or extrapulmonary
sepsis-induced ARDS. Monnet et al. [34] reported in their retrospective single-
center study that PVPI was a useful index for differentiating the two mechanisms
of increased EVLW. Monnet et al. [34] reported that a PVPI � 3 diagnosed ARDS



Quantitative Evaluation of Pulmonary Edema 263

ARDS

Cardiogenig
Pulmonary Edema

Monnet [34], n = 36, P/F = 118

Jozwiak [24], n = 200, P/F = 108

Chung [51], n = 38, P/F = 149

Kushimoto [20], n = 207, P/F = 150

Monnet [34], n = 12, P/F = 173

Kushimoto [20], n = 26, P/F = 167

Tagami [44], n = 8, P/F = 140

54
PVPI

3210 76

Fig. 2 Comparisons of the pulmonary vascular permeability index (PVPI) in acute respiratory
distress syndrome (ARDS) and cardiogenic pulmonary edema. Data are presented as mean (SD)
or median (interquartile range). P/F = PaO2/FiO2 ratio

with a sensitivity of 85 % and a specificity of 100 %. We recently confirmed this
finding in a large prospective, multicenter study [20], demonstrating that a PVPI
value of 2.6 to 2.85 provided a definitive diagnosis of ARDS (specificity 0.90 to
0.95), and a value < 1.7 ruled out an ARDS diagnosis (specificity 0.95) [20]. Al-
though this discrepancy may result from the difference in the studied patients’
characteristics, further studies are needed to confirm the results because there were
fewer cardiogenic pulmonary edema patients than ARDS patients in both studies
(Fig. 2) [20, 34].

PVPI seems to be a better marker of disease severity in patients with a lung in-
jury score > 2.5, implying that patients with severe ARDS have greater lung edema
because of greater pulmonary permeability [19]. In addition, van der Heijden and
Groeneveld [59] demonstrated that PVPI relates to pulmonary capillary permeabil-
ity in non-septic patients on mechanical ventilation with or at risk for ARDS, and is
largely unaffected by fluid loading and pressure forces. Normal ratios may help to
exclude high permeability, independent of the clinical manifestations of permeabil-
ity edema [59].

Examples: Interpretation of EVLW and PVPI Values

A patient admitted 2 days earlier with bacterial pneumonia and bilateral consolida-
tions on a CT scan was ventilated with an FiO2 of 60 %, a PEEP of 10 cm H2O, and
had an EVLW of 17 ml/kg, and a PVPI of 4.0. This patient must have moderate
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to severe ARDS with a high possibility of mortality. Early and aggressive inter-
vention, in addition to lung-protective ventilation, may be required. On the other
hand, despite a 2-day history of sepsis with fluid overload, ‘white lungs’ on portable
radiograph, and ventilation with an FiO2 of 60 % and a PEEP level of 10 cm H2O,
an EVLW of 8 ml/kg and a PVPI of 1.0 could indicate clinical conditions other
than pulmonary edema, such as pleural effusion, atelectasis, or lobar/lung collapse.
Appropriate therapies such as paracentesis, bronchoscopy, or addition of a higher
PEEP may be required.

Limitations of Transpulmonary Thermodilution

Transpulmonary thermodilution has several limitations, mainly large vascular ob-
struction and focal lung injury, which clinicians must bear in mind when interpret-
ing EVLW numbers. The amount of EVLW, the PaO2/FiO2 ratio, the tidal volume,
and the PEEP level may slightly but significantly affect the estimation of EVLW by
transpulmonary thermodilution [58]. Other limitations are discussed elsewhere in
detail [60].

Conclusions

The transpulmonary thermodilution-derived variables, EVLW and PVPI, can quan-
titatively express the existence, severity, and nature of pulmonary edema at the bed-
side. The accuracy of this measurement has been validated against the gold standard
method, and the precision is clinically acceptable. These values have significant
clinical implications, predict the progression of disease, correlate with prognosis,
and may be the key ‘bridge’ for a pathological-clinical correlation. EVLW and
PVPI may open the door for future work to better define management algorithms
for patients with pulmonary edema.
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Distinguishing Between Cardiogenic and
Increased Permeability Pulmonary Edema

O. Hamzaoui, X. Monnet, and J.-L. Teboul

Introduction

The differential diagnosis between cardiogenic pulmonary edema and increased
permeability pulmonary edema or acute respiratory distress syndrome (ARDS) is
a daily challenge for the intensive care unit (ICU) physician. Left atrial hyper-
tension as the principal cause of cardiogenic pulmonary edema must be excluded
in order to establish a diagnosis of ARDS [1]. Indeed, a pulmonary artery oc-
clusion pressure (PAOP) greater than 18 mmHg is classically used as a marker of
left atrial hypertension. PAOP measurement requires the insertion of a pulmonary
artery catheter (PAC), an invasive and costly procedure, which has been associated
with neutral [2] or potentially adverse clinical outcomes [3]. Nonetheless, distinc-
tion between cardiogenic pulmonary edema and ARDS is important, because the
management and prognosis of these two pathological conditions are quite differ-
ent [4]. In this review, we will go through the recent literature on various tools that
enable differentiation of cardiogenic pulmonary edema and ARDS in critically ill
patients.

Pathophysiology

ARDS has been described as passing through three pathological phases. An initial
exudative phase begins with neutrophil-mediated damage to the alveolus, causing
epithelial and endothelial damage. This leads to proteinaceous and markedly hem-
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orrhagic interstitial and alveolar edema [5]. A proliferative phase begins three to
five days later and is characterized by organization of the exudate and by fibrosis.
The capillary network is also damaged with development of intimal proliferation in
many small vessels leading to a reduced luminal area. Alveolar type II cells prolifer-
ate in an attempt to cover the denuded epithelial surfaces and differentiate into type
I cells. Fibroblasts become apparent in the interstitial space and later in the alveolar
lumen. These processes result in narrowing or even obliteration of the airspaces.
Fibrin and cell debris are progressively replaced by collagen fibrils [5]. A third
fibrotic phase may develop later. The vasculature is markedly altered with vessels
narrowed by myointimal thickening and mural fibrosis. There is a marked decline
in neutrophils and a relative accumulation of lymphocytes and macrophages. Total
lung collagen content may double within the first two weeks, however these alter-
ations can be transient [5].

In contrast to ARDS, cardiogenic pulmonary edema is characterized by no sub-
stantial damage to the structure of the alveolus but rather by an increased pul-
monary capillary hydrostatic pressure (i. e., lung filtration pressure). This latter
phenomenon leads to an imbalance in transcapillary fluid movement, as predicted
by the Starling equation [6]. At equilibrium, the transcapillary flow (from the
capillaries to the interstitium) is continuously drained by the lymphatic system.
However, when an acute increase in pulmonary hydrostatic pressure occurs via
a generalized increase in blood volume or an acute redistribution of fluid (in case
of acute heart failure), drainage systems are exceeded leading to airspace flood-
ing [7]. Moreover the weak permeability of the alveolar epithelium and the intersti-
tial distension due to fluids causing destruction of alveolar septa, results in alveolar
edema.

Diagnostic Tools

Clinical Judgment

Some clinical elements may help in the differentiation between cardiogenic pul-
monary edema and ARDS. History of cardiovascular disease or a recent cardiovas-
cular event is in favor of cardiogenic pulmonary edema, whereas fever and cough
may suggest ARDS. Nevertheless, the clinical examination is rarely discrimina-
tive and physicians are frequently unable to distinguish between cardiogenic and
non-cardiogenic origins of pulmonary edema [6, 8]. Wheeze and widespread crepi-
tations may occur in any form of pulmonary edema [6]. Important prognostic
clinical signs of cardiogenic pulmonary edema, such as raised jugular venous pres-
sure (JVP) or a third heart sound, may be difficult to assess with certainty in ICU
patients [6, 9].
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Pulmonary Artery Catheter

The PAC provides measurement of the PAOP, which reflects the pressure in a large
pulmonary vein and thus the left atrial pressure. Although a PAOP value of
18 mmHg is classically considered as the cut-off value for distinguishing be-
tween cardiogenic pulmonary edema and increased permeability pulmonary edema,
PAOP can be higher in 25–30 % cases of established acute lung injury (ALI) or
ARDS [10]. Importantly, there are some sources of errors in measurement or
interpretation of PAOP that deserve to be briefly reviewed.

The PAOP is obtained after inflation of the balloon at the tip of the PAC. In-
flation of the distal balloon creates a continuous column of stagnant blood from
the occluded branch of the pulmonary artery and the pulmonary vein where the
blood flow resumes. However, if the PAC tip is in West zone 1 or 2, alveolar pres-
sure interrupts the static blood column. In this case, which may occur with high
positive end-expiratory pressure (PEEP) ventilation and/or hypovolemia, PAOP re-
flects alveolar pressure and not pulmonary venous pressure and left atrial pressure.
Comparison of respiratory changes in pulmonary artery pressure with respiratory
changes in PAOP allows identification of West zone 1 or 2 conditions [11].

In clinical practice, PAOP is assumed to estimate the pulmonary capillary pres-
sure, which is an important determinant of lung filtration according to Starling’s
equation. However, the difference between pulmonary capillary pressure and PAOP
is not constant because it depends on cardiac output and pulmonary venous resis-
tance. This latter parameter can be abnormally elevated in patients with ARDS or
congestive heart failure so that the PAOP cannot be a strong surrogate of pulmonary
capillary pressure in pulmonary edema situations [12].

In the presence of PEEP or intrinsic PEEP, the value of end-expiratory PAOP
overestimates the true left ventricular (LV) filling pressure. The difference between
the two pressures is the end-expiratory intrathoracic pressure, which depends on
PEEP and on the percentage of airway pressure transmission. Airway transmission
can be estimated by dividing the respiratory changes in PAOP by the changes in
alveolar pressure occurring at the same time [13].

All these potential errors in measurement and interpretation of PAOP, as well
as the invasiveness of the PAC, the absence of proved benefit in clinical trials [2]
and the development of less invasive technologies, are probably responsible for the
current decline in PAC use in ICU patients.

Doppler-echocardiography

The LV filling pressure can be estimated non-invasively using Doppler-echocardio-
graphy. Although different methods have been proposed, all have limitations in
terms of measurements as well as interpretation, so that Doppler-echocardiography
provides a semi-quantitative estimation of LV filling pressure rather than an exact
measure.
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To assess LV filling pressure, pulsed-wave Doppler is performed in the apical
4-chamber view to obtain mitral inflow velocities [14], which consist of E (early
diastolic) and A (late diastolic) velocities. A 1-mm to 3-mm sample volume is
then placed in the mitral outflow 1 cm beyond the mitral leaflets to record a crisp
velocity profile during diastole. Optimizing spectral gain and wall filter settings
is important to clearly display the onset and cessation of LV inflow [14]. The E
wave corresponds to the early LV filling phase and begins after the opening of the
mitral valve, and the A wave corresponds to the left atrial contraction (Fig. 1). It
is well established that the mitral E-wave velocity primarily reflects the left atrial-
LV pressure gradient during early diastole and is thus influenced by preload and
alterations in LV relaxation [15]. The mitral A-wave velocity reflects the left atrial-
LV pressure gradient during late diastole, which is affected by LV compliance and
left atrial contractility [15]. The E/A ratio was shown to be significantly correlated
to PAOP [16]. Nevertheless, in cases of non-depressed LV ejection fraction (LVEF),
the correlation is very weak [16]. It is thus recommended to pay attention to E/A as
an estimate of left atrial pressure only in patients with a depressed LVEF [14]. In
such cases, E/A < 1 suggests a non-elevated left atrial pressure, whereas E/A > 2
suggests a high left atrial pressure [14]. If the value of E/A is between 1 and 2, it is
not sufficiently informative and measurement of other Doppler-echocardiographic
indices is mandatory (see below) [14]. In addition, there are many limitations to use
of E/A, such as atrial fibrillation, where no A-wave occurs, and sinus tachycardia
with merging of the E and A waves.

The apical four-chamber view also allows tissue Doppler imaging of the mitral
annulus to be obtained, which enables measurement of the early diastolic mitral
annular velocity (E0 or Ea). The E0-wave has been shown to be a load-independent
measure of myocardial relaxation [17]. Combination of tissue Doppler imaging
and pulsed Doppler transmitral flow, allows the E/E0 ratio to be calculated, which is
considered to be one of the best echocardiographic estimates of LV filling pressure
irrespective of the LVEF [16].

An E/E0 ratio < 8 is usually associated with normal LV filling pressure, whereas
an E/E0 ratio > 15 is associated with increased LV filling pressure [18]. When the
E/E0 ratio is between 8 and 15 (gray zone), it is not sufficiently informative to esti-
mate LV filling pressure, so that measurements of other Doppler-echocardiographic
indices are mandatory [14]. It should be stressed that, in the majority of ICU pa-
tients, the E/E0 value is within this large gray zone and thus is inconclusive [19–23].
In this context, analysis of the pulmonary venous flow using pulsed wave Doppler
can be performed in the apical 4-chamber view, although its feasibility is not op-
timal in the ICU patient. Measurements of pulmonary venous waveforms include
the peak systolic velocity (S), the peak anterograde diastolic velocity (D), the S/D
ratio and the peak Ar velocity in late diastole. Other useful measurements are the
duration of the Ar wave and the time difference between Ar and mitral A-wave du-
ration (Ar-A) [14]. Increased LV filling pressure is frequently associated with an
increased Ar-A duration (> 30 ms) and an S/D ratio < 1 [24].

Another method to estimate LV filling pressure is to measure the color M-mode
flow propagation velocity (Vp) in the apical 4-chamber view using color flow imag-
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Fig. 1 Transmitral flow and tissue Doppler imaging of the mitral annulus. Top: With pulsed-
wave Doppler, the sampling window is placed in the transmitral flow, beyond the mitral leaflets;
this enables recording of the E and A waves. Bottom: With tissue Doppler imaging of the mitral
annulus, the E0 (or Ea) and the A0 waves can be recorded

ing with a narrow color sector. The Vp is measured as the slope of the first aliasing
velocity during early filling, measured from the mitral valve plane to 4 cm dis-
tally into the LV cavity [25]. The ratio of peak E velocity to Vp is directly pro-
portional to left atrial pressure so that E/Vp has been proposed to estimate the
LV filling pressure [25]. In patients with depressed LVEF, an E/Vp � 2.5 was
shown to predict a PAOP > 15 mmHg with reasonably good accuracy [26]. How-
ever, reproducibility of E/Vp in ICU patients is highly questionable [19]. Moreover,
this method requires good echogenicity, which is often not present in critically ill
patients.

In summary, a non-invasive semi-quantitative estimation of LV filling pressure
is feasible at the bedside using Doppler-echocardiography. However, Doppler-
echocardiography is an operator-dependent technique and measurement of these
indices requires a high degree of knowledge of the operator [27]. This may explain
the large variability in the cut-off echocardiographic estimates of LV filling pressure
reported in studies conducted in ICU patients [19–23].
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B-type Natriuretic Peptide and Amino-Terminal pro-BNP

B-type natriuretic peptide (BNP) is one of the members of the natriuretic pep-
tide superfamily, synthesized and secreted by the ventricular cardiomyocytes in
response to ventricular stretching [28, 29]. BNP secretion is markedly increased
beyond the physiologic range by pathologic ventricular volume and/or pressure
overload [30, 31]. Plasma BNP concentration is thus significantly elevated in pa-
tients with heart failure [32, 33] and is useful for the diagnostic approach to acute
dyspnea [34, 35]. It has been suggested that BNP measurements could add to the
clinical history, physical examination, and routine diagnostic data in order to ex-
clude cardiogenic pulmonary edema in ICU patients with respiratory failure [8].
A low plasma concentration of BNP (< 200 pg/ml) was found to have a high speci-
ficity for the diagnosis of non-cardiogenic pulmonary edema and could reliably
exclude the presence of cardiogenic pulmonary edema in a large number of pa-
tients [8]. However, a high BNP level cannot exclude a diagnosis of ARDS because
factors other than myocardial stretch can elevate plasma BNP concentration. Septic
shock is a condition in which release of BNP can be increased through enhancement
of BNP gene transcription by pro-inflammatory cytokines [36]. Additionally, high
plasma BNP levels could be also partially related to altered plasma BNP clearance
pathway in septic shock patients [37]. Accordingly, elevated plasma BNP levels
have been repeatedly reported in septic shock patients even in those without cardiac
dysfunction [38–41]. In patients with renal failure, decreased BNP clearance can
be responsible for an increased plasma BNP concentration independent of cardiac
dysfunction [30, 42, 43]. Right ventricular dysfunction can also result in increased
plasma BNP concentration [44].

The prohormone, NT-proBNP, which is the amino-terminal fragment of BNP,
is also secreted by ventricular cardiomyocytes in response to ventricular stretch-
ing. However, it differs from BNP with regard to its biological half-life, in vitro
stability, and mechanisms involved in its clearance [42]. NT-proBNP has been
suggested to be a stronger discriminator of cardiac dysfunction in patients with
significant comorbidities, preexisting cardiac dysfunction, and impaired renal func-
tion compared to BNP [45]. The proposed explanation for this difference is that
NT-proBNP has much higher molar concentrations and steeper increases for any
given degree of cardiac dysfunction. As such, NT-proBNP would be a more sensi-
tive measure of cardiac dysfunction, particularly for milder degrees [45]. However,
as with BNP, NT-proBNP does not correlate with PAOP [45]. Additionally, because
NT-proBNP can also be increased in renal failure and in sepsis regardless of car-
diac function, its utility to reliably discriminate cardiogenic pulmonary edema from
ARDS remains debatable. As for BNP, a low value of NT-proBNP is suggestive of
the absence of cardiogenic pulmonary edema, whereas a high value has a far less
informative value. Finally, the longer biological half-life of NT-proBNP compared
with BNP (70 min vs. 20 min) makes it less sensitive to short-term fluctuations in
cardio-pulmonary status and less useful for short-term tests and/or evaluation of
some therapies.
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Lung Ultrasonography

Ultrasonography, traditionally used to explore plain organs, has recently been ex-
tended to the lungs in critically ill patients. Chest ultrasonography is becoming
a bedside tool for the detection of thoracic disorders, in particular to diagnose the
origin of acute respiratory failure [46–48]. Chest ultrasound is performed in the
semi-recumbent position, or in the supine position in intubated patients. In a lon-
gitudinal scan, pleural lines, sought between two rib shadows, indicate the pleural
layers. The horizontal lines arising from the pleural line and separated by regular in-
tervals that are equal to the distance between the skin and the pleural line are called
A-lines. The bilateral B profile including comet-tail artifacts (vertical B-lines) that
arise strictly from the pleural line, characterizes pulmonary edema with high ac-
curacy [47]. Whereas the A-line is a horizontal artifact indicating a normal lung
surface, the B-line is a kind of comet-tail artifact indicating subpleural interstitial
edema. In this regard, lung ultrasound was shown to be helpful in differentiating
pulmonary edema from other types of respiratory failure, such as pneumonia, acute
exacerbation of chronic obstructive pulmonary disease (COPD), pulmonary em-
bolism, or asthma [47]. In a recent study [48], which included 75 patients admitted
to the ICU for acute respiratory failure, the ultrasound approach was more accurate
than a standard approach based on clinical, radiological, and biological data and
associated with a significant improvement in the initial diagnostic accuracy [48].

In addition, some clinical studies have found that ultrasound evidence of ele-
vated extravascular lung water (EVLW) (ultrasound comets or B-lines) correlated
positively with radiographic and invasive methods of EVLW estimation [49–51].
In an experimental study, a significant increase in B-lines with time was observed
after oleic acid infusion and a significant correlation was shown between the num-
ber of B-lines at the time of animal sacrifice and the wet/dry ratio using a gravi-
metric method [52]. This observation confirms that the presence of B-lines or
ultrasound comets can be seen in the two types of pulmonary edema and thus
cannot per se reliably differentiate cardiogenic pulmonary edema from increased
permeability pulmonary edema. In this context, a comparison between lung ul-
trasound findings and PAOP (measured using a PAC) was performed in 102 me-
chanically ventilated patients [53]. The authors defined A-predominance as a ma-
jority of anterior A-lines and B-predominance as a majority of anterior B-lines.
A PAOP > 18 mmHg was associated with B-predominance in 14/15 cases. How-
ever, a PAOP � 18 mmHg was associated with A-predominance in 44 cases and
with B-predominance in 43 cases [53] confirming that this technique cannot reli-
ably differentiate between cardiogenic pulmonary edema and ARDS.

In summary, lung ultrasonography appears to be a good technique for diagnosing
pulmonary edema but not for differentiating between the two main mechanisms of
lung edema formation. In addition, this technique has some limitations: in particu-
lar, it is a user-dependent technique, which requires an advanced level of training.
It is also important to note that B-lines can be detected in other diseases, such as
pulmonary fibrosis, and may also be affected by other dynamic changes, such as the
application of PEEP and the respiratory cycle [54].
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Transpulmonary Thermodilution

The transpulmonary thermodilution method applies indicator dilution principles,
using cold as the indicator. A known amount of cold solution with a known tem-
perature is injected rapidly into the circulation through a central venous catheter
(superior vena cava territory). This cold solution mixes with the surrounding blood,
and the temperature is measured downstream at the level of the femoral artery
through a thermistor-tipped arterial catheter. The mathematical analysis of the ther-
modilution curve (blood temperature vs. time) recorded by the device not only
allows calculation of cardiac output but also of other relevant hemodynamic vari-
ables such as EVLW and the pulmonary vascular permeability index (PVPI).

The EVLW measured by transpulmonary thermodilution was found to be cor-
relate well with the EVLW measured by gravimetry, the method of reference in
animals [55], and with the post-mortem lung weight in humans [56]. The EVLW
values measured by the PiCCO™ and the VolumeView™ monitors agree in an-
imals [57] and in humans [58]. The normal range of indexed EVLW (EVLWI)
values is between 3 and 7 mL/kg. Because of the potential errors in measurements,
it is generally assumed that EVLWI is abnormally high (pulmonary edema) when it
is above 10 ml/kg. A recent study suggests however, that EVLW can be between 10
and 14 ml/kg in dying patients with no evidence of lung edema at autopsy [59]. In
cases of cardiogenic pulmonary edema or ARDS, values greater than 35 ml/kg can
be measured [60]. The EVLW is thus considered a marker of pulmonary edema but
cannot diagnose its origin. In contrast, the PVPI is highly valuable for differentiat-
ing between cardiogenic pulmonary edema and ARDS. This parameter is calculated
automatically by transpulmonary thermodilution as the ratio of EVLW/pulmonary
blood volume and as such is assumed to reflect the permeability of the lung capillary
membrane. This was confirmed in an animal study in which PVPI increased when
pulmonary edema was created by lung instillation of oleic acid but did not change
when it was created by balloon inflation in the left atrium [55]. The discriminative
value of PVPI was demonstrated in two clinical studies showing that a PVPI greater
than 2.85 [61] or than 3 [62] could diagnose increased permeability edema with
excellent accuracy. In these two studies, the diagnosis of reference was made a pos-
teriori by experts, who considered the patient history, clinical presentation, chest
computed tomography (CT) and X-ray, echocardiography, BNP level, and the time
course of all preceding findings under hemodynamic and respiratory therapies [61,
62]. In a study including 200 patients with ARDS, the PVPI was shown to be an
independent predictor of mortality, confirming its excellent clinical relevance [60].
However, using PVPI to differentiate between cardiogenic pulmonary edema and
ARDS is limited to ICU patients and cannot be used practically in the emergency
department since transpulmonary thermodilution measurements need insertion of
both a central venous line and a femoral artery catheter.
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Fig. 2 Hemoconcentration during hydrostatic pulmonary edema. a In hydrostatic pulmonary
edema, the increased pressure gradient between the pulmonary vascular compartment and the
interstitial tissue leads to filtration of a significant volume of hypo-oncotic fluid, b which induces
intravascular volume contraction and thus elevation of biochemical markers of hemoconcentration,
such as plasma protein concentration

Biochemical Markers of Hemoconcentration

Hydrostatic pulmonary edema is accompanied by transfer of a hypo-oncotic fluid
from the pulmonary capillary lumen toward the interstitium [63–65] (Fig. 2). When
the amount of transferred fluid is large enough, hydrostatic pulmonary edema may
result in hemoconcentration that can be detected on the basis of changes in plasma
protein or hemoglobin concentrations or hematocrit [63–65]. Thus, measuring the
changes in biochemical markers of hemoconcentration can help to differentiate be-
tween cardiogenic pulmonary edema and increased permeability pulmonary edema
in patients who develop a sudden episode of pulmonary edema during their hos-
pital stay. In this context, it has been demonstrated in critically ill patients who
failed to be weaned from mechanical ventilation that an increase in plasma pro-
tein concentration and/or hemoglobin concentration > 6 % during a weaning trial
allowed a diagnosis of weaning-induced pulmonary edema with good sensitivity
and specificity [66]. Detection of acute onset of hemoconcentration is more dif-
ficult in patients presenting to the hospital with pulmonary edema, because their
normal plasma protein concentration and/or hemoglobin concentration are gener-
ally unknown. However, observation of abnormally high plasma protein and/or
hemoglobin concentrations in patients with respiratory failure, suggests that acute
cardiogenic pulmonary edema is developing and should encourage the physician to
confirm this diagnosis.
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Conclusions

Despite the availability of many tools to differentiate between cardiogenic pul-
monary edema and ARDS, such as the PAC, Doppler-echocardiography, BNP, and
others, this differentiation remains a difficult daily challenge for physicians. This
difficulty is mainly related to the imperfection of these tools when used separately.
Therefore, combining and multiplying the diagnostic methods may help to refine
the correct diagnosis and improve patient management.
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Extravascular LungWater as a Target
for Goal-directed Therapy

M. Y. Kirov, V. V. Kuzkov, and L. J. Bjertnaes

Introduction

Accumulation of extravascular lung water (EVLW) is a hallmark of pulmonary
edema and acute respiratory distress syndrome (ARDS) of various etiologies [1].
Increased EVLW is associated with a high mortality rate [1–3]. Thus, in critically
ill patients, the balance and maintenance of cardiac preload and vital organ per-
fusion should be thoroughly weighed against the deleterious effects of worsening
pulmonary edema, and quantification of EVLW may offer a valuable therapeutic
guide to providers of intensive care.

The amount of edema fluid accumulated in the pulmonary tissue is, however, dif-
ficult to estimate at the bedside. Several techniques have been developed to assess
EVLW. Clinical examination, including chest auscultation, blood gases, radiogra-
phy, computed tomography (CT), positron emission tomography (PET), magnetic
resonance imaging (MRI), bioimpedance, lung ultrasound, postmortem gravimetry
and several other techniques have been introduced into clinical practice for quan-
tification of pulmonary edema but with conflicting results [1, 4–7]. To date, among
the various methods, thermal-dye dilution and single transpulmonary thermodilu-
tion have been used most frequently both in experimental and clinical studies [1, 2,
4, 6, 8]. In addition to EVLW, these techniques simultaneously display a number
of hemodynamic variables that can give valuable guidance to the management of
fluid balance and cardiopulmonary dysfunction. However, a debate is still going
on regarding the value of EVLW for hemodynamic optimization during the peri-
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Table 1 Potential indications for monitoring of extravascular lung water

Conditions Indications [references]
Severe sepsis Prevention or treatment of ARDS [1–4, 12–16, 18]

Septic shock [6, 12, 22]
Respiratory failure ARDS of any etiology [1–4, 12–14, 24–25]

Pneumonia [12, 22]
Perioperative period High-risk cardiac and non-cardiac surgery: coronary artery

bypass grafting [31, 32], valve surgery [32, 33],
pneumonectomy [35–37], esophagectomy [38, 39], major
abdominal surgery [34], transplantation [48], other interventions
accompanied by massive fluid shifts [6]

Trauma Refractory shock [40]
Blood loss > 50 % of circulating blood volume
Chest trauma with pulmonary contusion
Burns > 25–30 % of body surface area [41–43]

Cardiac failure Cardiogenic shock [44]
Pulmonary edema [26, 29, 44]
Patients after cardiac arrest [44]

Neurological intensive care Subarachnoid hemorrhage [45, 46]
Neurogenic pulmonary edema [6]

Other critically ill patients Necrotizing pancreatitis [47]
Abdominal compartment syndrome [20]
Multiple organ dysfunction syndrome [6, 9, 20]
ICU patients receiving renal replacement therapy [49]

operative period and in intensive care. Thus, the aim of this chapter is to discuss
the application of EVLW as a target for goal-directed therapy (GDT) in different
categories of patients (Table 1).

Thermodilution Methods for the Determination
of Extravascular LungWater

Thermal-dye dilution and single thermodilution calculate cardiac output based on
transpulmonary thermodilution curves according to the Stewart–Hamilton principle
(Fig. 1).

Thermal-dye dilution determines the distribution volumes of the thermal and
the dye indicators between the point of injection in the right atrium and the point
of detection in the aorta by using a combination of thermal (ice-cold 5 % dextrose
solution) and dye indicators (ice-cold indocyanine green [ICG] solution). This tech-
nique works by exchanging cold (temperature) extravascularly, whereas ICG binds
to intravascular albumin. Therefore, the intrathoracic thermal volume (ITTV) and
intrathoracic blood volume (ITBV) are calculated as cardiac output × mean transit
time (MTt) of the thermal indicator and cardiac output × MTt of the dye indicator,
respectively. The difference between ITTV and ITBV gives the EVLW value [4].
The thermal-dye dilution method has been validated versus postmortem gravime-
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Fig. 1 Methodology of transpulmonary thermodilution. TDD: thermal-dye dilution; STD: single
thermodilution; MTt: indicator mean transit time; DSt: indicator downslope (exponential decay)
time; TI: thermal indicator; DI: dye indicator. Calculated volumetric parameters: ITTV: intratho-
racic thermal volume; ITBV: intrathoracic blood volume; GEDV: global end-diastolic volume;
PTV: pulmonary thermal volume; PBV: pulmonary blood volume; EVLW: extravascular lung
water. Heart volumes: RAEDV: right atrial end-diastolic volume; RVEDV: right ventricular end-
diastolic volume; LAEDV: left atrial end-diastolic volume; LVEDV: left ventricular end-diastolic
volume

try, which is supposed to be the ‘gold standard’ of EVLW measurements in animal
models of lung edema [1, 6]. In critically ill patients, fluid management guided
by measurements of EVLW with thermal-dye dilution has been associated with
improved clinical outcome [9]. However, the thermal-dye dilution technique is rel-
atively cumbersome and expensive. For these reasons, the method has not gained
general clinical acceptance, triggering more widespread use of single thermodilu-
tion. Consequently, manufacturers have stopped producing thermal-dye dilution
monitors and disposables.

Single transpulmonary thermodilution uses a temperature indicator only (usu-
ally ice-cold 5 % dextrose solution) that hampers direct assessment of ITBV, but
calculates pulmonary thermal volume (PTV) by multiplying cardiac output and
the down-slope time (duration of exponential thermodilution curve decay) assum-
ing that PTV is the largest mixing volume for the thermal indicator made up of
the pulmonary blood volume (PBV) and EVLW. The difference between ITTV
and PTV gives the maximum end-diastolic volume of the four heart chambers,
i. e., global end-diastolic volume (GEDV). Since single thermodilution assumes
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a constant relationship between PBV and GEDV = 1 : 4, ITBV is estimated as
GEDV + PBV = 1.25 × GEDV (Fig. 1). The difference between ITTV and estimated
ITBV gives EVLW [5, 8]. Multiple experimental and clinical studies have shown
that EVLW assessed by single thermodilution demonstrates good reproducibility
and close agreement with the double indicator technique and postmortem gravime-
try [1, 6, 7, 10–12]. Moreover, single thermodilution provides the pulmonary
vascular permeability index (PVPI) calculated as EVLW/PBV that may be useful
to distinguish between cardiogenic and non-cardiogenic types of pulmonary edema
and has a prognostic role [1, 3, 6, 12]. Compared with both thermal-dye dilution
and right heart catheterization, single thermodilution has the advantage that it can
be coupled with pulse contour analysis for continuous cardiac output monitoring.
Moreover, it is simpler to apply, less invasive and more cost-effective, all factors
making it more suitable for application at the bedside.

However, determination of EVLW using thermodilution methods can be influ-
enced by changes in the pulmonary blood volume and perfusion distribution and
by heat exchange between the thermal indicator and the myocardium and the ves-
sels. Furthermore, inhomogeneous pulmonary edema, recirculation of the indicator,
anatomical abnormalities (large aortic aneurysms, intracardiac shunts) and sev-
eral other factors might disturb the readings [1, 6, 11]. The prognostic value of
EVLW, particularly in obese patients, can be improved by indexing to predicted
body weight (PBW) [13, 14]. Although most investigations use the normal limit
of EVLW within 3–7 ml/kg [1, 6], Tagami et al., validating single thermodilution
with postmortem gravimetry in a clinical study, recently noticed that the normal
EVLW values indexed to PBW were 7.4 ˙ 3.3 ml/kg (7.5 ˙ 3.3 ml/kg for males and
7.3 ˙ 3.3 ml/kg for females) [7]. In another study, Tagami and colleagues demon-
strated that the best EVLW cut-off value to discriminate between normal lungs and
lungs with diffuse alveolar damage was around 10 ml/kg [15].

Summarizing this information, thermodilution methods for determination of
EVLW are potentially promising in terms of their clinical application. Several cate-
gories of pediatric and adult ICU patients can benefit from monitoring EVLW. The
main pathophysiological changes prompting a need to control EVLW include the
risk of pulmonary edema, massive fluid shifts and severe changes in microvascular
permeability [4]. The latter changes are among the hallmarks of critical condi-
tions, including severe sepsis, ARDS, cardiogenic lung edema, multiple trauma
with severe blood loss, burns, ischemia-reperfusion injury, etc. [1, 4, 6]. Thus, we
can consider any critical illness resulting in shock and tissue hypoperfusion that is
refractory to fluid resuscitation, as a valid subject for monitoring of EVLW together
with other hemodynamic parameters, including cardiac output, preload, afterload,
and oxygen transport. Importantly, the lungs are probably the only organ system
in which edema can be relatively easily and accurately estimated at the bedside
and might be assumed to be the ‘mirror’ of systemic capillary leakage in cases
of non-cardiogenic edema. In addition, the method may be of value in patients
undergoing major surgical procedures for perioperative hemodynamic optimiza-
tion. In these settings, determination of EVLW in parallel with other volumetric
variables can support the diagnosis with a potential to improve clinical outcomes
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when integrated into treatment protocols that are known to hasten the resolution of
pulmonary edema [9].

Extravascular LungWater in Sepsis

A number of studies have focused on the potential role of controlling hemody-
namics and EVLW as a guide to the recognition and management in sepsis. Ac-
cumulation of EVLW triggered by systemic inflammation and increased vascular
permeability occurs before any changes in blood gases, chest radiogram and, even-
tually, also in central venous pressure (CVP) and pulmonary artery occlusion pres-
sure (PAOP) [4, 8, 12, 16]. Although still included in the international guidelines
for sepsis treatment [17], CVP represents a non-specific diagnostic tool, influenced
by a variety of factors and is indeed a poor indicator of pulmonary edema [4, 8, 12].
In sepsis, EVLW provides a valid estimate of the interstitial water content in the
lungs and might become an alternative to filling pressures during fluid resuscitation.
Since EVLW, but not CVP, correlates with lung injury score and its components,
we suppose that assessment of this variable is valuable for the management of pa-
tients with severe sepsis complicated by ARDS [4, 12]. In addition, monitoring of
EVLW can be useful in patients with severe sepsis at risk of developing ARDS,
in whom EVLW predicts progression to ARDS 2.6 ˙ 0.3 days before they meet
American European Consensus Committee criteria for this condition [18]. Notably,
Martin and colleagues showed that more than 50 % of patients with severe sepsis
but without ARDS have increased EVLW, possibly representing sub-clinical lung
injury [16].

In septic shock, invasive cardiovascular monitoring facilitates the titration of flu-
ids, vasopressor/inotrope agents, and adjustment of the ventilatory settings, and has
been recommended by the Surviving Sepsis Campaign for the management of pa-
tients requiring vasopressor support [17]. The targets for therapy of sepsis include
invasive arterial pressure and other indirect and direct hemodynamic determinants
of cardiac output and fluid status. Fluid management during septic shock and ARDS
requires a goal-oriented approach. On the one hand, restriction of fluids with the
aim of counteracting organ edema positively influences the course of illness and im-
proves cardiopulmonary function. On the other hand, these patients require volume
resuscitation to achieve adequate oxygen transport and counteract systemic inflam-
mation. Thus, a combination of adequate fluid load during the first 6 hours of severe
sepsis, followed by a conservative fluid strategy (fluid restriction during 2 days min-
imally) decreases mortality compared with other therapeutic strategies [19]. In this
context, inclusion of EVLW as a part of the hemodynamic management of sep-
tic shock can limit fluid resuscitation if EVLW increases by more than 10 % from
baseline or exceeds 10 ml/kg [4, 20, 21]. In these patients, a resuscitation protocol
aimed at decreasing EVLW serves as a useful addition to goal-directed therapy of
severe sepsis and shortens the duration of mechanical ventilation and ICU stay and
improves clinical outcomes [9, 21]. These findings were confirmed by our recent
study, demonstrating that patients with a decrease in EVLW during the first 12 hours
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Fig. 2 Effect of therapeutic
interventions aimed at de-
creasing extravascular lung
water (EVLW) on clinical
outcome of septic shock and
ARDS. * p < 0.01
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after the onset of septic shock and ARDS had a higher survival rate compared to
those with unchanged or increased EVLW (Fig. 2) [22].

Extravascular LungWater in ARDS

Monitoring of EVLW can be used in septic and in non-septic ARDS to evaluate the
severity and prognosis of pulmonary edema and to optimize fluid balance during
the course of ARDS. It has been shown that both EVLW and PVPI are increased in
non-survivors of ARDS, peaking at days 3 and 4 from the onset of lung injury [1,
2, 12, 16]. Recently, Jozwiak and colleagues demonstrated that the mortality rate
in ARDS patients with a maximum value of EVLW > 21 ml/kg and PVPI > 3.8 was
as high as 70 % [3]. In our study, EVLW exceeded 7 ml/kg in 74 % of the pa-
tients with sepsis-induced ALI (in 95 % of patients with a pulmonary source of
ARDS, predominantly pneumonia, and in 50 % of patients with non-pulmonary
ARDS) [12]. Indexing EVLW to PBW can improve the diagnostic value of lung
water, with EVLW > 10 ml/kg in 97 % of ARDS patients [13, 14]. Thus, we suggest
that, being a key marker of pulmonary edema as one of the main pathophysiolog-
ical features of ARDS, EVLW > 10 ml/kg PBW could be an important addition to
the current definition of ARDS [23]. This suggestion was also confirmed in a re-
cent study by Kushimoto and colleagues [24], which demonstrated that increasing
ARDS severity, according to the latest Berlin definition, was associated with an in-
crease in EVLW to 14.7 ml/kg, 16.2 ml/kg, and 20.0 ml/kg in mild, moderate and
severe ARDS, respectively, and the PVPI values followed the same pattern (2.6,
2.7, 3.5, respectively) [24].

In ARDS patients with cardiac comorbidities, EVLW and PVPI can distinguish
between non-cardiogenic and cardiogenic pulmonary edema [3, 25]. In addition,
EVLW is helpful in the differential diagnosis of the mechanisms of respiratory fail-
ure. Thus, recently it was shown that EVLW was greater in ARDS than in patients
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Risk factors for ARDS
Bilateral infiltrates on chest X-ray

Hypoxemia (PaO2/FiO2 < 300 mm Hg)

EVLWI < 7 ml/kg

Mixed mechanism?

EVLWI 7–10 ml/kg EVLWI >10 ml/kg

Pulmonary edema

Restriction of fluids
Diuretics
Ultrafiltration
PEEP

Atelectases

Bronchoscopy
Pressure-controlled
ventilation
PEEP
Fluids
Recruitment

Fig. 3 Decision tree: Extravascular lung water in ARDS

with atelectasis or pleural effusion [25]. Therefore, depending on the EVLW value,
we can provide different therapeutic interventions (Fig. 3).

When assessed in combination with other cardiopulmonary parameters, EVLW
might provide useful guidance for the fluid management and the pharmacother-
apy of ARDS including administration of albumin or furosemide. As far as me-
chanical ventilation is concerned, information about EVLW and other volumetric
variables might support decisions associated with weaning the patient from the
respirator, thereby decreasing the duration of respiratory support, and shortening
ICU and hospital lengths of stay [6, 9, 20, 26–28]. Moreover, goal-directed ther-
apy based on monitoring of EVLW can reduce mortality in critically ill patients
with initially increased EVLW as compared to treatment guided by pulmonary
artery catheter (PAC) [26]. In addition, EVLW can serve as a therapeutic target
during mechanical ventilation in ARDS, helping to choose appropriate parameters
of respiratory support including administration of positive end-expiratory pressure
(PEEP) > 10 cmH2O in case of increased EVLW [29]. The severity of pulmonary
edema determines the response to recruitment maneuvers in ARDS: In patients with
EVLW > 10 ml/kg, recruitment is less effective [28]. Evaluation of lung water is
also useful before taking the decision to switch from mechanical ventilation to
spontaneous breathing with EVLW > 11 ml/kg a predictor of unsuccessful wean-
ing [27].
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Extravascular LungWater during the Perioperative Period
and in Other Categories of Patients

During the perioperative period of cardiovascular interventions and major non-
cardiac surgery, EVLW can also be one of the targets for goal-directed therapy. In
off-pump coronary artery bypass grafting (CABG), EVLW decreases after revas-
cularization in parallel with goal-directed therapy aimed at maintaining normal
values of mean arterial pressure (MAP), heart rate, cardiac output, ITBV, and cen-
tral venous saturation [30]. In a study by Goepfert and colleagues, maintenance
of EVLW < 10 ml/kg was included in the algorithm for treatment of patients under-
going on-pump CABG. Patients with EVLW exceeding 12 ml/kg were subjected
to intensive management of pulmonary edema and administration of diuretics [31].
Notably, the authors found that such goal-directed therapy led to a reduced need for
vasopressors and inotropes, and shortened the duration of mechanical ventilation
and of intensive care [31]. The same group recently also published a controlled trial
of patients who underwent CABG and aortic valve surgery who were randomized
either to a goal-directed therapy group with the aim to optimize GEDV or to a con-
ventional therapy group guided by MAP and CVP [32]. The goal-directed therapy
group received fluid load in response to stroke volume variations (SVV) > 10 %
in parallel with observation of cardiac output and EVLW. Fluid resuscitation was
stopped if cardiac output started to decrease or EVLW exceeded 12 ml/kg. Postop-
erative complications, time to fulfill all ICU discharge criteria and length of ICU
stay were all reduced in the goal-directed therapy group [32]. Our randomized
study demonstrated that goal-directed therapy based on transpulmonary thermodilu-
tion and oxygen transport parameters is also beneficial in high-risk cardiac patients
with complex valve surgery. As compared to the PAC-guided algorithm, hemody-
namic optimization using GEDV, EVLW and oxygen delivery increased the volume
of fluid therapy, improved hemodynamics and oxygen transport, and reduced the
duration of postoperative respiratory support [33]. The volumetric algorithm of
goal-directed therapy modified from this study is shown in Fig. 4.

Lung water can increase perioperatively in major non-cardiac surgery. A study
by Groeneveld and colleagues shows that subclinical pulmonary edema with
EVLW > 7 ml/kg is relatively common after major vascular surgery and mainly
caused by increased pulmonary capillary permeability in the absence of overt heart
failure [34]. Thus, monitoring EVLW in patients requiring mechanical ventilation
after aortic aneurysm repair or vascular reconstruction can help distinguish between
ischemia-reperfusion lung injury, atelectasis or cardiogenic pulmonary edema, and
support the choice of appropriate therapy [1, 34].

Assessment of EVLW could also be useful in major thoracic surgery for early di-
agnosis and management of postpneumonectomy pulmonary edema with ventilator-
associated lung injury as one of its possible mechanisms [35, 36]. Both in exper-
imental and clinical settings, EVLW decreased by 30 % immediately after pneu-
monectomy, a finding validated by thermal-dye dilution and single thermodilu-
tion techniques [35–37]. However, after lung removal, in contrast to lobe resec-
tion, EVLW increased significantly by 27 % in the postoperative period, peaking
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Induction of anesthesia

< 680 ml/m2

if EVLWI ≥ 10 ml/kg:
Furosemide

Norepinephrine if HR < 80/min
Epinephrine if HR < 80/min Nitroglycerin

GEDVI 680–850 ml/m2

MAP

Hb ≤ 8.0 g/dl: RBC transfusion
Cl ≤ 2.0 l/min/m2 : Dobutamine

MAP 60–100 mm Hg
Hb > 8 g/dl

Cl > 2l/min/m2

Are goals reached?

Further treatment

no

yes

DO2l = 400–600ml/min/m2

> 850 ml/m2

< 60 mm Hg > 100 mm Hg

Assess MAP & Cl
Nitroglycerine and/or
Dobutamine

upon clinical judgment

SVV > 10% and
EVLWI ≤ 10 ml/kg
Fluid load

GEDVI

Fig. 4 Algorithm of goal-directed hemodynamic optimization using parameters of transpul-
monary thermodilution. HR: heart rate; MAP: mean arterial pressure; SVV: stroke volume
variations; CI: cardiac index; GEDVI: global end-diastolic volume index; EVLWI: extravascu-
lar lung water index; ScvO2: central venous oxygen saturation; DO2I: oxygen delivery index; Hb:
hemoglobin concentration; RBC: red blood cell

36 hours after transfer of the patient to the ICU [37]. The increase in EVLW may
be explained by redistribution and accumulation of pulmonary interstitial fluid due
to augmented perfusion of the residual lung, which necessitates a conservative fluid
strategy postoperatively [36, 37].

In addition to the condition after lung surgery, the level of EVLW may reflect
the severity of postoperative pulmonary edema and predict pulmonary complica-
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tions induced by esophagectomy with extended lymph node dissection [38, 39].
After esophagectomy, EVLW increased gradually from 12 hours postoperatively,
and the changes correlated with oxygenation, respiratory compliance and lung in-
jury score [38, 39]. Thus, the authors conclude that EVLW might become a useful
additional parameter for evaluation of respiratory status in this type of surgery.

In trauma patients with arterial hypotension and hypoxemia, quantification of
EVLW may also give rise to modifications of fluid and vasoactive therapy. These
modifications may result in lower volume loading and improved outcome [40]. Vol-
umetric parameters including EVLW can be advantageously used in burns involving
more than 25–30 % of the body surface area both in adults and children [41, 42].
Pediatric patients from this study who underwent fluid resuscitation guided by car-
diac output, ITBV, and EVLW received significantly smaller volumes of fluid and
had significantly decreased fluid balance, better hemodynamic stability and a sig-
nificantly lower incidence of cardiac and renal failure [42]. However, in burns, the
traditional values of ITBV, EVLW, and cardiac output as the end-points for fluid
resuscitation should be adjusted to avoid tissue edema [43].

In the cardiac ICU, monitoring EVLW should be the method of choice in
patients with cardiogenic pulmonary edema and shock. Recently, Adler and
colleagues demonstrated that goal-directed therapy guided by maintenance of
EVLWI � 10 ml/kg, GEDV within 700–800 mL/m2, and SVV and pulse pressure
variations (PPV) < 10 % increased the fluid load and reduced the incidence of acute
kidney injury in patients with circulatory shock after cardiac arrest treated with
mild therapeutic hypothermia [44].

In the neurological ICU, treatment guided by EVLW can be used to avoid neuro-
genic pulmonary edema [6]. Recently, the monitoring of EVLW has been validated
in subarachnoid hemorrhage (SAH) [45, 46]. In this situation, it is critical to min-
imize lung water, because patients with pulmonary complications are more likely
to experience vasospasm, which can further increase their morbidity and mortal-
ity [45]. The increase in EVLW after SAH may have a biphasic course, with
cardiogenic edema caused by low cardiac contractility immediately after SAH, and
hydrostatic pulmonary edema caused by low cardiac contractility and hypervolemia
from day 7 of SAH [46].

As a component of hemodynamic monitoring, assessment of EVLW can also
be a guide for goal-directed therapy in acute necrotizing pancreatitis [47], organ
transplantation [48], and multiple organ dysfunction syndrome including titration
of fluid removal in patients receiving renal replacement therapy (RRT) [49]. It
is important to note that the results of the goal-directed therapy studies, including
those focusing on EVLW, are dependent on their protocols. Thus, in a study by Trof
and colleagues, hemodynamic management in non-septic shock patients guided by
the PiCCO system led to increased length of mechanical ventilation and ICU stay
compared with a PAC-driven algorithm [50]. This difference may be attributed to
a larger positive fluid balance with the use of single thermodilution; however, it
could also be explained by the relatively ‘liberal’ end-points chosen for this par-
ticular protocol, because some patients received fluids even when EVLW exceeded
10 ml/kg.
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Bedside monitoring of EVLW therefore appears to be an appropriate method for
early diagnosis and management of pulmonary edema in many clinical situations.
However, further clinical trials are warranted for in-depth evaluation of EVLW as
a target for therapy in other categories of patients.

Conclusions

In many ICU patients, critical illness triggers inflammation in the lungs and in-
creases microvascular pressure and permeability, thereby causing accumulation of
EVLW and evolution of pulmonary edema. Thermodilution methods for the mea-
surement of EVLW and PVPI can be successfully used at the bedside, taking into
account their potential limitations. Lung water has a clear prognostic value for
clinical outcome, especially in sepsis and ARDS, thus fluid resuscitation should be
limited when EVLW exceeds 10 ml/kg. Being part of general patient monitoring,
assessment of EVLW should be a target for goal-directed therapy aimed at im-
proving clinical outcomes in conditions presenting an increased risk of pulmonary
edema, e. g., severe sepsis, ARDS, high-risk cardiac and non-cardiac surgery, re-
fractory shock, severe trauma and burns, cardiac arrest, SAH, and multiple organ
dysfunction syndrome. Further randomized large-scale clinical trials are warranted
to evaluate the potential of EVLW-based protocols for reduction of morbidity and
mortality in different subgroups of critically ill patients.
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Real-life Implementation of Perioperative
Hemodynamic Optimization

M. Biais, A. Senagore, and F. Michard

Introduction

Patients undergoing surgery may develop postoperative complications. The mor-
bidity rate, defined as the proportion of patients developing at least 1 post-surgical
complication, increases in the presence of co-morbidities (patient risk) and with
the complexity and duration of the surgical procedure (procedure risk). Morbid-
ity rates are often underestimated by clinicians when not measured from objective
data. The principle post-surgical complications are listed in Table 1. A study by
Ghaferi et al. [1] published in 2009 showed an average morbidity rate of 25 % in
over 80,000 patients undergoing general and vascular surgery. Post-surgical com-
plications are not exceptions.

Example 1: Calculation of the morbidity rate for a specific surgical population
If 200 patients had a colorectal resection last year in your institution and 60 devel-
oped at least 1 complication (e. g., 12 patients developed a urinary tract infection,
11 a prolonged paralytic ileus, 10 a wound infection, 9 hypotension, 7 nosocomial
pneumonia, 6 acute renal insufficiency, 3 myocardial infarction, 1 an anastomotic
leak, and 1 a pulmonary embolism), your morbidity rate was 60 / 200 = 30 %.
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Table 1 List of most common post-surgical complications. Complications underlined were those
used by Ghaferi et al. [1] to calculate the above mentioned morbidity rate

Infection
– Pneumonia
– Urinary tract infection
– Superficial wound infection
– Deep wound infection
– Organ-space wound infection
– Systemic sepsis or septic shock
Gastrointestinal
– Nausea and vomiting
– Ileus (paralytic or functional)
– Acute bowel obstruction
– Anastomotic leak
– Gastro-intestinal bleeding
– Intraabdominal hypertension
– Hepatic dysfunction
– Pancreatitis
Respiratory
– Prolonged mechanical ventilation (> 48 h)
– Unplanned intubation or reintubation
– Respiratory failure or ARDS
– Pleural effusion
Renal
– Renal insufficiency (increase in creatinine

levels or decrease in urine output)
– Renal failure (requiring dialysis)

Cardiovascular
– Deep venous thrombosis
– Pulmonary embolism
– Myocardial infarction
– Hypotension
– Arrhythmia
– Cardiogenic pulmonary edema
– Cardiogenic shock
– Infarction of GI tract
– Distal ischemia
– Cardiac arrest (exclusive of death)
Neuro
– Stroke or cerebrovascular accident
– Coma
– Altered mental status or Cognitive

dysfunction or Delirium
Hemato
– Bleeding requiring transfusion
– Anemia
– Coagulopathy
Other
– Vascular graft or flap failure
– Wound dehiscence
– Peripheral nerve injury
– Pneumothorax

The Clinical and Economic Burden of Post-Surgical Complications

On a short-term basis, complications increase hospital length of stay and hospital
readmission rates [2, 3]. On a long-term basis, complications affect patient survival.
An 8-year follow up study [4] in more than 100,000 surgical patients showed that
the most important determinant of post-surgical survival was the occurrence, within
30 days post-surgery, of any complication. Independent of preoperative patient
risk, the occurrence of a complication reduced median patient long-term survival
by 69 % [4].

What is the Cost of Post-surgical Complications?

Treating post-surgical complications has a cost, which is related to the specific
therapies needed to treat the complication (e. g., antibiotics, re-intervention, antico-
agulation) and to the additional lab tests and investigations that are often necessary,
as well as prolonged hospital length of stay. In the US, the average extra cost for
treating a patient developing at least one complication is around $ 18,000 [2]. Any
complication-related increase in length of stay or re-admission will also decrease
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Last year

colorectal
n = 200

colorectal
n = 200

No complication
n = 167–179

1+ complication
n = 60

No complication
n = 140

Cost
$2.10M

Cost
$1.92M

Cost/patient
$15k

Cost/patient
$32k

Total costs = $4.02M Total costs = $3.36–3.57M

Total savings = $459–663k

Savings/patient = $2295–3315kExtra cost/patient with/ 1+compl. = $17k

Total cost
$2.51–2.69M

Total cost
$672–1065k

1+ complication
n = 21–33

Next year
Hemodynamic optimization

Odds ratio

Fig. 1 Predicting the clinical and economic benefits of hemodynamic optimization. Example with
a colorectal population of 200 patients and a current morbidity rate of 30 %

efficiency (i. e., the number of patients that can be treated and the related revenues
every year).

Example 2: Calculation of the average extra cost per patient with at least one
complication
Among 200 colorectal patients, 60 developed at least one complication (morbidity
rate 30 %). If the total cost for the 60 patients with at least one complication was
$ 1.92 M (i. e., $ 32 k per patient) and the total cost for the 140 remaining patients
without any complication was $ 2.10 M (i. e., $ 15 k per patient), then the average
extra cost per patient with at least one complication was $ 17 k (Fig. 1).

Example 3: Calculation of the economic burden of complications
The average extra cost per patient with at least one complication was $ 17 k. If
60 patients developed at least one complication, last year $ 1.02 M (60 × $ 17 k) was
spent treating postoperative complications in this specific surgical population. If
your budget is $ 4.02 M, this sum represents 25 % of that budget (Fig. 1).

Can You Prevent Post-surgical Complications?

Many post-surgical complications are related, at least in part, to insufficient or
excessive fluid administration during the perioperative period [5]. A U shape re-
lationship is classically described between the amount of fluid administered and
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Table 2 Clinical benefits of hemodynamic optimization over standard fluid management

Reduction in Average odds or risk ratio
(confidence interval)

Author [ref]

Acute kidney injury 0.64 (0.50–0.83)
0.71 (0.57–0.90)
0.67 (0.46–0.98)

Brienza [9]
Grocott [13]
Corcoran [14]

Minor GI complications 0.29 (0.17–0.50) Giglio [10]
Major GI complications 0.42 (0.27–0.65) Giglio [10]
Surgical site infection 0.58 (0.46–0.74)

0.65 (0.50–0.84)
Dalfino [11]
Grocott [13]

Urinary tract infection 0.44 (0.22–0.88) Dalfino [11]
Pneumonia 0.71 (0.55–0.92)

0.74 (0.57–0.96)
Dalfino [11]
Corcoran [14]

Respiratory failure 0.51 (0.28–0.93) Grocott [13]
Total morbidity rate 0.44 (0.35–0.55)

0.68 (0.58–0.80)
Hamilton [12]
Grocott [13]

GI: gastrointestinal

the morbidity rate [5]. Standard fluid management is usually based on clinical as-
sessment, vital signs and/or central venous pressure (CVP) monitoring. However,
clinical studies have shown that CVP is not able to predict fluid responsiveness [6]
and that changes in blood pressure cannot be used to track changes in stroke vol-
ume (SV) or in cardiac output induced by volume expansion [7]. In patients at risk
of developing complications, hemodynamic optimization with treatment protocols
based on flow parameters (e. g., SV) and/or dynamic predictors of fluid responsive-
ness (e. g., SV variation [SVV]) is useful to decrease post-surgical morbidity [8].
Over 30 randomized controlled trials and several meta-analyses have demonstrated
the superiority of hemodynamic optimization over standard fluid management to
decrease renal, gastrointestinal, respiratory and infectious complications, as well
as the overall morbidity rate [9–14]. Average reductions in post-surgical compli-
cations (odds or risk ratios) reported in meta-analyses [9–14] are summarized in
Table 2. The decrease in post-surgical morbidity obtained with hemodynamic op-
timization was shown to be associated with a decrease in hospital length of stay
ranging between 1 and 2 days [13, 14].

Example 4: Predicting the clinical benefits of hemodynamic optimization
Multiplying your current morbidity rate by the odds or risk ratio gives you an esti-
mation of what your morbidity rate should be after the implementation of hemody-
namic optimization. If your morbidity rate is currently 30 % for your 200 colorectal
procedures, according to the odds ratio (0.35 to 0.55) reported in the meta-analysis
of Hamilton et al. [11], it should range between 10.5 % (0.35 × 30 %) and 16.5 %
(0.55 × 30 %) after the implementation of hemodynamic optimization (Fig. 1). If the
average length of hospital stay for your 200 colorectal patients was 9 days, then you
can expect it to range between 7 and 8 days after implementation of hemodynamic
optimization.
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Example 5: Predicting the economic benefits of hemodynamic optimization
If next year your morbidity rate drops from 30 % to somewhere between 10.5 % and
16.5 %, only 21 to 33 out of your next 200 colorectal patients should develop one
or more complications. Last year, 60 patients developed at least one complication.
With the implementation of hemodynamic optimization, you will then protect be-
tween 27 (60 – 33) and 39 (60 – 21) patients from complications (Fig. 1). We have
previously estimated the extra cost related to the treatment of one or more compli-
cations to be $ 17 k. With the implementation of hemodynamic optimization, you
should then save a total of $ 459–663 k next year for this surgical population, i. e.,
$ 2,295–3,315 per patient (Fig. 1).

Are there Official Recommendations and Guidelines?

Fuelled by the growing number of clinical studies and meta-analyses demonstrating
the value of perioperative hemodynamic optimization, official recommendations
have been published in the UK by the Enhanced Recovery Partnership (ERP) [15]
and the Association of Surgeons of Great Britain & Ireland [16], in France by the
French Society of Anesthesiology (SFAR) [17], and in Europe by the Enhanced
Recovery After Surgery (ERAS) society [18]. In the UK, financial incentives have
even been created by the National Health Service (NHS) to ensure that hospitals are
going to implement hemodynamic optimization as standard of care for at least 80 %
of eligible patients [19]. The Patient Safety Foundation of the European Society
of Anesthesiology (ESA) recently released a Safety Kit which contains a booklet
summarizing hemodynamic optimization treatment protocols [20].

Given the now well-established clinical and economic benefits of hemodynamic
optimization and the above recommendations, more and more hospitals are inter-
ested in implementing hemodynamic optimization both to improve quality of care
and to decrease costs.

The purpose of what follows is to provide a step-by-step guide for simple and
successful implementation of hemodynamic optimization.

How to Implement Hemodynamic Optimization?
A Phased Approach

Any classical implementation process comprises 4 phases: Assess, align, apply, and
measure (Fig. 2). The 1st (assess) and the 4th (measure) phases are optional. The
implementation itself is summarized in the 2nd (align) and the 3rd (apply) phases.

Phase 1: Assess

The objective of the 1st phase is to assess the current situation and to predict what
should be the clinical and economic benefits of implementation.
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• Morbidity
• Length of stay
• Costs
• Predict clinical &
  economic benefits

Assess Align Apply Measure

• Train
• Track compliance

• Build a team
• Choose a protocol
• Choose a product

• Morbidity
• Length of stay
• Costs

Fig. 2 How to implement perioperative hemodynamic optimization: A phased approach

Table 3 Non-cardiac surgical procedures, with corresponding International Classification of Dis-
eases (ICD)-9 codes, part of positive randomized controlled trials demonstrating the value of
perioperative hemodynamic optimization

Surgical procedure ICD9 codes
Esophagectomy 42.40, 42.41, 42.42, 43.99
Gastrectomy 43.5, 43.6, 43.7, 43.81, 43.89, 43.91, 43.99
Partial hepatectomy 50.22, 50.3
Pancreatectomy and pancreaticoduodenectomy 52.51–52.53, 52.59, 52.6, 52.7
Colectomy 45.71–45.76, 45.79, 45.81–45.83, 48.41, 48.69
Resection of rectum 48.50–48.52, 48.59, 48.61–48.65, 48.69
Total cystectomy 57.71, 57.79
Femur & hip fracture repair 79.15, 79.25, 79.35, 79.85
Hip replacement 81.51–81.53
Abdominal aortic aneurysm 38.44
Aorto-iliac and peripheral bypass 39.25, 39.29

� Select one or several surgical procedures for which a benefit has been estab-
lished (Table 3) and hence would also be expected in your institution. You can
(but do not have to) restrict the implementation to a subgroup of patients who
have a higher risk of developing complications (e. g., patients with specific co-
morbidities, patients with American Society of Anesthesiologists [ASA] score
> 1, or patients older than 65 yrs)

� Assess the current morbidity rate using the list of complications provided in
Table 1 and following example 1 and/or assess the current hospital length of stay

� Predict the clinical benefits of your hemodynamic optimization program follow-
ing example 4

� Predict the economic benefits of your hemodynamic optimization program fol-
lowing examples 2 and 5

Phase 2: Align

� Build a team. Changing standard of care is not a single person initiative. You
need to work with a team, to understand and communicate the clinical and eco-
nomic value of hemodynamic optimization, and be able to solve any technical,
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medical and human challenge you may encounter during the implementation
phase. Your core team should be lead by a champion and include at least one
representative of the surgical team, of the anesthesia team, of the anesthesia as-
sistant and/or certified registered nurse anesthetist (CRNA) team, as well as your
quality officer.

� Choose a treatment protocol. One of your first tasks will be to select the most
appropriate hemodynamic optimization protocol for your surgical population.
Several protocols have been shown to be effective and have been recently sum-
marized by the European Society of Anesthesiology [20].

� Choose a product. Most hemodynamic optimization protocols are based on the
monitoring of flow parameters and/or dynamic predictors of fluid responsive-
ness. Many techniques allowing the continuous (and sometimes non-invasive)
monitoring of these parameters are now available on the market.

Phase 3: Apply

To ensure successful implementation of hemodynamic optimization, you need to
provide appropriate training and track compliance.
� Training. All anesthesiologists and AA/CRNA who will perform hemodynamic

optimization must be trained
� Ensure optimal compliance. Compliance to guidelines and recommendations is

often suboptimal. To ensure hemodynamic optimization protocols are followed
properly, several actions and tools are useful:

– Standard operating procedure. Define hemodynamic optimization as an
official and new standard operating procedure for hemodynamic manage-
ment in your department

– Surgical safety checklist. Adding a single item to the current “Sign In”
section of the surgical safety checklist, such as “the patient’s eligibility
for hemodynamic optimization has been considered”

– Compliance tools. Use tools specifically designed to quantify and track
compliance to hemodynamic optimization protocols

– Electronic data recording. Physiologic data can be downloaded from
hemodynamic monitors in order to double-check that the optimization
protocol has been followed and to quantify the time spent in target (e. g.,
SVV < 12 %)

Phase 4: Measure

Using the methods described in Phase 1 (assess), you can calculate the morbidity
rate, hospital length of stay and real costs after implementation of your hemody-
namic optimization program in order to confirm the clinical (reduction in morbidity
and length of stay) and economic benefits (net savings).
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Conclusions

To quote Dr. Pronovost, “the fundamental problem with the quality of medicine is
that we have failed to view delivery of health care as a science. The tasks of medical
science fall into three buckets. One is understanding disease biology. One is find-
ing effective therapies. And one is ensuring those therapies are delivered effectively.
That third bucket has been almost totally ignored by research funders, governments
and academia. It is viewed as the art of medicine. That is a mistake, a huge mistake.
And from a taxpayer perspective, this is outrageous” [21]. Perioperative hemody-
namic optimization is an example of a clinical strategy that has been shown to be
effective by many randomized controlled trials and several meta-analyses (evidence
level 1A). Despite this level of evidence and official recommendations and guide-
lines, adoption of perioperative hemodynamic optimization is still poor [22]. The
on-coming shift from a ‘pay for service’ to a ‘pay for performance or P4P’ health
care system [23] is going to incite more and more clinicians and hospitals to im-
prove quality of care. To do so, they should not forget that, according to Urbach and
Baxter [24], “the immediate challenge to improving the quality of surgical care is
not discovering new knowledge, but rather how to integrate what we already know
into practice”. Therefore, with simple and actionable implementation programs,
like the one we describe in the present manuscript, clinicians and hospitals should
be able to optimize care delivery, improve patient satisfaction and outcome, and
decrease costs at the same time [25].
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Update on Perioperative Hemodynamic
Monitoring and Goal-directed Optimization
Concepts

V. Mezger, M. Habicher, and M. Sander

Introduction

The prescription of perioperative fluids has been a persistent controversy among
anesthesiologists, surgeons and intensivists. Interestingly, disagreements within
each specialty as to the appropriative types and amounts of fluids required are just as
intense as those seen among specialties. The challenge of navigating these waters
is demanding because the safe harbor of optimal fluid administration is bounded
by hypovolemia and end-organ hypoperfusion, resulting from inadequate fluid re-
suscitation, and the negative effects of edema formation on respiration and wound
healing, resulting from excessive fluid administration.

Different strategies of fluid management have been implemented in the perioper-
ative setting. The terms of ‘liberal’ or ‘restrictive’ fluid administration were used to
define algorithms that used greater or lesser amounts of fluid for maintenance and
substitution for losses caused by bleeding, preoperative fasting, and perspiration.
With technological progress and the possibility of measuring hemodynamic vari-
ables, even with non-invasive technologies, a third fluid administration concept has
become established in the perioperative setting – goal-directed fluid management.
This therapy concept has been repeatedly shown to significantly improve both short-
term and long-term outcomes. Goal-directed therapy is centered on the optimization
of individually needed cardiac output and, thus, oxygen delivery (DO2) by incre-
mental fluid administration. The disadvantages of this concept are, in addition to
the further invasiveness, the additional costs of these monitoring devices.

In clinical routine, intravascular measured pressures, e. g., central venous pres-
sure (CVP) or mean arterial pressure (MAP), are often used to quantify the patient’s
volume status. Although these parameters are all important components of hemo-
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dynamic assessment, none has been shown to be a good predictor of the response
of cardiac output to fluid administration [1]. The same applies to the more reli-
able preload parameters, such as left ventricular end-diastolic area (LVEDA) and
global end-diastolic volume (GEDV). However, these static parameters are limited
to predicting an increase (responders) or lack of increase (non-responders) in stroke
volume (SV) and, thus, cardiac output in response to fluid loading. The inadequacy
of commonly used hemodynamic parameters as predictors of the response to fluid
stems from the fact that this response depends not only on the preload status, but
also on the contractile state of the heart. In this context, dynamic variables like SV
variation (SVV) and pulse pressure variation (PPV) are able to measure the change
in cardiac output in response to a change in preload due to fluid administration [2].

However, in addition to the physiological variables mentioned above, this chap-
ter aims to provide an update on perioperative hemodynamic monitoring and a brief
overview of the different fluid administration concepts in the perioperative set-
ting.

Monitoring Technology

Cardiac Output

Pulmonary artery catheter
The pulmonary artery catheter (PAC) is the classical invasive method for hemody-
namic monitoring. It was the gold standard for goal-directed fluid management for
many years. None of the other devices used for hemodynamic measurement has
raised more controversy than the PAC.

The measurement of cardiac output follows the indicator transpulmonary ther-
modilution principle. After injection of a defined volume of a cold solution into the
PAC’s proximal lumen, the cooling of blood in the pulmonary artery is quantified
via the PAC’s distal catheter containing a thermistor. The variation in temperature
over time is illustrated in an indicator dilution curve. The area under the curve
(AUC) is inversely proportional to the cardiac output that can be calculated with the
Stewart-Hamilton equation. The measured time/temperature curve is displayed on
the cardiac output monitor. The smaller the decrease in temperature (the greater the
cardiac output) the smaller is the AUC that is displayed. Modern catheters are fitted
with a heating filament which intermittently heats and measures the thermodilution
curve providing serial cardiac output measurement and making assessment of con-
tinuous cardiac output available. In this context the term ‘continuous’ should be
considered carefully, because although there is a continuous serial heart rate (HR)
triggered discharge of heat boluses, changes in cardiac output are detected with
a clinically relevant mean delay of 8–10 minutes. Because of this interval, goal-
directed volume therapy can be delayed and this technique may not be as useful and
accurate as online measurements of stroke volume by other technology.

A further development of the volumetric thermodilution PAC is electrocardio-
gram (EKG)-triggered computation of the right ventricular end-diastolic volume
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Table 1 Clinical advantages and disadvantages of the pulmonary artery catheter

Advantages Disadvantages
Well-validated parameters Interference by intrathoracic pressure
Measurement of pulmonary arterial pressures Interference with valve disorders
Measurement of mixed venous oxygen
saturation

Catheter-associated infections and thrombosis

Measurement of pulmonary artery occlusion
pressure (PAOP)

Cardiac arrhythmias

Comprehensive computation of hemodynamic
parameters

Valvular injury, rupture of the pulmonary
artery, pulmonary infarction

Computation of oxygen supply and demand

(RVEDV) and from this, the right ventricular ejection fraction (RVEF, %), using
modern specialized monitors (e. g., Vigilance CEDV, Edwards Lifescience, Irvine,
CA) and the following formula:

RVEDV .ml/ D cardiac output .ml=min/=HR .b=min/ � RVEF.%/

RVEF.%/ D RVEDV � RVESV=RVEDV � 100

The RVEDV index (RVEDVI) connects the RVEDV with the body surface area and
serves as an estimation of the RV, but limited LV, preload and enables conclusions
to be drawn about a patient’s circulatory status.

Measurement of the pulmonary artery occlusion pressure (POAP) enables esti-
mation of the LV end-diastolic pressure (LVEP) and, thus, the LV preload. Limiting
factors for interpretation of LV preload using the POAP are: Incorrect positioning
of the PAC tip, mitral valve defects and reduced LV compliance, e. g., due to LV
insufficiency. Therefore, when using POAP for hemodynamic therapy, several mea-
surements should be compared over time. Furthermore, the POAP should not be
used to determine SV responsiveness to fluid loading, because there is no evidence
that this parameter enables any conclusions to be drawn regarding the increases in
SV from fluid loading. For estimation of the above mentioned variables, further pa-
rameters like MAP, CVP and mixed venous oxygen saturation (SvO2) are required.
The advantages and disadvantages of the PAC are shown in Table 1.

Concerning the international literature, there is still controversy regarding the
PAC. Because of higher costs and the availability of less invasive technology for de-
termination of stroke volume, PAC use for hemodynamic monitoring has decreased
in the USA. Furthermore, a recently published survey of leading physicians from
80 intensive care units (ICUs) in Germany treating patients after cardiothoracic
surgery, showed that although availability of the PAC is 100 %, usage of PACs in
patients had decreased to 48 % compared to data from 2005 in which 58 % of these
patients were managed using a PAC [3]. Although a study by Tuman et al. [4]
showed no benefit in terms of duration of ICU stay, mortality and incidence of post-
operative myocardial ischemia using a PAC after coronary bypass surgery compared
to clinical management using CVP, another study by Pölönen et al. showed a sig-
nificantly shorter “median hospital stay” if hemodynamic therapy was targeted to
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reach SvO2 > 70 % and serum lactate levels � 2.0 mmol/l [5]. Only a few stud-
ies have investigated perioperative PAC usage in patients not undergoing cardiac
surgery. One of the most comprehensive analyses done in this patient cohort was
a study by Sandham et al. using PAC for patients classified 3 and 4 by the American
Society of Anesthesiologists (ASA). This study showed no benefit on duration of
hospital stay or mortality rate after six months [6]. Jules-Elysee et al., who investi-
gated the use of a PAC-compared to a CVP-based protocol for patients undergoing
bilateral knee replacement, reported similar results [7].

It is presumed that the benefit of a PAC depends on its use for applying goal-
directed hemodynamic therapy, implementing supranormal oxygen supply and
stroke volume optimization, and not just as an instrument of observation. This hy-
pothesis is reflected by the fact that all major retrospective or observational studies
that have been performed showed no benefit of PAC use. In contrast, in a meta-
analysis by Hamilton et al. [8], the PAC was the only technology that showed
a benefit on morbidity and mortality if used in a goal-directed treatment algorithm.

In conclusion, there is need for further investigation to identify patient groups
who can gain from using a PAC during the perioperative period.

Transpulmonal thermodilution technology
Transpulmonary thermodilution is a method to estimate intrathoracic and global
end-diastolic volumes and is commercially available as a bedside monitoring de-
vice (PiCCO, Pulsion Medical Systems, Munich, Germany; EV1000, Volume View,
Edwards Life Sciences). Placement of a central venous catheter and a modified ar-
terial catheter equipped with both temperature and pressure sensors are required.
The tip of the arterial catheter is positioned in a central artery through access from
the femoral, brachial, axillary and radial arteries. The monitor offers recording of
SV, cardiac index (CI), static volume parameters such as GEDV index (GEDVI) and
extravascular lung water index (EVLWI), and dynamic volume parameters, such as
SVV and PVV.

For cardiac output measurement, in vivo calibration has to be performed. A de-
fined volume of a cold solution is injected into the central venous catheter. The
blood temperature modulation is recorded via the thermistor placed at the tip of the
arterial catheter. The recorded thermodilution curve is used to compute the cardiac
output using the Stewart-Hamilton equation. Formerly, the volumetric parameter,
the intrathoracic blood volume (ITBV), was calculated as the product of cardiac
output and the mean transit time of a dye indicator. For clinical use, the previous,
cumbersome method of transpulmonary double-indicator (cold and dye) dilution
has been replaced by single-indicator thermodilution. The literature shows that the
volumetric parameters, GEDV and ITBV, are superior to the CVP and POAP for
assessing cardiac preload [9, 10].

The ability to estimate preload and volume reliably from these parameters has
been studied by several authors. Transpulmonary thermodilution cardiac output
shows good correlation with pulmonary arterial thermodilution cardiac output. In
contrast to the many studies that have shown high validity and reliability of the
transpulmonary thermodilution system during the perioperative period, especially
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following cardiac surgery [11, 12], only a few studies have investigated the use
of transpulmonary thermodilution systems for intraoperative goal-directed volume
management. Hence, transpulmonary thermodilution has been established in the
intensive care setting, but not in the perioperative setting. This observation can
be explained by the relative invasiveness of the transpulmonary thermodilution
system, leading to less use of this method for intraoperative goal-directed vol-
ume management. Additionally, as mentioned above, the lack of clinical trials
demonstrating an advantage of intraoperative volume therapy could explain these
findings.

Uncalibrated and auto-calibrated pulse contour/
pulse wave technology
Because of the invasiveness of cardiac output measurements via the PAC or
transpulmonary thermodilution technology, non-invasive systems have been de-
veloped to make intraoperative goal-directed fluid management more available and
less invasive. One of these non-invasive systems is uncalibrated pulse-contour
analysis. This technique is a further development of the original algorithm of
pulse contour analysis described by Wesseling in which the relationship between
arterial blood pressure and arterial blood flow that is determined by the vascular
resistance is characterized. The cardiac output is calculated from the AUC of the ar-
terial waveform. For uncalibrated pulse contour analysis, there are several devices
available (e. g., Vigileo, Edwards Lifesciences LLC, Irvine, CA, USA; Pulsioflex,
Pulsion Medical Germany). In some monitors, the cardiac output is calibrated
using internal databases and adjusting for vascular resistance and compliance by
demographic data; other devices use auto-calibration. In these latter devices, the
calibration coefficient that adjusts for individual characteristics of vascular resis-
tance and arterial compliance is auto-re-calculated every 10 minutes on the basis of
demographic data and the arterial waveform analysis.

Clinical trials concerning the reliability and validity of uncalibrated pulse con-
tour technology compared to established system, such as PAC thermodilution and
transpulmonary thermodilution technology, show contrasting results. In one trial,
a high bias and wide range of limits of agreement were found in cardiac output
measurement using arterial waveform analysis [13]. Other studies confirmed these
findings [14]. However, other studies showed no significant differences when com-
paring calibrated and uncalibrated pulse contour measurements [15]. These findings
lead to the conclusion that a final assessment of this technology cannot be performed
at this point in time. Nevertheless, although the validity of cardiac output determi-
nation compared to calibrated methods seems to be inferior, goal-directed volume
administration using this monitoring technology appears to result in clinical benefits
with decreased morbidity.

Bioimpedance and reactance technology
Another non-invasive procedure for cardiac output measurement is impedance car-
diography. This technique is performed by attaching four electrodes on each side of
the patient’s neck, and on the left and right sides of the chest. Microelectric currents
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that flow through the patient’s chest cavity are registered through these electrodes,
and changes in impedance caused by the changes in thoracic aortic volume and
blood flow are measured. Volumetric and static variables, such as SV, cardiac out-
put, systemic vascular resistance (SVR) and thoracic fluid content can be observed
by this technique [16]. Owing to limitations associated with its use, such as the
various surgical manipulations undertaken, acute changes in patient fluid status and
frequent electrocautery, impedance cardiography is interference-prone and, there-
fore, not widely used in the perioperative setting at the present stage of technical
development [17].

Non-invasive cardiac output measurement devices
In addition to the above mentioned tools for non-invasive cardiac output measure-
ments, there are considerable efforts being taken for the development of other
non-invasive devices to make cardiac output determination easier and more avail-
able without having the disadvantages of invasive technologies. One of these recent
devices is the Nexfin technology (BMEye, Edwards Life Sciences, Amsterdam, The
Netherlands). This instrument provides a non-invasive estimation of cardiac output
in two steps. First, the device enables continuous estimation of the arterial pres-
sure curve using the volume-clamp method. For this purpose, the device includes
an inflatable cuff that is wrapped around a finger. Additionally, a second device is
included to measure the diameter of the finger’s arteries by photoplethysmography.
During measurement, the photoplethysmographic device senses the increase in the
diameter of the finger’s arteries at each systole and the cuff inflates immediately to
keep the diameter constant and, thus, the cuff pressure reflects the arterial pressure.
The continuous measurement allows estimation of the arterial pressure curve. Dur-
ing the second step, the cardiac output is computed from the arterial pressure curve
by pulse contour analysis, which is included in the Nexfin device [18].

Since its launch, the Nexfin system has been the subject of many investigations
showing divergent results. A large perioperative validation study for measuring
arterial pressure showed positive results [19, 20], but contrasting results were re-
ported in critically ill patients. Broch et al. showed that Nexfin was a reliable
system for measuring cardiac output during and after cardiac surgery compared to
the PiCCO system [21]. Other studies revealed similar results [18]. In contrast to
these findings, a study by Fischer et al. showed higher percentage errors when com-
paring Nexfin with transpulmonary thermodilution. Furthermore, rapid changes in
CI following a fluid challenge were detected less well compared to with the PiCCO
system so that prediction of fluid responsiveness was reduced [22]. Similar results
were shown for cardiac output by Monnet et al. in critically ill patients treated on
the ICU [23].

As the Nexfin is a relatively new advice, further investigation is needed to sub-
stantiate its reliability and variability in the perioperative setting, including for
surgeries other than cardiac. The Nexfin device is prone to error in cases of dimin-
ished peripheral perfusion, which might occur in critically ill patients. However,
goal-directed volume therapy in high and intermediate risk surgery may prove to
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be an interesting indication for non-invasive monitoring. Another encouraging ap-
proach is the notion of external calibration to improve accuracy [22].

Venous and Tissue Saturation

Mixed venous versus central venous saturation
Advanced hemodynamic monitoring with determination of cardiac output and ve-
nous saturation measurements is widely used in the perioperative setting especially
in cardiac surgical patients. SvO2 and central venous oxygen saturation (ScvO2) are
different physiological variables. Both are parameters used to indicate the global ra-
tio of oxygen supply and demand as well as tissue oxygenation. Consequently, it
is possible to gather information on the adequacy of actual cardiac output in re-
lation to demand from these parameters. SvO2 measures the venous saturation in
the pulmonary artery and thus a PAC is needed. In contrast, ScvO2 is measured
mostly in the venous blood of the superior vena cava, which makes this param-
eter easily available. In healthy subjects, oxygen saturation in the inferior vena
cava, which contains blood from the upper and lower body, is higher than in the
superior vena cava, which contains blood from the upper body only. In contrast to
the situation described above, in clinical practice there is almost no mean differ-
ence between SvO2 and ScvO2 in a given patient population. It has been suggested
that the difference between SvO2 and ScvO2 is not constant, but may be affected
by conditions such as anesthesia and redistribution of blood; for example, follow-
ing systemic inflammatory response syndrome (SIRS) or shock. ScvO2 can exceed
SvO2 in critically ill patients. This difference between SvO2 and ScvO2 may be
caused by increased cerebral blood flow owing to the vasodilating effect of inhala-
tional anesthetics and reduced cerebral oxygen demand in anesthetized patients,
both reducing cerebral oxygen extraction, which would lead to higher ScvO2 in the
superior vena cava. Increased oxygen extraction in the splanchnic region can also
reverse the physiological difference between SvO2 and ScvO2. After hemodynamic
deterioration, mesenteric blood flow decreases, resulting in venous de-saturation in
the lower body. It, therefore, has to be assumed that the oxygen extraction rate
is the major factor in the difference between SvO2 and ScvO2. Considering the
above mentioned conditions, ScvO2 and SvO2 can be useful parameters for estimat-
ing cardiac output during surgery. It is important to mention that both variables,
but especially ScvO2, are limited when trying to exclude general or local hypoper-
fusion and for a more precise prediction both variables are needed, which narrows
their use in the intraoperative setting [24]. Another limitation of the use of these pa-
rameters is that with reduced oxygen uptake in the periphery, high values of venous
saturation do not exclude microcirculatory hypoperfusion.

Cerebral and tissue saturation
As described above, it is possible to draw indirect conclusions from tissue sat-
uration about cardiac output and implement goal-directed, perioperative volume
therapy. For monitoring tissue saturation there are several devices available. Near-
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infrared spectroscopy should be mentioned in this context. Using this technology,
reduced tissue saturation, which can be caused by a discrepancy in oxygen supply
and demand, can be measured non-invasively. The benefit of this technology has
been shown in several studies, notably in vascular and cardiac surgery, but further
investigation has to be performed to prove its clinical utility and its impact on out-
come [25, 26].

Dynamic Parameters

Intermittent positive airway pressure during controlled mechanical ventilation in
patients with regular heart rhythm results in intermittent variation of biventricular
preload. This effect results in intermittent variation of SV and arterial pressure.
Pulse contour algorithm-based quantification of SV and arterial pressure parame-
ters and the availability of modern devices (Flotrac, Volume view, Edwards Life
Systems; LidCO rapid, LIDCO, London, UK; and PiCCO2, Pulsioflex, Pulsion
Medical Systems, Munich, Germany) have introduced these dynamic parameters
into clinical practice. High variation values can be indicative of hypovolemia and
are used to monitor volume therapy by their assessment of volume responsiveness.

Systolic pressure variation
Systolic pressure variation (SPV) represents the difference between the maximum
and minimum value of systolic arterial pressure during one mechanical breath. The
SPV is composed of an early inspiratory increase in the systolic blood pressure,
which reflects the inspiratory augmentation of the LV SV, and a later decrease in
systolic blood pressure, which reflects the decreased SV due to the decrease in
venous return. It has been shown experimentally and clinically that SPV reflects
fluid responsiveness very well in a variety of different surgeries. Moreover, SPV can
be easily and accurately estimated from visual examination of the arterial waveform
tracing.

Pulse pressure variation
PPV also mirrors changes in pulse pressure induced by ventilation. It is calculated
as the difference between maximum and minimum pulse pressure values during
mechanical ventilation divided by their mean. PPV is an indicator of the position
on the Frank-Starling curve and can predict the deleterious hemodynamic effects of
fluid depletion. In the perioperative setting, patients who have reached the plateau
of the Frank-Starling curve can be identified as patients in whom PPV is low. The
clinical and intraoperative goal of maximizing SV by volume loading can, there-
fore, be achieved easily by minimizing PPV. These findings have been confirmed in
various studies in cardiac as well bowel or other general surgery [27–29].

Stroke volume variation
SVV is the difference between the maximum and minimum SV during one mechan-
ical breath divided by mean SV. Due to pulse contour measuring technology for
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cardiac output it is possible to provide continuous metering of SVV. High SVV is
indicative of hypovolemia and differentiates responders from non-responders. The
use of SVV for goal-directed fluid management has been investigated in various
studies in the perioperative setting including cardiac and abdominal surgery as well
as liver transplantation [2].

Pleth variability index
Variations in pulse oximeter waveform amplitude caused by respiration have been
shown to be related to PPV. This measure is sensitive to changes in ventricular
preload and is a good predictor of fluid responsiveness. The pleth variability in-
dex (PVI) provides automatic and continuous monitoring of respiratory variations
in the pulse oximeter waveform amplitude. PVI was shown to be able to predict
fluid responsiveness during cardiac and colorectal surgery [30, 31]. The limitation
of these findings is that the majority of these studies were conducted in patients
with a stable hemodynamic condition. A study by Monnet et al. showed that
PVI was less reliable than PPV and SVV for predicting fluid responsiveness in
patients receiving norepinephrine [32]. This technology is prone to error in cases
of diminished peripheral perfusion, which may occur in unstable and critically ill
patients. Due to conflicting findings in recent studies the advantage of PVI is still
unclear.

Echocardiography and Doppler Technology

Esophageal Doppler monitoring
Esophageal Doppler monitoring is an easy to use, accurate and minimally invasive
method for SV optimization. The CardioQ-System (Deltex Medical, Chichester,
West Sussex, UK) is a device that utilizes a normogram incorporating age, weight
and height and calculates descending aortic blood flow velocity directly based on
the Doppler equation. The monitor displays a waveform of the velocity plotted
against time. Because flow time depends on the heart rate, it is usually corrected au-
tomatically. The resulting corrected flow time (FTc) represents the systolic ejection
time adjusted to one cardiac cycle per second. Further correction allows estimation
of the SVR. SVR is inversely proportional to FTc, i. e., the higher the SVR, the
shorter the FTc, and increased SVR is often associated with hypovolemia. Since
FTc is an indicator of cardiac afterload, in hypovolemia, volume administration will
lead to an increase in SV and FTc, because of increased cardiac preload. This effect
can be interpreted as volume responsiveness and facilitates goal-directed volume
therapy. In addition to being able to measure FTc, it is possible to draw infer-
ences about LV inotropy, because myocardial contractility correlates with measured
peak velocity.

In addition to the validity and reliability of esophageal Doppler monitoring com-
pared to PAC-derived variables, several studies have demonstrated the benefit of
this technique regarding postoperative complication rates and lengths of hospital
stay [33]. It should be noted that interobserver differences because of lack of ex-
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perience in using esophageal Doppler monitoring are limiting factors in the use of
these systems [34, 35].

Transesophageal echocardiography
In current clinical practice, the LVEDA estimated by transesophageal echocardio-
graphy (TEE) is the preferred echocardiographic parameter for the assessment of
preload. The simplicity of measurement and its reliability in reflecting the ven-
tricle’s loading status have led LVEDA to become the most popular choice in the
intraoperative setting, especially in cardiac surgery. LVEDA is commonly measured
in the transgastric midpapillary short-axis view. It has been shown that the LVEDA
measured by TEE correlates quite well with ventricular volumes measured by nu-
clear medicine methods. The volumes identified by echocardiography give more
detailed information about the volume status than parameters measured by PAC.
In clinical routine, this parameter is mostly ‘eyeballed’. Several studies have com-
pared the end-diastolic area as an indicator for cardiac preload with conventional
monitoring procedures. LVEDA was shown to be a sensitive method for detecting
changes in preload after volume administration [36]. Moreover, ITBV and LVEDA
were shown to be equivalent indices of cardiac preload [37]. Additionally, LVEDA
is superior to static hemodynamic parameters, such as CVP or PAOP, in assessment
of cardiac surgery patients’ fluid responsiveness after fluid administration [38]. Fur-
thermore, it is possible to measure the superior vena cava collapse index by TEE
in mechanically ventilated patients. This index can predict a patient’s fluid respon-
siveness because of a volume and ventilation-dependent collapse of the superior
vena cava. The reliability of this index was shown by Viellard-Baron et al. in septic
patients [39].

The main limitation of echocardiography is its relatively limited availability,
high cost of the devices and the challenges in insuring adequate staff training. Di-
agnosis and treatment of acute hemodynamic instability are the main domains of
echocardiography and it should be performed by trained experts in these condi-
tions. Furthermore, echocardiographic parameters can be used to assess volume
status and for goal-directed hemodynamic optimization if adequately trained staff
and technology are available.

Optimization Concepts

Patient Selection

The health system’s resources are limited. Therefore, it is clear that expensive and
invasive, less-invasive and even non-invasive additional monitoring devices cannot
be used in every patient for perioperative goal-directed fluid therapy. For this rea-
son, high-risk patients who could benefit from this specialized therapy need to be
identified preoperatively. Using the ASA classification, it is possible to assess a pa-
tient’s preoperative physical condition; perioperative cardiac risk and intervention-
based risk are not included in this classification. Nevertheless, the patient’s risk
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Table 2 Criteria for high-risk surgical patient (modified from Shoemaker et al. [40]). Presence of
� 1 criterion indicates high risk

1. Severe cardiac or respiratory illness resulting in severe functional limitation (acute
myocardial infarction, coronaropathy, dilated cardiomyopathy, ejection fraction < 40 %)

2. Extensive surgery planned for carcinoma involving bowel anastomosis
3. Acute massive blood loss (> 2.5 l)
4. Age > 70 years with moderate functional limitation of one or more organ systems
5. Septicemia (positive blood cultures or septic focus)
6. Respiratory failure
7. Acute abdominal catastrophe (e. g., pancreatitis, perforated viscous, gastro-intestinal

bleeding)
8. Acute renal failure (urea > 45 mg/dl, creatinine > 2.9 mg/dl)
9. Diabetes (preoperative glycemia > 150 mg/dl)
10. Chronic hepatopathy (Child B or C)
11. Surgery for abdominal aortic aneurysm

depends not only on his/her preoperative health condition but also on intraoperative-
and surgery-related factors as proposed by Shoemaker et al. (Table 2) [40]. There-
fore, for identification of high-risk patients, a combination of variables to assess the
patients risk due to the actual health status (e. g., ASA score, cardiac risk score) and
the surgical risk (e. g., Physiological and Operative Severity Score for the enUmera-
tion of Mortality and Morbidity [POSSUM] Score) are therefore needed. Most clas-
sifications, such as the POSSUM score, are not currently used in clinical practice
but only for research purposes. Nevertheless, meta-analyses have shown positive
effects of goal-directed fluid therapy and hemodynamic management in high-risk
patients (using different definitions of risk) in the perioperative setting [8, 41–43].

Intraoperative Versus Postoperative Optimization

The main objective of goal-directed fluid management is to maintain tissue perfu-
sion and assure organ function. Optimization of cardiac output, resulting in the
optimization of oxygen supply and demand as well as tissue oxygenation, should
be performed at an early stage prior to appearance of organ dysfunction. It is in-
effective or even harmful when performed later. The oxygen debt that can result
during surgery leads to a higher incidence of complications, such as infections, or-
gan failure and, as a final consequence, death. Various studies and meta-analyses
showed the benefit of intraoperative goal-directed fluid management [44, 45]. A re-
view by Dalfino et al. [46] showed that goal-directed fluid therapy is an effective
tool for reducing the incidence of infectious complications, and, more specifically,
that goal-directed therapy significantly decreases the rate of surgical site infections,
pneumonia and urinary tract infections. During surgery, goal-directed fluid therapy,
by preserving or increasing cardiac output, may protect patients against severe gut
ischemia-reperfusion injury and thus decrease the incidence of postoperative infec-
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tions [46]. These findings were reported in a meta-analysis, which showed that
goal-directed fluid therapy decreased the incidence of postoperative gastrointestinal
dysfunction by maintaining an adequate systemic oxygenation in patients undergo-
ing major surgery [47]. In addition to the benefits of intraoperative goal-directed
fluid therapy, the benefit of this strategy during the immediate postoperative period
included reductions in complications and duration of hospital stay [48]. Neverthe-
less, from a physiological point of view, it appears obvious that the patient will
benefit from goal-directed fluid therapy that starts earlier in order to prevent intra-
operative hypoperfusion, so that it should start intraoperatively.

Fluid Optimization Concepts

Apart from the benefits of goal-directed fluid therapy during major surgery dis-
cussed earlier, there are divergent opinions concerning whether liberal or restrictive
fluid management leads to better outcome. The disadvantages of goal-directed fluid
therapy are seen in excessive volume administration and consequently interstitial
space overload, which might influence patient outcome. In a randomized, observer-
blinded, multicenter trial, Brandstrup et al. showed that a restricted perioperative
intravenous fluid regimen aimed at unchanged body weight reduced complications
after elective colorectal resection [49]. Other studies in patients undergoing differ-
ent kinds of surgery confirmed these findings. Nevertheless, it is difficult to make an
objective decision as to whether goal-directed fluid therapy or restrictive fluid ther-
apy is superior, because there are no studies comparing goal-directed fluid therapy
with a standardized restrictive fluid therapy. Furthermore, the object of ‘restrictive’
fluid therapy is not clearly defined and is associated with different amounts of fluid
administration in the current literature.

In addition to the amount of volume administration, the type of fluid used should
not be disregarded. Whereas use of large amounts of crystalloids can lead to inter-
stitial overload, as described above, or to iatrogenic hyperchloremic acidosis when
using normal saline, a balanced use of different kinds of solution may help to pre-
vent the disadvantages of liberal fluid therapy. Furthermore, the role of transfusion
should not be ignored; especially in bleeding surgical patients, early fluid resusci-
tation with blood products seems to be advantageous [50].

Conclusions

Because of the increased numbers of high-risk patients undergoing surgery, the pe-
rioperative challenge to the anesthesiologist concerning monitoring and fluid man-
agement has increased and the benefits of goal-directed fluid therapy have become
more evident. Technological advances in hemodynamic monitoring encourage the
anesthesiologist to use extensive monitoring for this group of patients. However,
further development of non-invasive monitoring devices will help customize goal-
directed fluid therapy for a greater group of patients, to provide standardized fluid
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therapies in the perioperative setting. Nevertheless, there is still a lack of ran-
domized controlled studies comparing the different concepts of fluid-management.
Further trials are needed to study the benefits in lower risk patients and the long-
term effects of perioperative, standardized fluid-management. Interesting research
questions for the future will deal with the ‘right’ fluid for goal-directed volume
optimization – crystalloids or colloids – and its effects on transfusion rates and
coagulopathy, as well as implementation of a universal scoring system for patient
characterization.
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Macro- andMicrocirculation in Systemic
Inflammation: An Approach to Close the Circle

B. Saugel, C. J. Trepte, and D. A. Reuter

Introduction

Systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis, and sep-
tic shock are common reasons for admission to the intensive care unit (ICU) and
are still associated with high morbidity and mortality, because they are frequently
associated with multiple organ dysfunction syndrome. SIRS is defined as the pres-
ence of certain physiological alterations, such as fever/hypothermia, leukocyto-
sis/leukopenia, tachycardia, and tachypnea, and can be induced by various infec-
tious and non-infectious conditions [1]. For example, early acute pancreatitis or
the consequences of perioperative extracorporeal circulation in cardiac surgery are
paradigms for SIRS in the absence of infection [1, 2]. In contrast, the definition
of sepsis requires the presence of SIRS and clinical evidence of infection [1]. Se-
vere sepsis and septic shock are defined as sepsis-induced organ dysfunction and
sepsis-induced hypotension persisting despite adequate fluid resuscitation, respec-
tively [1]. Septic shock is associated with inadequate tissue oxygenation.

A cornerstone of restoration of impaired end-organ function and pre-emptive or-
gan protection during SIRS is the re-establishment and preservation of end-organ
tissue perfusion. This, in the first instance, requires an adequate macrocirculation,
which can be affected by hypovolemia, loss of vascular resistance, or impaired my-
ocardial contractile function. Furthermore, an increasing number of findings from
experimental and clinical studies demonstrate that, additionally, alterations in mi-
crocirculatory perfusion play a pivotal role in the development of organ dysfunction
and are, therefore, also related to worse outcome [3–5]. When treating critically ill
patients with SIRS/sepsis, it is therefore of paramount importance to initiate specific
macrohemodynamic resuscitation by giving fluids, vasoactive or inotropic agents
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based on the proper differential diagnosis of macrocirculatory failure as early as
possible. However, if clinical signs of end-organ damage persist, assessment of
the microcirculation, and appropriate treatment of microcirculatory dysfunction is
desirable; however, both diagnostic and therapeutic options remain limited.

In this chapter, we review SIRS/sepsis-induced alterations in the systemic macro-
and micro-circulations. We carve out the rationale for a comprehensive differential
diagnostic approach which should be followed by individualized goal-directed ther-
apeutic strategies for resuscitation of both the macro- and microcirculation, adapted
to the specific clinical situation and the individual needs of a patient.

Alterations in Systemic Hemodynamics (macrocirculation)
in Systemic Inflammation

The global hemodynamic state in patients with SIRS is characterized by a marked
mediator-induced decrease in systemic vascular resistance and – given the absence
of severe hypovolemia – normal or even elevated cardiac output/cardiac index (CI)
(hyperdynamic circulatory state) [6]. However, often left ventricular (LV) systolic
and diastolic myocardial dysfunction and right ventricular (RV) dysfunction can
be observed in patients with severe systemic inflammation [6]. This holds true for
both SIRS induced by infection and SIRS caused by other medical conditions, such
as non-infectious acute pancreatitis, or perioperative extracorporeal circulation in
cardiac surgery [2, 7]. Key mediators inducing the decrease in SIRS-associated
systemic vascular resistance (SVR) are interleukin (IL)-1, tumor necrosis factor
(TNF), and nitric oxide (NO), which is released excessively in SIRS [6, 7]. In
the early stages of SIRS, severe sepsis, or septic shock, a hypovolemic intravascu-
lar state is often seen, which contributes to hypotension in addition to a reduced
SVR and myocardial dysfunction. Various factors contribute to this hypovolemia.
In addition to factors, such as venous pooling and decreased fluid intake, its main
pathophysiological mechanism is a marked loss of fluid from the intravascular com-
partment into the interstitial space and the pleural and abdominal cavity as a result
of a mediator-induced capillary leakage, i. e., increased microvascular permeabil-
ity [6, 7].

Alterations in the Microcirculation in Systemic Inflammation

The microcirculation is the network of blood vessels with a diameter of � 100 µm.
Microcirculatory perfusion plays a key role in the delivery of oxygen to organ tis-
sues. In SIRS/sepsis, an impairment of the microcirculation has been repeatedly
demonstrated in both experimental and clinical studies [5] and the manifestation of
microcirculatory failure is regarded as a crucial step in the development of organ
failure [3].

In addition to a decrease in capillary density, heterogeneous capillary perfusion
with perfused and non-perfused capillaries in close proximity seems to be character-
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istic of SIRS/sepsis-induced microcirculatory failure [5, 6, 8]. These characteristic
changes have been identified in various models of sepsis in different animals [5, 6],
as well as in patients with severe sepsis [9].

Different pathophysiological mechanisms may contribute to this impairment
of the microcirculation. Inflammatory mediators can cause capillary leakage and
changes in vasomotor tone by inducing dysregulation of the endothelium with
impaired communication between endothelial cells and an imbalance between
vasoconstrictive and vasodilatory substances [5, 8]. In this context, endothe-
lial surface-cell interaction can be disturbed due to a modified composition and
thickness or rupture of the glycocalyx, a layer located on the surface of vascular en-
dothelial cells consisting of a proteoglycan, hyaluronan, and glycosaminoglycan [5,
8, 10]. In addition, plugs of platelets, leukocytes, and erythrocytes can obstruct the
capillaries [5, 8]. Changes in the shape of erythrocytes and adhesion of erythrocytes
to the endovascular surface can further contribute to an impairment of microcircu-
latory blood flow [5]. In systemic inflammatory states, the microcirculation can be
additionally altered by an induction of pro-coagulatory cascades leading to further
impairment of capillary perfusion [5].

Diagnosis, Management, andMonitoring of Macrocirculatory
Dysfunction in Systemic Inflammation

Rationale for Differential Diagnosis

Because of the different types of cardiocirculatory failure that may require com-
pletely different treatment regimes (e. g., cardiogenic vs. distributive shock; hyper-
dynamic septic shock vs. septic shock accompanied by myocardial dysfunction),
it is of crucial importance to quickly diagnose the underlying condition during the
initial assessment and stabilization of a patient with suspected SIRS or sepsis. To be
able to provide specific and adequate therapy in these patients, a systematic differ-
ential diagnostic approach for the assessment of the underlying inflammatory condi-
tion and cardiopulmonary impairment must precede therapeutic interventions. For
this initial differential diagnostic procedure, clinical, laboratory, and radiographic
findings as well as data obtained using technical devices need to be taken into ac-
count. In this early diagnostic phase, echocardiography, in particular, can provide
information of tremendous importance for the identification of the underlying con-
dition leading to the SIRS-induced cardiocirculatory failure. Echocardiography can
be performed easily in the ICU or the operating room. There are standardized pro-
tocols for echocardiographic examinations (e. g., the focus-assessed transthoracic
echocardiography [FATE] protocol) and echocardiography is recommended by the
American Heart Association in surgery patients with persisting hemodynamic in-
stability as a class I recommendation. After this initial differential diagnosis and
determination of the treatment strategy, continuous monitoring of macrohemody-
namics is essential for guiding further therapy and reassessment of therapeutic
success.
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Parameters for Monitoring theMacrocirculation

Over the last few decades, various methods for the assessment of hemodynamic
parameters have been introduced and evaluated that can be applied to monitor pa-
tients with SIRS, severe sepsis, or septic shock in order to guide therapy. In general,
monitoring the macrocirculation should provide the physician with data allowing
a differential diagnostic procedure regarding the underlying hemodynamic alter-
ations as well as a differentiated therapeutic hemodynamic management of these
alterations. In addition, changes in macrocirculatory function requiring changes
in therapeutic resuscitation strategies should be rapidly identified by a monitoring
system.

Based on physiologic considerations, blood flow, cardiac preload/fluid respon-
siveness, and cardiac afterload need to be assessed. Despite the variety of tech-
nologies that are now available for hemodynamic monitoring, a cornerstone in the
evaluation of a patient’s hemodynamic state is still physical examination. However,
the accuracy and reliability of clinical signs used to assess a patient’s cardiocir-
culatory function, fluid status, and fluid responsiveness have been shown to be
limited [11].

Blood flow, as determined by cardiac output, can be determined using a variety
of techniques. Regarding indicator dilution techniques for cardiac output deter-
mination, the intermittent pulmonary artery thermodilution technique using a pul-
monary artery catheter (PAC) is still considered to be the gold standard method [12].
Transpulmonary dye dilution methods and transpulmonary thermodilution methods
are less invasive alternatives for intermittent cardiac output measurement [12]. Con-
tinuous cardiac output monitoring based on thermodilution can be performed with
a PAC equipped with a dedicated electric filament [12]. In addition, continuous
analysis of the pulse wave (pulse contour analysis) allows the estimation of car-
diac output [13]. Different technologies providing pulse contour analysis-derived
cardiac output calibrated to thermodilution or dye dilution cardiac output are avail-
able [13]. Uncalibrated cardiac output estimation derived from pulse contour anal-
ysis is provided by several different technologies but has been demonstrated to be
less reliable as compared to calibrated systems [13].

Cardiac preload can be estimated by using cardiac filling pressures, volumetric
parameters of preload, or functional preload parameters, i. e., variability parame-
ters. Central venous pressure (CVP) is recommended as a target hemodynamic
parameter for the initial resuscitation phase in patients with sepsis [14]. However,
there are data demonstrating that CVP is an unreliable marker of intravascular fluid
status and fluid responsiveness [15] and that targeting a CVP of 8–12 mmHg as
recommended in current guidelines may result in indiscriminate fluid loading asso-
ciated with increased mortality rates in septic patients [16]. Considering that there
are overwhelming data questioning the value of cardiac filling pressures in the pre-
diction of fluid responsiveness [17], alternative parameters for the assessment of
cardiac preload have been proposed. Global end-diastolic volume (GEDV) can be
determined using transpulmonary thermodilution techniques and has been shown to
be a valuable volumetric parameter of cardiac preload [18]. In addition to this static
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transpulmonary thermodilution parameter, continuous pulse contour analysis allows
the determination of dynamic functional parameters of cardiac preload, arising from
the interactions between the heart and the lungs under mechanical ventilation, i. e.,
pulse pressure variation (PPV) and stroke volume variation (SVV) [19]. In addi-
tion to the hemodynamic parameters described earlier, there are functional tests
that may help the intensivist to assess a patient’s fluid status, e. g., cardiac preload
or fluid responsiveness: A passive leg-raising test can be performed by elevating
the patient’s legs in order to evaluate whether the shift of blood from the lower
extremities to the central circulation is able to improve central hemodynamics,
which then can be detected by various monitoring techniques, such as transpul-
monary thermodilution, pulse contour analysis, echocardiography, or esophageal
Doppler [20].

Furthermore, to test whether fluid administration is beneficial for a patient in
terms of hemodynamic improvement, a fluid challenge test following a structured
protocol can be performed [21]. Because the fluid challenge maneuver directly
assesses the actual hemodynamic response to fluid loading, it can be considered
the criterion standard method for evaluation of fluid responsiveness. Surrogate pa-
rameters of cardiac afterload, e. g., mean arterial pressure (MAP) and SVR, can be
continuously derived by analysis of the pulse wave.

To evaluate global oxygen transport/consumption and tissue oxygenation, cen-
tral venous oxygen saturation (ScvO2), mixed venous oxygen saturation (SvO2),
and blood lactate can be used. ScvO2 – which is also part of the early-goal di-
rected therapy algorithm [22] and of the current sepsis guidelines [14] – can also be
determined easily at the bedside in the ICU. ScvO2 which is a surrogate for SvO2

can globally indicate (in)adequate oxygen delivery and has proven to be a useful pa-
rameter when used in resuscitation protocols for patients with severe sepsis or septic
shock [23]. By using a PAC, (continuous) measurement of SvO2 is possible. How-
ever, abnormal ScvO2 and SvO2 values non-specifically indicate tissue hypoxia,
which may be caused by various reasons and do not enable identification of the
specific underlying pathophysiological mechanisms. Blood lactate levels can help
to identify patients with inadequate tissue oxygenation due to tissue hypoperfusion.
Current sepsis guidelines, therefore, recommend that normalizing lactate should be
a target of early resuscitation therapy in patients with severe sepsis or septic shock
presenting with elevated serum lactate. However, although elevated serum lactate
levels reliably (but non-specifically) indicate tissue damage caused by hypoperfu-
sion, this laboratory parameter is not able to guide preemptive treatment strategies
for preservation of tissue perfusion and organ function.

Evolving Individualized Goal-directed Hemodynamic Strategies

In critically ill patients, the early optimization of systemic hemodynamic param-
eters reflecting cardiac preload and afterload as well as cardiac contractility is of
paramount importance. In this context, optimization of cardiac preload needs to
go in parallel with avoiding indiscriminate volume expansion or inadequate ad-
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ministration of vasoactive agents, which has detrimental effects on pulmonary and
cardiocirculatory function.

To accomplish these targets, different goal-directed therapeutic strategies have
been proposed. However, in some of the previous studies, parameters that did not
adequately reflect the hemodynamic state were used. In addition, other studies
used undifferentiated and un-individualized goals for hemodynamic resuscitation.
Shoemaker, a pioneer in the field of goal-directed hemodynamic approaches in criti-
cally ill patients, first suggested the since repeatedly questioned concept of targeting
supranormal values of cardiac output and oxygen delivery in high-risk surgical pa-
tients [24].

Rivers et al. demonstrated in 2001 that in patients with severe sepsis or septic
shock admitted to the emergency department, patient outcome could be improved
by applying ‘early goal-directed therapy’ based on a simple algorithm including
basic hemodynamic variables such as CVP, MAP, and ScvO2 [22]. However, the
protocol proposed by Rivers lacks a differentiated view of the underlying hemo-
dynamic alterations, e. g., whether septic shock was complicated by myocardial
dysfunction or not. In addition, as mentioned above, CVP, used as a key parameter
in the Rivers’ protocol, does not reliably reflect cardiac preload and fluid respon-
siveness [15] Therefore, the important beneficial effects observed in the trial by
Rivers and colleagues may be largely due to the fact that patients were treated early
rather than being treated according to adequate hemodynamic goals. Despite this
shortcoming of this basic resuscitation protocol, the concept of ‘early goal-directed
therapy’ with the need to monitor a patient’s hemodynamic state was adopted in
clinical sepsis guidelines for the treatment of critically ill septic patients [14].

In 2003, Sandham and co-workers published the results of a prospective ran-
domized controlled study evaluating a goal-directed approach in high-risk surgery
patients � 60 years needing ICU treatment using – among others – the following
parameters as targets: Hematocrit, MAP, and PAC-derived cardiac index (CI), pul-
monary capillary wedge pressure, and oxygen delivery [25]. In comparison to the
control group treated with standard care (i. e., CVP) without placement of a PAC,
the authors reported no benefit with respect to hospital mortality or 6-month mor-
tality in patients monitored using a PAC [25]. However, these findings might be
due to the fact that the same therapeutic hemodynamic goals were used for a very
heterogeneous group of patients and that the parameters applied in the study are of
questionable value in the prediction of intravascular fluid status and fluid respon-
siveness.

To overcome these shortcomings, alternative algorithms based on more sophis-
ticated advanced hemodynamic parameters have been proposed. Pearse et al. were
able to demonstrate in high-risk general surgery patients that a postoperatively ap-
plied algorithm using oxygen delivery index as a target resulted in a reduction of
hospital length of stay and postoperative complications [26]. In cardiac surgery
patients, Goepfert and colleagues were able to demonstrate that a goal-directed
treatment algorithm including CI, extravascular lung water (EVLW), and volumet-
ric parameters of cardiac preload had beneficial effects in terms of reduced need
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for vasoactive agents, mechanical ventilation, and reduced length of stay in the
ICU [27].

Benes and coworkers were able to improve intraoperative hemodynamics in par-
allel to a decrease in serum lactate and to reduce postoperative complications by
using a SVV-based strategy for hemodynamic optimization in major abdominal
surgery patients [28]. Recently, Trepte et al. demonstrated, in an experimental
study using an animal model of SIRS induced by severe acute pancreatitis, that
a goal-directed algorithm for fluid management based on functional cardiac preload
assessment (SVV) and cardiac output resulted in improved survival, tissue oxy-
genation, and microcirculatory perfusion compared to management solely based
on CVP and MAP [29]. In a multicenter study, Salzwedel et al. observed a de-
crease in postoperative complications in major abdominal surgery patients when
using a goal-directed therapy approach based on PPV, CI trending and MAP [30].

It is important to mention that applying the same treatment goals to all patients
suffering from certain diseases is most certainly an overly simplistic approach. Be-
cause individual patients may have their own individual hemodynamic normal val-
ues, future studies should rather try evaluating individualized goal-directed therapy
approaches. In this context, Goepfert and colleagues recently published a prospec-
tive randomized controlled study in cardiac surgery patients [31]. In this study, a so-
phisticated goal-directed treatment algorithm using the functional cardiac preload
parameter, SVV, to optimize cardiac preload and to define a patient’s individual op-
timal GEDV index (GEDVI) was compared with a goal-directed algorithm using
MAP and CVP. The results showed a statistically significant reduction in the total
number of postoperative complications and the ICU length of stay in the individu-
alized algorithm group.

The intriguing concept of combining different functional and volumetric cardiac
preload parameters to be able to provide individualized hemodynamic optimization
instead of using the same hemodynamic treatment goals for all patients should be
further investigated in patients with SIRS caused by infectious and non-infectious
conditions.

Monitoring theMicrocirculation in Systemic Inflammation

Rationale for Monitoring theMicrocirculation
in Systemic Inflammation

As described earlier, it has been clearly demonstrated that multiple pathophysiolog-
ical mechanisms lead to an impairment of the microcirculation in severe systemic
inflammation. The rationale for monitoring these changes is that tissue perfusion
and adequate tissue oxygenation are probably decisively related to microvascu-
lar perfusion. There is convincing evidence that sepsis-induced microcirculatory
impairment and tissue hypoxia can be present despite optimization of systemic
hemodynamics, i. e., despite normal or even increased cardiac output, normal blood
flow to the end-organs, and normal global oxygen delivery. Therefore, changes
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in microcirculatory perfusion seem to be at least in part independent of systemic
microcirculatory parameters, such as arterial pressure or cardiac output, and there
is a marked and unpredictable inter-individual variability in the microcirculatory
response to macrocirculatory changes in different patients [5, 32–34].

In addition, there are data showing that impairment of the microcirculation is as-
sociated with mortality and development of organ failure in septic patients [4, 8, 9].
In patients dying from septic shock or sepsis-related organ failure, persisting and
therapy-refractory alterations in the microcirculation have been described [4, 8]. In
accordance with these data, Trzeciak and colleagues demonstrated in septic shock
patients that an improvement in microcirculatory flow as a consequence of resus-
citation based on the principles of early-goal directed therapy resulted in reduced
organ failure [3].

Monitoring the microcirculation in addition to systemic hemodynamic param-
eters seems, therefore, to be an opportunity to have a more differentiated view of
sepsis-induced tissue hypoxia and organ dysfunction. In addition, considering the
available data providing evidence that there is an association of microcirculatory
perfusion and organ dysfunction and even mortality, monitoring microcirculatory
perfusion and targeting it in sepsis resuscitation seems to be an intriguing approach.

Available Technologies for Monitoring theMicrocirculation

Considering the importance of monitoring microcirculatory changes, different tech-
nologies have been introduced to monitor microcirculatory perfusion at the bedside
in the ICU. In general, one has to distinguish methods providing indirect measures
of tissue oxygenation and methods that enable direct visualization of tissue perfu-
sion [35].

It has to be stressed that measuring the microcirculation at a specific site, e. g.,
the skin or the epithelial layer under the tongue, solely allows evaluation of perfu-
sion of microvessels in this local area, which may or may not be representative of
microcirculatory alterations at other sites [35].

A method that indirectly reflects tissue oxygenation/tissue perfusion is tissue
carbon dioxide measurement [35]. By using electrode sensors, the partial pressure
of carbon dioxide in the tissue can be evaluated using sublingual or buccal cap-
nometry or capnometry at the earlobe [35]. In septic patients, the sublingual partial
pressure of carbon dioxide gap, i. e., the difference between sublingual and arterial
partial pressures of carbon dioxide, has been demonstrated to significantly correlate
with microcirculatory perfusion determined using orthogonal polarization spectral
(OPS) imaging [36].

Regarding methods that allow direct evaluation of microcirculatory perfusion,
the following technologies have been developed: Laser doppler, videomicroscopy
(including OPS and side-stream dark field [SDF] imaging), and near-infrared spec-
troscopy (NIRS) [35]. Advantages and disadvantages of the different technologies
have been reviewed in detail [35].

In systemic inflammation characterized by heterogeneous microcirculatory im-
pairment, the videomicroscopic SDF imaging technique is applicable for bedside
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assessment of microcirculatory perfusion. SDF imaging is based on the principle
that tissue layers can be made translucent by applying light on the layer that is re-
flected by layers located deeper in the tissue [35, 37]. In ICU patients, SDF can
be applied to the thin epithelial layer in the sublingual region by using handheld
devices [37]. When using SDF, a semi-quantitative analysis regarding capillary
density and heterogeneity of microvascular perfusion is recommended [37, 38].
Limiting the broad use of this technique, SDF can only be performed in sedated
or cooperative patients. Furthermore, the technique is examiner-dependent and ex-
perience is necessary for correct SDF measurements and analysis of the obtained
images. In addition, when using the sublingual region for SDF imaging, movement
and pressure artifacts or secretions may influence SDF images [37].

Are we Ready to Specifically Target theMicrocirculation in SIRS?

In a clinical setting, resuscitation of patients with SIRS and sepsis (fluid therapy and
administration of vasoactive agents) is predominantly geared to the stabilization of
systemic hemodynamics. However, most interventions for targeting macrocircula-
tory goals have been shown to also impact the microcirculation.

Regarding fluid therapy, there are data from an observational trial in patients with
severe sepsis that the administration of crystalloids or albumin is able to improve
microcirculatory perfusion measured with SDF imaging in the early phase of sepsis
independently of macrocirculatory parameters, such as cardiac output or MAP [39].
In accordance, it has been demonstrated that in patients with severe sepsis or septic
shock, a passive leg-raising test or fluid challenge maneuver can improve microcir-
culatory perfusion in the sublingual region [40]. A potential association of different
types of fluid and improvement of the microcirculation still needs to be elucidated.

Although there are data on the effect of transfusion of red blood cell (RBC)
concentrates on systemic hemodynamic parameters, the impact of RBC transfusion
on the microcirculation is difficult to estimate. In two relatively small studies, mi-
crocirculation was globally not altered by RBC transfusion in patients with severe
sepsis [41, 42].

Administration of norepinephrine can improve microcirculatory perfusion (as-
sessed in muscle tissue using NIRS) in patients with severe sepsis-induced hy-
potension, probably by increasing the organ perfusion pressure [43]. However,
administering norepinephrine in order to further increase MAP (above 65 mmHg)
was not demonstrated to improve the microcirculation [33]. Further, as emphasized
by the authors of this study, there was a considerable inter-individual variation in
the response to norepinephrine resulting in harmful effects of norepinephrine ad-
ministration in some patients. In contrast, in some patients with severely impaired
microcirculation at baseline, norepinephrine seemed to have the most beneficial ef-
fect.

De Backer and colleagues reported an improvement in the microcirculation in
septic shock patients following the administration of dobutamine [32]. Interest-
ingly, the effects of dobutamine in this study were independent of the effects of the
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drug on the macrocirculation in septic shock patients. In contrast, Hernandez et al.
recently presented the results of a randomized controlled double-blind crossover
study showing that dobutamine did not improve the sublingual microcirculation de-
spite an improvement in macrocirculatory parameters, such as CI or LV ejection
fraction [44].

In addition to these interventions mainly targeting macrocirculatory parameters,
in an experimental setting, several strategies for targeted resuscitation of the micro-
circulation in septic patients have been proposed and investigated.

First, hydrocortisone, which is – according to current sepsis guidelines [14] –
useful as an adjunctive agent in patients with septic shock, has been demonstrated
to have beneficial effects on sepsis-induced microcirculatory disturbances [45]

Second, several agents with vasodilating effects have been investigated. De
Backer et al. demonstrated in severe sepsis patients with marked microcirculatory
impairment, that topical administration of acetylcholine in high doses was able to
improve microcirculatory perfusion failure [9]. Contradicting results exist on the
effects of nitroglycerin in patients with septic shock, however [46, 47]. Boerma and
colleagues failed to demonstrate a beneficial effect of nitroglycerin on the micro-
circulation in a double-blind randomized placebo-controlled trial in 70 septic shock
patients [46].

Third, agents with anticoagulatory properties have been suggested to improve
microcirculation in sepsis. Activated protein C was shown to improve sublin-
gual microperfusion in patients with severe sepsis in a controlled study includ-
ing 40 patients (20 treated with activated protein C) [48]. Although there are
experimental data demonstrating beneficial effects of other anticoagulants, e. g., an-
tithrombin [49], the underlying mechanisms for these effects are still unclear and
need to be further assessed [5].

Finally, there are other agents, such as tetrahydrobioterin, which may be promis-
ing for microcirculatory resuscitation when considering available data from animal
studies [50].

In summary, various therapeutic interventions can influence microvessel circu-
lation in clinical and experimental settings. However, in the clinical setting, diag-
nostic and therapeutic approaches for microcirculatory assessment and restoration
are limited by the fact that only the local microcirculation, with questionable rep-
resentativeness for microvascular perfusion in other organ systems, can be assessed
and targeted. Therefore, specific therapeutic approaches to restore microcirculatory
failure are not yet available in clinical practice.

Concept for Rational Therapy of Systemic Inflammation-induced
Hemodynamic Alterations in theMacro- andMicrocirculations

As described in detail earlier, we are now able to identify and quantify alterations
in the macrocirculation at the bedside in the ICU and are beginning to be able to do
this also for the microcirculation. A variety of systemic hemodynamic parameters
obtained using different clinical and apparative methods can be useful in the differ-
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ential diagnosis procedure in patients with suspected SIRS/sepsis. Based on hemo-
dynamic parameters reflecting the macrocirculation a rational management strategy
for optimization of intravascular fluid status can be established. The optimization of
macrocirculatory parameters is a prerequisite for the preservation or resuscitation of
microcirculatory perfusion. However, marked microcirculatory impairment can be
observed in patients with systemic inflammation despite normal or optimized sys-
temic hemodynamics. Therefore, future concepts for hemodynamic optimization
in patients with severe inflammation should comprise individualized goal-directed
algorithms for resuscitation of the macrocirculation in parallel to strategies to opti-
mize microcirculatory perfusion (Fig. 1).

Conclusions

A major goal in the treatment of patients with SIRS/sepsis is to preserve tissue
perfusion in order to avoid organ failure by providing early goal-directed therapy
for hemodynamic resuscitation. The differential diagnostic procedure based on as-
sessment of macrocirculatory parameters followed by specific treatment strategies
and monitoring of systemic hemodynamics by measuring advanced hemodynamic
parameters has, therefore, become a cornerstone in the care of these patients. Var-
ious methods are available for determination of a patient’s hemodynamic state.
There is evidence that macrocirculatory hemodynamic resuscitation should be per-
formed following predefined individualized goal-directed treatment algorithms. As
well as alterations in systemic hemodynamics, i. e., macrocirculation, microcircu-
latory perfusion is also impaired in SIRS/sepsis. Recently developed handheld
devices now allow visualization of the microcirculation at the bedside. In sep-
sis, a decrease in capillary density and heterogeneous microvessel perfusion are
characteristic findings. These microcirculatory alterations are associated with mor-
tality and development of organ failure in septic patients. However, impairment of
the microcirculation resulting in tissue hypoxia can be present despite normal sys-
temic hemodynamics. Because of the importance of microcirculatory failure in the
development of organ dysfunction, monitoring of microcirculatory perfusion and
developing goal-directed strategies for the treatment of microcirculatory failure are
intriguing approaches. However, the link between microcirculatory impairment and
macrocirculatory failure needs to be further elucidated.
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Cardiac Ultrasound and Doppler in Critically Ill
Patients: Does it Improve Outcome?

J. Poelaert and P. Flamée

Introduction

Contemporary hemodynamic bedside assessment and management necessitates
a versatile tool, which offers instantaneous yet extensive information. Cardiac ul-
trasound with Doppler is generally considered to be an invaluable tool for assessing
hemodynamically compromised patients. The morphology and function of cardiac
chambers, including valves and the respective connective tissue, and major ves-
sels can be evaluated and put into a pathophysiological perspective. Furthermore,
hemodynamic monitoring, revealing ventricular function, insufficient preload or
excessive afterload conditions, can often be fine-tuned using cardiac ultrasound and
Doppler [1]. In postoperative mechanically ventilated as well as in non-ventilated
critically ill patients, the non-invasive transthoracic mode is often the preferred
technique of choice. Transesophageal Doppler echocardiography (TEE) is used in
specific indications [2]. Although the transesophageal approach is more invasive, it
remains a safe technique both in sick adults and children [3–5]. Less than 0.1 % of
TEE interventions are associated with problems induced by the TEE probe, such as
bleeding, hoarseness or sore throat. Recent guidelines from the European Society
of Intensive Care Medicine (ESICM) strongly suggest this technique should form
part of advanced echocardiography training [6].

Modern medicine is driven by endpoints and goals, such as outcome, morbidity
and length of stay in the ICU and hospital. In the present chapter, we summarize
how cardiac ultrasound and Doppler can improve outcomes of critically ill patients,
in particular by the instantaneous and global information provided.
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Left Ventricular Function

Knowledge of left ventricular function is primordial in decision making in critically
ill patients. An important difference between invasive hemodynamic monitoring
and ingenious flow charts on goal-directed protocolized fluid management is knowl-
edge of ventricular function. Cardiac index (CI) is often integrated in these flow
charts, but this variable does not inform about ventricular function per se. A patient
with extensive co-morbidities may have well-preserved left and right ventricular
function, permitting easier hemodynamic management. In contrast, management
of a patient with pronounced regional wall motion abnormalities, as a sign of my-
ocardial infarction, will be hampered by more rapid limitation of filling capacity
(reduced compliance of ventricles) and earlier need for inotropic or vasopressor
support. Immediate information on both ventricular function and fluid status can
be achieved with cardiac ultrasound and Doppler. One view at the level of the
short axis permits evaluation of the global function of both the left and right ven-
tricles [7]. Other views should be added to develop a comprehensive picture of
ventricular function, segmental wall motion and morphology and valve function.
This latter is important with respect to the evaluation of segmental wall motion
analysis, because regurgitation at one level could be a warning sign of decreased
or absent regional wall motion at the mitral valve level [8, 9]. The different tools
of cardiac ultrasound and Doppler provide insight into functional hemodynamics in
a few minutes; these data can be complemented with invasive data, to be incorpo-
rated into a physiological integration of all data.

Tissue Doppler imaging allows closer assessment of regional or global evalua-
tion of the chamber function both during systole and diastole [10, 11]. A useful
variable in daily clinical practice is the systolic velocity of the mitral annulus (Sm),
assessed with tissue Doppler imaging. Velocities < 8 cm/s suggest decreased sys-
tolic function, whereas velocities > 12 cm/s imply normal left ventricular (LV) sys-
tolic function. Both preload [11] and afterload [12] appear to have an impact on
the amplitude. In addition, diastolic function can be easily and rapidly assessed,
as described in a recent overview [13]. Diastolic dysfunction is an early indica-
tor that warns the clinician before systolic dysfunction appears. Some examples
clarify the importance of determination of diastolic function variables. Acute liga-
tion of a circumflex coronary artery in a rabbit model induced a decrease in early
filling and atrial contraction waves after 1 h [14]. Three weeks later, this altered
LV filling pattern was still present. In sepsis and septic shock, the role of dias-
tolic dysfunction has been questioned for many years. Myocardial Doppler imaging
provides insight into both systolic and diastolic function [15, 16]. An example is
shown in Fig. 1, demonstrating a shift in transmitral early filling wave velocity as
well as in the early annular velocity after administration of colloids in a septic rat
model.

Various patterns can be recognized from normal through pseudonormalization to
severe systolic-diastolic dysfunction [17]. Diastolic properties are an independent
predictor of outcome in severe sepsis [18]. More recently, with the implementation
of tissue Doppler, Sturgess et al. confirmed that the E/Em (early transmitral Doppler
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filling velocity/early mitral annular velocity during early diastole) ratio was an in-
dependent predictor of hospital survival in septic shock patients [19]

Right Ventricle

A similar differentiation can be made with respect to the right ventricle. A normal
right ventricle at the level of the short axis is depicted as a crescent shaped struc-
ture. A dilated right ventricle (i. e., right ventricular [RV] diameter > 0.6 diameter
of the left ventricle and stiffening of the interventricular septum, so called D shape
of the right ventricle) most often suggests pressure overload (see below). Knowl-
edge of the presence of a dilated right ventricle in conjunction with increased RV
systolic pressure (RVSP), may be important in the direct management of ventilator
settings [20], optimization of preload [21] and reduction in RV afterload condi-
tions [22–24], with a direct impact on outcome.

Assessment of regurgitant flows across cardiac valves reveals transvalvular pres-
sure gradients. Typically, from a tricuspid regurgitant flow, a pressure gradient can
be determined to estimate RVSP if the right atrial pressure can be estimated [25,
26]. RVSP estimation is one of the most important direct measurements with echo-
Doppler and readily assessed.

Before cardiac transplantation, the reversibility of pulmonary hypertension after
acute nitroglycerin administration, with a significantly smaller right ventricle was
related to a low mortality rate early after cardiac transplantation [27]. Similarly,
in septic patients, cardiac ultrasound and Doppler provided significant advantages
over right heart catheterization [28, 29]. Using tissue Doppler imaging, Sm, as
a sign of RV dysfunction, was related to the severity of sepsis and mortality [30].

Intermittent dilation of the right ventricle during mechanical ventilation should
alert the echocardiographer. Presence of intermittent tricuspid regurgitation should
urge the attending physician to check the ventilator settings to abolish high positive
end-expiratory pressure (PEEP) or inadvertent large tidal volumes to avoid devel-
opment of acute cor pulmonale [20].

Fluid Responsiveness

Preload optimization is a daily problem perioperatively and in the ICU [31], and can
improve outcomes when implemented early [32]. Fluid management protocols must
be supplemented with the knowledge of ventricular function. In this context, fluid
management has been related to improved outcomes [33, 34]. Clinically, the legs-
up test or Trendelenburg positioning is preferable for evaluating optimal preloading
conditions: it does no harm, is immediately reversible and provides instantaneous
information about the filling status [35]. The only condition sine qua non is the
knowledge of ventricular dimensions and function. In this respect, transthoracic
echocardiography is an essential adjunct. From a short axis parasternal view, as-
sessment of LV end-diastolic area (LVEDA) gives a direct indication of filling, only
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ΔVpeak

ΔSVC

ΔIVC

= 100 ×

= 100 ×

= 100 ×

> 12%

> 36%

> 18%

(VpeakMAX–VpeakMIN)

(VpeakMAX+VpeakMIN)/2

(SVCexp –SVCinsp)

SVCexp

(IVCinsp –IVCexp)

IVCinsp

Fig. 2 Three different methods to discriminate fluid responsiveness by means of cardiac ultra-
sound. Upper panel: peak velocity variation (Vpeak); middle panel: ventilation-induced variation
of the diameter of the superior vena cava (SVC) during inspiration (insp) and expiration (exp);
lower panel: variation of diameter of the inferior vena cava (IVC) during inspiration and expira-
tion

when combined with a dynamic test, such as a legs-up test. LVEDAI < 5.5 cm2/m2

body surface area (BSA) is a sign of low preload conditions [36]. Nevertheless,
static variables to describe filling state are not the first choice mainly because in-
trathoracic pressure may interfere with interpretation of these static variables in the
critically ill.

Dynamic variables are, therefore, used in mechanically ventilated patients in the
ICU or intraoperatively and rely on the ventilation-induced variation in intratho-
racic pressures. Variation of stroke volume can be assessed through the variation of
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the time-velocity-integral [37]. On the right heart side, variations in inferior [38]
and superior caval vein [39] diameters during changing intrathoracic pressures can
be used (Fig. 2) by means of transthoracic and transesophageal approaches, respec-
tively. Of note, these variables only provide insight into RV preload. Situations
such as acute RV failure, intra-abdominal hypertension [40], open chest [41], ar-
rhythmia [35], children, tidal volume < 8 ml/kg [42, 43], respiratory rate > 30 bpm,
heart rate versus respiratory rate < 3.6 [44] and respiratory effort [35] hamper cor-
rect interpretation of fluid responsiveness assessed by means of alteration of the
diameter of the caval veins.

Unexplained Hypotension

From a morphological point of view, cardiac ultrasound with Doppler in the pe-
rioperative care unit or ICU is particularly useful in patients with unresolved or
unexplained hemodynamic instability and/or hypovolemia, unexpected or abrupt
need for high doses of inotropic or vasopressor drugs or any situation where inad-
equate perfusion is present and not explainable [29, 45–47]. Echocardiography
and Doppler often provide immediate insight into the physiological mechanism
of the particular disease. Again, cardiac ultrasound is only performed after a full
clinical assessment, which will often already reveal dyspnea, pulmonary crackles,
murmurs, arrhythmias, etc. It should not be denied that additional tools, such as
electrocardiogram (EKG), biomarkers (troponin, N-terminal pro-B-type natriuretic
peptide [NT-BNP]) and the hemodynamic picture, may help fine-tune and confirm
diagnosis to differentiate the various syndromes after a tentative diagnosis with
echo-Doppler.

Acute LV dysfunction should be evaluated in terms of hyperkinesia or hypokine-
sia/dyskinesia (Box 1). The latter could be related to global or regional wall motion
abnormalities. Often valvular involvement is present, either inducing acute LV dys-
function (aortic or mitral valve), or as a consequence of this acute ventricular failure
(functional mitral regurgitation) [48].

Box 1:
Causes of acute left ventricular dysfunction: An echo-Doppler approach
1. hyperkinesia

a. hypovolemia
b. hyperdynamic left ventricular outflow obstruction
c. diastolic dysfunction (often with normal fractional area contraction)
d. stress cardiomyopathy

2. hypokinesia/dyskinesia
a. global

i. sepsis, septic shock
ii. after cardiac arrest, resuscitation
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iii. stress cardiomyopathy with high afterload (vasopressor overdose,
acute hypertensive crisis, thyroid storm, cocaine, catecholamine
burst during initial phase of brain death)

iv. tachyarrhythmias
b. regional

i. ischemic heart disease, acute coronary syndrome
ii. stress cardiomyopathy, in particular Taku Tsubo cardiomyopathy

A pathophysiologic approach to acute RV dysfunction refers to ischemic heart
disease, volume or pressure overload (Box 2). Echocardiography allows im-
mediate diagnosis of the etiology of RV dilation in conjunction with assess-
ment of LV involvement. A dilated right ventricle in conjunction with a small
left ventricle suggests acute pressure overload of the RV whereas a dilated LV
rather suggests global RV/LV failure in terms of ischemic heart disease or septic
cardiomyopathy.

Box 2:
Etiology ofacute right ventriculardysfunction from anecho-Doppler perspective
in acute illness
1. ischemic heart disease, acute coronary syndrome
2. volume overload

a. atrial septum defect and altered pressure equilibrium;
b. massive tricuspid regurgitation (pressure overload, endocarditis, defi-

cient tricuspid repair/valve function)
c. congenital

3. pressure overload
a. acute pulmonary hypertension (pulmonary emboli, acute respira-

tory distress syndrome [ARDS], pulmonary edema with acute heart
failure)

b. inappropriate settings of mechanical ventilator (tidal volume, positive
end-expiratory pressure [PEEP]-level, inspiratory-expiratory ratio)

Pericardial tamponade is the consequence of accumulation of effusion or blood.
This prevents the ventricles from expanding fully and exerts a decrease in RV
preload. Global tamponade (Box 3) refers to bleeding into the pericardial space,
pericarditis or cancer. The degree of compression can be readily estimated by car-
diac ultrasound and is life-saving [49, 50].
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Box 3:
Etiology of pericardial effusion in a critically ill patient
1. bleeding into pericardium: typical fibrin strands, spontaneous contrast

a. myocardial injury
b. cardiac surgery
c. aortic dissection
d. ruptured cardiac muscle

2. pericarditis: sepsis
3. cancer

Immediate Bedside Hemodynamic Information

The difficulty with Doppler-echocardiography concerns both correct image capture
and accurate interpretation: Knowledge and skills are both unequivocally impor-
tant [51]. All data must be integrated into results obtained from routine hemo-
dynamic monitoring. In a hypotensive patient, a quick investigation of cardiac
function at the level of the short axis view permits differentiation between a cardiac
and a non-cardiac cause of hypotension [2]. Additional optimization of preload
conditions can be achieved by assessing the different variables of fluid responsive-
ness.

When a dilated right ventricle is found on a short axis level, other views will
again confirm or deny the initial finding, complemented with tissue Doppler data,
suggesting decreased systolic function. In view of the hemodynamic picture, a rapid
decision for further evaluation or investigation could be taken, such as ultra-fast
computed tomography (CT) scan, to exclude pulmonary emboli.

Conclusions

Doppler echocardiography provides immediate insight into the morphological and
hemodynamic functioning of the heart and circulation. Performing a complete
echocardiogram offers a full picture of the heart as cardiac muscle and pump of
the circulation. As with every other (invasive) hemodynamic monitoring tool, all
tricks and flaws must be recognized to permit a comprehensive integrative evalua-
tion of a hemodynamically unstable patient. Further decision making can then be
related to the findings of this ultrasound assessment. Clinicians involved in the daily
management of hemodynamic instability should be aware of the value of cardiac ul-
trasound and Doppler and apply this powerful tool, ensuring it is used in the correct
physiological context.
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The Hemodynamic Puzzle:
Solving the Impossible?

K. Tánczos, M. Németh, and Z. Molnár

Introduction

Development of multiorgan dysfunction is often the result of hypoperfusion, which
severely affects outcomes of medical and surgical patients and substantially in-
creases the utilization of resources and costs [1]. Therefore, the use of early and
efficient strategies to detect tissue hypoperfusion and to treat the imbalance be-
tween oxygen consumption and delivery is of particular importance [2]. Traditional
endpoints, such as heart rate, blood pressure, mental status and urine output, can be
useful in the initial identification of inadequate perfusion, but are limited in their
ability to identify ongoing, compensated shock [3]. Therefore, more detailed as-
sessment of global macrohemodynamic indices, such as cardiac output and derived
variables and measures of oxygen delivery and uptake, may be necessary to guide
treatment [4–5]. Furthermore, after optimization of these parameters, indicators of
tissue perfusion should also be assessed to verify the effectiveness of therapy [6].
This multimodal approach can be translated into the individualized use of target
endpoints for hemodynamic stabilization instead of treating ‘normal’ values, and
can help to achieve adequate oxygen supply and tissue oxygenation in order to
avoid under- or over-resuscitation, which are equally harmful.

Physiological Issues

The primary goal of the cardiorespiratory system is to deliver adequate oxygen to
the tissues to meet their metabolic requirements. The adequacy of tissue oxygena-
tion is determined by the balance between the rate of oxygen transport to the tissues
(oxygen delivery, DO2) and the rate at which the oxygen is used by the tissues (oxy-
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gen consumption, VO2) [7]. Standard formulae to determine DO2 and VO2 are:

DO2 D SV � HR � ŒHb � 1:34 � SaO2 C 0:003 � PaO2� D CO � ŒCaO2�

VO2 D CO � ŒCaO2 � .Hb � 1:34 � SvO2 C 0:003 � PvO2/�

D CO � ŒCaO2 � CvO2�

where, SV = stroke volume, HR = heart rate, Hb = hemoglobin, SaO2 = hemoglobin
arterial oxygen saturation, PaO2 = arterial oxygen partial pressure, CO = cardiac
output, CaO2 = arterial oxygen content, SvO2 = hemoglobin mixed venous oxygen
saturation, PvO2 = venous oxygen partial pressure, CvO2 = venous oxygen content

Oxygen extraction .O2ER/ D VO2=DO2 � 100

� 250 ml=min=1;000 ml=min � 100 D 25 %

In the critically ill and in the perioperative period there is often an imbalance
between DO2 and VO2. DO2 may be inadequate considering that CaO2 content
and/or cardiac output may be reduced [8, 9]. The circulation can compensate to
some extent, and VO2 is usually independent over a wide range of DO2. If CaO2

decreases, cardiac output increases to maintain the same DO2 levels, but, after
a critical threshold or in low cardiac output states, the O2ER increases to main-
tain adequate VO2/DO2. After exhausting compensatory resources, VO2 becomes
dependent on DO2 and anaerobic metabolism begins, leading to metabolic acidosis
and oxygen debt [10].

The principle task of acute care is to avoid or correct oxygen debt by optimizing
DO2 and VO2. Furthermore, it is just as important to recognize that DO2 and tissue
perfusion have normalized, because any further measures to increase DO2 may do
harm by unnecessary over-resuscitation.

Pieces of the ‘Hemodynamic Puzzle’

There is mounting evidence that conventional parameters, such as blood pressure,
central venous pressure (CVP), heart rate are poor indicators of cardiac index (CI)
or DO2 [11, 12], and there is also increasing evidence that, for example in high risk
surgery, perioperative care algorithms based on advanced hemodynamic monitoring
are beneficial [13, 14]. There are several hemodynamic endpoints without a univer-
sally accepted gold standard for this ‘hemodynamic puzzle’ (Fig. 1). Fundamentally
they can be grouped into flow-based and oxygen extraction based indices.

Flow-based Resuscitation

There are various commercially available devices for blood flow measurement.
Cardiac output and the driven variables can be determined by several methods:
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Fig. 1 The hemodynamic
puzzle. ScvO2: central ve-
nous oxygen saturation;
SvO2: mixed venous oxy-
gen saturation; DO2: oxygen
delivery; VO2: oxygen
consumption; SVV: stroke
volume variation; PPV: pulse
pressure variation; GEDV:
global-end-diastolic volume;
CI: cardiac index; P(cv-
a)CO2: venous-to-arterial
CO2 gap; NIRS: near infrared
spectroscopy; OPS: orthogo-
nal polarization spectral
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Thermodilution with a pulmonary artery catheter (PAC), transpulmonary indicator
dilution (PiCCO®, LiDCO®, VolumeView®); less invasive, non-calibrated devices
utilizing pulse contour analysis of the arterial pressure signal (Vigileo®, ProAQT®);
and esophageal Doppler [5, 15, 16]. Each monitor has advantages and disadvan-
tages and can be used in most clinical scenarios if the underlying principles and the
inherent limitations are well understood, but the discussion of that goes well beyond
the scope of this article.

Cardiac output/stroke volume as a resuscitation endpoint
Several clinical investigations have reported that optimization of cardiac output cal-
culated from thermodilution or pulse contour analysis and used as a therapeutic goal
seems appropriate to monitor goal-directed hemodynamic strategies and has been
shown to have positive effects on overall outcome after surgery [17, 18]. However,
there is no consensus on a universally accepted parameter as resuscitation target.

In two recent animal experiments, we tested the effects of cardiac output- and
stroke volume (SV)-guided hemorrhage and fluid resuscitation [19, unpublished
data]. After baseline measurements (tbsl), animals were bled until CI (n = 9) or SV
index (SVI-group, n = 12) decreased by 50 %; measurements were then repeated
(t0), after which animals were resuscitated during 60 minutes with lactated Ringer’s
solution until baseline CI and SVI values were reached, then final measurements
were recorded (tend).

In both experiments, CI and SVI targets were reached at t0 and tend alike
(Table 1). In the CI-group all parameters changed significantly during the bleed-
ing phase, as expected (Table 1). However, SV, global end-diastolic volume
(GEDV), and central venous oxygen saturation (ScvO2) remained significantly
lower, whereas SV variation (SVV) and central venous-to-arterial carbon dioxide
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Table 1 Hemodynamic changes during cardiac index or stroke volume based algorithms

CI-group SVI-group
tbsl t0 tend tbsl t0 tend

SVI (ml/m2) 33.6 ˙ 6.2 14.6 ˙ 10.1* 23.4 ˙ 7.9*# 26.8 ˙ 4.7 13.4 ˙ 2.3* 26.6 ˙ 4.1#

CI
(l/min/m2)

2.88 ˙ 0.42 1.79 ˙ 0.53* 2.73 ˙ 0.35 2.6 ˙ 0.4 1.8 ˙ 0.3* 2.9 ˙ 0.5*#

Mean arterial
pressure
(mmHg)

127 ˙ 13.07 75 ˙ 25* 85 ˙ 22*# 112 ˙ 23 74 ˙ 18* 91 ˙ 19*#

Heart rate
(beats/min)

87 ˙ 16 140 ˙ 40* 124 ˙ 37* 95 ˙ 12 131 ˙ 27* 107 ˙ 16*#

Global
end-diastolic
volume
(ml/m2)

317 ˙ 36 198 ˙ 57* 249 ˙ 46*# 309 ˙ 57 231 ˙ 61* 287 ˙ 49*#

Stroke
volume
variation (%)

10.8 ˙ 5.5 17.3 ˙ 5.1* 16.4 ˙ 8.2* 13.6 ˙ 4.3 22.6 ˙ 5.6* 12.2 ˙ 4.3#

CI: cardiac index; SVI: stroke volume index; bsl: baseline; * significantly different from tbsl;
# significantly different from t0

difference (P(cv-a)CO2) were significantly higher by the end of resuscitation com-
pared to baseline, indicating that fluid resuscitation may have been inadequate and
the normalization of CI was mainly due to the persistently elevated heart rate, rather
than to restoration of the circulating blood volume (Tables 1, 2).

In contrast, in the SVI-group, although there were similar changes during bleed-
ing as in the CI-group, SV, SVV, ScvO2, and P(cv-a)CO2 had all improved signif-
icantly or returned to their baseline values by the end of the experiment (Tables 1,
2). Although ScvO2 returned to the normal range at the end of the experiment, it
remained significantly lower than at baseline with an average difference of 5 %, pos-
sibly due to a hemodilution-related decrease in DO2. It is, therefore, important to
bear in mind that using baseline ScvO2 values as a resuscitation target, for example,
in the intraoperative period, may result in fluid overload by the end of surgery.

In conclusion, in these experiments the SVI-based algorithm resulted in better
hemodynamic and oxygenation indices as compared to the CI-based approach. The
latter was mainly affected by the elevated heart rate, possibly due to the sympathetic
response to bleeding. Therefore, normalization of CI may mask hypovolemia in
conditions when strong sympathetic activation is present, such as acute bleeding. It
is also important to note that conventional parameters, such as heart rate and mean
arterial pressure (MAP), did not follow the changes in SVI; therefore, our results
do not support the routine use of these measures as resuscitation endpoints. These
observations are in agreement with several recent clinical studies [12].
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Stroke volume variation and pulse pressure variation
as resuscitation endpoints
Recently, less invasive devices assessing cardiac output by pulse contour analysis
based on the radial artery pressure signal have been introduced. Although these de-
vices show lower precision compared to the gold standard of thermodilution, there
is some evidence that these methods can adequately show changes in the trend
of cardiac output [20]. As PPV and SVV are well established indicators of fluid
responsiveness [21], these devices seem to be simple and useful alternatives to in-
vasive hemodynamic monitoring. Furthermore, in various studies, fluid therapy
guided by SVV and PPV proved to be more accurate than static preload indicator-
based approaches and was also shown to improve patient outcome [22]. However,
use of PPV and SVV is limited to patients who are fully ventilated and have no
arrhythmias [23, 24].

Venous-to-arterial CO2 gap as a therapeutic endpoint
Another easily obtainable blood flow related blood gas parameter is the P(cv-a)
CO2. Several authors have reported increased P(cv-a)CO2 in different low flow
states [25–27]. In oxygen debt causing anaerobic metabolism, hydrogen ions are
generated in two ways: 1) Hydrolysis of adenosine triphosphate to adenosine
diphosphate and 2) increased production of lactic acid [28]. These hydrogen ions
are buffered by bicarbonate presented in the cells, a process that will generate CO2

production [29]. Although arterial PaCO2 is variable and dependent on pulmonary
gas exchange, central venous PvCO2 is dependent on the ability of the flow (i. e.,
cardiac output) to wash out CO2 from the tissues. The Fick principle adapted to car-
bon dioxide, demonstrates the inverse relationship between the cardiac output and
P(cv-a)
CO2 [30]. Thus, it has been postulated that increased P(cv-a)CO2 reflects decreased
flow. It has been shown that in sepsis, heart failure, and severe hypovolemia, P(cv-a)
CO2 can be increased [31, 32]. In the results of our experimental animal study,
P(cv-a)CO2 returned to its initial baseline value in the SVI-group, and there was
also a strong, significant correlation between P(cv-a)CO2 and SVI (r2 = –0.591,
p < 0.001), which lends further support to this theory [19]. Furthermore, adding
the P(cv-a)CO2 to the ScvO2 to identify VO2/DO2 > 30 % improved specificity,
positive predictive and negative predictive values [33].

In situations (e. g., severe sepsis) in which oxygen uptake is insufficient due
to microcirculatory and/or mitochondrial defects, ScvO2 may be elevated (i. e.,
false negative). Previous studies have suggested that under such circumstances,
the increased value of P(cv-a)CO2 (> 5 mmHg), may help the clinician in detecting
inadequate DO2 to the tissues, hence the complementary use of ScvO2 and P(cv-a)
CO2 is recommended [34–36].
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Fig. 2 Mixed venous sat-
uration in the critically ill
patient. ScvO2: central ve-
nous oxygen saturation;
SvO2: mixed venous oxy-
gen saturation; DO2: oxygen
delivery; VO2: oxygen con-
sumption
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Perhaps the most commonly used methods to assess global VO2/DO2 are SvO2

and its surrogate, ScvO2. ScvO2 is easily obtained via the central venous catheter
already in situ in most critically ill patients and is often used as a marker of the
balance between oxygen delivery and consumption. Because of the different level
of measurement (entire body in the case of SvO2 versus brain and the upper part of
the body with ScvO2) there has been considerable debate about the interpretation
of ScvO2 values compared to SvO2. Most of the studies that have analyzed the
relationship between ScvO2 and SvO2 have shown that ScvO2 is an average of 5 %
higher than SvO2 and is considered a reasonable surrogate marker in the clinical
setting [37–39]. However, recent clinical trials, mainly in septic patients, did not
show satisfactory agreement between ScvO2 and SvO2. This observation may in
part be explained by modifications of blood flow distribution and oxygen extrac-
tion by brain and splanchnic tissues [40]. It seems that ScvO2 and SvO2 are not
numerically equivalent but the variations in these two parameters usually occur in
a parallel manner [41].

The main factors that influence ScvO2, are hemoglobin, SaO2, cardiac out-
put and VO2. Theoretically, if three of these factors are kept constant, the value
of ScvO2 reflects changes in VO2. The multiple physiologic, pathologic and
therapeutic factors that influence venous oxygen saturation are summarized in
Fig. 2 [42].

One of the important features of venous saturation is that it can be pathologic
both if it is high and when it is low. In a recent large cohort of septic patients in the
emergency department it was found that mortality was 40 % in patients admitted
with an ScvO2 < 70 % but it was almost as high, 34 %, in patients with high initial
ScvO2 of > 90 %, probably due to impaired oxygen utilization [43]. High ScvO2

values may thus represent an inability of the cells to extract oxygen or microcircu-
latory shunting in sepsis [44]. Therefore, additional measures are necessary to help
evaluate high ScvO2 values, such as for example P(cv-a)CO2, or use of advanced,
invasive hemodynamic monitoring.
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Targets of Tissue Oxygenation at theMicrocirculatory Level

Lactate, the end product of anaerobic metabolism, has been thoroughly investigated
in critical illness over the last few decades. It has good prognostic value in several
clinical scenarios, including trauma, sepsis, and high-risk surgical patients [45].
Changes over time (determined by production and clearance) seem an even better
marker of adequate resuscitation and outcome [46]. However, lactate kinetics are
assessed 2–6 hourly, which can be regarded as far too long considering that acute
resuscitation should be conducted as soon as possible. Indeed, in our animal ex-
periments, lactate remained significantly elevated by the end of resuscitation while
ScvO2, P(cv-a)CO2 and SVI had returned to normal (Tables 1, 2). These results
suggest that these latter parameters are more rapid markers of adequate resuscita-
tion than absolute values of lactate. Furthermore, in our experiments high lactate
levels at tend may have indicated inadequate resuscitation, but had it been treated,
it would inevitably have led to fluid overload. However, there was an almost 10 %
decrease in lactate levels in both experiments within 60 minutes, which should be
regarded as a reasonable value over such a short period of time. Hence our results
provide further support for the concept that lactate kinetics rather than absolute val-
ues should be followed as resuscitation endpoints.

In addition to biochemical monitoring, there are also several devices that
measure changes in tissue oxygenation percutaneously or can detect changes in
microcirculatory flow. Changes in tissue O2 saturation (StO2) and total hemoglobin
(HbT) during vascular occlusion tests assessed by near infrared spectroscopy
(NIRS) proved to be good markers of VO2 and cardiovascular reserve [47].

Orthogonal polarization spectral (OPS) and sidestream dark field (SDF) imaging
are currently the devices most often used for in vivo evaluation of the microcircu-
lation. They have the advantage of permitting direct, dynamic and real time in vivo
illustration of red blood cell (RBC) velocity or capillary perfusion rate in the micro-
circulation. The technique is non-invasive, and no fluorescent material is required
for imaging [48]. These techniques are, therefore, well accepted for evaluation of
the microcirculation in different scenarios where altered microcirculation is present.
The major limitations of these devices are the off-line evaluation, the limited avail-
ability and operator-dependent evaluation of the results.

Conclusion

Solving the hemodynamic puzzle in our patients is an everyday challenge and there
are several hemodynamic indices in use. Discussing all the elements of this puz-
zle and their advantages and limitations is an impossible task within the frame of
an article. Our aim was to provide a deeper insight into the controversies, partic-
ularly regarding stroke volume and cardiac output as resuscitation endpoints, and
to highlight some practical issues about indices of oxygen delivery and consump-
tion at global and tissue levels. However, regardless of which device is used, one
must remember that there is not, and will never be, one single parameter with a set
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value, that one should treat or follow as a target. Multimodal, individualized care is
required and nothing can ever replace the thoughtful physician who draws together
all the pieces of the puzzle and uses his/her knowledge and experience to make
a treatment decision.
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ANew Generation Computer-controlled
Imaging Sensor-based Hand-held Microscope
for Quantifying Bedside Microcirculatory
Alterations

G. Aykut, Y. Ince, and C. Ince

Introduction

The microcirculation is the final station for oxygen transport to the tissues and plays
a key role in the cardiovascular system [1]. The microcirculation includes all the
vessels that are smaller than 100 micrometer in diameter and has a crucial role in
blood and tissue interactions in physiological and pathophysiological states. Many
studies have demonstrated that persistent microcirculatory alterations that are unre-
sponsive to therapy are independently associated with adverse outcome, especially
in septic patients (e. g., [1–5]). Additionally, these microcirculatory alterations
are independent of systemic hemodynamic variables; therefore, microcirculatory
observations are a potentially important extension of conventional systemic hemo-
dynamic monitoring of critically ill patients [3,4]. These findings have been made
possible by introduction of hand-held microscopes to surgery and intensive care and
in this chapter we present the latest generation of these hand-held devices.

The first generation of these devices was based on the implementation of or-
thogonal polarization spectral (OPS) imaging into a hand-held microscope, which
enabled the first observations of human internal organ microcirculation during
surgery [6, 7]. This technique was improved upon by our development of a second
generation of hand-held microscopes based on sidestream dark field (SDF) imag-
ing [8]. These devices, however, have remained research tools, mainly because of
the technological limitations imposed by the analog video cameras used and the
inability to achieve automatic analysis of the microcirculation needed for clinical
evaluation. Additionally, analysis of the images to extract relevant functional mi-
crocirculatory parameters required time consuming off-line analyses limiting the
use of these first and second generation devices to research [9]. In this chapter,
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we present a third generation hand-held microscope based on incident dark field
(IDF) imaging [10]. Incorporation of a computer-controlled image sensor and
illumination in a hand-held microscope together with specialized software enables
automatic and instant analysis of images. We anticipate that this technological
advancement will move microcirculatory monitoring from the research environ-
ment to bedside applications, where it may be used as a clinical platform for
microcirculatory diagnoses and to guide therapy.

TheMicrocirculation in Critically Ill Patients

The microcirculation is a physiological compartment in which blood components
(e. g., circulating cells, plasma and coagulation factors), the vessels lined by the
endothelium, the glycocalyx and the smooth muscle cells function together to trans-
port the oxygen and nutrients needed for respiring parenchymal cells to perform
their functional activities in support of organ function. The vessels of the mi-
crocirculation have diameters of less than 100 micrometers and include arterioles,
metarterioles, capillaries and post-capillary venules [11]. In some tissue beds, es-
pecially in the skin where they are involved in thermoregulation, there are short
low-resistance connections between the arterioles and the veins, called arteriove-
nous shunts. Microcirculatory structures are tailor-made to the oxygen and func-
tional requirements of the different organs they exist in and exhibit considerable
heterogeneity [12]. This is especially the case for endothelial cells and their gel-
like lining, the glycocalyx. These structures play a key role in hemostasis, vascular
regulation and in protecting tissues from edema [13]. A multiplicity of factors in-
fluence the blood flow in the (micro)vascular tree, including local and metabolic
control mechanisms (autoregulation), endothelium-derived factors, the autonomic
nervous system and circulating hormones. Equally important is smooth muscle tone
regulation by mechanosensor stimulation, which occurs through the sheer stress of
flowing blood via the glycocalyx. The microcirculation provides a total surface
area of approximately 700 m2, which enables the exchange of oxygen, nutrients,
hormones and waste products between the circulating blood and parenchymal cells.
The exchange of these substances occurs primarily in the capillaries and postcapil-
lary venules.

Diffusion is the principal mechanism of microvascular exchange. The diffusion
rate is dependent on the solubility of the substance, the temperature and the avail-
able surface area and is inversely related to the molecular size and the distance it
must diffuse across (e. g., [14]). The hydrostatic pressure difference across the en-
dothelium leads to filtration. The presence of large molecules in the blood creates
oncotic pressure which counteracts filtration. The Starling hypothesis holds that the
balance between filtration and water reabsorption depends on the hydrostatic and
oncotic pressure differences between the blood and tissues as well as on the vessel
permeability. This concept, however, must be revised due to the recent identifi-
cation and appreciation of the functional importance of the endothelial glycocalyx
layer [15].
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Microcirculatory Failure and its Importance
in Critically Ill Patients

Shock is the failure of the microcirculation to deliver adequate oxygen to the tissue
cells [16]. It may arise due to cardiogenic, hypovolemic, obstructive or distributive
failure. In an intensive care setting, sepsis is the most studied condition in rela-
tion to microcirculatory alterations in critical illness [11]. Sepsis and septic shock
are considered as systemic inflammatory responses to infection [17]. Severe sep-
sis exists where there is organ dysfunction or generalized hypoperfusion. Septic
shock is defined as sepsis associated with hypotension and signs of hypoperfusion
despite adequate fluid resuscitation. It is usually characterized by inadequate tissue
perfusion and widespread cellular dysfunction. Moreover, it is generally recog-
nized that microcirculatory alterations form a key hemodynamic characteristic of
this condition, defining its pathophysiology and outcome [1, 2]. Sepsis treatments
are based on infection control and eradication, hemodynamic resuscitation to al-
low adequate perfusion and oxygenation, maintenance and supportive treatment of
complications. It is becoming increasingly clear, however, that the normalization
of systemic hemodynamics is inadequate, if it is not matched by normalization of
microcirculatory function.

The introduction of the pulmonary artery catheter (PAC) [18] enabled cardiac
output measurements at the bedside using the thermodilution technique. Addition-
ally, cardiac output normalization has been a prime target in critically ill patient
management [19]. Shoemaker pioneered the use of therapeutic targets based on
oxygen availability (DO2) and consumption (VO2) by the measurement of cardiac
output [20, 21]. Following these studies, Hayes et al. observed increased mortality
in patients treated with supranormal target values [22] and new targets like central
venous oxygen saturation (ScvO2) and oxygen extraction ratio (O2ER) were intro-
duced. Currently, new and less invasive monitoring tools for cardiac output mea-
surements such as the PiCCO system, LiDCO system, EV 1,000/VolumeView sys-
tem, the pressure analytical method (PRAM), and thoracic or esophageal Doppler
devices are in use.

Even after evaluating immediate interventions with the optimized macro-
hemodynamic device parameters, high organ failure and mortality rates have
persisted [11]. It is thought that this condition only occurs when the oxygen
supply cannot effectively meet the needs of the cells and when oxygen extraction
deficits persist due to microcirculatory alterations and shunting [23]. Dr Weil
played a key role in our understanding of shock by classifying it into four states:
hypovolemic, obstructive, cardiogenic and distributive shock [16]. The first three
forms of shock are associated with a reduction in cardiac output. In contrast, dis-
tributive shock can occur in the presence of normal or even elevated cardiac outputs.
This defect occurs if the cardiac output distribution to and within organs results in
an inability of the (micro)circulation to supply the necessary oxygen to the cells.
This condition is characterized by persistent signs of regional dysoxia (as indicated
by high lactate levels and disturbed acid-base balance) despite normalized systemic
hemodyanamics. This condition is further characterized by functional shunting of
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the microcirculation, leaving weak microcirculatory units hypoxemic and prone
to reperfusion injury [23]. This phenomenon explains the oxygen extraction de-
fect that is the key circulatory defect associated with sepsis. Microcirculatory
observations at the bedside of septic patients have enabled direct observations of
this phenomenon. Additionally, heterogeneous microcirculatory perfusion is the
most sensitive and specific circulatory defect associated with organ function and
mortality in the critically ill patient [2–5].

In addition to the importance of evaluating microcirculatory defects during dis-
tributive shock (such as in sepsis), hand-held microscopes are also used to assess
cardiogenic, hypovolemic and obstructive shock (e. g., [24–26]). The main differ-
ence between these types of shock and distributive shock is that the microcirculatory
changes found in cardiogenic, hypovolemic and distributive shock are often associ-
ated with a reduction in cardiac output, whereas distributive shock can occur with
normal or even elevated cardiac output levels. Following the realization that mi-
crocirculatory alterations were a significant risk parameter in critically ill patients,
many studies were performed that investigated the effects of different therapeutic in-
terventions on the microcirculation (for reviews see [11, 27]). Recently, Pranskanus
et al. observed that lack of microcirculatory perfusion was a successful means of
predicting which patients with clinical symptoms of hypovolemia would respond
to fluid therapy [25]. This study indicated that reduced microcirculatory perfusion
and its increased flow response to fluids might indeed be a fluid therapy target.
In a second key study, Xu et al. showed that resuscitation of pigs with fluid and
blood following hemorrhagic shock based on normalization of microcirculatory pa-
rameters required no blood and 170 ml of Ringer’s lactate, whereas targeting blood
pressure required 303 ml of blood and 834 ml of Ringer’s lactate for normalization
of blood pressure. Both groups had a 100 % survival rate and the same neurolog-
ical awareness score, indicating that microcirculation targeting required less fluid
volumes for identical outcomes. This study shows that targeting the microcircu-
lation in resuscitation may avoid administering unnecessary volumes of fluid and
blood [28]. Together these studies suggest that the microcirculation can be used to
diagnose states of shock and guide therapy and that doing so may result in a more
optimal resuscitation than targeting systemic hemodynamic or clinical variables in
critically ill patients.

Previous Methods and Limitations of Direct Observation
of theMicrocirculation

Galen’s classical theories of the circulation lasted for many centuries, until Ibn Al-
Nafis, Michael Servetus and William Harvey adapted Galen’s concepts [29]. In
1628, William Harvey first described the closed circuit circulation theory [30]. By
the end of the 16th century, Jansen had invented the compound microscope which
led to intravital microscopy. It was Malpighi, however, who first observed animal
capillaries with the use of microscopy [31]. In 1688, Van Leeuwenhoek observed
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the microcirculation using in vivo studies [32]. After achromatic lenses were intro-
duced in 1830, microscopy became a widely adopted research tool.

In the early 19th century, direct intravital observation of the human microcir-
culation was limited to the use of bulky capillary microscopes which were mainly
applied to the nailfold capillary bed. In 1964, Krahl used incident light directed
at an oblique angle to the study tissue surfaces [33]. In 1971, Sherman et al.
introduced a new method for microcirculation observations, called IDF illumina-
tion microscopy. This method enabled observations of the organ surface microcir-
culation using epi-illumination, without the need for transilluminating the tissue
from below [10]. An alternative method to observe the microcirculation using
epi-illumination was introduced by Slaaf et al., which enabled the imaging of sub-
surfaces using cross polarized light microscopy [34]. In the late 1990s, Groner
et al. used the Slaaf et al. method and adapted this technique to a hand-held micro-
scope [6]. This method was called OPS imaging. We validated and introduced this
technique and were able to produce for the first time organ surface microcirculation
images in surgical patients [7, 35]. This technique opened the field for studying the
human microcirculation in organ and tissue surfaces at the bedside. OPS imaging
can be regarded as the first generation hand-held bedside imaging instruments to be
applied to critically patients, and resulted in the recognition that the microcircula-
tion is an important physiological compartment that is compromised during critical
illness [36, 37].

OPS imaging is based on cross polarization of polarized green light (548 nm
wavelength) illuminating the tissue embedding the microcirculation. Backscat-
tered and depolarized light is projected onto an analog video camera after it passes
through an analyzer. By only imaging the backscattered light, the microcircula-
tion can be observed. The use of green light ensures optical absorption by the
(de)oxyhemoglobin-containing red blood cells (RBCs) with respect to the lack of
absorption by the tissue, therefore, creating contrast. The OPS imaging device
was called the Cytoscan and was introduced by Cytometrics (Philadelphia, USA).
A limitation of OPS imaging was that it required high powered illumination light
sources; thus, there was a need to develop a low powered device that would allow
battery operation. To this end, we developed a second-generation microcirculation
device based on SDF imaging, which enabled battery operation of the devices [38].
In SDF imaging, the illumination is provided by surrounding a central light guide
with concentrically placed light emitting diodes (LEDs), which thus provide SDF
illumination. The lens system in the light guide core is optically isolated from the
illuminating outer ring thus preventing tissue surface reflections to enter the center
of the light guide. Both first generation OPS imaging and second generation SDF
imaging make use of green light illumination absorption by the RBC hemoglobin.
These techniques, therefore, only display RBC filled microvessels. Both device
types are fitted with an analog video camera that needs to be digitalized by separate
analog to digital convertor devices for off-line image analysis using specialized soft-
ware [39]. Analog cameras have the disadvantage of alternatively scanning odd and
even video lines, resulting in loss of resolution in the time domain. SDF imaging
was commercially introduced by MicroVision Medical (Amsterdam, The Nether-
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lands) and called MicroScan. Later a newer version of this device was introduced
by KK Technology (Honiton, UK) called the Capiscope and was essentially a simi-
lar device to the Microscan; however, the video output provided a digital signal that
could be connected to a laptop via a USB cable so there was no need for analog to
digital conversion.

First and Second Generation Hand-held Bedside Imaging:
OPS and SDF Imaging

OPS and SDF devices are fitted with a 5× objective lens system and the analog
cameras can be directly connected to a television monitor. Illumination intensity
and image focus are hand operated by dials on the devices and have to be manu-
ally adjusted to obtain focus and illumination. This process requires skill, causes
movement artifacts, is operator dependent, can result in inter-operator differences in
image quality, and does not allow automatic on-line image analysis (e. g., [9, 40]),
as well as being time consuming to produce images of sufficient quality for off-line
computer analysis. Covered by a sterile disposable cap, the probes can be placed on
organ and tissue surfaces for microcirculatory observations. To obtain good image
quality following focus and illumination optimization, the probe needs to be kept
very still for 5 to 10 seconds to obtain stable images fit for analysis. It is essential to
avoid artifacts induced by manual pressure or pressure exerted by the weight of the
devices (first and second generation devices weigh ˙ 0.5 kg) and saliva bubbles that
could interfere with the image quality. Recently a scoring system was introduced
by Massey and co-workers to quantify the quality of these recordings. This system
gives an objective measure of the image quality as an entry criterion for computer
analysis and quantification [41].

Quantifying Microcirculatory Images

Tissue perfusion is dependent on capillary number and distribution of the capillar-
ies and on the blood flow. There are two main mechanisms that govern oxygen
transport to tissues. These mechanisms define the microcirculatory functional pa-
rameters. The first is convection, based on RBC flow and the second is diffusion,
which is the distance oxygen must travel from the capillary RBCs to the respir-
ing mitochondria in the parenchymal cells [14]. Convection is quantified by the
flow measurements in the microvessels, and diffusion is quantified by the perfused
microvessel density, also referred to as the functional capillary density (FCD). In
2005, a round-table conference was organized to prepare microcirculation scoring
guidelines [42]. Microvascular density (total or perfused vessel density) and mi-
crovascular perfusion (the proportion of perfused vessels and the microcirculatory
flow index [MFI]) parameters were identified. These parameters answered three
questions:
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1) how many vessels are perfused;
2) what is the quality of the flow; and
3) are there non-perfused areas next to well-perfused areas?

Following tissue imaging, the microcirculation parameters have to be determined
for quantification to take place. These parameters can be analyzed off-line manually
or aided by specialized computer software [39, 42]. Two parameters can determine
microvascular density. These parameters include the total vessel density (TVD) and
the perfused vessel density (PVD). PVD is defined as the total perfused capillary
length divided by the total analyzed surface area. However, measuring the total
vessel length in the area of interest is time consuming even with the aid of available
software.

The microvascular perfusion parameters are quantified by the proportion of per-
fused vessels and the microcirculatory flow. The flow can be described by a semi-
quantitative score referred to as the MFI [43] or by quantitative measurement of
flow using space time diagrams (e. g., [4]). The MFI is based on the determina-
tion of the average or predominant flow type in the field of view. To determine
the MFI, the image is divided into four quadrants in which blood flow assessments
are categorized based on vessel diameter: Small (10–25 µm), medium (26–50 µm),
large (51–100 µm). A number is then assigned for each quadrant according to the
predominant flow type (0: no flow; 1: intermittent; 2: sluggish; 3: continuous
flow). The proportion of perfused vessels is defined as the number of perfused ves-
sels divided by the total vessel number. This method is performed by visual image
inspection.

The tissue perfusion heterogeneity is another parameter for identifying the pres-
ence of microcirculatory distributive alterations and shunting related to the oxygen
extraction deficit characteristic of septic shock [23, 44]. For that reason, a flow
heterogeneity index was introduced and is defined as the difference between the
highest MFI and the lowest MFI divided by the mean MFI [5, 43].

Technical Limitations of the First and Second Generation Devices

Three basic technical limitations of these devices were defined by Lindert et al. [45].
Lindert and colleagues criticized the fact that undesirable pressure of the probe
affected blood flow, lateral movement of the device with respect to the tissue pre-
cluded continuous investigation of the selected microvascular region, and blood
flow velocities > 1 mm/s were difficult to measure. In addition to the fact that
relatively strong light sources are required for OPS imaging, these high-powered
light sources limit the portability and clinical applicability of this method. An
important limiting factor for SDF imaging is the pressure-induced microcircula-
tory alterations that are caused by probe application onto the tissue surfaces. This
alteration is predominantly caused by the large weight of these first and second
generation devices (˙ 0.5 kg). These effects may lead to false interpretation of the
actual perfusion. A further limitation of these devices is that they require hand-
operated focusing, which may result in lengthy procedures for obtaining images of
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sufficient quality and length. The major short-coming of OPS and SDF imaging de-
vices imposed by their hardware, however, is their inability to implement automatic
image analysis. These analyses are needed to identify the functional microcircu-
latory parameters needed to identify the microcirculatory alterations necessary for
clinical decision making and to guide therapy [9]. Despite the fact that we devel-
oped software modalities that can automatically analyze the images, the hardware
offered by these first and second generation devices did not allow for their use in on-
line microcirculatory image quantification [46]. From this work, it was clear that if
microcirculatory imaging was to proceed from a research tool into a clinical device,
devices based on computer control of pixel-based digital imaging sensors, image
acquisition and illumination together with high quality optics had to be developed.

Third Generation Hand-heldMicroscopes
Using Computer-controlled Imaging Sensors
and Illumination Based on IDF Imaging

OPS and SDF imaging devices can be regarded as first and second generation hand-
held microscopes. Recently a third generation hand-held microscope has been
clinically introduced that overcomes many of the limitations of the first and sec-
ond generation analog devices [47]. Based on the IDF principle that was introduced
by Sherman and Cook [10], this device is a novel lightweight computer-controlled
imaging sensor-based hand-held microscope, called the Cytocam (Fig. 1).

The Cytocam (Braedius Medical, Huizen, The Netherlands) is a state of the art
microscopy method, which incorporates a digital imaging sensor camera that can be
used for bedside visualization of organ surface microcirculation. This device uses
an IDF imaging illumination system with high brightness LEDs able to provide
a very short pulse time of 2 ms. This combination results in a high penetration and
sharp contours of fast moving RBCs. The Cytocam is constructed of aluminum
and titanium and is light weight and easy to handle. The low weight of the device
(120 gram) minimizes the pressure artifact problems that were present in the earlier
heavy devices. The camera is fully digital and contains a high resolution sensor,
which can be used in binning mode, resulting in a 3.5 megapixel frame size. The
combination of a high quality custom designed lens of 4× optical magnification
with the large sensor image area provides a 1.55 × 1.16 mm field of view, which is
almost twice as large as the field of view of earlier devices. As seen in Fig. 1, this
device is pen-like and is held as such. The optical system has been designed for
the purpose of microcirculation imaging and provides an optical resolution of more
than 300 lines/mm, which is a 50 % improvement over earlier devices and provides
a significant improvement in image quality (e. g., Figs. 1b and 2)

A completely new feature of the Cytocam is the quantitative focusing mecha-
nism. This feature uses a piezo linear motor with an integrated distance measuring
system, which positions the sensor within 2 microns. Furthermore it significantly
eases the focusing problem. Once the focus depth for a specific patient has been
established, repeated measurements can be made without the need for subsequent



A New Generation Hand-held Microscope for Quantifying Microcirculatory Alterations 375

a

b

Fig. 1 The Cytocam is shown (a), with an example sublingual image (b)

measurement focus adjustments, which significantly reduces the measurement time
allowing serial measurements to be easily made to determine response to therapy
without the need to readjust the focus. Figure 3 shows an example of repeated mea-
surements at time intervals without having to readjust the focus depth. Initial results
identify the focus depth as being specific to each patient and as being constant in
different sublingual areas [48]. The camera is connected to a device controller
based on a powerful medical grade computer, which is used for image storage and
analysis. The device controller includes a camera adapter with a dedicated micro-
processor for controlling the camera. Additionally, the camera adapter enables high
speed data transfer between the camera and controller. Importantly, the Cytocam
is equipped with an application for direct microcirculation assessment with which
the images are recorded digitally and analyzed automatically (Fig. 4). As demon-
strated in the screen shots, the vessels are automatically detected and specialized
software is able to quantitatively assess the vessel diameters and the flow velocity
of RBCs in the different vessels. Current studies are under way to validate this au-
tomatic software system. Additionally, there is also the possibility of analyzing the
recorded files using off-line software developed for the earlier generation devices
(e. g., [39]).
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Fig. 2 The improved optics
of the Cytocam device gives
good resolution images in
other locations for measure-
ment, including a buccal,
b labial, and c skin microcir-
culation
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Fig. 3 The quantitative focus
mechanism allows repeated
measurement to be made
without the need to re-adjust
focus. In this example, focus
depth was determine sublin-
gually at t = 0 (a) and images
were taken at 15 minute inter-
vals: b (15 min), c (30 min),
and d (45 min) without read-
justing the focus
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a

b

Fig. 4 This figure shows a screen shot of the automatic analysis module of the Cytocam. In a, the
blue lines indicate the automatic recognition (segmentation) of the vessels of the sublingual mi-
crocirculatory image. In panel b, the flow velocity has been calculated in the different generation
vessels and classified into flow, no flow, and intermittent flow

Conclusion

In conclusion, hand-held microscopy has extended the area of hemodynamic mon-
itoring to the level of the microcirculation [49]. This technology has identified
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the microcirculation as an important clinical compartment, dysfunction of which
is highly correlated to adverse outcomes in critically ill patients. These findings
were made possible by first and second generation hand-held microscopes over
the last decade. The technical limitations of these first and second generation
devices have, however, limited the application of these devices to research tools
only. The increasing realization that hand-held microscopy may become an im-
portant clinical diagnostic tool for circulatory dysfunction and to guide therapies,
has led to improved technical developments and to the realization of automatic
microcirculatory image analysis to calculate clinically relevant microcirculatory
parameters at the bedside. Hence, the Cytocam computer-controlled image sen-
sor and illumination platform based on IDF imaging was realized. We anticipate
that this third generation device will open up a new era of clinical monitoring en-
abling patient-tailored diagnoses and therapies at the microcirculatory and cellular
levels.
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Part IX
Fluid Therapy



Pulse Pressure Variation in the Management
of Fluids in Critically Ill Patients

A. Messina and P. Navalesi

Introduction

In healthy, spontaneously breathing subjects, arterial blood pressure decreases dur-
ing inspiration. This reduction is commonly slight and unimportant, though it may
become more relevant in certain conditions, such as volume depletion and large
inspiratory intrathoracic pressure swings. Kussmaul first described the abnormal
progression of this phenomenon in patients affected by constrictive pericarditis,
observing “pulse disappearing during inspiration and returning during expiration”,
despite no modification in cardiac activity throughout inspiration and expiration, the
so-called pulsus paradoxus [1]. Pulsus paradoxus is considered to occur when the
systolic arterial blood pressure decreases by more than 10 mmHg during inspira-
tion. In addition to pericardial tamponade of any etiology, pulsus paradoxus is also
observed in situations in which intrathoracic (pleural) pressure swings are exagger-
ated or the right ventricle is distended, such as acute severe asthma, exacerbations of
chronic obstructive pulmonary disease (COPD), and any clinical condition leading
to acute pulmonary hypertension [1].

Decades later, a reverse phenomenon to that reported by Kussmaul was observed
and described in patients receiving application of positive pressure to the airways
through a mechanical ventilator: Arterial blood pressure was found to increase dur-
ing ventilator insufflation and then decrease during the expiratory phase, initially
referred to as reversed pulsus paradoxus [2], paradoxical pulsus paradoxus [3], res-
pirator paradox [4] and, later on, pulse pressure variation (PPV) [5].
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From Physiology to Clinical Application

Many studies have investigated the physiological basis of this phenomenon. Fol-
lowing the intuition of Rick and Burke, who first suggested its relationship with
a patient’s volemic status [4], several animal studies clarified the physiologic de-
terminants of PPV [6–8]. However, despite progress in the comprehension of the
underlying physiological mechanisms, the clinical use of PPV remained marginal
for many years. At the end of the 1990s, a survey reported that only 1 % of
physicians in Germany considered the arterial blood pressure swings through the
respiratory cycle in the decision-making process regarding volume expansion [9].

An accurate approach to fluid management is essential to avoid both depletion
and overload of fluids. For this reason, the routine use of validated indicators of
a patient’s position on the Frank-Starling curve is crucial, especially in specific clin-
ical conditions. Although aggressive fluid therapy is helpful in the early phase of
septic shock [10], patients receiving large amounts of fluid in the emergency room
without a specific hemodynamic target or limit are exposed to an increased risk of
fluid overload once renal function gets worse. Therapeutic strategies founded on
fluid restriction can improve the outcome of patients with acute respiratory failure
associated with a shorter duration of mechanical ventilation and reduced intensive
care unit (ICU) lengths of stay [11]. Nonetheless, volemic status is still often only
approximately estimated. For example, in critically ill patients undergoing con-
tinuous hemofiltration, the balance between the ultrafiltrated plasma water and the
infused replacement volume is often determined by measuring body weight and
then adjusting when hypotension occurs.

Assessing Volemic Status

The possibility of defining a priori whether or not fluid therapy is indicated and to
properly guide its titration is of paramount importance for the management of crit-
ically ill patients. For this reason, ICU physicians have been continuously seeking
indicators able to predict a patient’s response to fluids. Although decades ago physi-
cians based their clinical judgment primarily on physical examination and urine
output, subsequently they relied predominantly on static indexes requiring inva-
sive procedures. These static indexes share a number of assumptions and their use
is based on a simplified approach, i. e., the lower the value, the greater the need
for fluid replacement. Because of the complex physiological interactions between
cardiac preload and afterload, ventricular interdependence, and thoracic and pul-
monary compliance, however, this approach may result in erroneous evaluations of
volemic status and potentially lead to inappropriate fluid administration in several
clinical conditions.
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Central Venous Pressure

Interestingly, despite many published studies in various clinical conditions showing
no relationship between fluid responsiveness and central venous pressure (CVP),
either in absolute value or rate of variation [12], according to a recent European
survey, most (up to 90 %) ICU physicians use CVP to guide fluid management.
Concomitantly, a Canadian survey also reported that 90 % of intensivists utilize
CVP to monitor fluid replacement in patients with septic shock [13].

CVP provides a good approximation of the right atrial (RA) pressure, which is
a determinant of right ventricular (RV) preload and, consequently, of left ventric-
ular (LV) filling. Consequent to these considerations, for decades CVP has been
assumed to provide a reliable, though indirect, estimation of LV preload. Accord-
ing to this dogma, patients with a low CVP are volume depleted, whereas patients
with high CVP are overloaded. Unfortunately, changes in venous tone, intratho-
racic pressures, LV and RV compliance, and interventricular septum geometry make
the relationship between the CVP and RV end-diastolic volume inconsistent. Poor
sensitivity and specificity of CVP in predicting the improvement in cardiac out-
put following rapid fluid infusion [12, 14] make CVP unhelpful for guiding fluid
management in the ICU, operating room, or emergency room [14].

Pulmonary Artery Occlusion Pressure

Another static index that has received high consideration for guiding fluid manage-
ment in critically ill patients is the pulmonary artery occlusion pressure (PAOP) or
wedge pressure, which requires positioning of a pulmonary artery catheter (PAC).
Although the PAC remains the ‘gold standard’ for determining cardiac output in
critically ill patients, its use has markedly decreased [15, 16] because of the re-
sults of recent randomized trials and meta-analyses suggesting little or no clinical
benefit [15, 17–19]. The elevated risk of inaccurate measurements and the need
for highly trained specialists for correct interpretation of the numerous parame-
ters obtained make the use of PACs problematic [15, 16]. Specific indications for
PAC monitoring in the ICU remain diagnosis and treatment of acute RV failure
and pulmonary hypertension [20], as occurs in significant proportions of patients
with acute respiratory distress syndrome (ARDS), and weaning failure of cardiac
origin [20]. The PAC also remains indicated in ICU patients with severe heart fail-
ure, with or without shock, necessitating inotropic, vasopressor, and/or vasodilator
therapy [20].

The aforementioned German survey [9] also showed that in the late 1990s more
than half the intensivists used PAOP to guide fluid therapy, considering as hy-
povolemic patients with low PAOP (< 10 mmHg) and hypervolemic those with
high PAOP (> 18 mmHg). More recently, PAOP has also been regarded as a poor
indicator of preload and its use to predict fluid responsiveness is limited to the
extremes values only [21]. In fact, the relationship between PAOP and LV end-
diastolic volume (LVEDV) is not linear and may be quite different among subjects.
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Moreover, even assuming it approximates left atrial pressure, PAOP poorly re-
flects LV end-diastolic pressure (LVEDP) because it does not consider either the
diastolic pressure rise induced by the atrial contraction or by the pericardial pres-
sure surrounding the heart, which opposes LV distension. Cardiac tamponade,
pulmonary hyperinflation, active inspiratory and expiratory muscle efforts, deter-
mining rapid and potentially remarkable changes in intrathoracic pressure, may all
alter pericardial pressure, LV diastolic function, and then LVEDV, without necessar-
ily affecting PAOP. Finally, even without considering these limitations, LV diastolic
compliance may rapidly vary, consequent to several clinical events occurring over
a few heart beats, such as myocardial ischemia, arrhythmias, and acute RV dilation,
thereby changing the relationship between LV filling pressure and end-diastolic
volume.

PAOP may also be affected by the position of the PAC tip within the pulmonary
vessels. PAC tip balloon occlusion stops blood flow distally to the catheter. Consid-
ering a continuous column of blood from the catheter tip to the left atrium, PAOP
then measures pulmonary venous pressure. When the pressure inside the alveoli ex-
ceeds that of the pulmonary vessels, however, the occlusion pressure may actually
reflect the former rather than the latter. This condition occurs when the catheter tip
ends in West zone 1 and, less frequently, in zone 2 [22]. The PAC tip, nonetheless,
commonly ends in the vessels of the dependent lung regions (West zone 3), where
the ventilation/perfusion ratio is lower [22].

Pulse Pressure Variation Estimation

PPV is calculated as follows:

PPmax � PPmin

1=2.PPmax C PPmin/
� 100

Pulse pressure is the difference between systolic and diastolic arterial pressure.
Maximal (PPmax) and minimal (PPmin) pulse pressures are calculated over a sin-
gle respiratory cycle. Additionally, it has been observed that PPmax and PPmin occur
during the inspiratory and expiratory phases, respectively. A cut-off PPV value of
12–13 % is considered to predict fluid responsiveness [14, 23].

Although the physiological determinants of PPV were clarified in the 1980s,
its use was limited for decades by the lack of commercially available devices au-
tomatically detecting PPV for clinical applications [24]. The first available mon-
itoring device providing PPV was the PiCCO system (Pulsion Medical Systems,
Germany). Unfortunately, the first algorithm used by PiCCO had technical limita-
tions, mostly related to the decline in PPV reliability consequent to sudden hemo-
dynamic variations or artifacts. These limitations were largely overcome by the
first non-proprietary algorithm for automatic PPV determination, available since
2004. This algorithm was proved to be as valid as the gold standard represented
by manual PPV assessment [25, 26] and was then adopted by other monitoring
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Table 1 Limitations of pulse pressure variation (PPV)

Variable Implication
Ventilator mode PPV accurately predicts fluid responsiveness in the ICU setting only

during controlled mechanical ventilation
Breathing pattern PPV sensitivity and specificity worsen when tidal volume is less than

8 ml/kg. High respiratory rates decrease the number of cardiac beats per
respiratory cycle, reducing the ability of PPV to detect respiratory
variations in stroke volume.

Cardiac function Need for sinus rhythm. Arrhythmias cause beat-to-beat variations in stroke
volume and blood pressure unrelated to mechanical ventilation. Heart
failure may modify the response to the variations in cardiac preload and
afterload consequent to mechanical ventilation.

Respiratory
mechanics

PPV specificity is reduced when lung compliance is severely reduced, in
particular when chest wall impedance is normal or near-normal.

Miscellaneous Increased adrenergic tone in response to conditions such as pain, anxiety,
noise, or dyspnea.
Open chest.
Air bubbles, kinks, clot formation, excessively long and/or compliant
tubing of the arterial monitoring system.

ICU: intensive care unit

devices. Since 2009, two new algorithms have been proposed for PPV calcula-
tion that use either a state-space model or a nonlinear analysis technique, based on
entropy [24].

The Achilles’ heel of pulse pressure variation
PPV has limitations and drawbacks that must be considered. In mechanically venti-
lated ICU patients, PPV derives from the interaction between the positive pressure
applied by the ventilator and cardiac function. This interaction is also responsible
for most of PPV’s limitations (Table 1).

During controlled mechanical ventilation, RV preload and afterload are both af-
fected by the inspiratory increase in pleural pressure, which reduces venous return,
and increases transpulmonary pressure [27]; as a consequence, ventilator insuffla-
tion determines a reduction in RV stroke volume. The subsequent reduction in LV
filling (evident after a lag of two or three heart beats due to the blood pulmonary
transit time) leads in turn to LV stroke volume reduction. Worth mentioning, these
cyclic changes in RV and LV stroke volume are related to the operating portion of
both ventricles on the Frank-Starling curve [14, 27, 28]. The magnitude of these
reductions caused by mechanical ventilation is greater when the right and left ven-
tricles operate on the steeper part of the curve, and is reduced when they operate on
the flat part [27]. The variations in LV stroke volume are associated with pulse pres-
sure (i. e., the difference between systolic and diastolic pressure), which is directly
proportional to LV stroke volume and inversely related to arterial compliance. Be-
cause mechanical ventilation does not affect pulse pressure per se, because the rise
in pleural pressure affects both diastolic and systolic pressures at the same time, the
modifications in peripheral pulse pressure are determined by LV stroke volume vari-



390 A. Messina and P. Navalesi

ations consequent to peripheral pulse pressure changes throughout the respiratory
cycle [27].

A review article recently compared the diagnostic accuracy of PPV obtained
by different studies with the results of other static and dynamic indexes of fluid
responsiveness [23]. The area under the curve (AUC) was 0.94 for PPV, which out-
performed other dynamic indexes, such as systolic pressure variation (AUC 0.86)
and stroke volume variation (SVV, AUC 0.84). This difference was even larger
when comparing PPV with static indexes; in fact the AUCs of the LV end-diastolic
area index (LVEDAI), as obtained by transesophageal echocardiography, the global
end-diastolic volume index (GEDVI), as obtained by transpulmonary thermodilu-
tion, and the CVP were 0.64, 0.56 and 0.55, respectively [23].

Unfortunately, the excellent performance of PPV in predicting fluid respon-
siveness during mechanical ventilation is limited to the ventilatory modes of total
support, so-called controlled modes, in which the respiratory muscles are passive
and do not contribute at all to the generation of the ventilatory output. In fact,
PPV accuracy decreases when applied in patients undergoing mechanical ventila-
tion with modes of partial assistance in which the effort exerted by the inspiratory
muscles interacts with the machine to generate ventilation [29]. While the forms of
total support, associated or not with blocking agents, were widely used in the past,
today the early use of partial ventilatory support, such as pressure support ventila-
tion (PSV), has become a cornerstone in the management of mechanically ventilated
ICU patients [30]. PSV is commonly used in the weaning process, which encom-
passes up to 40 % of the whole duration of mechanical ventilation [31]. The risk
of inappropriate fluid therapy during partial ventilatory support is thus significantly
higher, since the performance of the best available dynamic index is limited [23, 29].
Heenen et al. [32] found poor correlation between PPV and fluid responsiveness
(AUC 0.64 ˙ 0.26) in nine patients ventilated with pressure support, and Monnet
et al. [33] reported a sensitivity of 75 % and a specificity of 46 % for PPV �12 % in
a heterogeneous group of 19 patients with spontaneous breathing activity (5 patients
receiving PSV and 14 assist/control mode).

This finding may have different explanations. The physiological basis of the
dynamic indices of preload relies on the changes in stroke volume induced by
the variations in intrathoracic pressure. The ability of PPV to properly predict
fluid responsiveness is influenced by both cardiovascular and respiratory mech-
anisms [34, 35]. PPV is reliable during controlled mechanical ventilation when
the cyclic changes in both intrathoracic (pleural) and transpulmonary pressures are
large enough to remarkably affect RV stroke volume and LV stroke volume [34, 35].
Patients receiving PSV may be characterized by reduced tidal volume (VT) [29], be-
cause of a low inspiratory support level, and by a concomitant elevated respiratory
rate (RR). A limited increase in lung volume may be insufficient to increase pleural
pressure enough to decrease venous return and then RV preload [34]. In addition,
the role of VT with respect to PPV reliability has been recently confirmed by sev-
eral clinical investigations in ARDS patients, mechanically ventilated according to
the currently recommended lung protective strategy (VT � 6 ml/kg). In this setting,
a PPV > 10–12 % maintains a good predictive value, whereas a PPV < 10 % is less



Pulse Pressure Variation in the Management of Fluids in Critically Ill Patients 391

specific of fluid unresponsiveness because of the increased rate of false-negative
cases [36]. In this specific condition, protective ventilation of ARDS patients, a low
PPV may be consequent to relatively small swings in pleural pressure during insuf-
flation when lung compliance is very low with normal or near normal chest wall
impedance, without truly reflecting the volemic status [36].

During partial ventilatory support, because of the active inspiration [29] some-
times associated with expiratory muscles recruitment [32], the cyclic changes in
alveolar pressure may become irregular; moreover, because of abrupt changes in
abdominal pressure, RV preload can be increased consequent to squeezing of blood
from the abdomen to the thorax [37].

PPV is not helpful during spontaneous unassisted breathing. Increased adren-
ergic tone in response to conditions such as pain, anxiety, noise, or dyspnea, may
play a role [32]. In a study including 32 hemodynamically unstable ICU patients
breathing spontaneously with no ventilator assistance, sensitivity and specificity of
PPV (> 12 %) were 63 % and 92 %, respectively [38]. In addition, when the patients
were asked to perform a deep inspiration followed by a forced expiration, sensitiv-
ity actually further decreased down to 21 %, while specificity remained unchanged.
This maneuver was performed with the purpose of enhancing PPV sensitivity by ex-
panding the variation in intrathoracic pressure. Actually, the increased magnitude
of VT determined an artificial and transient variation in RV stroke volume, chang-
ing the operating portion of the RV Frank-Starling curve and leading the patient to
a preload dependency unrelated to the true volemic status [38].

The effects of a deep inflation followed by forced expiration have been evaluated
in spontaneously breathing patients with hemodynamic instability, but no published
study has so far assessed the effects of an inspiratory maneuver against a quasi-
closed airway, as occurs when the patient’s inspiratory muscles exert an effort not
followed by ventilator assistance, the so-called ineffective or wasted inspiratory
effort. Ineffective or wasted efforts represent the most common form of patient
ventilator dyssynchrony during PSV and have recently been shown to be more fre-
quent than previously considered, reaching up to 25 % of the total number of breaths
in patients mechanically ventilated for more than 24 hours [39, 40]. By determining
a negative swing in intrathoracic pressure associated with little or no VT, the inef-
fective or wasted effort might generate an irregular and variable increase in venous
return and RV filling that, consequent to the ventricular diastolic interdependence,
makes the LV stiffer, hampering its filling, reducing pulse pressure and, ultimately,
increasing PPV [41].

RV and LV failure may also impair PPV effectiveness in predicting fluid respon-
siveness. When RV output is compromised, the inspiratory increase in transpul-
monary pressure may accentuate the reduction in RV stroke volume due to the
compromised systolic function. Moreover, because of LV failure, pulmonary ve-
nous pressure increases, which expands the size of the West zones III, where the
pressure in the alveoli is less than in the pulmonary vessels. In this condition,
ventilator insufflation increases pulmonary venous flow and LV preload. Also, the
increased pleural pressure induced by the insufflation reduces LV transmural pres-
sure and, consequently, LV afterload. Finally, a failing ventricle works on the flat
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portion of the Frank-Starling curve and is, therefore, less influenced by the changes
in preload and afterload produced by mechanical ventilation [34–36, 42]. Of note,
a small, though significant, increase in PPV (from 5.3 % to 6.9 %) was recently
described by Keyl et al. during ventricular resynchronization, which improves LV
contractility [43].

PPV is also affected by other conditions not related to heart-lung interaction.
PPV is useless in the presence of cardiac arrhythmias [36]. Heart rate (HR) also
plays a role. HR to RR ratio (HR/RR) has recently been identified as a determinant
of PPV’s success in detecting fluid responsiveness. With HR/RR values < 3.6, PPV
does not reliably predict fluid responsiveness, likely because when HR is low the
pulmonary transit time is too long relative to the respiratory cycle [44]. A high
RR decreases the chance of detecting variations in stroke volume throughout the
respiratory cycle because of the reduced number of heart beats occurring during
each breath [32]. Differences between central (e. g., femoral) and peripheral (e. g.,
radial) systolic and pulse pressures have been reported in septic patients and after
cardiopulmonary bypass, which may potentially affect PPV calculation [36]. The
stiffness of the arterial tree, as occurs in elderly patients, alters systolic and pulse
pressure and causes large variations in arterial pressure in spite of relatively small
changes in LV stroke volume [36]. Finally, air bubbles, kinks, clot formation, ex-
cessively long and/or compliant tubing may all affect the dynamic response of the
invasive arterial monitoring system and should be carefully excluded. The dynamic
response of the monitoring system can be assessed by a fast-flush test [36].

Conclusions and Future Perspectives

PPV is currently an excellent means of predicting fluid responsiveness in ICU pa-
tients without major impairment in respiratory mechanics and heart function, and
undergoing controlled mechanical ventilation with VT � 8 ml/kg. PPV’s effective-
ness in ascertaining fluid responsiveness is reduced when the patient receives modes
of partial support, such as PSV. Improved knowledge of the mechanisms underly-
ing this limitation might lead to application of PPV in a large subgroup of patients
receiving PSV and other forms of partial assistance, such as proportional assist ven-
tilation (PAV), neutrally-adjusted ventilatory assist (NAVA), and noisy-PSV [45],
designed to improve patient-ventilator interactions and synchrony.
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Albumin: Therapeutic Role in the Current Era

A. Farrugia and M. Bansal

Introduction: Albumin’s Historical Position

The development of albumin as a blood substitute and plasma expanding agent has
been reviewed [1]. This role appeared unquestioned over the first four decades of
its use, although the tenets of current evidence-based assessment were lacking. The
application of one of these tenets, through the generation of a Cochrane review in
1998 [2], threw doubts on the safety of albumin and had a drastic effect on usage [3].
It is probable that this contributed to the rapid ascendancy of hydroxyethyl starch
solutions (HES) as the predominant colloid fluid therapy in the 2000s [4], despite
the already established adverse events associated with these compounds. The obvi-
ation of much of the evidence base for HES through the Boldt scandal [5], coupled
with the increasing body of evidence that all types of HES were associated with se-
rious adverse effects [6], has led the regulatory agencies of the United States [7] and
Europe [8] to severely restrict the use of these products in critical illness. It seems
unlikely that HES will regain a significant position in fluid replacement therapy
and the position of albumin as the colloid least associated with adverse events [9]
has undergone a remarkable evolution since the questions raised by the Cochrane
review. The usage of albumin has increased to levels exceeding those in the pre-
Cochrane review period (Fig. 1) and a huge increase in usage has occurred in Asia,
because of a heavy demand for albumin in China (Fig. 2).

Given that albumin continues to be an important product, the purpose of this
chapter is to review its basic biological properties and assess their role in albumin’s
current and potential use in clinical therapeutics.
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Basic Physiology

Structure/Function Relationships

Human albumin accounts for approximately 55 % of total serum protein content
(40 g/l or 0.601 mmol/l) and 80 % of plasma oncotic pressure. Albumin is specif-
ically synthesized by hepatocytes following transcription of the albumin gene on
chromosome 4. Analbuminemia is a rare congenital defect in which lack of albumin
synthesis is compensated by production of other proteins to maintain oncotic func-
tion, and is accompanied by severe morbidity, mortality and pre-term death [10].
Albumin is synthesized at a rate of 12–25 g/day, accounting for 50 % of the energy
consumption of the hepatocytes [11]. The total body albumin pool measures about
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Fig. 3 Structure of the
albumin molecule

250–300 g for a healthy 70 kg adult. The distribution of albumin between plasma
and extravascular compartments has been described previously [12].

Albumin consists of a single polypeptide chain of 585 amino acids with a molec-
ular weight of 66,500 Da. Its three-dimensional structure is composed of three
domains that are linked through 17 S-S bonds between 35 cysteine residues. The
Cys-34 residue is the only free cysteine in the whole molecule. Albumin has a heart-
shaped tertiary structure, but in solution is ellipsoid. Albumin is composed of
3 homologous domains (I–III), each containing two sub-domains (A and B) com-
posed of 4 and 6 ˛-helices respectively. The sub-domains move relative to one
another by means of flexible loops provided by proline residues. This, together
with the flexibility provided by domain-linking disulfide bridges assists the binding
of substances (below). The in vivo architecture [13] (Fig. 3) results in the formation
of hydrophobic pockets with exposure of amino acid residues that affect the non-
oncotic properties of albumin [14]. Three structural characteristics are of major
importance in relation to albumin’s possible role in pathophysiological processes:
� The presence of an exposed �SH (thiol) group over cysteine residue at posi-

tion 34 (Fig. 4), which provides extracellular antioxidant activity [15], binds to
nitric oxide (NO) and generates S-nitrosothiols [16];

� Albumin domains I and II enable the transport of various endogenous (fatty
acids, toxins, metals) and exogenous (drugs) molecules (Fig. 5), some of which
may show competition for binding sites.

� Albumin is relatively very soluble in water through its high content of ionizable
amino acids. Ionizable groups may be present in the dissociated (ionized) or
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Fig. 4 The exposed thiol
residue in the albumin
molecule
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Fig. 5 Drug binding sites in
the albumin molecule
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non-dissociated form (non-ionized) and constitute the amino-terminal residues.
At physiological pH, the –NH2 residues of lysine and arginine (pK � 10–12)
contribute positive charge whereas the –COOH carboxylic residues of aspartate
and glutamate contribute negative charge. A net negative fixed charge equal to
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–21 Eq/mol ensues, independent of pH values. In addition to the fixed charges,
albumin contains 16 histidine residues, the imidazole groups of which may react
with H+ at a given pH [17]. This gives albumin buffering capacity which may
play an important role in the extravascular space.

Therapeutic Application

Figure 6 depicts the breakdown of usage of albumin in the USA. The traditional
approved indication for correcting hypovolemia when this is clinically indicated
still constitutes the majority of usage. Other emerging areas of usage draw on the
pharmacologic properties of albumin, reflecting the biochemical aspects reviewed
above. We will assess some of these areas.

Volume Replacement/Substitution

The position of albumin as the major contributor of plasma oncotic pressure makes
it the natural choice for volume replacement and represents its initial and historical
use. This position is part of the constant debate on whether crystalloids or col-
loids should be used for fluid replacement; a debate which we feel is beyond our
scope in this article. We note the constant iterations of the relevant Cochrane re-
view [18], now moderated to reflect the latest findings on HES solutions, the use
of which is now severely restricted in most areas of critical care as discussed ear-
lier. Demonstrations of the superiority of colloids in maintaining hemodynamic
parameters and clinical outcomes in volume replacement during cardiac [19] and
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Fig. 6 Percentage share of indications in the US albumin market, 2011. Data from the Market
Research Bureau. HRS: hepato-renal syndrome; TPE: therapeutic plasma exchange
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general [20] surgery and in treating the progressive anemia of hemorrhage [21]
must, therefore, be evaluated with this in mind, and albumin’s role in these areas,
previously diminished relative to HES because of cost issues, will likely be rein-
forced.

Hypoalbuminemia is well established as a prognostic indicator in many disease
states and, despite a paucity of evidence that albumin administration improves sur-
vival, analysis of dose-dependency in controlled trials of albumin therapy suggested
that complication rates may be reduced when the serum albumin level attained
during albumin administration exceeds 30 g/l [22]. This observation may explain
the continuing use of albumin in this condition, including a substantial usage in
correcting hypoalbuminemia-related hypotension in hemodialysis patients [23], de-
spite the Cochrane Review’s conclusion [24]. Trials supporting the use of HES [25]
are subject to the same qualification discussed above, particularly in view of the
renal injury which may be more serious for these susceptible patients. Albumin
is superior to artificial colloids in this setting [26], through mechanisms which,
intriguingly, include a specific reduction in oxidative stress by albumin [27]. De-
spite conflicting clinical trial evidence [28, 29], the strong relationship between
hypoalbuminemia and hypotension in this condition [30] argues for continuing in-
vestigation into the use of albumin.

The use of albumin for volume replacement/expansion in coronary artery by-
pass graft (CABG) surgery, both as a pump priming fluid and postoperatively, is
well reflected in current usage (Fig. 6). Albumin maintains a less positive fluid
balance then crystalloids when used as a priming agent [31]. Albumin levels are
a strong predictor of morbidity and mortality [32, 33] and albumin administration
maintains hemodynamic stability [34] and decreases mortality [35], through mech-
anisms which may include albumin’s role in suppressing inflammation [36] and
endothelial activation [37], which are both pathological outcomes in CABG [38,
39].

Pharmacological Effects

The concept of albumin as a drug has gained credence as the biochemical fea-
tures outlined above have been recognized as having potential therapeutic effects
independent of volume expansion [40]. In fact, as observed in the hemodialysis
and cardiac environments, volume effects can also be mediated through pharma-
cological action, and it is likely that the two aspects work in tandem. Of primary
importance is the well-characterized anti-oxidant capacity of albumin contributed
by the single exposed thiol group at position 34 (Fig. 4), which is the principal
extracellular antioxidant and chiefly responsible for maintaining the redox state of
plasma. Free thiols have been shown to be important in potentially influencing
processes that determine cellular fate or apoptosis (Fig. 7).
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Fig. 7 Free thiols, predomi-
nantly provided by albumin,
are important mediators of
anti-oxidant activity. ROS:
reactive oxygen species;
RNS: reactive nitrogen
species; HO heme oxyge-
nase. From [40]
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permeability seen in sepsis, albumin administered to septic patients expands the
plasma volume [47] and exerts a hemodynamic effect [44]. Preliminary results
from a major trial confirm the benefits of albumin in septic shock [48]. These find-
ings suggest cumulatively that the Surviving Sepsis Campaign’s recommendation
of albumin as the fluid of choice when colloid resuscitation is needed is based on
evidence [49].

Summary and Conclusions

Fluid replacement in critical care has undergone considerable turmoil over the past
20 years, as, in addition to the crystalloid versus colloid debate, issues about the
safety of fluids have contributed to the questions, “Which crystalloid?” and “Which
colloid?”. The extraordinary claims of the Cochrane review were rapidly dismissed
through evidence, but not before they contributed to the grip of HES on the fluid
market. The pendulum has now swung to the virtual exclusion of these compounds
because of their adverse effects, and a renewed interest in albumin. The clinical
benefits described in this work are a reflection of unique biochemical features re-
sulting from albumin’s position as an essential human protein. Other clear benefits
in areas such as hepatology are beyond our current scope but are also the result of
these features combining volume and pharmacological effects. The considerable
ongoing basic and clinical research into the therapeutic effects of albumin will con-
tinue to ensure this protein’s role in the therapeutic armamentarium for intensive
care physicians.
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Inotropic Support in the Treatment
of Septic Myocardial Dysfunction:
Pathophysiological Implications Supporting
the Use of Levosimendan

A. Morelli, M. Passariello, and M. Singer

Introduction

Myocardial dysfunction is a frequent organ manifestation during septic shock and
the subsequent impairment in cardiac output may result in organ hypoperfusion,
requiring prompt and adequate treatment to restore cardiovascular function and
reverse shock [1]. Current sepsis guidelines recommend resuscitation with intravas-
cular fluid administration in association with inotropes and vasopressors to maintain
organ perfusion [2]. Dobutamine is recommended as first-line inotropic agent and
should be administered when low cardiac output or signs of hypoperfusion persist
after adequate fluid resuscitation and perfusion pressure have been achieved [2].
However, the efficacy of dobutamine in patients with heart failure has not been fully
demonstrated and concerns on its use are still present [3]. Although dobutamine
improves perfusion and increases oxygen delivery (DO2), its impact on survival in
septic shock patients is limited, with guideline recommendations based mainly on
the landmark study by Rivers et al. [4]. Recently, Wilkman et al. [5] reported that
the use of inotropes, particularly dobutamine, in septic shock was associated with
increased 90-day mortality. In explaining the lack of outcome benefit [3, 5], sev-
eral aspects need to be taken into account. First, the need of inotropic support may
simply represent an expression of disease severity rather than the cause of a poor
outcome. Second, whereas the treatment of impaired cardiac output should be tai-
lored based on the etiological mechanism of the cardiovascular dysfunction, the
current guidelines recommend the use of inotropes without differentiating the un-
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Fig. 1 Left ventricular outflow tract. a normal; b significant left ventricular outflow tract obstruc-
tion due to systolic anterior motion of the mitral apparatus. In presence of this alteration, the
administration of inotropes may worsen systemic hemodynamics

derlying causes of impaired left ventricular (LV) stroke volume [2, 6]. In addition,
the majority of cardiovascular monitoring instruments provide data almost exclu-
sively on cardiac output and pressures. This approach may potentially increase the
number of patients who may be harmed by inotrope administration (Fig. 1). Finally,
the beneficial short-term effect of enhanced contractility by cAMP-increasing drugs
(e. g., dobutamine, milrinone) is, at least partly, abolished by the increased energy
consumption, the worsening of ventricular relaxation and the direct cardiomyocyte
toxicity [1, 7–10].

On this basis, a wider use of echocardiography to better define septic myocardial
dysfunction and an alternative to catecholaminergic inotropes with less harmful ef-
fects may contribute to improving septic myocardial dysfunction. Promising new
inotropes that have been developed for patients with heart failure are of potential
interest for patients with sepsis-related myocardial dysfunction, although future
studies are needed before these drugs can be considered for clinical use (Table 1). In
recent years, much attention has been paid to the use of the calcium sensitizer, lev-
osimendan, in the treatment of septic myocardial dysfunction [11–16]. The aim of
this chapter is, therefore, to provide an overview on the pathophysiology of sepsis-
induced cardiac dysfunction and how it may support the use of levosimendan in the
clinical management of affected patients.
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Table 1 Inotropes currently used in clinical practice and new drugs under investigation

Inotropic mechanism Drugs
Sodium-potassium-ATPase inhibition Digoxin
ˇ-adrenoceptor stimulation Dobutamine, dopamine, epinephrine
Phosphodiesterase inhibition Enoximone, milrinone
Calcium sensitization Levosimendan
Sodium-potassium-ATPase inhibition plus
SERCA activation

Istaroxime

Acto-myosin cross-bridge activation Omecamtiv mecarbil
SERCA activation Gene transfer
SERCA activation plus vasodilation Nitroxyl donor; CXL-1020
Ryanodine receptor stabilization Ryanodine receptor stabilizer; S44121
Energetic modulation Etomoxir, pyruvate

SERCA: sarcoendoplasmic reticulum calcium ATPase

Mechanisms of Action and Clinical Implications

Inotropism

The underlying mechanisms of sepsis-induced cardiac dysfunction and the pharma-
cological features of levosimendan [1, 16] both suggest that this alternative inodila-
tor might be a useful drug in the presence of depressed contractility, with potential
advantages compared with conventional catecholamines. One of the key feature
of the early phase of septic shock is massive sympathetic activation leading to
tachycardia, vasoconstriction and increased inotropism, in a physiologic attempt
to maintain vital organ perfusion [17, 18]. In this phase, high levels of circulat-
ing catecholamines are also produced at the level of gut, lymphocyte, macrophages
and neutrophils [18]. Despite increased sympathetic outflow, the septic heart is
characterized by depressed contractility due to the attenuation of the adrenergic re-
sponse at the cardiomyocyte level. This impaired adrenergic response is mediated
by cytokines and nitric oxide (NO), which cause downregulation of ˇ-adrenergic
receptors and depression of post-receptor signaling pathways [18]. Adrenergic re-
sponse is further blunted by neuronal apoptosis in the cardiovascular autonomic
centers and by catecholamine inactivation by reactive oxygen species (ROS) [18].
Because 75–80 % of myocardial adrenergic receptors are ˇ1, the attenuation of the
adrenergic response represents a major mechanism of sepsis-induced cardiac dys-
function.

In addition to impaired adrenergic response, suppression of L-type calcium cur-
rents, decreases in ryanodine receptor density and activity, as well as changes in
calcium re-uptake into the sarcoplasmic reticulum have all been demonstrated in
experimental sepsis and constitute another cause of septic myocardial dysfunc-
tion [18]. Down-regulation of ˇ-adrenergic receptors and altered intracellular cal-
cium trafficking with decreased myofilament responsiveness to calcium are among
the main underlying mechanisms of septic myocardial dysfunction but also account
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for the attenuated hemodynamic effects of dobutamine infusion in septic shock
compared with less severe sepsis and non-septic heart failure [12, 18, 19]. In-
cremental doses of dobutamine may, therefore, be required to achieve therapeutic
goals. Nevertheless, in the presence of elevated endogenous sympathetic outflow,
such as in septic shock, incremental doses of dobutamine may dramatically increase
the risk of adverse effects and lead to myocardial structural damage [1, 5, 7, 9]. In
a state of oxygen delivery and consumption mismatching, such as septic shock,
enhancing muscle contraction with dobutamine by increasing intracellular calcium
concentration and subsequently myocardial oxygen consumption, may further dete-
riorate myocardial performance. Not surprisingly, Schmittinger et al. [9] observed
histologic lesions indicative of stress-induced cardiotoxicity in most patients dying
from septic shock. Furthermore, it has also been demonstrated that catecholaminer-
gic inotropic support in sepsis is among the leading causes of LV apical ballooning
in patients admitted to the intensive care unit (ICU) [10].

In the light of these pathological mechanisms, the strong rationale for administra-
tion of levosimendan to improve septic myocardial dysfunction is related to the abil-
ity of this compound to exert positive inotropic effects independent of interactions
with ˇ-adrenergic receptors and cAMP production, thereby leaving intracellular
calcium concentrations unaffected [20, 21]. In the cardiac myocyte, levosimendan
selectively binds to the N-domain of cardiac troponin C (cTnC), thereby stabiliz-
ing the calcium-dependent interaction between cTnC and cTnI. The conformational
change in cTnC is an essential condition for the interaction between actin and
myosin microfilaments necessary to generate contractile force [20, 21]. Because
decreased myofilament responsiveness to calcium is a major determinant of sep-
tic myocardial depression, calcium sensitization may be more effective, compared
to just increasing intracellular calcium concentrations (e. g., with dobutamine), in
counteracting septic myocardial depression [12, 22]. An additional advantage of
this mechanism is that in parallel to improving cardiac performance, levosimendan
decreases sympathetic activity leading to a reduction in catecholamine concentra-
tions [23]. In the presence of septic myocardial depression, levosimendan may,
therefore, improve cardiac performance without promoting tachyarrhythmia or rel-
evant increases in myocardial oxygen consumption [11–16, 18, 20, 21].

Effects on systolic function
Oldner et al. [24] demonstrated a marked improvement in cardiac index (CI) and
systemic DO2 following the administration of levosimendan in an experimental
model of sepsis. Nevertheless, in parallel with the increase in CI, the authors
observed a decrease in mean arterial pressure (MAP) and systemic vascular resis-
tance index (SVRI). Other studies confirmed these preliminary findings. In isolated
guinea pig hearts, incremental concentrations of levosimendan improved systolic
function, with positive effects following concentrations > 0.03 µM [25]. An increase
in LV contractility was observed in two rabbit endotoxic models with animals re-
ceiving levosimendan at doses of 3.0 or 3.3 µg/kg/min (with no loading dose) [26,
27]. In a study by Barraud et al. [27], changes were noticed in preload and load
independent measurements, thus suggesting a direct increase in contractility inde-
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pendent of volume status or changes in vascular properties [21, 27]. Improved
cardiac efficiency was indirectly confirmed by the ability of levosimendan to in-
crease systemic DO2 as well as mixed venous oxygen saturation (SvO2) [24, 26,
28]. In two recent studies, addition of levosimendan to arginine-vasopressin (AVP)
improved global hemodynamics and resulted in a survival benefit compared to AVP
infusion alone or placebo in animals with septic shock secondary to generalized
peritonitis [29, 30].

In contrast to the experimental models, extensive clinical data on levosimendan
to treat septic myocardial depression are still lacking and are mainly restricted to
small single center trials with its use described for the first time in a case report in
2005 [11]. Our research group [12] performed the first clinical trial aimed at evalu-
ating the effects of levosimendan in septic shock patients. Patients with septic shock
with persistent LV ejection fraction (LVEF) < 45 % after 48 h of standard therapy

Fig. 2 Regional left ventricular ejection fraction and end diastolic volume. Regional ejection
fraction and end-diastolic volume after switching dobutamine 5 µg/kg/min (a, c) to levosimendan
0.2 µg/kg/min (b, d). The different lines represent different regions of the left ventricle. The figure
shows the improvements in regional myocardial kinetics leading to a better cardiac performance
following levosimendan infusion
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(volume substitution, norepinephrine and dobutamine) were randomized to receive
levosimendan (0.2 µg/kg/min infusion without preceding bolus) or dobutamine in-
fusion (5 µg/kg/min) for 24 h. Norepinephrine was titrated to maintain MAP at 70–
80 mmHg. In this study, we observed an increase in CI and LVEF following lev-
osimendan infusion. Levosimendan was also superior to dobutamine in improving
end-diastolic and end-systolic volume index and LV stroke work index (LVSWI).
Although we did not perform a direct evaluation of cardiac contractility, our findings
suggest that overall myocardial function was improved (Fig. 2). This assumption
is also supported by the observed increases in oxygen delivery and consumption
(vs. baseline) and the decrease in arterial lactate (vs. baseline and dobutamine)
observed 24 h after levosimendan infusion, indicating an improvement in global tis-
sue oxygenation. Importantly, we did not find a decrease in MAP or an increase in
norepinephrine requirements [12]. Although one could anticipate that a higher dose
of dobutamine (10, 15, or 20 µg/kg/min as suggested by current guidelines) would
have produced the same beneficial effects as levosimendan on hemodynamics, the
increased risk of adverse effects also needs to be taken into account. An improve-
ment in global hemodynamics following levosimendan infusion was observed by
the same group in patients with acute respiratory distress syndrome (ARDS) and
septic shock [13] and by Powell and De Keulenaer [14] in a case series of septic
shock patients. More recently, Busani et al. [31] reported an increase in myocardial
contractility after switching from dobutamine (up to 8 µg/kg/min) to levosimendan
(0.1 µg/kg/min) in a case of fulminant peri-myocarditis associated with influenza
A/H1N1 virus.

Effects on diastolic function
Diastolic dysfunction is strongly associated with age, hypertension, diabetes melli-
tus, and coronary artery disease. In view of the growing elderly and morbid patient
population treated in modern ICUs, the number of septic patients who will suffer
from diastolic dysfunction is likely to increase in the future [32]. Patients with sep-
tic shock frequently have both systolic and diastolic dysfunction. Whereas patients
with systolic dysfunction have better survival and myocardial dysfunction recovers
if patients survive the septic course [18], diastolic dysfunction does not improve
and is associated with high mortality [33]. Although it is conceivable that diastolic
dysfunction is a pre-existing condition in the majority of septic patients [33], one
cannot exclude that in these patients diastolic dysfunction can be aggravated not
only by the disease per se but also by the treatment, especially if echocardiography
is not performed. Correct hemodynamic management is crucial to prevent worsen-
ing of diastolic dysfunction in septic shock. As a consequence of down-regulation
of ˇ-adrenergic receptors, dobutamine loses its lusitropic effect due to hyperphos-
phorylation of troponin I, a condition that renders the myocytes refractory to further
phosphorylation in response to dobutamine [27]. More importantly, dobutamine, by
increasing heart rate and inducing tachyarrhythmia, may dramatically worsen dias-
tolic dysfunction. Conversely, levosimendan binds to cTnC in a calcium-dependent
manner. It dissociates from cTnC when calcium concentration decreases during
diastole, thereby acting only during systole and not impairing diastolic myocardial
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relaxation [20, 21]. In addition, since levosimendan causes a significant decrease
in sympathetic nervous system activity, its administration is not associated with an
increase in heart rate, allowing better ventricular filling during diastole. In this re-
gard, Barraud et al. [27] demonstrated that in contrast to dobutamine, levosimendan
produced a parallel enhancement of myocardial contractility and improvement in
LV diastolic function in experimental septic shock.

Vasodilation

Levosimendan not only increases myocardial contractility, but also induces arte-
rial and venous vasodilation [20, 21]. Vasodilation is the result of the opening
of potassium channels, including KATP channels in small resistance vessels and
Ca2+-activated and voltage-gated K+ channels in large conductance vessels. This
action is linked to hyperpolarization of the membrane with subsequent inhibition
of the inward Ca2+ current and activation of the Na+-Ca+ exchanger to extrude
Ca2+. The resultant decrease in intracellular Ca2+ ions then contributes to vasorelax-
ation [20, 21]. The vasodilatory effect of levosimendan has been demonstrated in
several vasculatures including coronary and pulmonary arteries, systemic arteries,
and veins [20].

Vasodilation and its effects on cardiac performance
The vasodilatory effects of levosimendan may play a pivotal role in improving car-
diac performance in patients with septic myocardial dysfunction. The matching
between the ventricle and arterial load is crucial to provide adequate blood flow to
the peripheral tissues. A sufficient cardiac output is the net result of various combi-
nations of myocardial contractility (stroke volume) and afterload (systemic vascular
resistance) and the cardiovascular system chooses any combination of these to opti-
mize coupling between the ventricle and the arterial system [6, 34]. The maximum
efficiency of the cardiovascular system with the lowest energy costs is obtained
when the whole pulsating energy produced by the left heart is transmitted down-
stream to the peripheral regions [6, 34]. Ventriculo-arterial coupling, the ratio
between arterial elastance and ventricular elastance, has therefore been, recognized
as an accurate index of cardiovascular performance. When this ratio is near unity,
the efficiency of the system is optimal. In this case, the left ventricle provides an ad-
equate stroke volume with the lowest possible energy consumption [6, 34]. Patients
with septic myocardial dysfunction may present some degree of ventriculo-arterial
uncoupling, because of an imbalance between increased arterial elastance induced
by pharmacological vasoconstriction and decreased ventricular elastance depending
on the reduction in myocardial contractility [6]. Ventriculo-arterial uncoupling may,
therefore, worsen or contribute to septic myocardial dysfunction. This assumption
is supported by an echocardiographic evaluation performed in a series of septic
shock patients [35]. Among the 67 patients investigated, 14 patients without global
LV hypokinesia at admission, developed the condition after 24 hrs or 48 hrs of con-
tinuous norepinephrine infusion. Although this change could have been related to
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the progression of the disease, one cannot exclude that increasing LV afterload with
norepinephrine impaired ventriculo-arterial coupling, leading to myocardial failure.
According to guidelines [2], the secondary LV hypokinesia observed in these pa-
tients was corrected by addition of dobutamine to the hemodynamic support [35].
Because dobutamine may restore the ratio between arterial elastance and ventricu-
lar elastance by increasing only the latter, the cardiac energetics of such a strategy
may be unfavorable, especially if prolonged. Furthermore, frequency potentiation
of contractile function is a major mechanism for the increase in myocardial per-
formance thanks to an improvement in ventricular-arterial coupling. Conversely,
in the failing heart, such as the septic heart, this positive force-frequency relation
is impaired with ventricular-arterial coupling that becomes negatively affected by
tachycardia [34]. Therefore, in septic myocardial dysfunction, dobutamine may
further worsen ventricular-arterial coupling by inducing tachycardia [6, 34]. By
contrast, levosimendan improves ventriculo-arterial coupling by acting on both my-
ocardial and arterial elastance. Due to the enhancement of calcium sensitivity to
contractile proteins, this drug also restores the positive force-frequency relation and
prevents tachycardia-induced adverse effects on venticular-arterial coupling [34].
Thus, levosimendan repairs ventriculo-arterial uncoupling better than dobutamine
because of greater inotropic effects with less energy expenditure and additional
vasodilatory effects [6, 35]. With the same mechanisms, levosimendan, by posi-
tively affecting right ventriculo-arterial coupling, improves right ventricular (RV)
performance and pulmonary hemodynamics. This effect may be of great impor-
tance because patients with septic shock may develop an increase in RV afterload
leading to RV dysfunction. In the experimental setting, it has been reported that
levosimendan decreased mean pulmonary artery pressure as well as pulmonary vas-
cular resistance, without impairing arterial blood oxygenation [24, 28–30, 36]. In
35 patients with ARDS and septic shock, levosimendan infusion contributed to a de-
crease in pulmonary vascular resistance. The subsequent reduction in RV afterload
was associated with a significant increase in RVEF compared to the control group,
suggesting an improvement in RV systolic function also [13]. In harmony with our
previous study [12], global hemodynamics were improved following levosimendan
infusion [13]. A decrease in pulmonary vascular resistance was also noted in case
series from Noto et al. [11] and Powell and De Keulenaer [14].

Vasodilation and its effects on regional hemodynamics
The vasodilatory effects of levosimendan may also be effective in improving re-
gional blood flow. Maintaining adequate splanchnic perfusion, particularly of the
gastrointestinal mucosa, is crucial because splanchnic hypoperfusion is implicated
in the activation of the inflammatory response and subsequent multiple organ fail-
ure [17]. Several vasoactive drugs have been used in an attempt to prevent hepatos-
planchnic ischemia and to improve intestinal perfusion. Nevertheless, the efficacy
of vasoactive agents in preserving splanchnic blood flow or preventing gastrointesti-
nal mucosal ischemia has not been demonstrated. Levosimendan, by increasing car-
diac output and simultaneously redistributing perfusion toward splanchnic regions
by its additional vasodilatory activity, might be a prophylactic or therapeutic option



Inotropic Support in the Treatment of Septic Myocardial Dysfunction 415

to support the integrity of the gastrointestinal mucosa and to preserve splanchnic
perfusion during septic shock. In animal models of septic shock, levosimendan
was associated with reduced gut vascular resistance, increased portal venous blood
flow, increased splanchnic oxygen delivery and consumption, as well as increased
mucosal O2 saturation and reduced intramucosal partial pressure of carbon dioxide
(PiCO2) [24, 28, 36]. These effects were more pronounced following levosimen-
dan administration when compared with dobutamine [28]. Our research group
previously demonstrated that levosimendan compared to dobutamine (5 µg/kg/min)
increased gastric mucosal perfusion, decreased the PCO2 gradient and increased
capillary blood flow in patients with septic myocardial depression [12]. In a study
by Memiş et al. [37], levosimendan improved liver perfusion to a greater extent
than dobutamine (10 µg/kg/min) in a series of septic shock patients. Of note, pre-
vious studies [12, 38] reported that levosimendan decreased serum lactate more
than dobutamine did, although there was no difference between the two drugs with
regard to their effects on central venous oxygen saturation (ScvO2) [38]. These
findings suggest an improvement in regional hemodynamics following levosimen-
dan infusion. On the other hand, Hernandez et al. [39] very recently demonstrated
that dobutamine (5 µg/kg/min) failed to improve metabolic, hepatosplanchnic or pe-
ripheral perfusion parameters despite inducing a significant increase in systemic
hemodynamic variables in septic shock patients without low cardiac output but
with persistent hypoperfusion. Kidney dysfunction is common among septic shock
patients and may be associated with poor outcome. Levosimendan induces vasodi-
lation, preferentially of the pre-glomerular resistance vessels, increasing both renal
blood flow and glomerular filtration rate (GFR) without jeopardizing renal oxygena-
tion [40]. We previously reported that in addition to the effects on gastric mucosal
flow, levosimendan increased creatinine clearance and urinary output [12, 40].

Vasodilation and its effects on the microcirculation
Microvascular dysfunction plays a pivotal role in the pathophysiology of septic
shock and may occur even in the presence of normal systemic oxygen supply and
MAP [15, 17, 41]. In this regard, inotropes have been investigated to improve
microcirculatory blood flow in patients with septic shock. De Backer et al. [41]
reported that dobutamine improved the microcirculation in a series of septic shock
patients. In contrast, in a very recent study, similar dobutamine doses (5 µg/kg/min)
failed to improve microcirculatory blood flow [39]. Interestingly, in the study by De
Backer et al. [41], the subsequent addition of a topical vasodilator, acetylcholine,
completely restored sublingual capillary perfusion, supporting the hypothesis that
stronger vasodilatory compounds, such as levosimendan, may be more effective
than dobutamine in improving microcirculatory blood flow. The physiological im-
plication is that because of their vasodilatory effects, such compounds may improve
microcirculatory blood flow by increasing the driving pressure of blood flow at the
entrance of the microcirculation [41]. In line with this assumption, we demon-
strated that compared to a standard dose of 5 µg/kg/min of dobutamine, levosi-
mendan at 0.2 µg/kg/min improved microcirculatory blood flow in patients with
septic shock [15]. Interestingly, the improvement in microvascular perfusion was
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independent of changes in cardiac output. This finding suggests that effects of lev-
osimendan at the level of the endothelium, such as the ability to decrease cytokine
synthesis, plasma levels of endothelin-1, intercellular adhesion molecule (ICAM)-1
and vascular cell adhesion molecule (VCAM)-1 [20], may have contributed to the
improvement in the microcirculation.

Mitochondria KATP Channel-opening and Organ Protection

Evidence supports the hypothesis that mitochondrial dysfunction and consequent
cellular energetic failure may play a key role in the development of sepsis-related
organs failure and thus myocardial dysfunction [17, 42]. The mechanisms of such
mitochondrial dysfunction are extremely complex and involve an excessive produc-
tion of ROS, such as superoxide, peroxynitrite and NO, directly inhibiting activities
of the respiratory chain complexes [42]. Compounds that have the ability to open
the KATP channels in the plasma membrane of smooth cells, such as levosimendan,
may also act on the KATP channels located at the level of mitochondria. This latter
activity may be particularly relevant, because the stimulation of K+ flux through
mitochondrial KATP has been demonstrated to maintain cellular energy homeostasis
and to protect mitochondria from oxidative injury [20]. In this regard, all avail-
able clinical data show an increase in SvO2 following levosimendan administra-
tion, which may be related not only to an improvement in systemic hemodynamics
but also to a better energetic substrate utilization by mitochondria. Evidence also
suggests that levosimendan exerts antioxidant activity and ischemic precondition-
ing [20, 43]. Whether levosimendan may protect mitochondria and improve energy
failure in the presence of multifactorial damage, such as the septic insult, is still
unclear. By performing muscle biopsies in a series of septic shock patients, we
found that 24 h levosimendan administration at a dose of 0.2 µg/kg/min increased
antioxidant defense and was able to enhance the protein level of two defective res-
piratory chain enzymes, complex I and III (unpublished data). These preliminary
unpublished data suggest that levosimendan may protect mitochondria from ox-
idative stress during septic shock and, potentially, confront the bioenergetic defect
through stimulation of mitochondrial biogenesis.

Clinically Relevant Adverse Effects

Opening of KATP channels in response to levosimendan administration typically is
associated with significant vasodilation increasing the risk of hypotension. Never-
theless, in the presence of an adequate volume status, the decrease in blood pressure
may be limited by a simultaneous increase in cardiac output [21]. In this context, it
is especially important to underline that the vasodilatory effects of levosimendan are
dose-dependent and most pronounced if a loading bolus is administered. In the pres-
ence of septic shock, levosimendan should, therefore, only be given when adequate
fluid resuscitation can be assured. Since the majority of patients suffering from
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septic myocardial dysfunction do not require an immediate increase in myocardial
contractility, it is reasonable to continuously infuse levosimendan without a preced-
ing loading bolus dose [44]. Data from the available clinical studies suggest that
in the presence of adequate volume status and maintained perfusion pressure with
norepinephrine, use of levosimendan is a safe and effective alternative to increas-
ing dobutamine doses in treating the failing heart of septic shock patients. Notably,
levosimendan is the only inotrope that is not associated with increased mortality in
patients with septic shock [5]. This finding assumes importance in light of the fact
that levosimendan is used rather as a last resort treatment than as a first-line agent.
In most cases, levosimendan is administered in shock states refractory to conven-
tional inotropes, in a final attempt to save a patient’s life. For many such patients,
however, this may be too late to adequately reverse organ failure, as underlined by
Bollen Pinto et al. [21].

Conclusion

As an inodilator, levosimendan (at low energy expenditure) may improve cardiac
performance in the presence of septic myocardial dysfunction by optimizing the ra-
tio between arterial and myocardial elastance, rather than by increasing myocardial
contractility itself. Due to its mechanism of action, levosimendan lowers cate-
cholamine concentrations and thus reduces cardiotoxicity. By its vasodilating prop-
erties, levosimendan may improve both cardiac performance and regional hemody-
namics. In addition to these hemodynamic properties, non-hemodynamic effects
of levosimendan may further contribute to improvements in microvascular blood
flow and thus organ perfusion. Moreover, levosimendan has no significant effect
on platelets and does not affect blood coagulation [45]. Finally, levosimendan
may positively affect several other pathophysiological pathways, such as ischemia-
reperfusion injuries, apoptosis, inflammation and oxidative stress, which all con-
tribute to worsen septic myocardial dysfunction. Taking into account these effects,
levosimendan seems to be the closest available drug to an ideal vasoactive agent for
improving septic myocardial dysfunction. Although extensive clinical data are still
lacking, the efficacy of levosimendan in treating septic myocardial dysfunction is
strengthened by the evidence of increasing use of this drug by ICU physicians for
the hemodynamic management of septic shock [46].
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Supraventricular Dysrhythmias in the Critically
Ill: Diagnostic and Prognostic Implications

E. Brotfain, M. Klein, and J. C. Marshall

Introduction

The systemic inflammatory response to infection or tissue injury is the leading cause
of morbidity and mortality for critically ill patients. Systemic inflammation has
been associated with the development of refractory tissue hypoperfusion [1], and
with the pathogenesis of the impaired vital organ function of the multiple organ
dysfunction syndrome (MODS) [2]; progressive cardiovascular dysfunction plays
a central role in the pathogenesis of MODS [3]. The cardiovascular dysfunction
of sepsis is most commonly described as hypotension and the use of vasoactive
therapy [4, 5]. However the spectrum of sepsis-related myocardial dysfunction is
extensive (Fig. 1) and incompletely characterized.

The focus of this brief chapter is atrial arrhythmias; however it is instructive
to first consider the spectrum of derangements in normal cardiac function that has
been described in the critically ill patient.

Cardiac Dysfunction in the Critically Ill Patient

Deranged cardiovascular physiology has been recognized as contributing to the
pathophysiology of sepsis for more than sixty years [6]. Early descriptions of car-
diovascular dysfunction in sepsis and septic shock focused on the cardinal role
of reduced peripheral vascular resistance, and the concomitant increase in car-
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Autonomic dysregulation

Sympathetic hyperactivity and loss of 
heart rate variability

Myocardial edema

From increased endothelial 
permeability, resulting in reduced 
myocardial compliance

Derangements of the cardiac conduction system

New onset dysrhythmias, primarily 
supraventricular

Myocardial depression

Cytokine-mediated biventricular
dysfunction

Myocardial 
Dysfunction

in Critical Illness

Fig. 1 The spectrum of cardiac dysfunction in critical illness. Cardiac dysfunction in the critically
ill patient includes abnormalities of autonomic regulation and of the conduction system, as well as
of myocardial function. Myocardial edema contributes to these derangements

diac output, producing the classic hyperdynamic profile of resuscitated sepsis [7].
However, it became apparent that despite the increased cardiac output, myocardial
function is compromised [8, 9]. Myocardial dysfunction in sepsis is a biventricular
phenomenon [8, 10, 11], involving both systolic [12] and diastolic [13] dysfunc-
tion. Its causes are multifactorial and include the direct effects of cytokines on the
myocardium [5] and myocardial edema secondary to increased vascular permeabil-
ity [14, 15].

Autonomic dysfunction is a prominent feature of cardiac dysfunction in sep-
sis [16, 17]. Normal heart rate variability is reduced [18, 19]. A reduction in heart
rate variability frequently precedes other clinical manifestations of sepsis [20] and
presages a worse clinical prognosis [17]. Reduced variability is associated with
decreased responsiveness of pacemaker cells to cholinergic stimuli [21], and with
enhanced sympathetic tone that overrides normal vagal activity [22]. Reduced neu-
ral regulation of cardiac function may also result from the nitric oxide (NO)-induced
apoptotic death of neurons in cardiovascular autonomic centers [23].

Disorders of normal cardiac rhythm are common in septic patients [24]. These
arrhythmias commonly arise de novo, in the absence of a prior history of arrhyth-
mia [25, 26], and may contribute to significant cardiovascular morbidity [27]. They
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cannot be explained exclusively by autonomic dysfunction, but likely involve im-
pairment of the cardiac conduction system [28, 29]. Whereas cardiac dysrhythmias
are a well-recognized manifestation of sepsis, abnormalities of the cardiac conduc-
tion system in sepsis have not been well-described. We will review what is currently
known about new heart rate disturbances related to acute severe illness, addressing
both the mechanisms of cardiac conduction system dysfunction in sepsis, and the
diagnostic and therapeutic implications of new onset dysrhythmias in this high-risk
patient population.

Normal Physiology of the Cardiac Conduction System

The normal cardiac conduction system comprises five elements: The sinoatrial
node, the atrioventricular node, the bundle of His, the left and right bundle branches
and the Purkinje fibers (Fig. 2).

Sinoatrial node

Atrioventricular node

Bundle of His

Right and left bundle branches 

Purkinje fibers 

Fig. 2 The conduction system of the heart. The conduction system of the heart includes the
sinoatrial and atrioventricular nodes, the Bundle of His that branches into right and left bundles,
and the Purkinje fibers that deliver stimuli to the cardiomyocytes



424 E. Brotfain et al.

The sinoatrial node serves as the pacemaker of the heart. It is located in a subepi-
cardial position at the junction of the superior vena cava and right atrium, and
consists histologically of a mass of specialized myocardial cells. The sinoatrial
node in the adult is 3–5 mm thick and 10–15 mm long [30], and releases electrical
stimuli at a rate of approximately 60–100 beats/minute. The electrical signal so
generated passes through Bachmann’s bundle to the left atrium, leading to the co-
ordinated contraction of both atria. The electrical stimulus passes simultaneously
along internodal pathways towards the atrioventricular node, then, after a brief de-
lay of 60 to 70 msec that enables closure of the tricuspid and mitral valves, through
the atrioventricular node to the right and left Bundles of His and into the Purk-
inje fibers. The Purkinje fibers disseminate the electrical stimulus in a coordinated
fashion throughout ventricular myocardium, causing the ventricles to contract. The
tricuspid and mitral valves close at the end of atrial contraction, allowing the atria
to refill, and the action potential of the sinoatrial node is restored, enabling the next
cardiac contraction. The potential difference of the atrioventricular node is restored
while the ventricles are refilling. The entire process takes less than one third of
a second and consists of three different stages: Atrial depolarization, ventricular
depolarization and atrial and ventricular repolarization. These processes create the
characteristic elements of an electrocardiographic (EKG) tracing: the P wave re-
flecting the passage of the electrical impulse through the atria, the QRS complex the
depolarization of the ventricles, and the T wave the repolarization of the ventricles.
The PR interval reflects the delay in passage of the signal through the atrioventric-
ular node, while the QT interval reflects the duration of ventricular depolarization
and repolarization.

This process is described physiologically by the progress of the action potential
across the cellular membrane (Fig. 3); this too can be divided into 5 phases. During
the first stage, Phase 4, the nodal cells are resting. With the onset of the second
stage, Phase 0, the resting cell receives an electrical impulse triggering rapid de-
polarization and the contraction of the myocardial cell. The third stage, Phase 1,
involves a rapid, partial repolarization of the cell, and corresponds to progression of
myocardial contraction. Phase 2, the fourth stage, is a plateau phase corresponding
to the completion of myocardial contraction, and the beginning of slow repolariza-
tion of the cell, and during the final stage or Phase 3, repolarization is complete.

The rapid depolarization during Phase 0 reflects the opening of the membrane
voltage-gated sodium (Na+) channels, resulting in Na+ influx into the cell with
dissipation of the transmembrane potential. The opening of the Na+ channels in
pacemaker cells in the sinoatrial node and atrioventricular node is significantly
slower than in other cardiomyocytes, suggesting that these channels do not play
an important role in the depolarization of pacemaker cells. Rather, slow-inward,
L-type calcium channels appear to be responsible for the entry of calcium into the
cell during phase 0 [31].The elevation of intracellular Ca2++ is sensitive to ˇ adren-
ergic catecholamine stimulation, and plays a mechanistic role in the latter third of
diastolic depolarization (phase 0).

Closure and inactivation of the fast Na+ channels occurs during phase 1. At the
same time, the fast transient voltage gated outward K+ currents are opened, initiat-
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ing repolarization of the cardiac cell membrane. During the plateau phase (phase 2),
voltage-gated Ca2++ currents are activated, and result in a balance between the influx
of Ca2++ through L-type Ca2++ channels and the efflux of potassium; this electro-
static neutrality creates the ‘plateau’ on the action potential graph (Fig. 3).

During the rapid repolarization of phase 3, ion channels are completely closed
resulting in a loss of electrical balance between the influx of Ca2++ through L-
type Ca2++channels and the efflux of K+. K+ efflux is responsible for restoration
of the membrane voltage potential back to its baseline resting state, characterized
by a transmembrane potential of –80 to –94 mV and a delayed outward potassium
current (Fig. 3) [30, 32].

Within the pacemaker cells of the sinoatrial and atrioventricular nodes, however,
phase 4 is characterized by slow depolarization of the membrane until the thresh-
old for firing of another action potential is reached. This slow depolarization is
associated with activation during diastole of the hyperpolarization activated current
(If), a key element in the generation of sinoatrial node pacemaker activity [33].
The pacemaker current, If, regulates the duration of diastolic depolarization of cells
of the sinoatrial node and, as a consequence, directly regulates cardiac rate, and
is effected through f-channels encoded by genes of the hyperpolarization-activated
cyclic nucleotide-gated gene (HCN) family [34]. Importantly, If current is acceler-
ated by increased sympathetic output and decreased by vagal activity [35].

The conduction of electrical impulses throughout the heart, and particularly in
the specialized conduction system, is influenced by autonomic nerve activity. This
autonomic control is most apparent at the atrioventricular node. Sympathetic acti-
vation increases conduction velocity in the atrioventricular node by increasing the
rate of depolarization of the action potential, leading in turn to more rapid depo-
larization of adjacent cells, and to a more rapid conduction of action potentials
(positive dromotropy). Sympathetic activation of the atrioventricular node reduces
the normal delay of conduction through the atrioventricular node, thereby reduc-
ing the time between atrial and ventricular contraction. Sympathetic stimulation is
mediated through the release of norepinephrine that binds to ˇ receptors, resulting
in an increase in intracellular cAMP. Parasympathetic (vagal) activation decreases
conduction velocity (negative dromotropy) at the atrioventricular node, resulting in
slower depolarization of adjacent cells, and reduced velocity of conduction. In-
creased vagal tone shifts pacemaker dominance to areas with low responsiveness to
both transmitters, whereas a high sympathetic tone shifts pacemaker dominance to
areas with high responsiveness to both transmitters [36].

Disorders of Cardiac Rhythm and Rate in Critically Ill Patients

Incidence and Risk Factors

Arrhythmias are common in a mixed medical surgical intensive care unit (ICU)
population. Supraventricular arrhythmias, including sinus tachycardia, atrial fib-
rillation, atrial flutter, and atrioventricular-nodal reentrant tachycardia with rapid
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ventricular response, are the most common, however ventricular tachyarrhythmias
are also encountered. Bradyarrhythmias, on the other hand, are rare. A multicenter
European study found that sustained atrial dysrhythmias occurred in 8 % of patients,
and were associated with a doubling of mortality risk [37]. Other authors have re-
ported incidence rates ranging from 5 to 19 % depending in part on the numbers of
patients admitted with a primary cardiac diagnosis.

Patients admitted to an ICU with a diagnosis of sepsis are at particular risk for
the development of atrial dysrhythmias. Walkey and colleagues used administrative
data and ICD-9-CM codes to assess rates of new-onset atrial fibrillation in a cohort
of 3,144,787 hospitalized patients [27]. They reported that atrial fibrillation devel-
oped in 5.9 % of patients with severe sepsis, but only 0.65 % of patients without
sepsis (OR 6.8, 95 % CI 6.5–7.1). In a separate study of more than 60,000 Medi-
care beneficiaries, these authors documented an incidence of atrial fibrillation of
25.5 %, the majority of cases occurring in patients with a prior history of atrial fib-
rillation; rates of new onset atrial fibrillation were 10.7 % in patients with sepsis
who had been admitted to an ICU [38]. Meierhenrich et al. reported new onset
atrial fibrillation in 23 of 50 patients (46 %) with septic shock, compared to 26 of
579 patients without septic shock (4.5 %) [26]. A retrospective study of Norwegian
patients with Escherichia coli or Streptococcus pneumoniae bacteremia revealed
that 15.4 % (104/672) had coincident new onset atrial fibrillation [39]. Similarly
a case-control study of patients developing acute tachyarrhythmias (primarily atrial
fibrillation) in the ICU showed the presence of sepsis or systemic inflammation to
be the strongest predictor for the development of an arrhythmia (OR 36.5, 95 %
CI 11.5–115.5).

Although sepsis is a risk factor for new onset atrial fibrillation in the critically ill
patient, the relative roles of microbial products, the endogenous host inflammatory
response, and iatrogenic factors in the development of arrhythmias is unclear. More-
over pre-existing cardiac disease and other co-morbid conditions may contribute to
the risk, though this is controversial [38]. Arora and colleagues identified increased
age, increased illness severity, and an admission diagnosis of sepsis as independent
risk factors for new onset atrial fibrillation [40]. Seguin and colleagues in a study
of new onset atrial fibrillation in 293 trauma patients identified catecholamine use,
increased illness or trauma severity, age, and the presence of systemic inflammatory
response syndrome (SIRS) as independent risk factors [41]. The same authors, in
a study of 460 patients in a surgical ICU reported that age, pre-existing cardiovas-
cular disease, and prior use of calcium channel blockers independently increased
the risk of atrial fibrillation [42]. They commented that patients with atrial fibrilla-
tion received more fluids and more catecholamines; however it is unclear whether
these were risk factors for the arrhythmias or a therapeutic response to the result-
ing cardiovascular instability. The largest study of new onset atrial fibrillation [27]
identified a large number of factors associated with the development of dysrhyth-
mias (Table 1).
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Table 1 Risk factors for new onset atrial fibrillation

Variable Odds ratio (95 % CI)
Age, per 10 years 1.52 (1.47–1.56)
Female sex 0.83 (0.76–0.90)
Race/Ethnicity

White 1
Black 0.67 (0.58–78)
Hispanic 0.58 (0.50–0.63)
Other 0.78 (0.69–0.87)

Comorbidities
Hypertension 0.88 (0.81–0.95)
Diabetes mellitus 0.82 (0.75–0.90)
Obesity 1.20 (1.03–1.40)
Congestive heart failure 1.61 (1.41–1.83)
Metastatic malignancy 1.23 (1.09–1.39)
Prior stroke 1.64 (1.35–2.01)

Acute organ dysfunction
Respiratory failure 2.81 (2.43–3.19)
Renal failure 1.40 (1.26–1.56)
Hematologic failure 1.50 (1.34–1.68)
Acidosis 0.87 (0.77–0.97)

Right heart catheterization 2.25 (1.87–2.70)
Infection (Site)

None 1.0
Respiratory tract 1.27 (1.14–1.40)
Urinary tract 0.89 (0.81–0.99)
Abdominal 1.77 (1.59–1.97)
Primary bacteremia 1.17 (1.02–1.36)

Infection (Microbiology)
None 1.0
Gram positive 1.29 (1.18–1.55)
Fungi 1.59 (1.27–2.00)

Modified from [27]

Clinical Significance

Arrhythmias develop in patients with greater severity of illness, and so the at-
tributable contribution of the acute arrhythmia to ultimate clinical outcome is dif-
ficult to evaluate. In the largest available study of new onset atrial fibrillation in
hospitalized patients, 49,082 of whom had severe sepsis by ICD-9-CM codes, atrial
fibrillation increased the risk of in-hospital death from 39 % to 56 % (RR 1.07,
95 % CI 1.04–1.11, p < 0.001) [27]. Strikingly, these same authors also reported
that new onset dysrhythmias increased the risk of new stroke from 0.6 % to 2.6 %
(OR 2.7, 95 % CI 2.1–3.6), a finding echoed by other reports [37]. Others have
found increased mortality and prolonged duration of ICU stay in patients with
supraventricular arrhythmias [25, 26, 43].
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The prognostic impact of new onset arrhythmias is difficult to ascertain pre-
cisely, given the small number of published studies, and the small sample sizes
reported within them. It is entirely possible that estimates of the burden of illness
are exaggerated, confounded by unmeasured co-morbid processes that are driving
the mortality risk. On the other hand, it is clear that new onset atrial fibrillation
should prompt a search for a treatable cause. Occult infection is one of the more im-
portant of these, but the clinician should also consider the potential causative role of
electrolyte disorders, volume overload, excessive catecholamine stimulation, atrial
irritation by a central line, or medications such as propofol.

Pathogenesis

The mechanisms underlying new onset supraventricular dysrhythmias in the criti-
cally ill are incompletely understood, although multiple mechanisms are plausible.
Sustained atrial tachycardia during sepsis further increases calcium influx through
L-type Ca2+ channels; increased intracellular calcium load leads to marked short-
ening of the atrial refractory period and so may predispose to atrial fibrillation [44].
Clinical studies show that the onset of atrial fibrillation in critically ill patients is
related to increased circulating levels of tumor necrosis factor (TNF), interleukin
(IL)-6 and C-reactive protein (CRP) [45].

Studies in animal models show that inflammatory stimuli such as endotoxin
(lipopolysaccharide [LPS]) can alter the expression or function of ion channels in
atrial myocytes. For example, the administration of intraperitoneal endotoxin to
a guinea pig results in a shortened duration of atrial action potential and reduced
current through L-type calcium channels; these alterations are NO dependent, for
they can be blocked by NO inhibition by L-NAME [46]. Although these authors
found no change in channel expression, Okazaki and colleagues reported that endo-
toxin reduced transcription of the L-type calcium channel gene in rat myocytes [47].
Endotoxin also inhibits the pacemaker current, If, and slows down current activation
in isolated human myocytes; in doing so, it may reduce responsiveness to sympa-
thetic or vagal stimulation [28].

Insights from animal studies must be interpreted with caution, however; studies
in human volunteers receiving a single bolus of endotoxin reveal that although en-
dotoxin elicited a systemic cytokine response, there was no evidence of new onset
atrial fibrillation in the volunteers [48], although endotoxin did reduce heart rate
variability [49].

Management

The optimal management of new onset atrial dysrhythmias in the acutely ill pa-
tient is unclear. Emergent chemical or electrical cardioversion is indicated if there
is associated hemodynamic instability. More commonly, however, hemodynamic
stability is maintained; for these patients, it is not known whether control of car-
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diac rate, rhythm, both, or neither impacts outcome. Observational studies report
that successful restoration of normal cardiac rhythm is associated with increased
survival [26]; however a systematic review of four randomized trials was unable to
document clear evidence of clinical benefit for any discrete strategies [50]. Given
the frequency with which arrhythmias arise in critically ill patients, this is clearly
a priority for future research.

Conclusions

Supraventricular arrhythmias are a common complication of critical illness. Their
development is associated with an increased risk of complications, such as stroke,
and with increased ICU mortality. However, it remains unclear whether they are
the cause of this increased risk or a consequence of the state of being critically ill.
Multiple factors – consequent to both systemic inflammation and clinical manage-
ment strategies – contribute to this increased risk. Optimal management strategies
are poorly characterized, but given the potential for increased morbidity in the form
of stroke or increased mortality, further study is warranted.
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The Pros and Cons of Epinephrine
in Cardiac Arrest

J. Rivers and J. P. Nolan

Introduction

Cardiac arrest is defined as the sudden cessation of the mechanical pumping activ-
ity of the heart, most often caused by arrhythmia or electromechanical dissociation
and will, unless rapidly reversed, lead to end-organ damage and, ultimately, death.
Cardiac massage, defibrillation, drug therapy and assisted ventilation may be suc-
cessful in achieving return of spontaneous circulation (ROSC) and, subsequently,
recovery. Cardiopulmonary resuscitation (CPR) is highly protocolized. Guidelines
are provided and continually updated by national and international organizations
based on the best available evidence. Epinephrine remains the primary drug recom-
mended for administration during CPR and has been since the inception of modern
advanced life support (ALS): It appeared in guidelines written in 1961, in which
doses of 10 mg intravenously or 0.5 mg intracardiac were advised [1]. Despite be-
ing in almost universal usage, the risks and benefits of epinephrine injected during
cardiac arrest remain controversial; even if the benefits outweigh the risks, the op-
timal dose and timing are unknown.

Historical Perspectives

In 1874, Pellicani showed that injecting animals with aqueous extract of the adrenal
gland was generally fatal; in contrast, Oliver and Schäfer found that this extract
produced marked cardiovascular effects including arteriolar contraction and an in-
crease in blood pressure [2]. In 1906, Crile and Dolley documented a potential role
for epinephrine in resuscitation by showing that in dogs and cats asphyxiated with
chloroform or ether, its vasoactive properties increased aortic pressure sufficiently
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to enable ROSC to be achieved [3]. They suggested that a coronary perfusion pres-
sure of at least 30 to 40 mm Hg was required.

Current Guidelines

The International Liaison Committee on Resuscitation (ILCOR) 2010 Consensus
on CPR Science concluded that vasopressors (epinephrine or vasopressin) may
improve ROSC and short-term survival, but there was insufficient evidence to indi-
cate that vasopressors improve survival to discharge and neurological outcome [4].
There was also insufficient evidence to suggest the optimal dose of vasopressor for
the treatment of cardiac arrest.

Despite the lack of evidence, epinephrine appears in resuscitation guidelines:
The 2010 European Resuscitation Council (ERC) guidelines advise injecting 1 mg
epinephrine after the third shock in cardiac arrest secondary to ventricular fibrilla-
tion/pulseless ventricular tachycardia (VF/VT) and as soon as intravenous access is
obtained in pulseless electrical activity (PEA) [5].

Rationale for Using Epinephrine

The pharmacological effects of epinephrine are diverse and are mediated via
its effects on alpha- and beta-adrenoceptors. The effect of stimulation of beta-
adrenoceptors by epinephrine includes activation of Gs-proteins, which increases
the activity of adenyl cyclase and increases production of cyclic adenosine mono-
phosphate (cAMP). In cardiac myocytes, this increases intracellular calcium
concentration and improves contractility (positive inotropic effect). An increase in
heart rate (positive chronotropy) also occurs. Alpha-1 receptor stimulation, acting
via Gq, phospholipase C, and an increase in intracellular inositol phosphates and
diacyl glycerol, induces smooth muscle contraction and consequently peripheral
arterial vasoconstriction. Coronary perfusion pressure, estimated by aortic diastolic
minus right atrial diastolic pressure, and generated in cardiac arrest by external
chest compressions, may be augmented by epinephrine. An adequate coronary
circulation during CPR is dependent on achieving coronary perfusion pressures of
greater than 15 mmHg, (somewhat less than estimated by Crile and Dolley) with
pressures lower than this associated with reduced rates of ROSC [6]. In animal
studies, epinephrine increases both cerebral and coronary blood flow during cardiac
arrest [7]. However, there are both theoretical and experimentally demonstrable
adverse effects of injecting epinephrine during CPR.
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Potential Adverse Effects of Epinephrine

Combined Alpha and Beta Stimulation

The major benefit of exogenous epinephrine during CPR is mediated via its ef-
fects on alpha-adrenoceptors: By increasing aortic diastolic pressure, epinephrine
increases coronary perfusion pressure and blood flow. The effects of beta-receptor
stimulation are generally considered to be undesirable. Beta-receptor stimulation
causes tachycardia, increased tendency to arrhythmia, and an increase in myocardial
oxygen demand. The results of animal studies performed in the 1970s suggested
that alpha-blockade was associated with failure of resuscitation from cardiac arrest
whereas beta-blockade was not [8]. Three groups (alpha-blocked, beta-blocked,
and unblocked) of dogs were studied. All dogs achieved ROSC after five minutes
in the beta-blocked group resuscitated with phenylephrine and the unblocked group
resuscitated with epinephrine, but only 27 % of alpha-blocked animals resuscitated
with isoproterenol were successfully revived. The peripheral vasoconstriction pro-
duced by epinephrine appears to be beneficial during CPR; the cardiac stimulation
is not.

Adverse Effects onMyocardial Oxygen Balance
and Cerebral Microvascular Blood Flow

Despite the increase in coronary blood flow, an adverse effect on oxygen supply-
demand has been demonstrated in a dog model of CPR: Epinephrine was associated
with a reduction in myocardial adenosine triphosphate (ATP) and increased my-
ocardial lactate values [9]. This might be caused by the positive inotropic effect of
epinephrine, which increases oxygen demand more than oxygen delivery.

Undesirable effects of epinephrine on the microcirculation have been docu-
mented in a pig model of CPR [10]. Despite increased mean aortic pressure,
flow through the cerebral microcirculation was decreased and cerebral ischemia
increased (demonstrated by increased cerebral PCO2 and decreased PO2). The
reduction in microvascular flow occurring during CPR persisted after ROSC. By
this action, epinephrine might contribute to an increase in the duration and severity
of cerebral ischemia following arrest. In a further pig model, carotid arterial flow
was reduced (despite an increase in cerebral perfusion pressure) in the presence of
epinephrine, although coronary blood flow was increased [11].

Epinephrine Increases Cardiovascular Instability

Epinephrine has been linked to increased cardiovascular instability once ROSC
has been achieved. In a Norwegian CPR study, a higher rate of re-arrest fol-
lowing ROSC occurred in patients given epinephrine compared with those who
were not [12]. Further evidence of instability and myocardial dysfunction sec-
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ondary to epinephrine has been provided by animal studies, including a rat model
in which temperature-dependent myocardial dysfunction was observed following
epinephrine administration [13]. When epinephrine was injected during CPR at
34oC, the increase in severity of post-arrest myocardial ischemia that was seen
following normothermic CPR with epinephrine was not observed; however, the
vasopressor effects of epinephrine were maintained. The authors suggest that
mild hypothermia may offset some of the increase in metabolic demand caused
by epinephrine, and there was also thought to be some change in the sensitivity of
beta-adrenoceptors at lower temperatures.

Immune and Inflammatory Effects and Infective Complications

Modulation of the immune system occurs via the sympathetic nervous system.
Beta-adrenoceptors are expressed on many cells of the immune system includ-
ing neutrophils, macrophages, and T-lymphocytes. Stimulation by beta-agonists
may be harmful to these cells and may reduce neutrophil chemotaxis [14], de-
granulation and oxidative burst [15]. Beta-adrenergic stimulation also alters cy-
tokine profile by increasing anti-inflammatory and decreasing pro-inflammatory
cytokines [16].

The early period following out-of-hospital cardiac arrest (OHCA) is commonly
complicated by infection, particularly pneumonia, which is associated with worse
outcomes [17]. Therapeutic hypothermia, now commonly used after OHCA, in-
creases the risk of infection. In one series, 97.8 % of patients admitted to the
intensive care unit (ICU) following OHCA had evidence of infection, and the
provision of early antibiotics was associated with improved outcome (mortality
30/53 [56.6 %] compared with 64/85 [75.3 %], p = 0.025) [18]. Given that infec-
tions are common and are a major source of morbidity following OHCA, any
reduction in immune function caused by epinephrine may impact significantly on
outcome.

Acute coronary syndromes are a common cause of OHCA [19]. Epinephrine
activates platelets and promotes thrombogenesis [20], which might increase the risk
of coronary occlusion and myocardial ischemia in cardiac arrest caused by an acute
coronary syndrome.

Metabolic Effects

Epinephrine is associated with the development of both lactic acidosis and hyper-
glycemia. A high blood lactate concentration and low lactate clearance have been
associated with poor outcome following arrest [21]. Stress hyperglycemia is also
associated with poor outcome following arrest [22].



The Pros and Cons of Epinephrine in Cardiac Arrest 437

Improved Rate of ROSC Following Epinephrine during CPR

A randomized, double-blinded, placebo controlled trial of epinephrine in OHCA
was undertaken in Western Australia [23]. The original intention of the investigators
in this study was to recruit 5,000 patients to provide sufficient statistical power to
study survival to hospital discharge as the primary endpoint. Unfortunately, only
601 out of 4,103 patients screened for inclusion were randomized, with 534 being
included in the final analysis. ROSC was achieved in 64 of 272 (23.5 %) patients
given epinephrine versus 22 of 262 (8.4 %) patients given placebo (odds ratio [OR]
3.4; 95 % confidence interval [CI] 2.0–5.6). This threefold increase in ROSC did
not translate into an increased survival to hospital discharge: Epinephrine 11 (4.0 %)
versus placebo 5 (1.9 %, OR 2.2, 95 % CI 0.7–6.3).

A Norwegian study randomized OHCA patients to intravenous cannulation
and drug therapy before ROSC versus no cannula or drugs until after ROSC was
achieved [24]. In this way, the impact of all drug therapy versus no drug ther-
apy, and not epinephrine alone, was studied. ROSC was higher in the intravenous
group (40 versus 25 %; OR 1.99, 95 % CI 1.48–2.67, p < 0.001), although in this
study the higher ROSC rate was seen only in patients whose initial rhythm was
non-shockable (PEA or asystole) – a three-fold increase was seen in these patients
(p < 0.001). In patients with VF or VT as the presenting rhythm, the rate of ROSC
was 75/142 versus 85/144 (59 versus 53 %, p = 0.35).

The effect of epinephrine injected during resuscitation has been examined in
several observational studies. Results from observational studies need to be inter-
preted with caution. Investigators may use statistical methods such as propensity
matching and logistic regression in an attempt to reduce the effects of unmea-
sured confounders, but they are unlikely to be removed completely. For example,
epinephrine is given relatively late during CPR; patients who achieve ROSC rapidly
are unlikely to receive epinephrine and are likely to have a better outcome. Patients
undergoing prolonged resuscitation are more likely to receive epinephrine and in
repeated doses, thus selection bias is introduced.

The largest observational study to date was undertaken in Japan between 2005
and 2008 and involved 417,188 patients [25]. Following propensity matching to
adjust for potential confounders, the use of epinephrine was associated with a ROSC
rate of 2.5 times that when epinephrine had not been given (adjusted OR 2.51, 95 %
CI 2.24–2.80; p = 0.001).

Long-term Survival Following Epinephrine during CPR

The Western Australian randomized controlled trial (RCT) of epinephrine in car-
diac arrest did not demonstrate improved survival to hospital discharge, despite
the increase in ROSC [23]. The Norwegian RCT also found no significant dif-
ference in survival to hospital discharge (44/418 [10.5 %] versus 40/433 [19.2 %];
OR 1.16, 95 % CI 0.74–1.82, p = 0.61), survival at one year (10 % versus 8 %,
p = 0.53) or survival with favorable neurological outcome (cerebral performance
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category [CPC] 1-2 = 9.8 versus 8.1 %; OR 1.24, 95 % CI 0.77–1.98, p = 0.45) be-
tween the group receiving intravenous therapy and the group that did not [24]. As
the Norwegian study was a trial of intravenous access and drug therapy rather than
just of epinephrine use, and the results were based on intention-to-treat analysis,
many of the patients in the intravenous access and drugs group did not actually
receive epinephrine. A post hoc analysis of this study was undertaken according
to whether epinephrine had actually been given [26]. Patients who were given
epinephrine (n = 367) were more likely to be admitted to hospital (OR 2.5, 95 %
CI 1.9–3.4); however, the chance of survival to hospital discharge was reduced in
the epinephrine group (24/367 [7 %] versus 60/481 [13 %]; OR 0.5, 95 % CI 0.3–
0.8), as were the chances of surviving with CPC 1-2 (19/367 [5 %] versus 57/481
[11 %]; OR 0.4, 95 % CI 0.2–0.7).

In the Japanese observational study, the one-month survival rate of patients
given epinephrine was roughly half that of patients not given epinephrine (adjusted
OR 0.54; 95 % CI 0.43–0.68, p = 0.001) [25]. A multivariate analysis of a Swedish
ambulance cardiac arrest registry (n = 10,966) revealed a lower one-month survival
in patients who received epinephrine [27]. The Ontario Prehospital Advanced Life
Support (OPALS) study used a before-and-after design to investigate the effect
of adding tracheal intubation and drug therapy to an optimized basic life support
(BLS) and defibrillation system [28]. There was no change in the rate of survival
to hospital discharge (69 [5.0 %] versus 217 [5.1 %], p = 0.831), despite an increase
in the rate of hospital admission; epinephrine was given to 95.8 % of the patients in
the ALS group. A before-and-after design was also used in Singapore to investigate
the impact of epinephrine on survival to hospital discharge after OHCA between
2002 and 2004 [29]. There was no significant difference in survival to discharge
between the pre-epinephrine and epinephrine phases (1.0 % versus 1.6 %; OR 1.7,
95 % CI 0.6–4.5) but a major limitation was that less than half of the patients in the
epinephrine phase actually received the drug.

The results of prospective controlled trials and observational studies of standard-
dose epinephrine versus no epinephrine (control) are summarized in Table 1.

The combination of epinephrine and vasopressin during CPR and corticosteroid
supplementation during and after CPR (study group) versus epinephrine alone
(control), was studied in a pilot RCT (n = 100) [30]. The authors documented in-
creased ROSC and survival to hospital discharge in the study group. A subsequent
three-center RCT (of in-hospital cardiac arrest patients requiring vasopressors)
compared epinephrine, vasopressin, and methylprednisolone (vasopressin-steroids-
epinephrine [VSE]) during CPR and hydrocortisone during post-resuscitation shock
with epinephrine and saline placebo (control) [31]. Two hundred and sixty-eighty
patients were allocated randomly to receive vasopressin (20 IU/CPR cycle) plus
epinephrine (1 mg/CPR cycle; cycle duration approximately 3 minutes; VSE group
n = 130) or saline placebo plus epinephrine (1 mg/CPR cycle; cycle duration ap-
proximately 3 minutes; control group n = 138) for the first 5 CPR cycles after
randomization, followed by additional epinephrine if required. Patients in the VSE
group also received methylprednisolone (40 mg) and patients in the control group
saline, during the first CPR cycle. Post-resuscitation shock was treated with hydro-
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cortisone (300 mg daily for 7 days and gradual taper) in the VSE group (n = 76) or
saline in the control group (n = 73). The rate of survival to hospital discharge with
favorable neurological status (CPC 1-2) was significantly higher in the VSE group
(18/130 [13.9 %] versus 7/138 [5.1 %]; OR 3.28, 95 % CI 1.17–9.20, p = 0.02).
Assessment of outcomes at one year was not included in the study. Although this
result appears promising, and is one of few prospective studies to show an increase
in survival associated with drugs injected during cardiac arrest, the combination of
drugs, and the use of epinephrine (rather than saline placebo) in the control group
(when the benefits of epinephrine alone are in question) are limitations. Potentially,
all three drugs may be of benefit, or one or two may simply be offsetting some of
the harm of the other one or two.

Mode of Death Following ROSC from CPR

A retrospective observational study of patients admitted to the ICU following
OHCA and surviving for more than one hour documented the mode of death
among those failing to survive to hospital discharge [32]. Neurological injury was
the commonest cause of death following cardiac arrest (accounting for approxi-
mately two thirds of deaths); thus any detrimental effect of epinephrine on cerebral
perfusion, despite its beneficial effect on increasing ROSC, could be significant.
Post-cardiac arrest shock was the second most common mode of death.

Timing of Epinephrine Administration

The unpredictable nature of cardiac arrest means that there is much variation in the
time when patients first receive epinephrine – a fact that complicates many studies.
The more controlled nature of animal studies may result in epinephrine being given
earlier than is possible during OHCA, during which clinicians have to first attend
the patient and also obtain intravenous access. One study documented that the mean
time of epinephrine administration in human clinical trials was 10 minutes later than
in animal models (9.5 min in animal CPR versus 19.4 min in human trials), further
questioning the validity of extrapolating animal data to human practice [33].

Dose of Epinephrine

The 1 mg adult bolus dose of epinephrine in CPR was derived from animal ex-
periments (generally on 20–30 kg dogs) in the 1960s [34, 35]. Given that humans
are larger than dogs, clinical trials have investigated whether higher doses of
epinephrine may be beneficial. In 1995, Australian investigators randomized pa-
tients to receive initially either two 10 mg doses of epinephrine or saline placebo,
5 minutes apart [36]. Patients in both groups were then given 1 mg doses of
epinephrine according to the prevailing resuscitation guidelines. There were no
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significant differences between the groups in immediate survival or survival to
hospital discharge. A later meta-analysis concluded that there was no evidence of
increased survival with high-dose compared with standard-dose epinephrine [37].

The effect of doses less than 1 mg, or of giving epinephrine by infusion rather
than as a bolus, has yet to be investigated in humans. Infusion of epinephrine has
been compared to bolus doses in animal models. In a pig model, CPR was started
after 5 minutes of induced VF, following which the animals (n = 24) were random-
ized to receive either three boluses of epinephrine (20 mcg/kg) at 3-min intervals or
an initial bolus of epinephrine (20 mcg/kg) followed by an infusion of epinephrine
(10 mcg/kg/min) [38]. Cortical cerebral blood flow was measured continuously us-
ing laser-Doppler flowmetry. Global cerebral oxygenation was measured via jugular
bulb oxygen saturation. Defibrillation was attempted after 9 min of CPR. Infusion
resulted in a higher and more sustained increase in cortical cerebral blood flow
(p = 0.009) compared with that produced with repeated boluses.

Alternative Drugs to Epinephrine for CPR

Given that epinephrine possesses several properties that make it less than ideal
when administered during cardiac arrest, there may be other drugs that are equally,
or more, effective. It is the vasoconstrictive properties of epinephrine, not the
cardiac stimulating effects, which increase the rate of ROSC during CPR. Other
vasopressors that have been compared with epinephrine during CPR include vaso-
pressin [39], norepinephrine [40], methoxamine [41–43], and phenylephrine [44].

A 2011 meta-analysis of RCTs comparing vasopressin with epinephrine docu-
mented no difference in rates of sustained ROSC, long-term survival or favorable
neurological outcome following all-rhythm cardiac arrest [45]. However, in the
subset of patients in asystole, vasopressin was associated with a higher rate of long-
term survival (OR 1.80, 95 % CI 1.04–3.12, p = 0.04) compared with epinephrine.
The authors concluded that use of vasopressin in cardiac arrest was not associated
with any net benefit or harm compared with epinephrine, but that there may be some
benefit from early administration of vasopressin in patients with asystolic cardiac
arrest. This weak evidence is insufficient to be reflected in the recommendations
made in existing resuscitation guidelines.

High-dose norepinephrine (11 mg) has been compared to standard (1 mg) and
high-dose (15 mg) epinephrine in a RCT of OHCA (n = 816) [40]. Although
patients receiving norepinephrine had a numerically higher rate of ROSC com-
pared with standard dose epinephrine (13 % versus 8 %), this was not significant
(p = 0.19), and survival to hospital discharge and the CPC score at 7 days were
similar in the two groups.

Three RCTs compared methoxamine with epinephrine [41–43]. Wide vari-
ations in dose regimens were used, making comparisons difficult; however, no
study demonstrated an increase in either ROSC or survival with methoxamine over
epinephrine.
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Phenylephrine has been compared with epinephrine in a single RCT of
OHCA [44]. Similar rates of ROSC were achieved in patients receiving two doses
of either phenylephrine 1 mg or epinephrine 0.5 mg, as the initial vasopressor;
survival data were not reported.

Epinephrine in Combination with Other Drugs during CPR

Given that the beta effects of epinephrine injected during CPR are thought to be
harmful, the possibility of giving beta-blockers to reduce these effects seems attrac-
tive. A systematic review found evidence from human trials to be lacking; however,
in VF/VT in animals, beta-blockade may reduce myocardial oxygen requirements
and the number of shocks required for defibrillation [46]. Post-resuscitation my-
ocardial function may also be improved.

Although the benefits of epinephrine during CPR are the result of its ability to
augment coronary perfusion pressure and thus increase the chance of ROSC, the
vasoconstriction that occurs to effect this may have adverse consequences. These
consequences are particularly apparent in the cerebral and coronary microcircula-
tion, where vasoconstriction may contribute to worsening of energy balance and
increase in ischemia. In a porcine model of VF, sodium nitroprusside (SNP), a po-
tent vasodilator, improved carotid blood flow, end tidal CO2, and arterial pH, when
used in conjunction with active compression-decompression CPR, an inspiratory
impedance device, and abdominal binding (SNP-enhanced CPR) [47]. The SNP
group also had improved rates of ROSC, short-term survival, and neurological re-
covery. In another porcine model, the addition of SNP to standard CPR improved
post-resuscitation left ventricular ejection fraction, but not neurologic injury [48].
There are no clinical data supporting the use of SNP in CPR.

Conclusions

Epinephrine remains in wide use for the treatment of cardiac arrest and is com-
monly included in ALS algorithms. The origins of epinephrine use in cardiac arrest
can be traced to observations on its effects on aortic diastolic pressure and coronary
perfusion pressure in animal experiments half a century ago. This effect appears to
increase rates of ROSC and is supported by evidence from RCTs and observational
studies in humans. There is no convincing evidence of improvement in long-term
survival, or survival with good neurological outcome, and there are many mech-
anisms by which epinephrine could potentially cause harm during resuscitation.
The most pressing need is for an adequately powered study comparing epinephrine
with placebo; there is enough doubt over the net benefit of epinephrine to justify
such a study, i. e., there is clinical equipoise. Subsequently, other vasopressors
could be compared with epinephrine and other drugs studied in combination with
epinephrine.
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Preventing Ischemic Brain Injury after Sudden
Cardiac Arrest Using NO Inhalation

K. Kida and F. Ichinose

Introduction

Sudden cardiac arrest is a leading cause of death worldwide [1]. Despite advances
in cardiopulmonary resuscitation (CPR) methods, including the introduction of the
automatic electrical defibrillator (AED) and therapeutic hypothermia [2, 3], only
about 10 % of adult out-of-hospital cardiac arrest (OHCA) victims survive to hos-
pital discharge [4], and the majority of survivors have moderate to severe cognitive
deficits 3 months after resuscitation [5]. Resuscitation from cardiac arrest is the ulti-
mate whole body ischemia-reperfusion (I/R) injury affecting multiple organ systems
including brain and heart [6]. No pharmacological agent is available to improve
outcome from post-cardiac arrest syndrome.

Inhaled nitric oxide (NO) has been widely used for the treatment of neonatal
hypoxemia with acute pulmonary hypertension. However, accumulating evidence
has demonstrated that inhaled NO exerts beneficial effects on I/R injury in extra-
pulmonary organs without causing hypotension. Along these lines, we recently
reported that inhaled NO improved outcomes after cardiac arrest/CPR in mice. This
chapter provides insights into the potential salutary effects of inhaled NO in is-
chemic brain injury associated with sudden cardiac arrest.

Importance of Sudden Cardiac Arrest to Public Health

Approximately 360,000 Americans experience OHCA each year [4]. In a recent
meta-analysis of more than 140,000 patients with OHCA, survival to hospital ad-
mission was 23.8 %, and survival to hospital discharge was only 7.6 % [7]. Densely
populated urban areas such as New York, NY, and Chicago, Ill, where a large num-
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ber of cardiac arrests occur, report even lower (1.4 % to 2 %) survival rates [8,9].
Unlike other areas of cardiovascular health, such as myocardial infarction (MI)
which has seen a 3-fold decrease in acute mortality [10], improvements in outcome
from OHCA have remained modest over the last 25 years [11]. Although OHCA
is obviously a life-threatening condition, it is a ‘treatable disease’ in the sense that
medical interventions can improve survival significantly [12–14]. A nearly 500 %
difference in survival rates exists across communities in the United States, suggest-
ing that variability in the quality of resuscitation care is driving large differences
in community survival rates [15]. Collectively, these data suggest the potential
that a major improvement in survival rates could save tens of thousands of lives.
Moreover, the financial burden of care of post-arrest patients on society is enor-
mous. A recent estimate suggests that on average it costs $ 102,017 to take care
of a patient after OHCA with conventional care (without therapeutic hypother-
mia) [16]. More than $ 33 billion of health care cost is spent on OHCA annually
in US.

Pathophysiology and Current Treatment
for Post-cardiac Arrest Syndrome

The greatest proportion of post-cardiac arrest mortality and morbidity is caused by
global ischemic brain injury [17]. The mechanisms responsible for post-cardiac
arrest brain injury include excitotoxicity, free radical formation, pathological acti-
vation of proteases, and cell death signaling [18,19]. Many of the injurious path-
ways are executed over hours to days following return of spontaneous circulation
(ROSC) [20,21]. While the protracted time-course of brain injury suggests a broad
therapeutic window for neuroprotective strategies following cardiac arrest [19],
no pharmacological agents have been proven to be effective in improving neu-
rological outcomes in post-cardiac arrest patients. Two randomized clinical tri-
als have shown that therapeutic hypothermia confers significant protective effects
when applied for 12–24 h after ventricular fibrillation (VF)-induced cardiac arrest in
adults [2, 3]. Based on these findings, the American Heart Association 2010 ACLS
guidelines gave the highest level of recommendation for the use of hypothermia in
comatose patients after OHCA. Currently, mortality at six months after cardiac ar-
rest in patients treated with or without therapeutic hypothermia is 41 % and 55 %,
respectively. At six months, 55 % and 39 % of the patients treated with or with-
out therapeutic hypothermia, respectively, have a favorable neurologic outcome.
A meta-analysis concluded that the number needed to treat to achieve one addi-
tional patient with good neurological outcome was 6 [22]. Although therapeutic
hypothermia clearly provides a statistically significant improvement in OHCA pa-
tients, the benefit is clinically quite modest [22]. In 40 %–66 % of patients treated
with therapeutic hypothermia after cardiac arrest, consciousness never returns [2, 3,
23]. Therefore, additional therapies are urgently needed [6].
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Nitric Oxide

NO is synthesized from L-arginine by NO synthases (NOS1, NOS2, and NOS3).
One of the primary targets of NO is soluble guanylate cyclase (sGC), which gen-
erates the second messenger, cGMP, upon activation. sGC is a heme-containing
heterodimeric enzyme composed of one ˛ and one ˇ subunit. In most tissues, in-
cluding heart, lung, and vascular smooth muscle cells, the sGC˛1ˇ1 heterodimer is
the predominant isoform. NO binds to the heme moiety of sGC and stimulates the
synthesis of cGMP [24]. cGMP exerts its effects by interacting with cGMP-
dependent protein kinase (PKG), cGMP-regulated phosphodiesterases (PDE),
and cGMP-regulated ion channels. Although the biological effects of NO are
mainly mediated via a cGMP-dependent mechanism, studies have demonstrated
that cGMP-independent signaling plays an important role in diverse aspects of NO
signaling. For example, a number of effects of NO are mediated by S-nitrosylation,
which is the covalent modification of a protein cysteine thiol (-SH) to generate an
S-nitrosothiol (-SNO) by NO [25].

NO/sGC and Ischemia-reperfusion Injury

NO exerts a variety of effects that would be expected to be beneficial during I/R
injury [26]. For example, NO is a potent vasodilator that inhibits platelet and
leukocyte activation and adhesion, inhibits reactive oxygen species (ROS)-produ-
cing enzymes, and directly scavenges ROS [27]. Deficiency of NOS3 has been
shown to aggravate I/R injury in brain and heart [28, 29]. We reported that de-
ficiency of NOS3 or sGC˛1 worsened outcomes of cardiac arrest/CPR, whereas
cardiomyocyte-specific overexpression of NOS3 rescued NOS3-deficient mice
from myocardial and neurological dysfunction and death after cardiac arrest/CPR
[30]. Along these lines, Beiser and colleagues reported that poor cardiovascu-
lar outcomes and survival in NOS3-deficient mice after cardiac arrest/CPR were
associated with decreased myocardial cGMP levels [31].

The salutary effects of NO in I/R appear to be mediated via multiple mecha-
nisms. Dezfulian and colleagues showed that systemic administration of nitrite,
which is converted in vivo to NO, improves outcomes in mice 24 h after cardiac
arrest/CPR by reducing pathological cardiac mitochondrial oxygen consumption
resulting from ROS formation [32]. Systemic administration of nitrite prevented
oxidative enzymatic injury via reversible specific inhibition of mitochondrial respi-
ratory chain complex I after cardiac arrest/CPR. cGMP may elicit its cytoprotective
effects via protein kinase G (PKG), which, in turn, activates mitochondrial protein
kinase C" via ERK signaling [33]. Recent studies showed that activation of cGMP-
PKG-dependent signaling altered the glial inflammatory response and decreased
oxidative stress and cell death induced by focal brain injury [34].
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Inhaled NO and I/R injury

Inhaled NO is a selective pulmonary vasodilator that does not produce systemic
hypotension when inhaled at concentrations up to 80 ppm in multiple species, in-
cluding man [35]. The absence of systemic vasodilation during NO inhalation is
due to the rapid scavenging of NO by hemoglobin in the blood. Inhaled NO has
been approved for the treatment of neonatal hypoxemia with acute pulmonary hy-
pertension [36]. However, breathing NO also has systemic effects [37]. Breathing
NO was shown to reduce I/R injury of extrapulmonary organs in a variety of ani-
mal models [38–42]. For example, Hataishi and colleagues examined the ability of
breathing NO to decrease cardiac I/R injury in intact mice [40]. They observed that
breathing NO for the final 20 minutes of ischemia and for 24 h after reperfusion
decreased the size of MI and improved systolic and diastolic function. Breath-
ing 80 ppm NO decreased MI size similarly after 30, 60, or 120 min of ischemia.
Breathing 40 and 80 ppm NO decreased myocardial I/R injury to a similar degree,
but 20 ppm was not effective. Breathing NO decreased cardiac neutrophil accumu-
lation, and leukocyte depletion prevented the beneficial effects of NO on MI size.
Observations in rodents have been extended to a clinically-relevant porcine model
of cardiac I/R injury: Liu and colleagues reported that, in pigs subjected to 50 min
of cardiac ischemia and 4 h of reperfusion, breathing 80 ppm NO decreased MI size
and improved myocardial perfusion [41]. Taken together, these observations sug-
gest that inhaled NO exerts beneficial effects on I/R and protects extrapulmonary
organs from I/R injury in small and large mammals.

The ability of inhaled NO to reduce I/R injury was subsequently reproduced
in ‘proof-of-concept’ human studies [43–45]. Lang and colleagues reported
a prospective, blinded, placebo-controlled study that demonstrated that 80 ppm NO
inhalation during liver transplantation prevented hepatic I/R injury after transplan-
tation. The investigators observed significantly decreased hospital length of stay,
serum transaminases, coagulation times, and hepatic apoptosis after liver trans-
plantation [43]. Gianetti and colleagues reported that breathing 20 ppm NO during
and after cardiopulmonary bypass decreased myocardial injury and left ventricular
dysfunction in patients undergoing aortic valve replacement via anti-inflammatory
properties [44]. Mathru and colleagues reported that breathing 80 ppm NO reduced
I/R induced inflammatory injury in patients undergoing knee surgery [45]. Based
on these observations, we hypothesized that NO inhalation could improve outcomes
after cardiac arrest/CPR.

Inhaled NO Improves Outcomes after Cardiac Arrest
and CPR in Mice

To examine the effects of NO inhalation on the outcome of cardiac arrest/CPR in
a clinically relevant manner, we developed and thoroughly characterized a murine
model of cardiac arrest/CPR, in which mice exhibit poor neurological outcomes and
survival rates after successful resuscitation from cardiac arrest [30, 46–48]. Briefly,
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Fig. 1 Survival rate of wild-
type mice during the first
10 days after cardiac arrest
and CPR. Air: mice breathed
air for 23 hours starting
1 hour after CPR; iNO: mice
breathed air supplemented
with NO for 23 hours starting
1 hour after CPR. * p = 0.003
vs. air
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after instrumentation under general anesthesia, cardiac arrest was induced by an
intravenous injection of potassium chloride (KCl). After 7.5 min of arrest time,
chest compressions were delivered with a finger at a rate of 300–350 per minute
with resumption of mechanical ventilation (FiO2 = 1.0) and continuous intravenous
infusion of epinephrine. Mice were weaned from mechanical ventilation and ex-
tubated at 1 h after CPR. Mice were then randomized to breath air with or without
40 ppm NO for 23 h in custom-made chambers. Whereas only 4 out of 13 mice that
breathed air alone survived 10 days after CPR, 11 out of 13 mice that breathed air
combined with NO survived for 10 days (p = 0.003, Fig. 1).

It is increasingly recognized that post-cardiac arrest care after ROSC can im-
prove the likelihood of patient survival with good neurological function. Clinical
trials showed that therapeutic hypothermia conferred neuroprotective effects when
it was applied for 12–24 h starting minutes to hours after successful CPR from
cardiac arrest due to ventricular fibrillation [2, 3]. The apparent presence of a tem-
poral therapeutic window after successful CPR is consistent with the observations
that many of the pathogenetic mechanisms responsible for post-cardiac arrest brain
injury are executed over hours to days following ROSC [18–21]. The protective
effects of breathing NO for 23 h beginning 1 h after successful CPR further support
the notion that outcomes from sudden cardiac arrest can be improved by implement-
ing innovative therapies in the post-cardiac arrest ‘golden hours’ after successful
CPR.

Mice that breathed air alone exhibited a marked abnormality in water diffusion in
the hippocampus, caudoputamen, and cortex 24 h after CPR (Fig. 2). The presence
of abnormal diffusion-weighted imaging (DWI) signals in the vulnerable regions of
the brain 24 h after cardiac arrest/CPR correlated with worse neurological function
and increased apoptosis of hippocampal neurons 4 days after CPR, as well as a poor
survival rate. In contrast, NO breathing markedly attenuated the development of ab-
normality in water diffusion in the brain and improved neurological outcomes and
survival rate. These observations are consistent with a recent clinical study that
showed that diffuse cortical abnormalities in DWI were associated with poor out-
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Fig. 2 a Representative diffusion weighted image (DWI) of brain in mice that breathed air (Air)
or air supplemented with NO (iNO). White arrows indicate areas of hyperintense DWI. b Rep-
resentative magnetic resonance images showing three brain slices containing regions of interest
(ROI). Slice positions are identified in millimeters (+1.5, 0, or –3 mm) with respect to bregma in
the coordinate space of the Allen Mouse Brain Atlas. Colored outlines indicate portions of ROI
(blue: caudoputamen; red: lateral cortex; green: ventral lateral hippocampus) that intersect with
these slice planes. Average apparent diffusion coefficient (ADC) values of the slice plane for mice
that breathed air (Air) or NO (iNO) after cardiac arrest and cardiopulmonary resuscitation (CPR).
The color bar on the right side indicates the color-code for the ADC values (µm2/ms). c Average
ADC values of each three-dimensional ROI (Hipp: ventral lateral hippocampus; CPu: caudoputa-
men; Ctx: lateral cortex; Total: total brain) across all planes in mice that breathed air (Air, n = 6)
or NO (iNO, n = 7) after cardiac arrest and CPR. p < 0.05 vs. Air

comes in patients resuscitated from cardiac arrest [49]. Hyperintense DWI signals
indicate the presence of brain edema, presumably due to disruption of ion pump
function and membrane failure. Therefore, these observations suggest that NO in-
halation after successful CPR can preserve ion pump homeostasis and membrane
integrity early after cardiac arrest/CPR.

Neuroinflammation induced by the whole body I/R injury associated with car-
diac arrest/CPR hinders the neurological recovery from cardiac arrest. We observed
that cardiac arrest/CPR markedly upregulated the expression of genes encoding in-
flammatory cytokines and NADPH oxidase in the brain of mice that breathed air
alone, but not in mice that breathed air combined with NO. These observations
suggest that NO inhalation prevents neuroinflammation after cardiac arrest/CPR.
Furthermore, these results demonstrate a correlation between neuroinflammation,
neurological dysfunction, and mortality after resuscitation.

NO elicits biological effects via sGC-dependent and/or independent mecha-
nisms. To examine the role of sGC in the beneficial effects of inhaled NO on
outcomes after resuscitation, sGC˛1–/– mice were subjected to cardiac arrest/CPR.
We observed that sGC˛1-deficiency abolished the ability of inhaled NO to prevent
induction of inflammatory cytokines in the brain and to improve neurological func-
tion and 10-day survival rate after resuscitation [48]. These observations suggest
that beneficial effects of inhaled NO on outcomes after cardiac arrest/CPR are
largely mediated via sGC-dependent mechanisms.

Inhaled NO may exert systemic effects via interaction with circulating bone
marrow-derived cells (e. g., leukocytes) as they transit lungs. We previously re-
ported that neutrophils are required for inhaled NO to reduce MI size in wild-type
(WT) mice subjected to transient left coronary artery occlusion [40]. Along these
lines, we recently observed that NO breathing markedly decreased MI size in WT
but not in sGC˛1–/– mice [50]. Furthermore, breathing NO decreased MI size in
chimeric sGC˛1–/– mice carrying WT bone marrow generated by bone marrow
transplantation. These results raise the possibility that the neuroprotective effects
of inhaled NO after cardiac arrest/CPR may be mediated by bone marrow-derived
cells in a sGC-dependent manner.

From the viewpoint of translating our results into clinical benefit, it is of partic-
ular importance that NO inhalation started 1 h after CPR can improve neurological
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and myocardial function and survival rate after cardiac arrest and CPR. Although
the therapeutic window in humans remains to be determined, our observations sug-
gest that inhaled NO can be started after patients are transported to the hospital, and
informed consent is obtained. To date, therapeutic hypothermia is the only thera-
peutic approach that has been proved to improve outcomes after cardiac arrest/CPR
when applied hours after successful CPR [2, 3]. Since the body temperature of
the mice was allowed to decrease to ~ 30 °C in the early period after CPR in our
recent study, these observations raise the possibility that inhaled NO may confer ad-
ditional protective effects in the setting of mild hypothermia. Nonetheless, whether
inhaled NO combined with therapeutic hypothermia further improves outcomes af-
ter cardiac arrest/CPR compared to mice treated with therapeutic hypothermia alone
remains to be formally determined in future studies.

Conclusions

Although mounting evidence suggests that NO-dependent signaling exerts multi-
faceted protection against I/R injury, the vasodilating effects of systemically-
administered NO-donor compounds preclude their use in post-cardiac arrest
patients with unstable blood pressure. Based upon our prior studies of the ben-
eficial effects of breathing NO on cardiac I/R injury, which were not associated
with systemic hypotension [40], we tested the hypothesis that breathing NO could
improve outcomes after cardiac arrest/CPR. We observed that breathing NO begin-
ning 1 h after ROSC markedly improved neurological and myocardial function, as
well as survival at 10 days without causing hypotension. Of note, the protective
effects of inhaled NO in I/R injury of remote organs were first demonstrated in
small animals [38, 39] and then later confirmed in patients [43–45], suggesting that
the beneficial effects of inhaled NO in mice subjected to cardiac arrest/CPR are
likely to be readily translated to benefit patients. Moreover, the established safety
profile of NO inhalation (including FDA approval in 1999 for babies with hypoxic
respiratory failure and pulmonary hypertension) further enhances the probability
that observations in animal models will be rapidly translatable to patients with
post-cardiac arrest syndrome.
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Neurological Prognostication After Cardiac
Arrest in the Era of Hypothermia

C. Sandroni, S. D’Arrigo, and M. Antonelli

Introduction

Despite recent improvements in resuscitation techniques and post-resuscitation
care, cardiac arrest still has a poor prognosis. Mortality exceeds 80 %–90 % and
more than one quarter of those who survive to hospital discharge have severe per-
sistent neurological dysfunction [1]. Prediction of poor neurological outcome in
comatose survivors of cardiac arrest is important, both to give correct information
to their relatives and to avoid futile care. In 2006, the criteria for prediction of poor
outcome in those patients were codified in the landmark review from the Qual-
ity Standards Subcommittee of the American Academy of Neurology (AAN) [2].
According to that review, myoclonus status epilepticus on day 1 after cardiac ar-
rest, an absent N20 wave of somatosensory evoked potentials (SSEP) or a serum
neuron specific enolase (NSE) > 33 µg/l from day 1 to day 3, and absent pupillary
or corneal reflexes or an extensor or absent motor response on day 3 accurately
predicted a poor outcome, defined as death or unconsciousness after 1 month, or
unconsciousness or severe disability after 6 months. In that review, electroen-
cephalogram (EEG) and imaging techniques, such as magnetic resonance imaging
(MRI), were considered promising, but not ready for routine clinical use.

The major limitation of the AAN 2006 review was the fact that it was based on
studies conducted before the advent of therapeutic hypothermia, which now repre-
sents a standard treatment for comatose patients resuscitated from out-of-hospital
cardiac arrest (OHCA) due to shockable rhythms, and is often used also for patients
resuscitated from in-hospital cardiac arrest or arrest due to non-shockable rhythms.
Studies published after the AAN 2006 review [3, 4] have suggested that therapeutic
hypothermia may affect neurological prognostication and that the AAN 2006 crite-
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ria may not be applicable to therapeutic hypothermia-treated patients [5]. Moreover,
recent clinical studies [6, 7] and systematic reviews [8] have challenged the results
of the AAN 2006 paper, suggesting that even in patients not treated with therapeutic
hypothermia the criteria for predicting poor outcome may need an update. A critical
revision of recommendations on prognostication in comatose resuscitated patients
based on latest evidence has recently been advocated [9].

Predictors of Poor Neurological Outcome after Cardiac Arrest

The four main types of predictors on which neurological prognostication after car-
diac arrest can be based are clinical examination, electrophysiological studies, bio-
chemical markers, and imaging.

Clinical Examination

Clinical examination represents an immediate, bedside-available, and costless ap-
proach for prognostication in comatose resuscitated patients. Bilateral absence of
pupillary reflex to light is common and has no predictive value when recorded im-
mediately after the arrest [10, 11], but accurately predicts poor outcome at 72 h
in therapeutic hypothermia-treated and in non-therapeutic hypothermia-treated pa-
tients [8, 12, 13] (Table 1). Bilateral absence of corneal reflex at 72 h is less accurate
than that of pupillary reflex, having a 2 %–5 % false positive rate (FPR) [8, 12, 13].
Both these signs have a low sensitivity, being present in only one third or less of
patients with an eventually poor outcome [8, 12]. An extensor or absent motor
response to pain (M � 2) at 72 h had been previously recommended as an accurate
predictor of poor outcome in non-therapeutic hypothermia-treated patients after car-
diac arrest [2], but results of a large multicenter observational study [14] showed
that this sign actually has a high FPR. This was confirmed by a recent systematic
review in therapeutic hypothermia-treated patients as well [13] (Table 1).

In therapeutic hypothermia-treated patients, results of clinical examination at
72 h can be altered due to a persistent effect of sedatives and muscle relaxants given
during the hypothermia phase. Therapeutic hypothermia prolongs the effect of these
drugs. Corneal reflexes and motor response are more likely to be affected by muscle
relaxants than pupillary reflex, which has the ciliary smooth muscle as an effector.

In patients who have not been treated with therapeutic hypothermia, presence
of myoclonus status epilepticus, defined as spontaneous, repetitive, unrelenting,
generalized multifocal myoclonus involving the face, limbs, and axial muscula-
ture, in comatose patients within 24 h is almost invariably associated with death or
vegetative state [2, 8]. In therapeutic hypothermia-treated patients, occurrence of
myoclonus status epilepticus within 72 h is also an ominous sign [3, 15]. However,
cases of neurological recovery despite early and prolonged myoclonus have been
reported in both populations [16–19]. Some of these cases have been identified as
Lance-Adams syndrome (LAS), a chronic benign form of posthypoxic myoclonus
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Table 1 Accuracy of major predictors of poor outcome at 72 h after cardiac arrest in patients
treated with and without therapeutic hypothermia as reported in two recent meta-analyses. Data
from [8] and [13]

Not treated with therapeutic
hypothermia

Treated with therapeutic
hypothermia

Index Sensitivity %
[95 % CI]

FPR %
[95 % CI]

Sensitivity %
[95 % CI]

FPR %
[95 % CI]

Absent pupillary light reflex 18 [15–23] 0 [0–8] 22 [18–27] 0.4 [0.1–3]
Absent corneal reflex 29 [23–34] 5 [0–5] 32 [27–39] 2 [0–13]
Extensor or absent motor
response to pain

74 [68–79] 27 [12–48] 80 [63–91] 21 [8–43]

Bilaterally absent SSEP
N20 wave

46 [40–52] 0 [0–9] 50 [42–57] 0.7 [0.1–4.7]

CI: confidence interval; FPR: false positive rate; SSEP: short-latency somatosensory evoked po-
tentials.

induced by voluntary movements. Patients with LAS are typically aware, but this
may not be evident in patients who are intubated and sedated after resuscitation.
Misinterpretation of early-onset LAS as a malignant myoclonic status epilepticus
could lead to an inappropriate prognostication of poor outcome in patients having
good chances of recovery. In patients with post-cardiac arrest myoclonus, an ac-
curate clinical neurological evaluation should be made off sedation. Performing
an EEG could be helpful to both assess the level of consciousness and identify the
presence of associated epileptiform activity or malignant EEG patterns.

An important limitation to the use of myoclonus status epilepticus for prognosti-
cation in postanoxic coma is its inconsistent terminology and definition. Postanoxic
myoclonus has a variety of clinical features, none of which per se is 100 % specific
of poor outcome [8, 12]. In particular, multifocal distribution, long duration or
absence of EEG reactivity are still compatible with neurological recovery [18, 20,
21], although the outcome is generally worse with prolonged and continuous my-
oclonus [3, 7, 15, 18]. Another limitation of early myoclonus status epilepticus is
its low sensitivity [8].

Biochemical Markers

During the last 25 years, various biochemical markers of brain damage have been
investigated, the most popular of which is NSE, also known as gamma enolase or
enolase 2. NSE is released in blood and cerebrospinal fluid (CSF) after neuronal is-
chemia and its serum concentrations correlate with the extent of brain damage [22].
According to the AAN 2006 review [2], serum levels of NSE > 33 µg/l during the
first 72 h after cardiac arrest were a reliable predictor of an invariably poor neuro-
logical outcome in patients who had not been treated with therapeutic hypothermia.
However, analysis of studies published after that review [6, 7] and a reappraisal of
older studies showed that levels up to 80 µg/l are needed to ensure 100 % speci-
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ficity at 72 h. Similar values have been found in therapeutic hypothermia-treated
patients [4, 23].

The major limitation to using NSE for early prognostication after cardiac arrest
is the inconsistency of its thresholds for 100 % specificity, which vary largely not
only among studies, but also within a single study population according to timing
from cardiac arrest. A possible cause for this inconsistency is the use of different
analytic techniques. Another cause is the presence of extracerebral sources of NSE,
the most common of which are the red blood cells. Neuroendocrine tumors and
small-cell lung carcinoma are other less common sources of NSE.

The glial S-100B protein is another biochemical marker that has been investi-
gated as a predictor of poor neurological outcome after cardiac arrest. Unfortu-
nately, similarly to NSE, the S-100B thresholds for 100 % specificity vary largely,
ranging from 0.2 to 5.2 µg/l in patients not treated with therapeutic hypothermia
and from 0.18 to 0.30 in therapeutic hypothermia-treated patients [8, 12]. S-100B
appears to be affected by the same limitations as NSE, and it has been less well
documented. S-100B is contained in muscle and adipose tissue, therefore its levels
could be increased by thoracic trauma caused by prolonged resuscitation [24].

Electrophysiological Studies

SSEP are the most extensively studied predictors based on electrophysiology. In pa-
tients who have not been treated with therapeutic hypothermia, the bilateral absence
of a cortical N20 SSEP wave at 24 h–72 h from cardiac arrest almost invariably pre-
dicts a poor outcome (FPR 0.7 [0–3.7]) [2, 8]. In therapeutic hypothermia-treated
patients, SSEP was confirmed as a robust and early predictor of neurological out-
come, being 100 % accurate as early as 24 h from cardiac arrest [12]. In a recent
review[13], among 492 patients with absent N20 SSEPs within 72 h after cardiac
arrest there was only one false positive result (FPR 0.7 % [0.1–5]) [25]. The sen-
sitivity of SSEP is around 50 %, therefore higher than that of clinical examination
(Table 1).

In therapeutic hypothermia-treated patients, SSEPs have the advantage of being
resistant to the effects of both low body temperature and sedative drugs [26–28].
SSEP are highly reproducible; however, studies showed that experts may some-
times disagree on the interpretation of a bilaterally absent N20 SSEP wave when
the tracing has a low voltage or when there is interference from muscular artifacts
or electrical equipment [4, 29, 30]. Although SSEP recording is technically simple,
it requires expertise, which is not universally available.

The EEG has long been used for outcome prediction in post-anoxic coma. Sev-
eral classification systems have been used to grade the EEG changes observed after
anoxic injury and find a correlation with patient outcome. Most of these systems in-
clude five grades of increasing severity, with Grade I indicating predominant alpha
rhythm, Grade II a predominant theta, Grade III a predominant delta, Grade IV the
presence of isoelectric intervals, as in burst-suppression, and Grade V an isoelectric
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or very depressed tracing. However, the classification criteria for these systems are
not consistent [8].

In two large cohort studies in patients not treated with therapeutic hypother-
mia [31, 32], a low-voltage EEG (� 20–21 µV) at 24 h–72 h predicted poor outcome
with 0 % [0–8] FPR. However, the application of this index for prognostication re-
quires caution, since the amplitude of the EEG signal may depend on a variety of
technical conditions, such as skin and scalp impedance, inter-electrode distances,
size, type and placement of the exploring electrodes, type of filters adopted [33].

In contrast to SSEP, EEG is a widely available technology. However, it is also
prone to the effects of hypothermia, sedative drugs and toxic-metabolic derange-
ments. Barbiturates, opiates and benzodiazepines can induce alpha coma, while
propofol and barbiturates at high doses can induce burst-suppression. Interference
from therapeutic hypothermia and sedation and the inconsistencies of EEG pat-
terns after cardiac arrest stimulated research towards a reliable and standardized
method of EEG analysis for prognostication in therapeutic hypothermia-treated pa-
tients. Three cohort studies – two of which were from the same group – [20, 21, 34]
showed that absence of EEG reactivity was a sensitive and highly specific predictor
of poor outcome both during therapeutic hypothermia and after rewarming. The
major limitation of this index is the lack of standardization of techniques to induce
EEG reactivity (which include auditory, tactile, or noxious stimulation), and of the
EEG reaction to the stimulus.

Presence of a burst-suppression pattern on the EEG within 72 h after cardiac ar-
rest is often associated with poor outcome [8, 12], but may transiently appear in
the early recovery phase after cardiac arrest in patients who eventually have a good
outcome [35]. Reappearance of a continuous pattern is a reliable predictor of awak-
ening in post-anoxic coma [36].

Presence of prolonged seizures, i. e., status epilepticus, is usually associated with
poor outcome, in patients not treated with therapeutic hypothermia [32] and in
therapeutic hypothermia-treated patients [21, 34, 37, 38]. However, it is unclear
whether the epileptiform activity in these patients is just a marker of irreversible
postanoxic brain injury or whether it contributes to poor outcome by causing direct
or indirect neuronal damage [39, 40]. In this last case, aggressive seizure detection
could improve final patient outcome. Both burst suppression and status epilepticus
have inconsistent definitions [12].

Imaging

Evidence supporting the use of brain neuroimaging for outcome prediction in
postanoxic coma is still limited. The two most investigated techniques are brain
computer tomography (CT) and MRI.

The main CT finding of anoxic-ischemic cerebral insult is brain swelling, which
appears as a reduction in ventricle size and sulci and an attenuation of the gray-white
matter interface, measured as a reduction in the density ratio in Hounsfield units.
A CT density ratio < 1.22 between the caudate and the posterior internal capsula



466 C. Sandroni et al.

was associated with death or vegetative state in 100 % of cases in both therapeutic
hypothermia-treated and non-therapeutic hypothermia-treated patients [41, 42].

MRI has better spatial definition and higher sensitivity for anoxic-ischemic in-
jury than brain CT, but its high costs and limited feasibility in unstable patients
have hindered its use in the acute phase after cardiac arrest. The earliest post-anoxic
MRI change is hyperintensity on diffuse weighted imaging (DWI) sequences, which
reflects a restriction of water diffusion through neuronal membranes caused by
ischemic dysfunction of the membrane-bound Na-K-ATPase pump. Presence of
extensive DWI changes measured qualitatively at 4 h–32 h predicted poor outcome
with 0 % FPR in one study [43] conducted in patients not treated with therapeutic
hypothermia. In two studies conducted in therapeutic hypothermia-treated patients,
extensive DWI changes in both cortical and deep gray matter nuclei within 5 days
from cardiac arrest were 100 % specific for poor outcome [42, 44]. Being a qual-
itative technique, DWI is prone to interobserver variability, but it can be partly
standardized using quantitative methods, such as the absolute diffusion coefficient
(ADC). In two studies on therapeutic hypothermia-treated patients [45, 46], ADC
reduction on MRI peaked from 3 to 5 days after cardiac arrest and was a highly spe-
cific predictor of poor outcome. The spatial distribution of MRI postanoxic changes
in the brain is complex, and all the encephalic structures, including brain stem, basal
ganglia and various cortical areas, can be affected.

Brain MRI in resuscitated comatose patients has mainly been used as a research
rather than a prognostication tool and it has not attained widespread use yet. How-
ever, it can be used to improve sensitivity of more conventional predictors [46].
Relatively long measurement times and lack of bedside availability may limit MRI
use in the most unstable resuscitated patients.

Self-fulfilling Prophecy

Studies on prediction of poor outcome in comatose patients resuscitated from car-
diac arrest are prone to ‘self-fulfilling prophecy’, a bias which occurs when the
treating physicians are not blinded to the results of the outcome predictor under in-
vestigation and use it to make a decision to withdraw treatment [47]. In a recent
systematic review on prognostication in comatose therapeutic hypothermia-treated
patients [12] only four of the 37 included studies reported blinding of the treating
team from the results of the investigated predictors. In that review, treatment sus-
pension policy was reported in 20/37 studies (54 %), in half of which it was based,
at least in part, on one or more of the investigated predictors.

Prediction of poor outcome that is made too early when the patient may still
be under the effect of sedatives/muscle relaxants or in the recovery phase from
post-anoxic injury, can also increase the risk of inappropriate withdrawal of life sus-
taining treatment. At present, several authors agree that in therapeutic hypothermia-
treated patients the time to prognostication should be delayed beyond 72 h after
rewarming [7, 9, 48] especially with respect to clinical examination.
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Another way of limiting the risk of falsely pessimistic predictions would be to
use a multimodal approach. Combining predictors of poor outcome seems to be the
most logical solution to reduce the risk of false positives, even though this would
reduce sensitivity in some cases.

Conclusions

Prediction of poor neurological outcome in comatose resuscitated patients should
be made with caution and possibly be based on multiple predictors. The predic-
tive value of both clinical examination and SSEP at 72 h is very similar between
therapeutic hypothermia-treated and non-treated patients. Absent pupillary reflex
to light is the most specific clinical predictor, while absent corneal reflex is less
accurate. A bilaterally absent N20 SSEP wave is highly specific (FPR < 1 %) and is
more sensitive than ocular reflexes. In contrast to predictors based on clinical exam-
ination, SSEPs are not influenced by hypothermia or sedation, but require expertise
and technology that are not yet universally available. Myoclonus status epilepti-
cus is an infrequent but early and highly specific predictor of poor outcome. Its
major limitations include an inconsistent definition and the possible confusion with
benign forms of intentional myoclonus in patients with preserved brain function
whose awareness is masked by sedation or paralysis.

EEG is widely available, but is less standardized than SSEP and is prone to inter-
ference from hypothermia and sedative drugs. EEG patterns like burst suppression
and status epilepticus are usually associated with a poor outcome but their defini-
tion is inconsistent in the literature. EEG reactivity is relatively reproducible and is
an accurate predictor in patients undergoing therapeutic hypothermia.

Biochemical markers, such as NSE and S-100B protein, are easy to use and are
independent of sedation or paralysis, but there is wide variability in their thresholds
for 100 % specificity both in therapeutic hypothermia-treated patients and in those
not treated with therapeutic hypothermia.

MRI is a promising adjunctive prognostication tool; however, the evidence sup-
porting its use is still limited and the complex spatial results it provides in post-
anoxic comatose patients still need to be fully interpreted and standardized.
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Stress Ulceration: Prevalence, Pathology
and Association with Adverse Outcomes

M. P. Plummer, A. Reintam Blaser, and A. M. Deane

Introduction

So-called ‘stress-related mucosal damage’ (SRMD) is the broad term used to de-
scribe the spectrum of pathology attributed to the acute, erosive, inflammatory insult
to the upper gastrointestinal tract associated with critical illness [1]. SRMD repre-
sents a continuum from asymptomatic superficial lesions found incidentally during
endoscopy, occult gastrointestinal bleeding causing anemia, overt gastrointestinal
bleeding and clinically significant gastrointestinal bleeding.

Prevalence

Stress ulceration was first described in 1969 when focal lesions in the mucosa of
the gastric fundus were reported during post-mortem examinations in 7 (out of 150)
critically ill patients [2]. Endoscopic studies have since identified that between 74–
100 % of critically ill patients have stress-related mucosal erosions and subepithelial
hemorrhage within 24 hours of admission (Fig. 1a) [3]. These lesions are generally
superficial and asymptomatic, but can extend into the submucosa and muscularis
propria and erode larger vessels causing overt and clinically significant bleeding
(Fig. 1b).

The prevalence of overt and clinically significant bleeding depends on how these
conditions are defined, with the definitions by Cook and colleagues the most widely
accepted [4]. These authors defined overt gastrointestinal bleeding as the pres-
ence of hematemesis, bloody gastrointestinal aspirate or melena, while clinically
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Fig. 1 Stress-related mucosal
disease. a Gastric antral ero-
sions; b Pyloric ulcer with
adherent clot

significant bleeding is the association of overt gastrointestinal bleeding and either
hemodynamic compromise, or the requirement for blood transfusion, or surgery. It
is important to emphasize that SRMD excludes variceal bleeding. However, bleed-
ing per se is a clinical endpoint, and some studies may have incorrectly included
bleeding attributable to varices, as well as that from the lower gastrointestinal tract,
as part of the SRMD spectrum. This distinction is often not clear in the litera-
ture, particularly in observational studies of SRMD in which clinically significant
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bleeding is a primary outcome, which may led to investigators inappropriately in-
cluding variceal, or non-SRMD bleeding. The importance of this distinction is
highlighted in a prospective study by Cook and colleagues, which identified the
cause of hemorrhage in 22 (of 33) patients with clinically significant gastrointesti-
nal bleeding by the use of endoscopy or surgery [4]. In this study, stress ulceration
was identified as the sole source of bleeding in 14 patients, with evidence of ulcer-
ation noted in 4 (of the remaining 8) patients in whom another bleeding site was
identified, which included esophageal and gastric varices, vascular anomalies, and
an anastomosis bleed [4]. Accordingly, variceal or non-SRMD pathologies, which
will not be prevented by stress ulcer prophylactic therapies, are a frequent cause of
overt and clinically significant bleeding. This distinction is often not identified in
observational studies, whereas randomized controlled studies comparing different
therapies for the prevention of SRMD have excluded patients with previous ulcer
and variceal disease. For this reason, prevalence data from intervention studies may
not be comparable to that from observational studies.

Nevertheless, data from earlier studies suggested that overt gastrointestinal
bleeding occurred frequently, and in some studies up to 25 % of critically ill pa-
tients developed overt gastrointestinal bleeding [5]. It is now accepted that the
condition is far more infrequent, with the prevalence reported as between 0.6
and 4 % of patients [4, 6]. The variation in prevalence is due, at least in part, to
the cohort of patients studied and their risk factors for developing SRMD and it
has been estimated that episodes of clinically significant stress ulcer bleeding in
patients without risk factors is negligible (~ 0.1 %) [4]. The infrequency of the
diagnosis in more recent epidemiological studies probably reflects an improvement
in the overall management of the critically ill patient, including a focus on early
aggressive resuscitation, attenuating mucosal hypoperfusion, and an awareness of
the importance of early enteral nutrition [7].

Importance

Clinically significant gastrointestinal bleeding, as the name suggests, indicates that
bleeding is substantive and important. It has been estimated that up to half of all pa-
tients with clinically significant upper gastrointestinal bleeding die in the intensive
care unit (ICU) and, in survivors, the length of ICU stay increases by approximately
8 days [8]. It is, therefore, intuitive that preventing episodes of clinically significant
gastrointestinal bleeding will lead to better patient outcomes. However, interven-
tional studies that have reduced the incidence of stress ulceration have had no effect
on either mortality or length of stay [6, 9]. Plausible explanations for this lack of
effect following intervention are that:
(i) a demonstrable proportion of clinically significant bleeding is not attributable

to SRMD and will not respond to acid suppressive therapy;
(ii) previous studies were underpowered;
(iii) the interventions studied have adverse effects that negate any benefit from a re-

duction in stress ulceration; and
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(iv) the association between development of clinically significant bleeding and
mortality may not be causal, and that clinically significant bleeding may just
be heralding a poor outcome.

Mechanisms

Putative mechanisms underlying SRMD include reduced gastric blood flow, mu-
cosal ischemia and reperfusion injury, all of which occur frequently in the critically
ill [9]. In a prospective observational study of 2,200 critically ill patients, me-
chanical ventilation > 48 hours and coagulopathy were identified as substantial risk
factors for clinically significant bleeding (odds ratios 15.6 and 4.3, respectively) [4].
Studies of smaller cohorts, which were performed over 30 years ago, also reported
associations between clinically significant bleeding and hypotension, sepsis, hep-
atic failure, renal failure, burns and major trauma [10].

Prevention of Stress Ulceration

Although clinically significant bleeding occurs infrequently, the severity of the as-
sociated complications has encouraged preventative approaches. For example, the
FAST HUG mnemonic reminds clinicians to consider the need for stress ulcer
prophylaxis on a daily basis [11]. Moreover, the recent Surviving Sepsis Cam-
paign guidelines recommend the use of stress ulcer prophylaxis in patients with
severe sepsis who have a risk factor, one of which is need for mechanical ven-
tilation > 48 hours [12]. Somewhat surprisingly, the recommendation to prescribe
a stress ulcer prophylaxis drug was listed as a 1B recommendation – translating into
a ‘strong’ recommendation. This recommendation was endorsed despite the accom-
panying discussion acknowledging that there are no data to demonstrate a mortality
benefit when prescribing these drugs [12].

Several drugs/techniques have been described to reduce the incidence of SRMD,
including sucralfate, histamine-2 receptor blockers (H2RBs) and proton pump in-
hibitors (PPIs). Sucralfate acts by adhering to epithelial cells forming a physical
cytoprotective barrier at the ulcer site, thereby protecting the gastric mucosa from
the effects of acid and pepsin. Sucralfate is more effective than placebo in reduc-
ing overt bleeding, but has been shown to be inferior to H2RBs to reduce clinically
significant bleeding [13]. Furthermore, sucralfate can impair the absorption of en-
teral feeds and co-administered oral medication [14], and there is a potential risk
of bezoar formation (particularly in the setting of impaired gastric motility) when
administering sucralfate to patients who are concurrently receiving enteral liquid
nutrient [15]. Since intravenous H2RBs and PPIs are now widely available, sucral-
fate is rarely used as a first-line therapy.

H2RBs competitively inhibit histamine binding to its G-protein coupled receptor
on the basolateral membrane of gastric parietal cells, which results in a reduction
in acid production and an overall decrease in gastric secretions. H2RBs were used
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in early studies as first-line stress ulcer prophylaxis therapy, and were shown to
significantly reduce the risk of clinically important bleeding when compared to
placebo [13]. A limitation of H2RB administration is that tachyphylaxis can oc-
cur rapidly. In health, the anti-secretory effect of continuously infused intravenous
ranitidine is dramatically reduced within the first day of administration [16]. With
intragastric pH monitoring, studies in health have demonstrated that 70 % of pa-
tients have an intragastric pH > 4 in the first 24 hours of ranitidine intravenous
infusion which falls to 26 % on the third day of continuous infusion [16]. Although
similar studies have not been performed in the critically ill, these data raise concerns
about the efficacy of H2RBs during longer term use in the critically ill [16].

PPIs inactivate the H+/K+ ATPase enzyme at the secretory surface of the parietal
cell, inhibiting the secretion of H+ ions and thereby increasing the pH of the gastric
contents. In contrast to H2RBs the use of PPIs is not associated with the develop-
ment of tolerance, with 100 % of healthy subjects maintaining an intragastric pH > 4
after 72 hours of continuous infusion of omeprazole [16]. In a recent meta-analysis,
Alhazzani and colleagues reported that PPIs were more effective than H2RBs at
reducing clinically important and overt upper gastrointestinal bleeding, without ap-
pearing to increase the risk of nosocomial pneumonia [6]. The Surviving Sepsis
Campaign guidelines recommend the use of PPIs rather than H2RBs for stress ulcer
prophylaxis citing level 2C evidence [12]. Previous studies of SRMD prophylaxis
in the critically ill with PPIs are summarized in Table 1 [17–29]. Although these
studies have been subject to meta-analyses by various groups [6, 9], with somewhat
divergent results, even when these analyses have shown a reduction in clinically
significant bleeding with PPI use, there has been no corresponding reduction in
mortality.

Potential Adverse Effects Associated
with Stress Ulcer Prophylaxis Therapy

Controversy surrounds the relationship between the use of stress ulcer prophy-
laxis and the development of infectious complications, particularly infection-related
ventilator-associated complications (IVAC) and Clostridium difficile infection. Gas-
tric acid plays an important role in natural host defense, with an intragastric pH < 4
being optimal for bactericidal action [30]. Accordingly, suppressing gastric acid
production and raising the intragastric pH above this bactericidal threshold has the
capacity to increase colonization of the stomach with pathogenic organisms.

Stress Ulcer Prophylaxis and Infection-related
Ventilator-associated Complications

For the purpose of this review, the updated term ‘infection-related ventilator-
associated complication’ has been used in preference to the previous term ventilator-
associated pneumonia (VAP). In 2013, the Centers for Disease Control and
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Table 1 A summary of trials of proton pump inhibitors for stress ulcer prophylaxis

Author
(year)

Population Intervention UGI
bleeding

Pneumonia

Powell
et al.
(1993) [17]

Post-CABG,
surgical ICU. Age:
57; APACHE II:
N/R

Omeprazole i.v. 80 mg × 1, then i.v.
40 mg/day (n = 10)
Omeprazole i.v. 80 mg × 1, then i.v.
40 mg/8 h (n = 10)
Ranitidine i.v. 50 mg/8 h (n = 11)

0 (0 %)
0 (0 %)
0 (0 %)

N/R
N/R
N/R

Risaliti
and Uzzau
(1993) [18]

Post-major
surgery, surgical
ICU. Age: 62;
APACHE II: N/R

Omeprazole i.v. 40 mg, then
PO 20 mg/day (n = 14)
Ranitidine i.v. 150 mg, then
PO 300 mg/day (n = 14)

0 (0 %)
0 (0 %)

N/R
N/R

Levy et al.
(1997) [19]

Medical and
surgical ICU. Age:
57; APACHE II:
19

Omeprazole NG 40 mg/day (n = 32)
Ranitidine i.v. 50 mg bolus, then
i.v. 50 mg/day (n = 35)

1 (3 %)*
11 (35 %)

5 (14 %)
6 (18 %)

Lasky
et al.
(1998) [10]

Post-trauma,
mechanically
ventilated. Age:
N/A; APACHE II:
N/R

Omeprazole NG 40 mg × 2, then
NG 20 mg/day (n = 60)

0 (0 %) 17 (28 %)

Phillips
et al.
(1998) [21]

General ICU. Age:
N/A; APACHE II:
N/R

Omeprazole NG 40 mg × 2, then
NG 20 mg/day (n = 33)
Ranitidine i.v. 50 mg × 1,
c.i.v. 150–200 mg/24 h (n = 25)

1 (3 %)*
4 (16 %)

6 (18 %)
4 (16 %)

Azvedo
et al.
(1999) [22]

General ICU. Age:
57; APACHE II:
N/R

Omeprazole i.v. 40 mg/12 h
(n = 38)
Ranitidine c.i.v. 150 mg/24 h
(n = 38)
Sucralfate NG 1 mg/6 h (n = 32)

0 (0 %)
4 (11 %)
3 (9 %)

5 (13.1 %)
4 (11 %)
3 (9 %)

Kantorova
et al.
(2004) [23]

Surgical ICU. Age:
47; APACHE II:
18

Omeprazole i.v. 40 mg/day (n = 72)
Famotidine i.v. 40 mg/12 h (n = 71)
Sucralfate NG 1 mg/6 h (n = 69)
Placebo (n = 75)

1 (1 %)
2 (3 %)
3 (4 %)
1 (1 %)

8 (11 %)
7 (10 %)
6 (9 %)
5 (7 %)

Pan and Li
(2004) [24]

Critically ill
patients with
severe acute
pancreatitis. Age:
48; APACHE II:
12

Rabeprazole PO 20 mg/day (n = 20)
Famotidine i.v. 40 mg/12 h (n = 10)

0 (0 %)
1 (10 %)

N/R
N/R

Conrad
et al.
(2005) [25]

General ICU. Age:
55; APACHE II:
23

Omeprazole NG 40 mg × 2, then
NG 40 mg/day (n = 178)
Cimetidine i.v. 300 mg bolus, then
c.i.v. 1200 mg/24 h (n = 181)

7 (4 %)
10 (6 %)

20 (11 %)
17 (9 %)

Hata et al.
(2005) [26]

Cardiac ICU. Age:
65; APACHE II:
N/R

Rabeprazole PO 10 mg/day (n = 70)
Ranitidine PO 300 mg/day (n = 70)
Teprenone NG 150 mg/day (n = 70)

0 (0 %)
4 (6 %)
4 (6 %)

N/R
N/R
N/R

Kotlyan-
skaya et al.
(2008) [27]

Medical ICU. Age:
72; APACHE II:
28

Lanzoprazole PO (n = 45), dose not
given
Ranitidine (n = 21), dose and route
not given

0 (0 %)
3 (14 %)

2 (4 %)
4 (19 %)

Continuation see next page
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Table 1 Continued

Author
(year)

Population Intervention UGI
bleeding

Pneumonia

Somberg
et al.
(2008) [28]

Mixed ICU.
Age 42; APACHE
II: 15

Pantoprazole i.v. 40 mg/day
(n = 32)
Pantoprazole i.v. 40 mg/12 h
(n = 38)
Pantoprazole i.v. 80 mg/day
(n = 23)
Pantoprazole i.v. 80 mg/12 h
(n = 39)
Pantoprazole i.v. 80 mg/8 h (n = 35)
Cimetidine i.v. 300 mg bolus, then
CIV 1200 mg/24 h (n = 35)

0 (0 %)
0 (0 %)
0 (0 %)
0 (0 %)
0 (0 %)
0 (0 %)

3 (9 %)
8 (21 %)
1 (4.3 %)
2 (5.1 %)
2 (5.7 %)
3 (9.1 %)

Solouki
and
Kouchak
(2009) [29]

General ICU.
Age 50; APACHE
II: N/R

Omeprazole NG 20 mg/12 h
(n = 61)
Ranitidine i.v. 50 mg/12 h (n = 68)

4 (7 %)
18 (26 %)

8 (13 %)
6 (9 %)

* Study reported clinical significance, age and APACHE data are presented as mean.
APACHE II: Acute Physiological and Chronic Health Evaluation II; CABG: coronary artery by-
pass graft; c.i.v.: continuous intravenous infusion; i.v.: intravenous; NG: nasogastric; N/R: not
recorded, PO: per oral; UGI: upper gastrointestinal.

Prevention proposed new definitions for patients receiving mechanical ventilation,
including IVAC to improve objectivity and facilitate comparability [31]. Although
prior studies investigating stress ulcer prophylaxis have exclusively used the term
VAP to report data, with the inherent subjectivity associated with this diagnosis,
we believe that using the recently proposed definitions for IVAC in future studies
will more accurately determine whether stress ulcer prophylaxis increases adverse
events during mechanical ventilation. It should be recognized, however, that the
previous studies all referred to VAP rather than IVAC.

A mechanism that has been proposed to contribute to IVAC is the contamination
of the oropharyngeal area by reflux of gastric fluid, with subsequent aspiration of
the oropharyngeal bacteria to the lower airways [32]. Because numerous organisms
are unable to live in an acidic environment, the administration of drugs to increase
gastric pH could facilitate gastric colonization with pathogenic organisms and pre-
dispose to respiratory infections [30]. In ambulant patients, use of PPIs has been
associated with an increased risk of community-acquired pneumonia (CAP) [33].
Laheij et al. reported a 1.89 fold increase in the risk of CAP in those taking PPIs
versus those who had stopped using PPIs [33], with a correlation between dose of
PPI and risk of pneumonia [33].

In the critically ill, however, data relating intragastric pH and pulmonary infec-
tions are inconsistent. Some studies have reported a higher occurrence of IVAC
in patients who received drugs to increase gastric pH compared to those who re-
ceived sucralfate [34], supporting the importance of gastric acidity and the role of
the entero-pulmonary route. However, Heyland et al. reported that while the de-
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livery of acidified enteral feeds (pH 3.5) preserved gastric acidity and dramatically
reduced gastric bacterial growth and lowered the rate of Gram-negative bacterial
growth in tracheal suction, there was no reduction in frequency of VAP [35]. In
a meta-analysis of data comparing H2RBs and placebo, which did not adjust for
enteral nutrition, Cook et al. reported a trend towards increased rates of pneumonia
with the routine use of H2RBs [13].

Despite PPI prophylaxis being a key recommendation of the Surviving Sepsis
Guidelines, there have been no large-scale prospective randomized trials that have
compared PPIs and placebo to determine the efficacy and/or adverse events asso-
ciated with their use [12]. Nevertheless, the rate of IVAC associated with PPI use
is likely to be at least similar to that observed with H2RBs [6]. Furthermore, if
tolerance to H2RBs occurs, and increasing pH increases the risk of IVAC, it is plau-
sible that VAP rates will be even greater in patients receiving PPIs. Regardless
of whether H2RBs or PPIs are more harmful in creating the ideal environment to
alter bacterial colonization of the stomach, this issue is likely to be particularly rel-
evant for enterally fed patients, as enteral feeding per se may be a risk factor for
IVAC [36].

Stress Ulcer Prophylaxis and Clostridium difficile Infection

Symptomatic infection with C. difficile occurs relatively frequently in mechani-
cally ventilated critically ill patients. Using data from over 65,000 patients in the
United States who required prolonged ventilation, C. difficile-associated diseases
were present in > 5 % of patients [37]. Furthermore C. difficile infections are im-
portant because infection leads to a substantial increase in hospital length of stay
(6.1 days; 95 % confidence interval 4.9–7.4) [37].

There is a plausible biological mechanism that acid-suppression increases the
risk of developing C. difficile colonization, because host immunity is compro-
mised by a higher pH environment in the stomach [38]. Observational studies
have reported an association between iatrogenic acid suppression and C. diffi-
cile-associated diseases [38]. In a prospective case-control study of 303 patients
admitted to a general medical ward, Yearsley et al. reported a two-fold increase in
C. difficile-associated diseases in patients receiving PPIs [39]. However, to the best
of our knowledge, there are no epidemiological data detailing C. difficile-associated
diseases in critically ill patients receiving stress ulcer prophylaxis.

Complications Associated with Long-termUse of Drug Therapies

Although complications associated with the acute use of H2RBs and PPIs are of
more relevance to critically ill patients, it should be recognized that chronic use
of PPIs has been associated with osteoporosis and fractures [40]. Adverse effects
associated with chronic use may be important, as a recent observational study re-
ported that around a third of patients given PPIs for stress ulcer prophylaxis went
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home on the drug despite there being no indication on discharge from hospital for
their continued use [41].

Enteral Feeds and the Role of Stress Ulcer Prophylaxis

The majority of the studies on which current recommendations are based were per-
formed over 20 years ago. Over that time, there have been changes to the perceived
importance of enteral nutrition, with intragastric feeds commenced sooner after ad-
mission [42]. Liquid nutrient buffers gastric acid, increases mucosal blood flow and
induces the secretion of cytoprotective prostaglandins and mucus [43]. It is uncer-
tain what influence the route of enteral feeding has on the effect of liquid nutrient.
Although it is intuitive that only liquid nutrient administered into the stomach could
have these potentially beneficial effects, delivery directly into the small intestine
may have other advantages that lead to favorable outcomes [42]. Furthermore, be-
cause of duodenal-gastric reflux of liquid [32] and increase in mesenteric blood
flow due to small intestinal delivery [44], postpyloric delivery may still prevent de-
velopment of stress ulceration. Nevertheless the so-called ‘early’ administration of
enteral nutrition into the stomach has been suggested to have contributed substan-
tially to the diminishing frequency of stress ulcer-related bleeding that has been
observed over the last 30 years [7]. In the critically ill, continuous enteral nutri-
tion has been shown to be more effective at increasing intragastric pH than H2RBs
and PPIs [45] and, in rats, enteral nutrition provides better protection against stress
ulceration than do intravenous H2RBs [46]. Studies in humans to evaluate the ef-
fects of enteral nutrition on gastrointestinal bleeding reduction have primarily been
performed in patients post-burn injury. Interpretation of these data are problematic
because of inconsistencies around the definitions of SRMD, clinically significant
upper gastrointestinal bleeding and enteral nutrition [47]. Marik et al. performed
a meta-analysis to evaluate the effects of H2RBs and placebo [9]. In the subgroup of
patients who received enteral feeds, stress ulcer prophylaxis did not reduce the risk
of bleeding but increased VAP rates and mortality [9]. However, as acknowledged
by the authors, subgroup analysis within a systematic review should be interpreted
with caution. For this reason we consider the Marik review hypothesis-generating
and prospective studies to determine the influence of enteral nutrition on SRMD
and stress ulcer prophylaxis-associated IVAC are urgently required.

Cost of Routine Prophylaxis

Models of cost-effectiveness of stress ulcer prophylaxis advocate that prophylactic
therapy be limited to patients with established risk factors for clinically significant
bleeding [48]. In comparison to routine prophylaxis for all critically ill patients, this
strategy has been shown to decrease H2RB drug costs by 80 % without altering the
frequency of gastrointestinal bleeding [49]. To our knowledge, a cost analysis has
not been performed with PPIs in the critically ill. Based on historical data, however,
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stress ulcer prophylaxis would need to be routinely administered to 900 hospitalized
patients to prevent one episode of clinically significant bleeding [50]. Since clin-
ically significant stress ulcer bleeding occurs infrequently in patients without risk
factors, routine stress ulcer prophylaxis is unlikely to be cost-effective and should
probably be avoided in this subgroup, particularly given the potential for harm with
PPI and H2RB use. As described [41], almost a third of patients have PPIs contin-
ued on hospital discharge, which in itself will lead to increases in costs to individual
patients and communities, independent of any long-term health concerns.

Conclusions

Using current resuscitation and feeding practices, clinically significant gastroin-
testinal bleeding, as a consequence of SRMD, appears to occur infrequently. Never-
theless, should clinically significant bleeding occur, it is associated with significant
morbidity and at least a 4-fold increase in ICU mortality. Patients with respiratory
failure requiring mechanical ventilation for > 48 hours and those with coagulopathy
are at the highest risk of clinically significant bleeding. Based on these obser-
vations, current guidelines suggest that this group is most likely to benefit from
prophylactic therapy. The superior efficacy of PPIs has shaped recommendations
that these agents be used as first-line therapy. However, the routine use of stress
ulcer prophylaxis in all critically patients may be harmful and is unlikely to be cost-
effective. Controversy surrounds pharmacologically increasing gastric pH, but there
is mechanistic plausibility that this may increase the rate of IVAC and C. difficile
infections – both of which are associated with substantial morbidity and increased
costs – particularly in those ventilated for > 48 hours. In contrast to recent rec-
ommendations from the Surviving Sepsis Campaign, we contend that the issue of
stress ulcer prophylaxis is not settled and further prospective randomized trials are
required to guide decision-making.
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Surgical Complications Following
Bariatric Surgery

P. Montravers, P. Fournier, and P. Augustin

Introduction

Bariatric surgery is an increasingly common treatment for morbid obesity [1], be-
cause it is the only technique with demonstrated efficacy in terms of long-term,
sustained weight loss. Most studies have shown that these operations are safe,
with decreased overall mortality and morbidity, and reversal of related comorbidi-
ties in obese patients. However, the beneficial effects of bariatric surgery need to
be weighed against the risks of perioperative complications and postoperative or
short-term adverse outcomes [2].

From the intensive care unit (ICU) physician’s perspective, these patients rep-
resent new and challenging issues and raise specific concerns. Several medical
postoperative complications may require ICU admission, the most common being
acute respiratory failure and thromboembolic disease with deep vein thrombosis
and pulmonary embolism. Surgical complications are specific to the procedure
performed, but anastomotic leaks are probably the most common life-threatening
events [3, 4]. The purpose of this chapter is to review the surgical complications
most commonly observed during bariatric surgery in order to help surgeons and
ICU physicians provide high-quality care for these high-risk patients.
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Description of Surgical Procedures

Bariatric surgery, mostly developed in recent decades and usually performed laparo-
scopically, can be divided into restrictive and malabsorptive operations [1]. These
procedures are designed to reduce caloric intake by modifying the anatomy of the
upper mesocolic gastrointestinal tract.

Restrictive Procedures (Fig. 1)

Several restrictive procedures have been described, designed to limit food intake by
creating a small gastric reservoir with a narrow outlet resulting in delayed emptying.

Adjustable gastric banding consists of placement of an adjustable silicone ring
around the stomach 2 cm below the cardia to create a small pouch with a narrow
outlet, combined with insertion of a subcutaneous port to adjust gastric restriction
by means of saline injections. The small stomach pouch rapidly becomes filled,
causing satiety.

Vertical restrictive (sleeve) gastrectomy was initially proposed as the first step
of the duodenal switch procedure, but, more recently, has become an independent
treatment option for morbid obesity. This procedure removes the terminal two-
thirds of the gastric volume to leave a narrow stomach tube by stapling along the
entire length of the greater curvature.

Malabsorptive Procedures (Fig. 2)

Malabsorptive procedures bypass various portions of the small intestine in which
nutrient absorption occurs in order to reduce jejunal absorption.

Proximal Roux-en-Y gastric bypass (RYGB), often considered to be a mixed
restriction-malabsorption procedure, involves stapling of the stomach to create
a small (30–50 ml) upper gastric pouch, while the small intestine is divided at the
midjejunum, and the distal portion (called the alimentary, or Roux, limb) is anasto-
mosed to the gastric pouch. The longer the Roux limb, the less nutrient absorption
will occur. Two types of anastomosis can be performed: Gastrojejunal anastomosis
and jejunojejunal anastomosis.

Other malabsorptive procedures, such as duodenal switch, are usually selected
for super-obese patients (BMI > 50 kg/m2) or after failure of previous bariatric pro-
cedures. This procedure comprises reduction of the stomach by means of sleeve
gastrectomy together with creation of a duodeno-ileal short circuit with two anas-
tomoses (duodeno-ileal and ileo-ileal) [5].
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Epidemiology of Surgical Complications
and Clinical Presentation

Surgical complications can occur during the procedure, but more often occur dur-
ing the early postoperative period (usually the first month) or later. The time to
diagnosis usually peaks between day 1 and day 18, as these patients are frequently
asymptomatic or have only limited clinical signs [6–8]. Descriptions of surgical
postoperative complications are mainly based on analyses of general or surgical
site complications [9]. Most of these cases are treated in surgical wards and never
require ICU management [10]. Very few data are available concerning patients
requiring ICU management, usually limited to case reports [11] or small case se-
ries [12, 13]. Most epidemiologic reports are based on large database analyses
concerning patients referred to the surgical ward and ICU for these complications
and the proportion of patients requiring ICU admission cannot be accurately esti-
mated.

Surgical causes of ICU admission can be classified into two main categories:
Intra-abdominal sepsis, mainly due to fistula and anastomotic leaks, and non-septic
complications, mainly hemorrhage. Anastomotic leaks may occur in up to 5.6 %
of cases, making these events a more common postoperative complication than pul-
monary embolism [3, 14]. This issue was confirmed by Goldfeder et al. in an analy-
sis of 107 autopsies following bariatric surgery [15]. They reported 97 deaths linked
to complications of surgery, with anastomotic leaks (36 %) as the leading cause of
death, whereas pulmonary embolism accounted for only 13 % of deaths [15].

Complications Following Restrictive Procedures

The morbidity rates for adjustable gastric banding range from 11 to 32 % with
a short-term mortality rate between 0.05 and 0.09 %, the lowest of all bariatric
surgery procedures [16, 17]. However, many early complications have been de-
scribed and can be potentially life-threatening when the diagnosis is delayed:
� Gastric or esophageal perforation is sometimes diagnosed intraoperatively, con-

stituting a contraindication to ring placement. In other cases, unexplained signs
of sepsis with tachycardia are usually observed during the early postoperative pe-
riod, from day 1–2, leading to delayed diagnosis. Among 22 studies reviewed by
the French ANAES (French National Agency for Accreditation and Evaluation
in Health) agency, the incidence of gastric perforation was 0.3 % (15/5,237 pa-
tients) [18].

� Infection of the ring or port may lead to suppuration at the port site [16, 17],
possibly due to initially unrecognized perforation. Port infection is not sys-
tematically associated with ring infection, in which case the ring can be left in
place.

� Ring malposition is a postoperative complication that can result in complete dys-
phagia, whereas band slippage is reported as a late complication in 6 to 13 % of
cases, requiring reoperation in one half of cases [17].
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The most common complications following sleeve gastrectomy are fistulas, re-
ported in 0 to 5 % of cases [19]. In a meta-analysis comprising nearly 10,000 sleeve
gastrectomies, Parikh et al. reported a fistula rate of 2.2 % [20]. Tachycardia,
abdominal pain, fever and clinical signs are the usual precursor signs of surgical
complications, but signs of sepsis can be severe. Bleeding on the stapling line oc-
curs in approximately 3.5 % of cases [19]. Postoperative tachycardia is the main
sign suggestive of bleeding [19], which may often be difficult to suspect until a low
plasma hemoglobin concentration is observed.

Complications of Malabsorptive Procedures

Malabsorptive procedures are associated with the highest complication rates. Buch-
wald et al. reported mortality rates of 0.5 % in their meta-analysis analyzing gastric
bypass [21]. Podnos and colleagues reported a complication rate of 19 % [22].
The most common complications of RYGB are anastomotic leaks, with an inci-
dence ranging from 0 to 8 % according to various authors [3, 14]. Each segment
of the procedure is at risk of fistula: Gastric pouch, excluded part of the stom-
ach, gastrojejunal anastomosis, jejunojejunal anastomosis, and sliced section of the
small intestine. The diagnosis of fistula is based on conventional clinical signs
(abdominal pain, fever, leukocytosis, tachycardia), fluid drainage, and finally ra-
diological examinations (upper gastrointestinal imaging and computed tomography
[CT] scan) [23]. Bleeding in the various segments occurs in 1 % of procedures [24].
The origin of bleeding can be intraluminal or intraperitoneal with the same diagnos-
tic difficulties as those described for restrictive procedures.

Buchwald et al. [21] reported the highest mortality rate of 11 % in duodenal
switch procedures. Complications of duodenal switch, which are highly dependent
on the surgical technique, are also fairly common, with rates ranging between 2.8
and 34 % depending on the author. The complications observed in these cases com-
prise those observed with sleeve gastrectomy and gastric bypass.

Clinical Presentation at the Time of ICU Admission

Surgical postoperative complications and especially postoperative intra-abdominal
sepsis after bariatric surgery appear to be difficult to detect [25]. One of the most
difficult issues is identification of these complications before the onset of organ
dysfunction. Bariatric surgery patients represent an atypical group that differs from
other ‘common’ groups with surgical postoperative complications and peritonitis.
We recently compared a group of 134 patients admitted to the ICU for postop-
erative peritonitis not related to bariatric surgery and a group of 49 patients who
developed postoperative peritonitis following bariatric surgery [26]. The bariatric
surgery patients were younger (45 ˙ 10 versus 63 ˙ 16 years; p < 0.0001), did not
suffer from cancer and presented lower rates of fatal underlying disease (39 vs 64 %;
p = 0.002). However, the time to diagnosis of surgical complications was similar
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Table 1 Clinical presentation at the time of diagnosis of gastric bypass anastomotic leakage

Ballesta [7] Thodiyil [8] Gonzalez [23]
Number of cases 59 46 63
No clinical signs 49 % 11 % 8 %
Abdominal pain 50 % 24 % 54 %
Left shoulder pain – 8 % 14 %
Nausea/vomiting 18 % 6 % 17 %
Abnormal drainage 49 % 28 % 24 %
Fever > 38 °C 49 % 28 % 63 %
White blood cell count > 12,000/mm3 – 67 % 51 %
Tachycardia 22 % 17 % 72 %
Polypnea – 9 % –
Hypotension 12 % 2 % 17 %
Oliguria 13 % 4 % 21 %

to that reported during non-bariatric surgery both above and below the transverse
mesocolon [26].

Clinical signs can be misleading or atypical in obese patients and can make the
diagnosis challenging [3, 27]. Hamilton et al. reported that tachycardia > 120 bpm
and respiratory distress were the most sensitive indicators of gastrointestinal leak-
age after RYGB [27]. Several authors analyzed the frequency of clinical signs at
the time of diagnosis of anastomotic leaks in cohorts of gastric bypass patients not
admitted to the ICU (Table 1). Interestingly, many of these complicated patients did
not show any clinical signs, at least at the time of the diagnostic process [7, 8, 23].
This paucity of symptoms was confirmed in 27 ICU bariatric surgery cases reported
by Kermarrec et al. suggesting that the diagnosis of postoperative peritonitis is diffi-
cult, even in patients with a deteriorating clinical status [28]. Extraabdominal signs
were the symptoms most frequently reported (fever, dyspnea and tachycardia in 74,
98 and 100 % of cases, respectively), while abdominal signs were rarely reported
(tenderness, pus, ileus in 30 %, 33 % and 37 % of cases, respectively) [28]. The
predominance of respiratory signs over abdominal signs guided the initial diagno-
sis toward pleural or pulmonary diseases, resulting in an incorrect diagnosis in more
than 50 % (15/27) of patients. The attending teams more frequently proposed di-
agnoses of pneumonia (n = 7), pulmonary embolism (n = 4), wound abscess (n = 2),
and bowel obstruction (n = 2) [28]. Unfortunately, most of the complicated cases
admitted to the ICU already exhibited organ dysfunction. Interestingly, bariatric
surgery patients do not differ from patients with common forms of postoperative
peritonitis with a similar sequential organ failure assessment (SOFA) score and al-
most two-thirds of cases require vasoactive support and mechanical ventilation, and
one-third present renal failure as assessed by the SOFA score [26]. Overall, the
reasons for the poor sensitivity of physical examination in morbidly obese patients
remain unclear, but could be related to many issues such as the large mass of ab-
dominal subcutaneous tissue, the subphrenic site of intraperitoneal sepsis, or the
postoperative nature of the peritonitis.
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Radiologic Studies

Radiographic imaging is highly recommended in the decision-making process for
patients with suspected postoperative surgical complications [29]. However, the
lack of specificity of imaging studies can make the diagnosis challenging [3, 27].
Madan et al. reported that routine upper gastrointestinal studies after RYGB were
more predictive of an early leak diagnosis than clinical signs [30]. In this study,
positive and negative predictive values of leak using upper gastrointestinal studies
on the first postoperative day were 67 % and 99 %, respectively. Limited data are
available concerning the capacity of CT scan to detect surgical complications and
anastomotic leaks after bariatric surgery. Lyass et al suggested the advantage of CT
scan over upper gastrointestinal studies, because it also allowed detection of com-
plications other than anastomotic leaks [31]. To the best of our knowledge, no study
has ever assessed the specificity and sensitivity of CT scan in the diagnosis of com-
plicated bariatric surgery in the ICU setting. This point is of major importance and
could be linked to certain limitations in the use of imaging procedures encountered
in this population: Patients exceeding the weight limit of CT scan systems, limited
use of contrast load due to renal dysfunction, and/or the radiologist’s experience.

In complicated bariatric surgery patients admitted to the ICU, Kermarrec et al.
reported frequent chest radiograph abnormalities, including basal pulmonary atelec-
tasis and/or left-sided pleural effusion in 37 and 44 % of cases, respectively [28]. In
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this cohort, upper gastrointestinal studies were obtained in only 44 % of patients and
were reported as normal in half the cases. CT scan of the abdomen was performed
in only one half of patients at a median interval of 8 days after initial surgery and
was reported to be normal in 4 patients who suffered from generalized (n = 2) and
localized (n = 2) intra-abdominal sepsis. Abnormal CT scan revealed subphrenic
collections (n = 7), supramesocolic collections (n = 2), and small bowel obstruction
(n = 1) [28].

In summary, the diagnostic process is based on the presence of abnormal clinical
signs supported by the presence of signs of poor tolerance such as hemodynamic
instability or respiratory failure and abnormal radiographic imaging findings. When
in doubt and depending on the patient’s tolerance, the medical team may decide on
watchful waiting or reoperation. Based on the literature and our local experience,
we use the decision tree presented in Fig. 3 as a possible diagnostic approach in the
case of suspected fistula.

Therapeutic Management

Management of complicated bariatric surgery patients is based on a combination
of surgical or endoscopic procedures, largely influenced by the type of surgical
complication, and medical care. Severity at the time of diagnosis is a key issue in
the decision-making process.

Surgical Management of Postoperative Complications

The surgical management of intraabdominal sepsis corresponds to the rules of septic
surgery, including evacuation of purulent necrotic material, debridement of devital-
ized tissues, identification and elimination of the source of infection, intraoperative
lavage of the abdominal cavity and possibly drainage depending on the severity and
the site of the source. In the case of bleeding, surgery is required either for direct
hemostasis or for reinforcement of the anastomoses, depending on the site of hem-
orrhage. Figure 4 proposes a possible therapeutic approach in the case of suspected
fistula depending on the clinical presentation.

Restrictive and malabsorptive procedures share some similarities in terms of
complications and clinical presentation. However, management of these compli-
cations has some specificities, depending on the initial surgery.

Gastric or esophageal perforation complicating gastric banding requires second-
look laparoscopy, removal of the ring, abundant lavage-drainage of the peritoneal
cavity (supramesocolic peritonitis) and sometimes suture if a perforation is found.
Infection of the ring or port of gastric banding requires removal of the device, with
delayed insertion of a new prosthesis. Malposition of the band requires urgent re-
moval of the gastric band or repositioning [16, 17].

In complicated sleeve gastrectomy, reoperation is required in the case of fis-
tula, usually by laparoscopy, and includes peritoneal toilet, sometimes suture (either
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manual or mechanical), and, in every case, drainage in contact with the fistula. If the
fistula is closed properly, the outcome is usually uneventful. In the case of failure
to control the contamination, insertion of an endoscopic prosthesis into the fistu-
lous opening is an effective technique. The use of pigtail drains has been recently
proposed in this situation [32]. In the case of failure of these options and in the
presence of necrosis of the stomach, total gastrectomy with primary reconstruction
or delayed esophagojejunal anastomosis has been successfully performed [26, 33]
depending on the patient’s clinical status and tolerance of sepsis. Similar man-
agement is proposed in the case of leaks observed following RYGB with revi-
sion of the anastomosis either alone or combined with primary or delayed total
gastrectomy.

Based on the literature and our local experience, we use the decision tree
presented in Fig. 4 for the treatment of all fistulas observed following bariatric
surgery.

Medical Management

Medical management consists of nutritional support, appropriate antibiotics and
treatment of associated complications. Although some publications have addressed
the medical issues raised by the management of morbidly obese patients in the ICU
setting, very few data are available concerning the medical management of postop-
erative complications, such as nutrition support [34], and the nature and modalities
of parenteral or enteral nutrition via the accessible intestinal segment are major
sources of concern. However, the overall clinical management does not appear to
differ from that applied to other bariatric surgery cases. In addition, supportive ICU
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care, such as mechanical ventilation, prevention of complications, monitoring or
pharmacokinetic issues, remains largely based on extrapolations of medical man-
agement in non-obese cases.

Microbiologic and Anti-Infective Issues

A high frequency of Gram-positive cocci and fungi has been previously reported in
patients with gastroduodenal or upper mesocolic perforations during non-bariatric
surgery. High concentrations of aerobes, anaerobes and fungi have been observed
in the stomach flora of patients undergoing bypass for morbid obesity [35]. A high
pH reported in these patients can also be considered to be a predisposing factor for
yeast growth [35]. Few data are available in complicated postoperative bariatric
surgery patients. We recently reported that, compared to patients who developed
postoperative peritonitis following nonbariatric surgery, bariatric surgery patients
had a 37 % higher rate of Gram-positive cocci, a 33 % lower rate of Gram-negative
bacilli, and a 50 % lower rate of anaerobes and multidrug-resistant strains [26].
High rates of fungi, similar to those previously reported in non-bariatric surgery
cases [26], were recently confirmed in a cohort of mixed ICU and non-ICU compli-
cated bariatric surgery patients [36]. The microbiological characteristics of patients
with complicated RYGB suggest that these cases should be considered to present
small bowel perforation rather than upper gastrointestinal perforation [26]. The
extensive use of antibiotics between initial surgery and the diagnosis of septic sur-
gical complication contributes to the emergence of multi-drug resistance strains
and fungi. These observations justify the use of empiric antibiotic therapy pro-
tocols comprising broad-spectrum agents and antifungal agents that ensure a high
adequacy rate, targeting all microorganisms in more than 80 % of cases [26]. Inter-
estingly, de-escalation can be performed in more than two-thirds of cases.

No data are available on the appropriate antibiotic dose in these specific cases.
Recent data suggest a risk of high variability in serum beta-lactam concentrations in
obese patients including insufficient serum concentrations in 32 % of patients and
overdose concentrations in 25 % [37]. General recommendations for ICU patients
are usually applied, but additional studies are required, especially as diffusion of
antibiotics in the peritoneal space is difficult to predict and impossible to monitor.

Prognosis of Surgical Complications

Bariatric surgery has a reputation for being safe and well tolerated. Surgical com-
plications can be analyzed from the perspective of large cohorts or smaller groups,
allowing a more accurate description of the outcome.

From the surgical point of view, Buchwald et al. published, in 2007, a meta-
analysis of nearly 85,000 patients and reported a postoperative mortality of 0.07 %
for laparoscopic restrictive techniques, 0.16 % for gastric bypass and 1.1 % for
duodenal switch [21]. In a large database comprising more than 44,000 patients be-
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Table 2 Outcome of anastomotic leaks following Roux-en-Y gastric bypass among cases treated
conservatively and there who underwent reoperation

Leaks Conservative treatment Reoperation
n n Death rate (%) n Death rate (%)

Ballesta [7] 59 36 0 23 22
Gonzalez [23] 63 23 0 40 10
Marshall [49] 21 10 0 11 18

tween 2007 and 2209, Khan et al. identified independent risk factors of mortality as
age greater than 45 years, male sex, BMI greater than or equal to 50 kg/m2, bariatric
surgery laparotomy, loss of autonomy before surgery, coronary angioplasty, dysp-
nea, preoperative intentional weight loss > 10 % and bleeding disorders [38]. Anas-
tomotic leaks are considered to be one of the most life-threatening complications
among morbidly obese patients undergoing bariatric surgery [23]. Based on a se-
ries of 3,073 RYGB cases, Fernandez et al. identified predictive factors of mortality
as male sex, age, weight, and obstructive sleep apnea [39]. The authors advised
surgeons to avoid operating on such patients early in their learning curve.

From the intensivist’s perspective, the prognosis is more difficult to assess. Con-
tradictory results have been published on the outcome of morbidly obese patients
admitted to the ICU, from a decreased risk of in-hospital mortality in surgical
patients [40] to increased morbidity in a mixed population [41] and even an in-
creased (33 %) risk of death among surgical patients who required prolonged ICU
stays [42]. Some authors have reported obesity to be an independent risk factor for
death among critically ill patients [43, 44]. Obese patients undergoing surgery seem
to be more susceptible than non-obese patients to postoperative complications, such
as wound infections, acute respiratory distress, and multiple organ failure [45]. In
a meta-analysis based on a total of 62,045 critically ill subjects, obesity was not as-
sociated with excess mortality, but was significantly related to prolonged duration
of mechanical ventilation and ICU length of stay [46].

Several publications have reported mortality rates after anastomotic leaks rang-
ing between 6 % and 22 % [3, 6, 47] and up to 66 % in some series [39, 48] of
patients who underwent RYGB. No deaths were reported among cases treated con-
servatively, while patients who underwent reoperation had high mortality rates of
up to 18 to 22 % [7, 49], and even 40 % in some specific subpopulations [50] (Ta-
ble 2). Interstingly, these cases treated conservatively seem to be less severe than
those who underwent reoperation. In a small group of patients referred to our unit
with a diagnosis of postoperative peritonitis following bariatric surgery, we previ-
ously reported that identification of the complication was usually delayed and the
prognosis was severe because of delayed source control, frequently at the time of
onset of organ dysfunction [28]. Complicated bariatric surgery patients had similar
reoperation rates and mortality rates to those of complicated non-bariatric surgery
patients [26]. In addition, bariatric surgery did not appear to be a significant risk
factor for mortality on multivariate analysis.
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Delayed surgery has been largely reported to be associated with increased organ
dysfunction and mortality among non-bariatric surgery patients. When a surgical
complication is suspected, standard practice based on clinical assessment and ra-
diographic imaging should be the rule, at least before the onset of multiple organ
dysfunction syndrome. This issue was recently stressed by Gonzales et al., who
reported a mortality rate as low as 6 % for anastomotic leaks after RYGB [23]. In
this study, performed in four high-volume academic centers, the vast majority of
patients had no organ failure and leaks were detected early (< 48 h) after the index
surgery, even before the onset of any clinical symptoms [23].

Conclusions

Morbidly obese patients represent new and challenging issues for intensivists. With
the increasing prevalence of overweight in the general population, bariatric surgery
may become an increasingly popular approach in the years to come in many coun-
tries. Consequently, more intensivists will be required to manage these patients.
The technical and logistical problems (beds, tables, CT scans and radiology tables,
etc.) will probably be progressively resolved in the near future. On the other hand,
expertise in the management of these difficult cases is only at an early stage. Many
surgical and medical issues need to be resolved that will require collaborative and
multidisciplinary approaches to improve the quality of care of these high-risk pa-
tients.
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Acute Liver Failure

L. A. Possamai and J. A. Wendon

Introduction and Definition

Acute liver failure is a complex clinical syndrome that develops when a sudden and
critical loss of hepatocellular function occurs in the context of a previously normal
liver. The most prominent clinical consequences of this loss in hepatic function are
jaundice, coagulopathy and encephalopathy with a clinical course that may rapidly
progress to multi-organ failure and death. A number of different definitions of
acute liver failure have been proposed, as highlighted by a recent systematic re-
view that found over 40 definitions used in published literature [1]. One widely
accepted and inclusive definition, referenced in the current American Association
for the Study of Liver Diseases (AASLD) guidelines is ‘evidence of a coagulation
abnormality (INR > 1.5) and mental alteration (encephalopathy) in a patient with-
out pre-existing cirrhosis and with an illness of < 26 weeks duration’ [2]. A number
of sub-classifications of acute liver failure according to the duration from onset of
jaundice to the development of encephalopathy have been described [3–5] and are
summarized in Table 1. The rationale for these divisions is the different clinical
features and prognosis seen in patients with a rapid onset (hyperacute/fulminant)
illness in whom brain edema is prominent but who paradoxically stand the best
chance of survival with medical therapy alone, to those with a more protracted
(subacute/subfulminant) illness who less frequently exhibit cerebral edema but have
a worse prognosis without liver transplant. The differences between these groups
is largely due to differing etiologies, with acetaminophen and hepatitis A and E as-
sociated with hyperacute presentations and non-acetaminophen drug-induced liver
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Table 1 A summary of sub-classifications of acute liver failure

Bernuau et al. 1986
[5]

Fulminant < 2 weeks Subfulminant
2–12 weeks

O’Grady et al. 1993
[3]

Hyperacute
< 7 days

Acute
8–28 days

Subacute 5–12 weeks

Acute hepatic failure Subacute hepatic failure

Classification

Tandon et al. 1999
IASL sub-commi-
tee statement [4]

Hyperacute
< 10 days

Fulminant
10–30 days

5–24 weeks

Etiology Acetominophen
toxicity
Hepatitis A & E

Hepatitis B Drug-induced liver injury
Autoimmune

Cerebral edema and
intercranial
hypertension

Prominent
feature

Rare

Clinical
features

Survival with
medical therapy
alone

More common Unlikely

IASL: International Association for the Study of the Liver

injury, hepatitis B and sero-negative disease typically running a slower clinical
course. For the purposes of this chapter, we will refer to acute liver failure ac-
cording to the inclusive definition above, but aim to clarify how the clinical pre-
sentation and management might differ according to the particular manifestation of
disease.

Epidemiology

Acute liver failure is a rare disorder, with approximately 1600–2000 cases per year
reported in the USA [2, 6]. In the developed world, acetaminophen hepatotoxicity
due to either deliberate or unintentional overdose is the commonest cause of acute
liver failure accounting for 39–57 % of cases [7–9]. Acetaminophen-induced acute
liver failure is becoming increasingly common in the USA. In the United Kingdom,
where legislation to reduce acetaminophen pack size was introduced in 1998, both
the number and severity of cases of acetaminophen-induced acute liver failure has
fallen dramatically [10].

Non-acetaminophen drug-induced liver injury is also a notable cause of acute
liver failure, being responsible for 12 % of cases in the USA [8]. These cases are
usually severe idiosyncratic reactions to a wide range of drugs, including, but not
limited to antibiotics, antiepileptics and antituberculosis medications [11]. Recent
epidemiological data from the USA Acute Liver Failure Study Group showing the
commonest causes of acute liver failure are summarized in Table 2.

There is great geographical variation in the causes of acute liver failure, with
viral hepatitis being the predominant cause in Asia and Africa and acetaminophen-
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Table 2 The most common causes of acute liver failure in the USA (adapted from [8])

Cause
Acetaminophen 46 %
Indeterminate/including seronegative 15 %
Drug induced liver injury (non-acetominophen) 12 %
Hepatitis B 7 %
Autoimmune 6 %
Ischemia 5 %
Hepatitis A 2 %
Wilson Disease 1 %
Pregnancy < 1 %
Budd-Chiari < 1 %
Other 5 %

toxicity rarely seen. In South-East Asia, hepatitis E infection causes 44–60 % of
cases and hepatitis B 15–20 % of cases [12, 13].

Mortality from acute liver failure has improved markedly in recent decades
thanks to the use of emergent orthotopic liver transplant (OLT) and improved
supportive critical care. A recent retrospective review of cases from the United
Kingdom showed an improvement in hospital survival in acute liver failure patients
from just 17 % in the mid-1970s to 62 % in the mid-2000s [14]. This impressive
improvement in patient outcomes from acute liver failure has been achieved despite
significant barriers to quality clinical research in this area. As acute liver failure is
a rare and heterogeneous syndrome, characterized by a rapidly progressive clinical
course, recruitment to controlled trials is challenging. Much of the progress in this
field has, therefore, been the result of the application of research from other con-
ditions, for example the management of cerebral edema in traumatic brain injury,
or through the development of clinical expertise in specialist centers. What fol-
lows is, therefore, a synthesis of evidence-based recommendations, current practice
guidelines and clinical experience.

Pathophysiology

The common and crucial pathophysiological event in the development of acute liver
failure of all etiologies is the death of a mass of hepatocytes, such that vital syn-
thetic and metabolic hepatic functions are critically impaired. The mode and rate of
hepatocyte death varies between etiologies, from sudden toxin-mediated necrosis in
acetaminophen poisoning to more indolent immune-regulated injury and apoptosis
in autoimmune hepatitis. What starts as a local, single-organ condition rapidly pro-
gresses to multi-system involvement with numerous clinical manifestations (Fig. 1).

This amplification is due to the systemic effects of toxins, such as ammonia, that
would normally be cleared by the liver, hemodynamic disturbances and spill-over
of inflammatory mediators produced in response to intra-hepatic events. Acute liver
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Renal
Renal dysfunction and acute 
renal failure requiring RRT are 
common & multifactorial. HRS, 
ATN due to hypotension & 
hypovolemia & abdominal 
compartment syndrome 
contribute.
Direct acetaminophen toxicity 
may also occur

Cerebral
Astrocyte swelling, 
brain edema and 
cerebral hyperemia 
lead to hepatic 
encephalopathy which 
may progress to ICH 
with risk of brainstem 
herniation  & death

Cardiovasular

Acute hepatocellular loss

Failure of synthetic & metabolic
functions

Overspill of inflammatory
mediators

Cardiovasular instability 
caused by vasodilatation.
SIRS response, adrenal 
dysfunction, hypovolemia 
and sepsis.
High output cariac state the 
norm.
Myocardial injury may occur

Respiratory
Sedation & mechanical 
ventilation for hepatic 
encephalopathy, SIRS and 
immune paresis lead to 
high risk of ARDS and ALI.
Intrapulmonary shunting, 
pleural effusions & 
diaphragmatic splinting 
from ascites may occur

Immune
Prominent SIRS response 
with initial flood of pro- 
inflammatory mediators.
Compensatory anti- 
inflammatory response 
(CARS) and immune 
paresis may supersede 
High risk of sepsis

Metabolic
Failure of glucose 
homeostasis leads to 
hypoglycemia
Lactic acidosis caused by 
reduced lactate clearance
Hyperammonemia due to 
failure of urea cycle

Hematological
Coagulopathy due to 
failure of hepatic 
synthesis of clotting 
factors

Fig. 1 Summary of the multisystem manifestations of acute liver failure (RRT: renal replacement
therapy; HRS: hepatorenal syndrome; ARDS: acute respiratory distress syndrome; ALI: acute
lung injury; SIRS: systemic inflammatory response syndrome)

failure is a classic example of a sterile inflammatory condition, in which the pres-
ence of uncontrolled cell death provides potent stimuli to the innate immune system
and provokes a massive pro-inflammatory response. The systemic consequences of
immune activation are similar to sepsis and involve a marked systemic inflamma-
tory response syndrome (SIRS) response. The SIRS response and hemodynamic
instability contribute to renal dysfunction, whereas sedation and ventilation to man-
age hepatic encephalopathy increase the risk of acute respiratory distress syndrome
(ARDS) and pulmonary infections. Predicting and acting to halt this apparently
inexorable progression from hepatic impairment to multi-system dysfunction and
organ failure is the main focus of intensive care management.

Initial Assessment

The initial assessment of the patient presenting with suspected acute liver failure
should be aimed at determining the cause and severity of their liver dysfunction
and detecting the early presence of complications. As with many areas of clinical
medicine the history is of primary importance. There may be a clear precipitant of
liver failure, such as in deliberate acetaminophen overdose, however in many cases
the cause for acute liver dysfunction is not initially clear.
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A thorough enquiry into the history of the presenting problem and its duration
should be made. The rate of evolution of symptoms can give important clues to
etiology and may also inform prognosis. A detailed medication history should be
taken, paying particular attention to the use of ‘over-the-counter’ medication, illicit
drugs or herbal remedies that patients may not initially think to disclose or may
deliberately conceal. A recent history of travel to areas with endemic hepatitis A,
B and E may suggest a viral etiology. Family history may be significant in Wilson
disease.

The clinical examination should be thorough to identify developing multi-system
involvement and in particular any evidence of sepsis. Clinical signs of chronic
liver disease should be sought to determine whether the presentation is in fact an
episode of decompensated chronic liver disease rather than acute liver failure. Bed-
side cognitive assessments should be made and documented to detect evidence of
early encephalopathy and to provide a baseline against which later assessments can
be compared.

Prognosis and Decision to Refer

An important part of the management of acute liver failure is the dynamic assess-
ment of patient prognosis to inform optimal treatment. Early consideration should
be given to the decision to refer and possibly transfer to a specialist liver transplant
center. Referral criteria for acetaminophen and non-acetaminophen etiologies have
been published and offer useful guidance [15] (Table 3). However as a rule, early
communication with a local specialist center is advised as each unit may have its
own admission criteria. Acute liver failure can progress rapidly and patient transfer
becomes increasingly difficult once complications such as cerebral edema occur.

Assessment of a patient’s prognosis is also vital when making the decision to
list for liver transplantation. The aim of this process is to accurately discriminate
between those patients who will survive with supportive care alone and those who
would die without liver transplant. This is important not only to prevent patient
deaths, but to avoid transplantation in those whose liver would regenerate sponta-
neously, which needlessly exposes a patient to operative risk and complications,
commits them to lifelong immunosuppression and wastes the valuable resource of
a transplantable organ.

A number of prognostic scoring systems have been proposed to assist in this
difficult clinical decision. Liver-specific scores, such as the Model for End-Stage
Liver Disease (MELD), Clichy and King’s College Criteria, and general inten-
sive care scores like APACHE II and sequential organ failure assessment (SOFA)
have been validated [16–18]. Additionally, numerous serological markers including
alpha-fetoprotein and phosphorus have shown prognostic value [19, 20]. Perhaps
the most widely used score is the King’s College Criteria (KCC), initially de-
scribed in 1989 [21] and later modified to include arterial lactate [22]. The KCC
describe different clinical and laboratory parameters for acetaminophen and non-
acetaminophen-induced acute liver failure and are summarized in Table 4. The
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Table 3 Guidelines on when to refer to specialist liver transplant centers (from [15])

Acetaminophen toxicity
Day 2 Day 3 Day 4
Arterial pH < 7.3
PT > 50s (INR > 3.0)
Oliguria
Creatinine > 200 µmol/l
(2.26 mg/dl)
Hypoglycemia

Arterial pH < 7.3
PT > 75s (INR > 4.4)
Oliguria
Creatinine > 200 µmol/l
(2.26 mg/dl)
Encephalopathy
Severe thrombocytopenia

PT > 100s (INR > 6.0)
Progressive rise in PT
Creatinine > 300 µmol/l
(3.4 mg/dl)
Encephalopathy
Severe thrombocytopenia

All other etiologies
Hyperacute Acute Subacute
Encephalopathy
Hypoglycemia
PT > 30s (INR > 2.0)
Renal failure
Hyperpyrexia

Encephalopathy
Hypoglycemia
PT > 30s (INR > 2.0)
Renal failure

Encephalopathy
Hypoglycemia
PT > 20s (INR > 1.5)
Renal failure
Hponatremia
Shrinking liver volume on CT

INR: international normalized ratio; PT: prothrombin time; CT: computed tomography

Table 4 The King’s College Hospital criteria for poor prognosis in acute liver failure, including
the lactate modification

Acetaminophen-induced acute liver failure All other etiologies
pH < 7.3 after fluid resuscitation PT > 100 (INR > 6.5)
OR all of the following:
PT > 100 or INR > 6.5
Serum creatinine > 300 µmol/l (3.4 mg/dL)
Grade III or IV encephalopathy
OR
Serum lactate > 3.5 mmol/l at 4 hours
or > 3.0 mmol/l at 12 hours

OR any three of the following:
Seronegative hepatitis or DILI
Age < 10 or > 40
Jaundice to encephalopathy time > 7 days
Bilirubin > 300 µmol/l (17.5 mg/dL)
PT > 50 (INR > 3.5)

INR: international normalized ratio; PT: prothrombin time; DILI: drug-induced liver injury

KCC, though widely used have been criticized for a low sensitivity and negative
predictive value. A recent systematic review found the pooled specificity of KCC
to be excellent at 94 %, but sensitivity poor at 58.2 % [23].

The USA Acute Liver Failure Study Group has recently proposed a new prog-
nostic score the ‘ALFSG Index’ comprising the patient coma grade, bilirubin, In-
ternational normalized ratio (INR), phosphorus and serum M30, (an ELISA-based
surrogate marker of apoptosis) [24]. This index demonstrated improved prognostic
accuracy over the KCC; however the limited availability of serum M30 measure-
ment may limit its clinical applicability.

In the absence of an ideal prognostic test, these scoring systems should be used
as guides, with clinical expertise ultimately informing the decision to proceed with
transplantation. Consideration of wider factors beyond patient prognosis must also
be undertaken, with psychosocial factors impacting on the outcome of a potential



Acute Liver Failure 509

liver transplant. One series from Scotland described over 30 % of patients with
acetaminophen-induced acute liver failure being unsuitable for transplantation on
the basis of pyschosocial problems, largely chronic alcohol abuse [25]. Psychiatric
conditions should not, however, be considered a contraindication to transplantation
per se. A recent case-control study in which over half the patients transplanted for
acetaminophen-induced acute liver failure had a pre-existing psychiatric diagnosis
and 25 % had previous suicide attempts, showed comparable outcomes in terms
of graft failure, compliance and overall survival between acetaminophen and non-
acetaminophen etiologies [26].

Intensive Care Management

The intensive care management of acute liver failure is aimed at preventing, if pos-
sible, the predictable consequences of acute liver failure, timely and aggressive
treatment of those complications that do arise and supportive care to allow hepatic
regeneration to occur. Recognition of those patients in whom spontaneous liver re-
generation will not occur and who, therefore, require emergent liver transplantation
is another vital aspect of patient management.

N-acetylcysteine

The clinical utility of N-acetylcysteine (NAC) in acute liver failure has evolved
over the last two decades from limited use as an ‘antidote’ in early acetaminophen
toxicity to a valuable, proven treatment in all etiologies of acute liver failure.

In acetaminophen overdose, NAC may prevent hepatocellular necrosis if given
early enough in the evolution of liver injury by replenishing hepatic glutathione and
allowing effective detoxification of N-acetyl-p-benzoquinone imine (NAPQI), the
highly reactive, toxic metabolite of acetaminophen. An oral or intravenous regimen
of NAC is, therefore, the mainstay of treatment in patients presenting to emergency
departments with a history of acetaminophen overdose. Therapeutic nomograms
that guide treatment based on the time from ingestion and plasma acetaminophen
levels are widely used. These should be interpreted generously, with a tendency
to over-treat where there is doubt over the timing of overdose, a history of stag-
gered overdose or risk factors for enhanced response, such as poor nutritional status,
chronic alcoholism or the use of enzyme inducing medication. Mild anaphylactoid
reactions to NAC are common, but are easily treated and severe side effects are
rare [27].

NAC has also proven efficacy in the later stages of acetaminophen overdose,
reducing the progression of encephalopathy and improving survival [28]. Given
the benefits of this relatively innocuous treatment in established acetaminophen-
induced acute liver failure, its use has been extended to the treatment of all forms of
acute liver failure and in one of the few randomized controlled trials in acute liver
failure management, NAC therapy in non-acetaminophen acute liver failure was
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shown to improve transplant-free survival in patients with grade I and II hepatic
encephalopathy [29]. The mechanism by which NAC exerts its beneficial effects in
established acute liver failure are unclear; however, it has been shown to improve
oxygen transport and systemic hemodynamics in the late stages of acetaminophen
toxicity and may reduce interleukin (IL)-17 production in non-acetaminophen acute
liver failure [30, 31].

Sepsis/SIRS

Pathophysiology
Features of SIRS are commonly seen in acute liver failure, with or without the pres-
ence of infection and are associated with progressive encephalopathy and increased
mortality [32, 33]. In non-acetaminophen-induced acute liver failure, SIRS also
correlates with the degree of renal dysfunction [25].

Defects in the immune systems of patients with acute liver failure render them
particularly susceptible to infections [34]. Complement deficiency due to fail-
ure of hepatic production has been described in acute liver failure along with im-
paired neutrophil function and phagocytosis [35–37]. The circulating monocytes
of patients with acute liver failure have been demonstrated to have a de-activated,
endotoxin-tolerant phenotype, similar to those in patients with septic shock. This
monocyte defect correlates with patient outcome in acute liver failure [38].

The clinical consequence of immune paresis is a high risk of sepsis and infection-
related mortality in this patient population. A number of case series have shown
bacterial infection rates of approximately 80 % in acute liver failure [39, 40]. The
commonest infections are of the respiratory tract, accounting for approximately
50 % of cases, and urinary tract, causing 25 % of infections [39, 40]. Bacteremia
is also common, documented in between 20–35 % of cases [39, 41, 42] and associ-
ated with worse hepatic encephalopathy, increased renal replacement therapy (RRT)
and ventilation requirements and a longer ICU stay [42]. The causative organisms
in acute liver failure-associated blood stream infections are fairly evenly split be-
tween Gram-positive (44 %) and Gram-negative bacteria (52 %), with a small but
notable percentage of cases caused by candidal fungemia (4 %). A wide range
of bacterial species are seen in this population, with a recent series reporting the
commonest as Enterococcus faecium, Klebsiella spp. and vancomycin-resistant En-
terococcus spp., though these patterns are likely to vary according to geographical
location [42]. In up to 30 % of cases of infection in acute liver failure, classical
clinical features of sepsis are absent [40].

Management
Sepsis has a devastating effect on the patient with acute liver failure, in terms of their
chances of spontaneous survival or successful liver transplantation. Care should be
taken to avoid infective complications by the application of good clinical practice
with respect to hand hygiene, the avoidance of indwelling lines if possible and rou-
tine surveillance and cultures. Any deterioration in clinical condition, whether or



Acute Liver Failure 511

not it is associated with a fever or classical signs of infection, should be assumed
to be sepsis until proven otherwise. Comprehensive cultures should be sent and
the application of early goal-directed therapy instigated to aggressively treat hemo-
dynamic instability [43]. Antibiotic choice will vary depending on local resistant
patterns and the clinical situation; however, the guiding principle should be the
prompt administration of broad-spectrum antibiotics, with an aim to narrow the
spectrum once culture results are available.

There is a strong argument for antibiotic prophylaxis in acute liver failure, given
the preponderance of bacterial infections, difficulties in clinical assessment and dev-
astating impact of sepsis; however there is currently no evidence to support routine
prophylaxis [44]. A pragmatic approach is to recommend prophylactic antibiotic
use in patients in whom infections are known to be common, namely those with
grade III–IV encephalopathy, requiring RRT or demonstrating SIRS features [45].
Antibiotics should also be used routinely once the decision to list for liver trans-
plantation is made [45].

Hepatic Encephalopathy, Cerebral Edema
and Intracranial Hypertension

Pathophysiology
Hepatic encephalopathy causes a spectrum of neuropsychiatric symptoms that en-
compass alterations in behavior, cognition and consciousness and range from subtle
confusion and personality change in mildest cases, through to coma in more severe
cases. This spectrum of disease is generally classified into four grades accord-
ing to the West-Haven criteria summarized in Table 5 [46]. In acute liver failure,
particularly those patients with a fulminant/hyperacute presentation, hepatic en-
cephalopathy progresses rapidly and is frequently complicated by cerebral edema
and intracranial hypertension. Intracranial hypertension with brainstem herniation
accounts for 20–25 % of deaths in acute liver failure and its treatment is one of the
most challenging aspects of patient management. In individuals with a sub-acute
presentation of acute liver failure, the occurrence of cerebral edema and intracranial
hypertension is less common; however any progression of encephalopathy reflects
critical hepatic failure and is associated with a very poor prognosis [15].

The pathogenesis of hepatic encephalopathy and cerebral edema in acute liver
failure are incompletely understood. A complex and dynamic interplay occurs be-
tween a number of factors, with the best characterized being defects in ammonia
metabolism by the failing liver, accumulation of glutamine in astrocytes leading to
swelling and a contribution from pro-inflammatory cytokines produced as part of
the SIRS response.

There is a clear relationship between arterial ammonia levels in acute liver failure
and the progression of hepatic encephalopathy to intracranial hypertension [47–49].
In health, ammonia and glutamate are produced by the action of small intestinal glu-
taminase on glutamine. The absorbed ammonia is converted in the liver to urea and
excreted [50]. When this vital detoxification function of the liver fails, increased
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Table 5 The West Haven classification of the grades of hepatic encephalopathy

Grade Clinical Features
I Trivial lack of awareness

Euphoria or anxiety
Shortened attention span
Impaired performance of addition

II Lethargy or apathy
Minimal disorientation for time or place
Subtle personality change
Inappropriate behavior
Impaired performance of subtraction

III Somnolence to semistupor, but responsive to verbal stimuli
IV Comatose, unresponsive to verbal stimuli or pain

systemic ammonia results. Once hyperammonemia develops, an alternative detox-
ification pathway is utilized with excess ammonia being converted to glutamine by
glutamine synthetase in skeletal muscle and brain astrocytes [51, 52]. Consequently
the glutamine content of astrocytes increases, leading to osmotic swelling and alter-
ations in mitochondrial function that affect cellular oxidative metabolism and cause
increases in brain lactate [53, 52]. Oxidative stress leads to local vasodilatation and
increased cerebral perfusion [54].

SIRS is increasingly recognized as an important factor in the development of
hepatic encephalopathy and cerebral edema through the clear clinical association of
SIRS with worsening encephalopathy [32, 33, 55, 56]. The initiation of endothelial
inflammatory responses, exacerbation of cerebral vasodilatation and contribution to
oxidative and nitrosative stress have all been postulated as mechanisms by which the
pro-inflammatory cytokines and mediators of SIRS contribute to the pathogenesis
of encephalopathy; however clear evidence is lacking [57].

The ultimate clinical consequences of acute astrocyte swelling and brain edema
with increased cerebral perfusion within the rigid confines of the skull, is the devel-
opment of intracranial hypertension, which, if uncontrolled, can result in brainstem
herniation and death. The sudden loss of hepatocyte function, with very rapid ac-
cumulation of ammonia in acute liver failure overwhelms the adaptive mechanisms
that can act to attenuate brain swelling in sub-acute and acute-on-chronic liver fail-
ure, thus explaining the inverse relationship between the speed of onset of liver
failure and severity of cerebral edema.

Monitoring
The use of invasive intracranial pressure (ICP) monitors remains a controversial
area in the management of acute liver failure. There is no randomized controlled-
trial level evidence to guide management and so the use of ICP monitors often
comes down to local expertise and preference. A 2005 review of practice in the
USA suggested ICP monitors are used in the management of acute liver failure in
approximately half the transplant centers surveyed [58]. Current pragmatic recom-
mendations in the AALSD treatment guidelines suggest the use of ICP monitoring
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in patients with high-grade encephalopathy who are awaiting or undergoing liver
transplantation, and then only in those centers with expertise [2].

Invasive ICP monitoring gives continuous information, allowing for contem-
poraneous, reactive management to changes in intracranial pressure. The non-
invasive techniques, such as computed tomography (CT), magnetic resonance imag-
ing (MRI) or transcranial Doppler ultrasound, only give intermittent readings, are
less accurate than invasive monitors and can be impractical in patients with ad-
vanced disease who cannot be transferred for imaging. Evidence suggests patients
with invasive monitoring in situ are managed more aggressively, with increased use
of vasopressors and ICP-related therapeutic interventions [58].

Opponents of invasive ICP monitoring cite the high complication rate, with
a 10 % risk of hemorrhage and absence of convincing evidence of survival bene-
fit in available trials [58]. Many of these bleeding complications were, however,
incidental findings on imaging and unlikely to be of clinical significance. The use
of fresh frozen plasma (FFP) and/or recombinant factor VII to transiently reverse
coagulopathy prior to insertion of ICP may be beneficial [59].

Management
The aims of managing intracranial hypertension in acute liver failure are to nor-
malize ICP, preventing permanent neurological damage or death from herniation,
while awaiting liver recovery or transplantation. Case reports exist that describe pa-
tients making a full neurological recovery following prolonged periods of intracra-
nial hypertension with ICP > 35 mmHg [60] or short-lived spikes > 80 mmHg [61].
However, therapy should be aimed at maintaining ICP below 20 mmHg if possible,
while the cerebral perfusion pressure (CPP) should be kept > 60 mmHg [62].

General measures include positioning patients with a 20–30° head up tilt and
avoiding maneuvers or interventions that may transiently increase ICP, such as en-
dobronchial suctioning. Adequate sedation and analgesia should be maintained and
the combination of propofol and fentanyl is generally recommended [45, 62]. Hy-
perthermia should be corrected with antipyretics and active cooling and aggressive
treatment of sepsis as described above is essential.

The maintenance of CPP is vital to good neurological outcome. Mean arte-
rial pressure (MAP) should, therefore, be measured invasively and maintained with
vasoconstrictors, of which norepinephrine is the first choice agent. Seizures may oc-
cur in hepatic encephalopathy and should be managed with intravenous (i.v.) pheny-
toin if they develop; however there is no benefit of prophylactic phenytoin [63].

Liver support devices and RRT may be of some benefit in reducing the systemic
ammonia load and improving hepatic encephalopathy. These are discussed in more
detail below.

Mannitol
Mannitol is an osmotic agent that can help to treat the astrocyte swelling and
brain edema that complicates acute liver failure and gives rise to intracranial hy-
pertension [64]. It is given in boluses of 0.25–0.5 g/kg and will often need to be
administered repeatedly as its effects are transient. Serum osmolality should be
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monitored and repeated boluses can be given providing the osmolality remains
< 320 mOsm/l.

Hypertonic Saline
The prophylactic use of hypertonic saline to induce hypernatremia to a target level
of 145–155 mmol/l has been shown to reduce the incidence of intracranial hyper-
tension in patients with acute liver failure [65]. No studies have evaluated the use
of hypertonic saline boluses in the treatment of elevated ICP in acute liver failure;
however, it is widely used and recommended as an alternative osmotic agent to
mannitol.

Hypothermia
Therapeutic hypothermia has proven clinical efficacy in other conditions associated
with cerebral edema, including traumatic brain injury and post-cardiac arrest [66,
67]. The rationale for its use in acute liver failure is to reduce brain metabolism,
blood flow and ammonia uptake and consequently ameliorate the development of
brain edema and intracranial hypertension. In experimental models of acute liver
failure, the induction of hypothermia has shown great promise. In rodent models,
hypothermia reduced ammonia production and uptake, cerebral hyperperfusion and
even increased survival in a murine acetaminophen model of acute liver failure [54,
68]. A number of uncontrolled trials of hypothermia in acute liver failure patient
groups have been reported [69, 70]. These have shown a range of benefits, includ-
ing reduction in ICP, cerebral blood flow (CBF), arterial ammonia, brain cytokine
production and markers of oxidative stress; however, due to study design these tri-
als were unable to determine whether hypothermia treatment conferred a survival
benefit. Concern exists regarding the side effects of prolonged hypothermia, which
include bleeding disorders, infection, cardiovascular instability and insulin resis-
tance [71]. These complications tend to be more pronounced at lower temperatures
and, therefore, current guidance suggests that if hypothermia is to be used in refrac-
tory intracranial hypertension, a moderate temperature of 34–35° C should be the
target [2].

Other
A number of other treatment strategies for ICP associated with acute liver fail-
ure have been proposed but, with limited evidence for their use or very short-term
benefits, their application should be considered a ‘last resort’ to prevent brainstem
herniation if a liver transplantation is pending.

Hyperventilation to induce hypocapnia to a PaCO2 of 25–20 mmHg has been
shown to transiently reduce ICP in acute liver failure by restoring cerebral autoreg-
ulation [72]. A controlled trial of its use showed no benefits to ICP or survival
beyond a slight delay in brainstem herniation [73]. Concerns have also been raised
about the possibility of cerebral edema being worsened following hyperventilation
due to impaired CBF [74].

Barbiturates have been used in the management of intracranial hypertension and
act by reducing cerebral oxygen demand; however their use is complicated by sys-
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temic hypotension and their metabolism may be very prolonged due to hepatic
impairment, leading to problems with later neurological assessments. Indomethacin
may also have some therapeutic benefit in management of intracranial hypertension
by inducing cerebral vasoconstriction [75].

One final intervention that may be considered as a short-term bridge to liver
transplant is a total hepatectomy and portocaval shunt formation [76]. Removal of
the source of pro-inflammatory cytokine formation that drives hepatic encephalopa-
thy can temporarily improve intracranial hypertension allowing time for transplan-
tation to be arranged.

Renal Impairment

Renal impairment commonly accompanies acute liver failure and is a marker of
poor prognosis. The causes of renal impairment in acute liver failure are multifacto-
rial and commonly include an element of acute tubular necrosis from hypovolemia.
Hepato-renal syndrome can develop due to hemodynamic changes associated with
acute liver failure, including decreased systemic vascular resistance reducing the
effective circulating volume. The development of ascites in acute liver failure can
compromise renal perfusion by increasing intra-abdominal pressure (IAP). Direct
renal toxicity from acetaminophen or non-steroidal anti-inflammatory drug over-
doses may also contribute to renal impairment in some cases.

Irrespective of the cause of renal impairment, management is aimed at normaliz-
ing renal blood flow through the correction of hypovolemia with adequate fluid re-
suscitation and maintenance of MAP with vasoconstrictors, such as norepinephrine.
If abdominal pressure is elevated > 20 mmHg due to ascites, as measured by an
intravesical pressure monitor, then paracentesis should be performed for decom-
pression.

When RRT is required in acute liver failure, continuous forms of filtration or
dialysis have been shown to be preferable as they reduce hemodynamic instability
and do not compromise CPP and ICP, unlike intermittent dialysis [77, 78].

Cardiovascular and Hemodynamic Compromise

Hemodynamic instability in acute liver failure is caused by systemic vasodilata-
tion and exacerbated by hypovolemia. Uncontrolled cell death in the failing liver
stimulates a marked pro-inflammatory response with production of cytokines and
vasoactive substances that spill over into the systemic circulation and cause pro-
found vasodilatation. A low effective arterial volume results, which, despite a high
cardiac output state, causes impaired tissue perfusion and oxygen utilization.

The first line treatment of acute liver failure is adequate fluid resuscitation, and
normal saline is the recommended choice for volume resuscitation [2]. Vasocon-
strictor therapy should only be considered once the patient is adequately fluid re-
suscitated, but is commonly required in refractory hypotension to support MAP and
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CPP. Norepinephrine is generally recommended as a first line agent, having the
benefit of preserved splanchnic blood flow compared to epinephrine [2, 45].

Elevated troponin I levels have been demonstrated in 60–74 % of patients with
acute liver failure suggesting that sub-clinical myocardial damage may occur as
part of the acute liver failure syndrome [79, 80]. Although troponin levels cor-
relate with the severity of organ failure, they performs poorly as an independent
prognostic marker, suggesting myocardial injury may not have a significant clinical
impact [79].

Adrenal insufficiency is seen in over 60 % of patients with acute hepatic dys-
function and may contribute to refractory hypotension [81]. A short synacthen test
is recommended in all patients with acute liver failure who require vasoconstric-
tor therapy. If the response to synacthen is inadequate, a trial of hydrocortisone
(200–300 mg/day for 7–10 days) may be given as it has been shown to improve
vasopressor responsiveness [82].

Respiratory Support

Intubation and controlled mechanical ventilation in acute liver failure is usually
indicated for the patient’s airway protection due to progressive encephalopathy. As
the acute liver failure progresses, a significant proportion (> 30 %) of patients will
develop the pulmonary complications of ARDS or acute lung injury (ALI) [83]. As
described above, lung infections are also a frequent occurrence in acute liver failure
and confer a worse prognosis.

Ventilation strategies in ALI associated with acute liver failure are similar to
those in the general intensive care population; however the avoidance of hypercap-
nia, which can exacerbate intracranial hypertension, should be particularly rigorous.
This means that if low tidal volumes are used to guard against ALI, the respira-
tory rate may need to be increased to maintain normocapnia [45]. Moderate levels
of positive end-expiratory pressure (PEEP) can be tolerated without detriment to
the ICP and should be used to ensure alveolar recruitment and adequate oxygena-
tion [62].

A further challenge in the ventilation of patients with acute liver failure is
the increased respiratory compliance due to fluid overload causing chest wall
edema, pleural effusions and ascites, which gives rise to diaphragmatic splint-
ing from raised IAP. IAP monitoring via an intravesical probe should be routine
and paracentesis used to decompress the abdominal compartment if pressure rises
> 20 mmHg.

Coagulopathy

The coagulopathy of acute liver failure is complex, caused by both a failure in
hepatic production of fibrinogen and clotting factors and increased consumption.
Thrombocytopenia is common, with platelet counts of < 150 × 109 cells/l seen in
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over 70 % of cases, though the cause for declining platelet counts are not well
understood [84]. The marked abnormalities in laboratory indices of clotting may
be misleading as hepatic impairment also causes defects in the anti-coagulant sys-
tem, which can compensate for the bleeding tendency, the so called ‘rebalanced
hemostasis’. This probably explains why, despite significant prolongation of the
INR, spontaneous bleeding in acute liver failure is a rare event. A recent study uti-
lizing thromboelastography (TEG) to assess clotting in patients with acute liver
failure, showed that the dynamics of clot formation are well preserved despite
an INR range of 1.5–9.6 [85]. The same study also demonstrated that pro- and
anti-coagulant factors, except for factor VIII, decreased in direct proportion to one
another in acute liver failure.

As significant spontaneous bleeding is rare in acute liver failure there is no re-
quirement for prophylactic correction of clotting indices [2, 86]. Although this
advice has been consistent for many years, over-transfusion is common. A recent
series showed 92 % of acute liver failure patients received an average of 14 units of
FFP within their first week in hospital despite few incidents of spontaneous bleed-
ing or invasive procedures requiring correcting of coagulopathy [86]. The volume
associated with transfusion of FFP may cause fluid overload and worsen cere-
bral edema and this practice also places patients at risk of transfusion-related ALI
(TRALI).

If an invasive procedure, such as placement of an ICP monitor is planned, clot-
ting should be corrected. The targets for transfusion have not been clearly set,
though an INR of < 1.5 [45] and platelet count of 50,000–70,000/mm3 has been
proposed [86]. The use of recombinant factor VII in addition to or instead of FFP
has been recommended by some as it may more efficiently improve clotting indices
and reduces the risk of fluid overload [59]. There are, however, significant cost
implications to this strategy.

Intravenous vitamin K should be administered to all patients as there is a high
prevalence of vitamin K deficiency in acute liver failure [87].

Overall, this is an area where further research is clearly needed. It is recognized
that standard laboratory indices poorly reflect in vivo coagulopathy and yet no better
methods of assessment are available. The optimal targets for transfusion and best
strategies to correct coagulopathy currently lack a convincing evidence base.

Nutrition and Electrolyte Homeostasis

Acute liver failure is a catabolic state, with high energy expenditure leading to mus-
cle wasting and nutritional deficiencies. Disorders of glucose, potassium, phosphate
and magnesium homeostasis are common and should be monitored and promptly
corrected. Hypoglycemia is one of the metabolic hallmarks of acute liver failure
and is caused by failure of gluconeogenesis and destruction of hepatic glycogen
stores. Treatment with continuous glucose infusions or feed is commonly required
to maintain normoglycemia. Hyperglycemia should also be avoided as there is evi-
dence that it may exacerbate intracranial hypertension [62].



518 L. A. Possamai and J. A. Wendon

Disorders of phosphate handling are also commonly seen in acute liver failure
and phosphate levels have been shown to be an accurate predictor of prognosis
in acetaminophen-induced acute liver failure, with hyperphosphatemia being seen
in non-survivors and hypophosphatemia in survivors [88]. This is thought to be
a proxy measure of the absence or presence of hepatic regeneration, which utilizes
phosphate in the generation of ATP.

Feeding should be established early and the enteral route is preferred if possible.
Acute liver failure is not however a contraindication to parenteral feeding. Protein
restriction is not required, so a normal intake of 60 g/day or 1 g/kg/day can be pro-
vided. Glutamine-containing feed should be avoided to avoid the theoretical risk of
exacerbating hepatic encephalopathy [62].

Liver Support Devices

The potential for hepatic regeneration in acute liver failure if a patient can be sup-
ported through their acute illness has led to the development of a number of liver
support devices which aim to temporarily take over vital hepatic functions in much
the same way a dialysis machine may be used to transiently support kidney func-
tion in acute renal failure. Unfortunately the dream of a mechanical ‘proxy liver’
is a long way from being realized. Systems have been created that use biological
components, usually cells from hepatoma lines, or purely artificial components, or
a combination of the two in ‘bio-artificial’ devices. The artificial devices are the
only ones to have been used extensively in clinical trials and all work on an albu-
min dialysis principle, whereby high concentrations of albumin in a dialysate are
used to extract albumin-bound toxins from patient blood as it circulates through
the device. The two most commonly used devices are the molecular absorbance
recirculation system (MARS) and the Prometheus albumin dialysis system. A re-
cent meta-analysis of MARS treatment in acute liver failure demonstrated that it
could improve hepatic encephalopathy grade and biochemical indices, but had no
overall impact on survival [89]. Further trials on both artificial and the new bioarti-
ficial systems are required before they are considered as routine care for acute liver
failure [2].

Liver Transplantation

The use of liver transplantation has been the most significant development in the
treatment of acute liver failure in the last 40 years and has significantly improved
survival [14]. One year survival following an emergent liver transplant is slightly
worse than for routine transplants, but stands at an impressive 80 %. The selection
for liver transplant depends upon accurate prediction of survival without transplant
as discussed above.

A discussion of graft selection and transplantation ethics is beyond the scope of
this chapter.
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Table 6 A summary of recommendations for management of the multi-system manifestations of
acute liver failure

Clinical
Manifestation

Recommendation Rationale

CT scan Rule out other intracranial pathology
or hemorrhage
May demonstrate cerebral edema but
low sensitivity for ICH

Invasive ICP monitoring in grade III/IV
hepatic encephalopathy

Guide treatment to maintain
ICP < 20 mmHg and CPP > 60 mmHg

Position patient head up 30° Reduce ICP without compromising
CPP

Sedation with propofol and fentanyl and
decreased stimulation

Reduce spikes in ICP associated with
movement, agitation and valsalva
effects from coughing/gag

Control seizures with i.v. phenytoin Seizures can increase ICP

Aggressive treatment of SIRS SIRS associated with poor prognosis
and progression of hepatic
encephalopathy

Bolus mannitol (0.25–0.5 g/kg). Repeat
administration if serum osmolality
< 320 mOsm/L

Osmotic reduction in brain water and
improved blood rheology

Hypertonic saline to induce
hypernatremia (145–155 mmol/l)

Osmotic reduction in brain swelling.
Prevents the development of ICH and
may be used in the place of mannitol
as treatment

Cerebral
edema and
ICH

‘Last resort’ rescue therapies include:
Moderate hypothermia
Barbiturates
Hyperventilation
Total hepatectomy and portocaval shunt

These may transiently lower ICP

i.v. proton pump inhibitor Reduce risk of GI bleeding

Parenteral vitamin K Correct vitamin K deficiency

Do not correct coagulopathy unless
significant bleeding or prior to invasive
procedure

Transfusion can contribute to volume
overload and cerebral edema and
cause TRALI

Coagulopathy

Correction of coagulopathy prior to
invasive procedures with FFP, platelets
and rFVII
Correct hypovolemia Improve renal perfusion and GFR

Avoidance of nephrotoxic drugs Prevent direct renal toxicity

Maintain MAP > 75 mmHg with
norepinephrine

Improve renal perfusion and GFR

Renal
impairment

In presence of ascites monitor
intra-abdominal pressure and perform
paracentesis if pressure > 20 mmHg

Improve renal perfusion

Continuation see next page
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Table 6 Continued

Clinical
Manifestation

Recommendation Rationale

Continuous method of RRT if required. RRT supports renal function and has
added benefit of some systemic
ammonia clearance. Continuous
methods prevent hemodynamic
instability and rises in ICP.

Prompt treatment of pulmonary
infections

Adjustment of CMV to maintain
normocapnia

Respiratory
compromise

Monitoring of IAP and decompression
by paracentesis.

Improves respiratory compliance and
facilitates ventilation.

Fluid resuscitation with normal saline Correct hypovolemia

Vasoconstrictor therapy.
Norepinephrine preferred.

Maintenance of MAP and CPP, to
ensure adequate tissue perfusion

Hemodynamic
instability

Short synacthen test on all requiring
vasoconstrictors. Hydrocortisone for
those with impaired short synacthen
test.

Adrenal insufficiency common and
may contribute to refractory
hypotension

Impaired
glucose
homeostasis

Continuous glucose infusion or feed to
maintain normoglycemia.
Avoidance of hyperglycemia

Hyperglycemia may exacerbate ICH

Nutritional
deficiency

Enteral feeding if possible aiming for
25–30 kcal/kg/day.
Parenteral route if enteral not possible.
Normal protein content
Frequent monitoring of electrolytes
with correction if required

Hypokalemia, hypophosphatemia
and hypomagnesemia common.

ICH: intracranial hypertension; CPP: cerebral perfusion pressure; ICP: intracranial pressure;
CT: computed tomography; SIRS: systemic inflammatory response syndrome; i.v.: intravenous;
TRALI: transfusion-related acute lung injury; FFP: fresh frozen plasma; GFR: glomerular filtra-
tion rate; MAP: mean arterial pressure; RRT: renal replacement therapy; IAP: intra-abdominal
pressure
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Conclusions

The optimal management of acute liver failure requires consideration of the diag-
nosis and etiological factors (Table 6). The hepatic and extra hepatic manifestations
require recognition and management to support end-organ function and increase op-
portunities for liver repair and regeneration. The time course of deterioration needs
to be considered depending on sub-acute, acute or hyperacute etiologies, the latter
being associated with rapid changes particularly in regard cardiovascular, metabolic
and neurological status. The decision as to whether transplantation is a therapeutic
option should be based upon validated prognostic scoring systems and underlying
etiology of the acute liver failure.
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Renal Issues



Lung/Kidney Interactions: From Experimental
Evidence to Clinical Uncertainty

D. Schnell, F. Vincent, and M. Darmon

Introduction

Despite improvements in dialysis technology and supportive care, the morbidity and
mortality rates associated with acute kidney injury (AKI) have remained unchanged
for several decades [1–6]. Whether this poor prognosis of AKI is ascribable to the
severity of underlying disease or to renal dysfunction per se has long been debated.
Several recent studies suggest that AKI itself might influence patient outcomes,
independent of the nature and severity of underlying disease and the metabolic con-
sequences of renal dysfunction. In several studies, AKI was consistently associated
with a high relative risk of death even after adjustment for co-morbid conditions
and severity of illness [1, 3]. In addition, several studies found that moderate AKI
adversely affected patient outcomes [7–9]. Thus, moderate serum creatinine eleva-
tion (> 26 µmol/l) was associated with a 6.5-fold increase in the risk of in-hospital
death [9]. Based on these data, renal dysfunction is no longer viewed as merely
a manifestation of multiple organ failure, but is instead seen as a possible contribu-
tor to the development of other organ dysfunctions [3, 9, 10]. Hence, an increasing
body of evidence suggests that deleterious interactions might exist between the kid-
ney and distant organs. These interactions may help in understanding the natural
history of multiple organ dysfunction and emphasize the central role of AKI in this
syndrome. Cardiorenal syndromes [11] and neurological or hepatic consequences
of AKI [12] are among the reported interactions. However, lung/kidney interac-
tions are among the most carefully described interactions. This review reports the
evidence and mechanisms of these interactions, and delineates a research agenda
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that may aid in a finer understanding of the clinical consequences of the reported
experimental mechanisms.

Pulmonary Consequences of AKI

The primary mechanisms of respiratory failure during AKI have long been debated.
The most obvious mechanism is extracellular space overload, which may translate
into hydrostatic pulmonary edema [13, 14]. However, more complex mechanisms
of lung injury exist in addition to this mechanism. Experimental evidence sug-
gests that pulmonary injury might occur after renal injury [15–17]. Experimental
models have demonstrated that renal ischemia-reperfusion and bilateral nephrec-
tomy are associated with increased pulmonary vascular permeability and reduced
alveolar fluid clearance, leading to increased pulmonary wet lung and increased
bronchoalveolar lavage (BAL) protein concentration [15–17]. All of these find-
ings suggest that pulmonary injury is induced, or at least exacerbated, by renal
injury. Pulmonary histology performed after renal injury also revealed interstitial
edema, intra-alveolar hemorrhage, and red blood cell (RBC) sludging after renal
injury [18]. Additionally, these findings were associated with downregulation of
the epithelial sodium channel, the Na+-K+-ATPase transporter, and aquaporin 5 in
the rodent lung [15]. Finally, genomic analyses revealed the activation of pro-
inflammatory and pro-apoptotic pathways after ischemia-reperfusion [17]. The
respective influences of uremia (indirectly caused by AKI as a result of the accu-
mulation of urea or other potentially toxic agents) and renal injury per se (a direct
result of AKI, separate from its metabolic consequences) remain uncertain, and
may vary for each of the suspected mechanisms. The effects of renal injury on ep-
ithelial sodium and water transporters were observed after bilateral renal ischemia-
reperfusion, as well as after bilateral nephrectomy [15]. Similarly, several studies
have reported evidence of lung inflammation and injury after bilateral nephrec-
tomy, suggesting that indirect toxicity related to uremia might have occurred [18,
19]. Conversely, transcriptional changes observed after renal ischemia were distinct
from changes observed after bilateral nephrectomy, suggesting that at least some of
the observed pulmonary consequences were specific to renal ischemia and distinct
from hypothetical accumulation of uremic toxicity after AKI [17].

Three mechanisms have been proposed to be involved in the initiation and pro-
gression of respiratory response to AKI: A systemic inflammatory response medi-
ated by cytokines; a cellular response involving both neutrophils and macrophages;
and a role for reactive oxygen species (ROS). Cellular and humoral inflammatory
responses appear to play a major role in the initiation and progression of the respira-
tory response to AKI [19, 21–23]. Hence, an experimental study conducted in wild
type mice reported that both ischemic renal injury and bilateral nephrectomy were
followed within 4 hours by lung neutrophil infiltration with increased myeloperoxi-
dase activity, neutrophil chemokines, and capillary leakage [21]. The critical role of
interleukin (IL)-6 was demonstrated in IL-6-deficient mice or following the admin-
istration of anti-IL-6 antibodies [21]. IL-6-deficient mice and animals treated with
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anti-IL-6 antibodies exhibited decreased myeloperoxidase levels, capillary leakage,
or neutrophil levels of chemokines after both renal interventions [21]. Additional
models emphasized the influence of several chemokines and cytokines. Hence,
keratinocyte-derived chemokine (or its murine equivalent, Gro-˛), macrophage in-
flammatory protein (MIP)-2 or IL-1ˇ and tumor necrosis factor (TNF)-˛ have been
found to increase during the first 3 hours after AKI [22–24]. Interestingly, the ad-
ministration of anti-inflammatory IL-10 was associated with decreased lung inflam-
mation and injury in these experimental models [19]. However, beyond cytokines,
several studies reported lung leukocyte activation or infiltration after experimental
AKI [19, 20]. Therefore, AKI was reportedly associated with pulmonary infiltra-
tion independent of the AKI mechanism in animals [19, 20]. Macrophages have
also been discussed as potent effectors of lung injury after experimental AKI. Stud-
ies have observed that AKI is associated with macrophage infiltration of distant
organs [25] and that lung injury is reduced by the administration of macrophage
inhibitors [18]. Finally, the influence of ROS has been suggested. Although less
thoroughly investigated, experimental studies have suggested that oxidative stress
influences systemic organ dysfunction after renal injury. Hence, ischemic renal in-
jury can reportedly decrease hepatic levels of antioxidant compounds (glutathione
or superoxide dismutase [SOD]) [26]. Additionally, knockout mice for heme oxy-
genase 1, a potent antioxidant enzyme, were found to be more sensitive to renal
ischemia, with increased IL-6 levels in systemic organs [27].

Despite consistent findings in experimental studies and a high biological plau-
sibility, the respiratory consequences of renal dysfunction remain to be assessed in
the clinical setting. Whether these pathophysiological mechanisms translate into
meaningful clinical consequences has yet to be demonstrated.

Renal Consequences of Acute Respiratory Failure

In contrast to the previously mentioned interactions, acute lung injury (ALI) ad-
versely affected renal function in experimental studies in animals and healthy vol-
unteers, as well as in critically ill patients. Positive pressure ventilation, hypoxemia
and hypercapnia, and systemic inflammation have been involved in this renal re-
sponse to acute respiratory failure.

Renal Consequences of Positive Pressure Ventilation

Positive pressure ventilation may modify the cardiac preload and has been associ-
ated with systemic hemodynamic changes. It has also been associated with changes
in renal function, including decreases in glomerular filtration rate (GFR), renal
blood flow, and free water clearance [28–34]. An experimental study performed
60 years ago in healthy volunteers reported that high levels of continuous positive
airway pressure (24 to 26 mmHg) were associated with decreases in renal plasma
flow (as assessed by para-aminohippurate clearance), free water and sodium clear-
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ance, and GFR (as assessed by inulin clearance) [29]. Additional studies confirmed
these findings with lower levels of positive pressure [30–33, 35] and provided addi-
tional insight regarding the pathophysiological mechanisms involved. These studies
observed the systematic activation of both sympathetic and renin-angiotensin sys-
tems, together with the suppression of atrial natriuretic peptide release [30–33,
35]. Interestingly, no changes in anti-diuretic hormone concentration were ob-
served [35]. Additionally, renal effects of positive pressure were observed in renal
transplant recipients, which suggests that renal nerves have little role in altering
renal vascular resistance in this setting [32, 34].

Renal Consequences of Hypoxemia and Hypercapnia

Beyond the direct effects of positive pressure ventilation, both hypoxemia and hy-
percapnia were shown to influence renal perfusion and sodium and water clearance.
Oxygen effects are closely related to the relative medullar hypoxemia observed in
mammals. This relative medullar hypoxemia is well documented and is closely
correlated to the ability of mammals to concentrate urine [36]. However, several
regulatory mechanisms enable the maintenance of adequate medullar oxygenation
and, therefore, the maintenance of renal function until a critical oxygen concen-
tration is reached [36]. This critical oxygen concentration appears to be reached
when the fraction of inspired oxygen (FiO2) is approximately 9 % [36]. Further
impairment in medullary oxygenation may lead to medullar hypoxic injury and,
therefore, to acute tubular necrosis. However, the effect of milder hypoxemia on
kidney function was recognized several decades ago, and includes increases in di-
uresis, natriuresis, and maintained GFR [37]. The hypoxic diuretic response has
secondarily been demonstrated to occur during either normobaric hypoxemia or
hypobaric equivalence [38–43]. This effect has been extensively studied in humans
and animals at rest and during exercise, as well as in poïkilocapnic and isocapnic
conditions [38, 41–43]. This response is believed to be an adaptive phenomenon
that allows hemoconcentration (and therefore increased oxygen transportation) in
this setting [44]. However, pathophysiological mechanisms of this response are
complex and remain poorly understood. Two main mechanisms have been involved.
First, hypoxemia may be responsible for stimulation of the respiratory drive, which
results in increased minute ventilation, along with the variation of intra-thoracic
pressure in a mechanism known as the hypoxic ventilatory response. The hypoxic
ventilatory response may participate in the hypoxic diuretic response through sev-
eral mechanisms. Hence, respiratory alkalosis induced by the hypoxic ventilatory
response might enhance sodium bicarbonate excretion [39, 45]. Additionally, in-
trathoracic pressure changes in response to hyperpnea have been associated with
increased diuresis and natriuresis [29].

However, additional mechanisms have been shown to be involved, and the di-
uretic renal response to hypoxemia has been observed in isocapnic hypoxemia and
in animals receiving neuromuscular blockers [44]. Several humoral factors have
been involved aside from the hypoxic ventilatory response, including decreased
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Fig. 1 Changes in resistive
index (RI) in individuals
(light blue lines) and median
(dark blue line) following
exposure to moderate hy-
poxemia (SpO2 88–90 %)
in critically ill patients with
refractory hypoxemia. Re-
produced from [43] (with
permission)
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activity of the renin-angiotensin-aldosterone system [39, 46–48], the role of atrial-
natriuretic peptide [49, 50], and the influence of endothelin [39, 51].

Several studies have also emphasized the influence of hypoxemia or hyper-
capnia on renal perfusion. Although findings have been controversial [52, 53],
several studies have reported decreased renal perfusion or increased renal resis-
tance as consequences of hypoxemia [43, 54–58]. Some studies found that both
hypoxemia and hypercapnia were associated with increased renal resistance, with
synergistic effects when these mechanisms were associated [52, 55, 56]. This
effect was reduced but not abolished in renal transplant recipients [57]. This
finding suggests an effect, at least partly independent of renal innervation, that
could be derived from a humoral mechanism [57]. Suggested mechanisms are
numerous, and include chemoreceptor-mediated sympathetic reflexes [57, 59], as
well as vasoactive mediators such as bradykinins, angiotensin II, and nitric oxide
(NO) [54, 57].

Short-term exposure to moderate hypoxemia appears to have limited conse-
quences on GFR in healthy humans and animals [37, 40, 42, 51–53]. In a recent
study performed in critically ill patients with refractory hypoxemia, we found
that moderate hypoxemia was associated with an increase in short-term creatinine
clearance [43]. This finding, along with an increase in the renal resistive index,
might suggest an efferent arteriolar vasoconstriction in response to hypoxemia
(Fig. 1) [43]. In contrast, longer duration of exposure to hypobaric hypoxemia in
healthy subjects was associated with decreased creatinine clearance [60]. How-
ever, the specific role of hypoxemia in this study was difficult to delineate; several
confounding factors may have contributed to this finding [60].
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Inflammatory Response

Finally, biotrauma and the systemic inflammatory response have been implicated in
distant organ dysfunction and renal injury in critically ill patients. Several studies
have indicated that the systemic inflammatory response not only affects the lungs,
but also leads to further systemic inflammation and organ dysfunction through the
release of inflammatory cytokines [61–64]. In these studies, the use of higher tidal
volumes was associated with higher levels of cytokines (TNF-˛, IL-1ˇ, IL-6, and
IL-8), as well as with higher rates of AKI in animals and higher numbers of days
with AKI in critically ill patients [61–64]. In an experimental study, ventilation
using a higher tidal volume was associated with a higher rate of epithelial cell apop-
tosis in kidney and intestinal villi [65]. In this study, the contribution of Fas ligand
to the observed results was suggested by the correlation between Fas ligand changes
and serum creatinine changes, as well as by the attenuated apoptosis that resulted
in vitro after the inhibition of Fas ligand [65].

Clinical Consequences

Despite the experimental evidence, few studies have evaluated the clinical impact
of respiratory failure on renal function by clearly assessing the time of mechanical
ventilation initiation relative to the onset of AKI [66–72]. A recent meta-analysis of
these studies suggested that both acute respiratory distress syndrome (ARDS) and
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mechanical ventilation were associated with a 3-fold increase in the risk of AKI
(Fig. 2) [73]. However, most of the studies included in this analysis were obser-
vational studies that focused on specific populations, such as trauma patients [66],
lung transplant recipients [68], cancer patients [69], or patients with hepatic fail-
ure [71]. Thus, the general applicability of the findings is unclear. Furthermore,
these studies were not specifically designed to assess the influence of respiratory
failure on AKI, and the respective influences of mechanical ventilation and ARDS
were difficult to delineate [73]. Therefore, and despite the biological plausibility of
such an association, these findings do not allow any conclusion regarding the causal
relationship between AKI and respiratory failure.

Research Agenda

The large amount of experimental evidence supporting the existence of a lung/kidney
interaction contrasts with the limited data regarding the clinical relevance of these
interactions. There is a need for confirmatory studies that address the clinical
consequences of these interactions. First, epidemiological studies are needed to
confirm the association of AKI with respiratory dysfunction or the deterioration
of lung function after AKI. Although several studies have suggested such an as-
sociation during mechanical ventilation, these findings were ancillary results, and
the adequacy of adjustment for relevant confounders might be questioned [66–
73]. In addition, most of these studies were performed in subgroups of criti-
cally ill patients [66, 68–72]. Finally, none of these studies were specifically
designed to address this association. Therefore, questions regarding the relevance
and generalizability of these findings to an unselected population of critically ill
patients remain unanswered. Large cohort studies involving unselected patient
populations are needed before any definite conclusion can be drawn regarding this
association.

Similarly, addressing the unevaluated question of the influence of ARDS on re-
nal function compared with mechanical ventilation alone might add plausibility to
the causal relationship between acute respiratory failure and secondary AKI. In this
setting, several physiological studies are needed to assess the influence of mechan-
ical ventilation setting, changes in oxygen or CO2 level, and biotrauma. Although
a previous study demonstrated that short-term changes in FiO2 setting influenced
renal perfusion and free water clearance, as well as GFR [43], this study failed to
address the long-term consequences of these changes or the primary mechanisms
involved in these associations. Additional observational studies of critically ill pa-
tients or randomized studies that focus on these issues are needed to more clearly
apprehend the influence of daily changes in ventilator settings on extra-pulmonary
function. Whether changes in plateau pressure, positive end-expiratory pressure
(PEEP), or oxygen or CO2 levels translate into clinically relevant changes in fluid
balance or renal function in the general intensive care population, in patients with
chronic obstructive pulmonary disease (COPD), or in patients with refractory hy-
poxemia remains to be evaluated.
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Finally, assessing the clinical relevance of renal dysfunction to the severity of
respiratory failure may be in order, although it would also be more difficult. Large
cohort studies may help to address the statistical association between these two
events. However, such a study is ultimately likely to fail to discriminate relative
consequences of renal injury, uremic state, and fluid balance changes related to
renal dysfunction on respiratory failure. A systematic assessment of whether man-
agement or preventive measures for AKI might influence the degree of respiratory
dysfunction beyond fluid balance may help to highlight such an association more
specifically.

Conclusions

Based on existing data regarding the association between renal dysfunction and
outcomes, AKI is no longer viewed as merely a manifestation of multiple organ fail-
ure. Instead, it is seen as a possible contributor to the development of dysfunction in
other organs [12, 18, 74]. Knowledge of the influence of AKI on a distant organ, and
conversely, the sensitivity of the kidney to dysfunction in a distant organ, provides
insight into the pathophysiology of multiple organ failure [11, 12, 18, 73]. The high
prevalence of both AKI and respiratory failure in critically ill patients, along with
a growing body of evidence suggesting a lung/kidney interaction, have made this
association the perfect experimental example of cross-talk between dysfunctioning
organs. Experimental models have demonstrated that renal injury is associated with
increased pulmonary vascular permeability and decreased alveolar fluid clearance,
leading to increased incidence of pulmonary wet lung and increased BAL protein
concentration [15–17]. Pathophysiological mechanisms usually involved in the ini-
tiation and progression of the respiratory response to AKI include both cellular and
humoral inflammatory responses [19, 21–23]. However, the clinical relevance of
these findings remains limited.

ALI has adversely affected renal function in experimental studies in animals,
healthy volunteers, and critically ill patients [29, 38, 39, 65]. The consequences of
positive pressure ventilation, hypoxemia/hypercapnia, and systemic inflammation
are the main mechanisms involved in this renal response to respiratory failure [33,
35, 43, 57, 65]. The relevance of these interactions in a clinical setting has been
studied more carefully regarding intermediate outcome variables [31, 35, 43, 56,
57], and also, in some cases, regarding long-term clinical implications [73, 75].
However, there is a lack of studies specifically designed to address long-term clini-
cal consequences.

Studies are needed to more carefully assess the clinical relevance of the ex-
perimental mechanisms discussed above. Until such studies are conducted, the
previously discussed interactions remain an interesting example of cross-talk be-
tween organs, a likely mechanism that may contribute to the puzzle of multiple
organ failure, which itself remains a theoretical risk factor for organ dysfunction
and a seductive but as-yet-unproven therapeutic target.
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Shifting Paradigms in Acute Kidney Injury

W. De Corte, I. De Laet, and E.A.J. Hoste

Introduction

Acute kidney injury (AKI) is a frequent finding in critically ill patients and as-
sociated with adverse outcomes, such as increased length of stay, end-stage-renal
disease (ESRD) and mortality [1, 2]. Approximately 50 % of ICU patients have
AKI as defined by the sensitive RIFLE definition, and 5–15 % of ICU patients are
treated with renal replacement therapy (RRT). Several new concepts, encompass-
ing practically all aspects of AKI from diagnosis to treatment and outcome, have
evolved over the last few years. This overview describes the most important new
insights on AKI, based on recent research and consensus reports.

Expanding the Scope of AKI

Towards a Consensus Definition

Over the last years, the emphasis in ‘acute kidney disease’ has shifted from total
failure of kidney function, to less severely impaired kidney function, leading to the
concept of ‘AKI’, a grading system describing different levels of acute kidney dys-
function. More recently, a new entity, “subclinical AKI”, has been introduced [3].
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The term ‘acute renal failure’ was introduced in the 1950s by Homer W.
Smith [1]. This terminology was widely used and resulted in over 35 different
definitions of acute renal failure in the medical literature [4]. The Acute Dialy-
sis Quality Initiative (ADQI), a group of experts in the field of nephrology and
intensive care, recognized the need for a standard definition of kidney failure.
They introduced the Risk, Injury, Failure, Loss and End stage renal failure (RI-
FLE) classification, a grading system for increasing degrees of severity of AKI [4],
emphasizing the importance of a small decline in kidney function. This RIFLE
classification was later modified by the Acute Kidney Injury Network (AKIN) and
the Kidney Disease: Improving Global Outcomes (KDIGO) groups [5, 6]. This
allowed for the terminology ‘AKI’ to cover the whole range from mild impairment
of renal function to the need for RRT [5].

Using these new definitions, it became clear that the incidence of AKI is high in
critically ill patients, ranging from 16 % to 67 % depending on the baseline char-
acteristics of the study population [7–9]. The increased sensitivity of the AKI
definition is related to relevant clinical outcomes. Other, less sensitive definitions,
such as the American Society of Surgeons National Surgical Quality Improvement
Program (ACS-NSQIP) definition (rise in serum creatinine greater than 2 mg/dl or
the acute need for RRT) cannot take into account the risk associated with mild AKI.
Bihorac et al. showed, in a large study including over 27,000 patients, that the
ACS-NSIQIP definition of postoperative AKI does not detect 93 % of RIFLE-AKI
patients. Nevertheless, these patients account for 80 % of the 90-day mortality [10].
The new definitions of AKI have allowed and will continue to allow a much more
realistic evaluation of the true incidence, risks and costs of AKI in different patient
populations.

The Changing Face of AKI

Change in ICU case-mix and the concept of frailty
The aging society in developed countries is resulting in a change in case-mix of
ICU admissions. Patients > 65 years of age now account for approximately 50 %
of all ICU admissions and for 60 % of all ICU days [11]. Elderly patients often
have impaired cardiac, pulmonary, metabolic and renal function prior to their ICU
admission. Increasing age and comorbidity are associated with adverse outcomes.
Single point serum creatinine measurement on admission in these patients may un-
derestimate the degree of kidney dysfunction, as decreased muscle mass in these
patients leads to decreased creatinine generation and lower serum concentrations.

Together with the admission of this geriatric population came the concept of
frailty, initially introduced by the geriatricians. Frailty describes a multidimen-
sional syndrome of loss of physiological reserve that gives rise to the accumulation
of deficits and increased risk of vulnerability to adverse events. Frailty has been
associated with worse outcomes. In ICU patients, the concept of frailty is quite new
and was only recently described [12]. To date, there is no consensus definition of
frailty. One of the most widely used descriptions to measure frailty is the defini-
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tion proposed by Fried et al. [13]. The Clinical Frailty Scale (CFS) a simple and
validated seven-point judgment-based tool may be applicable in ICU patients [14].
These frail patients with moderate organ function requiring ICU care for extended
periods of time form a new challenge for modern ICU care. As a consequence, the
concept of frailty should be considered when studying outcomes in the critically ill
population suffering from AKI.

Increasing Incidence of AKI
Interestingly, AKI has been increasingly diagnosed in ICU patients over the past
decades. Data from the Australian and New Zealand Intensive Care Society (ANZ-
ICS) showed an annual increase of 2.8 % from 1996 to 2005 [15]. Similarly, in the
USA, a > 20-fold increase in the incidence of AKI has been observed over the past
30 years [16]. It remains uncertain whether this last finding is the reflection of a true
increase in the incidence of AKI or if this is the result of more adequate recording
of AKI diagnoses. AKI defined by the need for RRT is diagnosed in approximately
5–10 % of critically ill patients [17, 18].

Organ Crosstalk
Patients with severe AKI mostly suffer from multiple organ dysfunction. Extra-
renal organ dysfunction most probably contributes to the high mortality rates in
these patients.

In AKI patients there is strong evidence of an ‘adverse organ crosstalk’ between
damaged kidneys and other organ systems such as heart, lung, liver, intestinal tract
and brain [19].

Ischemic AKI activates several inflammatory cascades initiating distant organ
dysfunction. Of special interest is the crosstalk between the kidney and the heart.
Several studies have demonstrated the bidirectional communication and feedback
between these organs. Recently the ADQI proposed a consensus definition of car-
diorenal syndromes (CRS) [20]. CRS were classified into five subtypes based on the
original organ dysfunction. Three subtypes are most interesting to the intensivist.
CRS type 1, the acute cardiorenal syndrome, is characterized by an acute deteri-
oration in cardiac function leading to AKI. CRS type 3, also known as the acute
renocardiac syndrome, is characterized by AKI leading to cardiac injury and/or
failure. Both syndromes are associated with adverse outcomes. Finally, type 5
CRS occurs when a systemic disease, such as sepsis, leads to both kidney and heart
dysfunction. Preventive and therapeutic strategies in CRS are derived from the
management of the individual cardiac and renal dysfunctions. Therefore, the ADQI
workgroup advises a multidisciplinary approach combining cardiology, nephrology
and critical care medicine. Combining the knowledge from these competencies may
contribute to new insights in a better understanding of this complex pathology and
better research, but may also facilitate well-designed studies in the field of CRS and
organ crosstalk. Future studies should not only focus on the complex pathophysio-
logic mechanisms of the complex entity of organ crosstalk in AKI, but should also
evaluate possible preventive and therapeutic strategies.
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Patients are dying of AKI
In the past, AKI was often considered a surrogate marker for severity of illness.
In critically ill patients, AKI often develops in the course of another disease, e. g.,
sepsis or trauma. Patient mortality was considered a consequence of this underlying
disease. In other words, the statement that patients died with AKI and not from AKI
was widely accepted. However, epidemiologic data have made it clear that AKI is
an independent risk factor for mortality. A whole range of clinical complications of
AKI, such as volume overload, electrolyte abnormalities, acidosis, and inadequate
drug dosing, may help explain the increased morbidity and mortality in AKI. This
facet was already realized for patients treated with RRT, but several more recent
studies have demonstrated a correlation between small decreases in kidney function
and short-term mortality [2, 21]. These findings suggest that AKI is not a benign
syndrome and that patients actually die from AKI, rather than with AKI [22].

Diagnosis and Prevention of AKI

Novel renal biomarkers and the concept of subclinical AKI
The above mentioned paradigm shifts emphasize the need for early recognition of
AKI and highlight the importance of early interventions to prevent AKI or to halt
the evolution towards severe kidney dysfunction.

Measurements of serum creatinine and its derived calculations of glomerular fil-
tration rate (GFR) have served as the gold standard for the diagnosis of AKI for
decades. Even small increases in serum creatinine of � 0.3 mg/dl in hospitalized
patients have been associated with an increased risk of death [23]. However, mea-
surement of serum creatinine carries some important limitations. Most importantly,
it is a late marker of kidney injury. Changes in serum creatinine reflect alterations
in kidney function [3]. They do not provide any information concerning kidney
damage. Unfortunately, functional changes only present after significant kidney
damage has taken place. This is in stark contrast to, for example, the management
of myocardial ischemia. Patients with myocardial ischemia suffer from chest pain
and sensitive and early biomarkers of myocardial ischemia, such as troponin I, are
available allowing physicians to intervene early in the course of the disease. The
lack of sensitive and specific renal biomarkers has hampered the development of
specific interventions to prevent or treat AKI [24].

Until very recently, diagnosis of AKI was based on alterations in GFR, reflected
by changes in serum creatinine or urine output, but the absence of clinically man-
ifest AKI does not necessarily mean that the kidney is undamaged. Given the
important functional reserve, renal impairment becomes evident only when more
than 50 % of the renal mass is compromised. So, the diagnosis of AKI was usually
made when GFR had been impaired for at least 24–48 hours after the initial damage
had occurred [3].

Very recently, new renal biomarkers, such as neutrophil gelatinase-associated
lipocalin (NGAL), urinary interleukin (IL)-18, kidney injury molecule 1 (KIM 1),
and the combination of insulin-like growth factor-binding protein 7 (IGFBP-7) and
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tissue inhibitor of metalloproteinases-2 (TIMP-2) have been introduced [25]. These
biomarkers are produced in the kidney itself, making them ‘early’ indicators of
kidney damage. As they are produced even before a decrease in GMR is noticed,
an early diagnosis of AKI is made possible [26].

This development has led to concepts like ‘subclinical AKI’ and ‘renal angina’,
which are biomarker-guided and describe the clinical condition characterized by
positive biomarker and negative creatinine findings. Goldstein and Chawla recently
suggested that these biomarkers could therefore act as the “renal troponin I” and
proposed a framework of AKI based on risk factor assessment, in analogy with
the cardiovascular literature [24]. In this framework, intensivists should be aware
of the possibility of renal angina in patients at risk for AKI (advanced age, di-
abetes, liver failure, congestive heart failure, chronic kidney disease [CKD] and
cardiopulmonary bypass [CPB]). Further extensive investigation for early signs of
AKI should be performed in these patients if signs of oliguria, volume overload or
small increases in serum creatinine develop [26]. Measurement of renal biomarkers,
urine microscopy and more frequent serum creatinine measurements are advised in
this very specific population. This concept has a high negative predictive value.
Patients without renal angina have a very low risk of developing AKI (Fig. 1).
However, when renal angina is suspected, interventions to prevent further kidney
damage are applied earlier in the course of the disease and may, therefore, be more
successful. In this respect, modern technologies, such as the use of a real-time
electronic alert device, can be of additional help [27].

critically ill patient at risk of AKI

≥ 0.3 mg/dl or 50% increase 
in serum creatinine

no increase in serum creatinine

biomarker +

AKIsubclinical AKI

kidney damage decreased kidney function

biomarker –

Fig. 1 Biomarker-guided AKI continuum. Serum creatinine is assessed in patients at risk of acute
kidney injury (AKI). If there is no significant increase in serum creatinine, renal biomarkers are
assessed. A positive biomarker without a significant increase in serum creatinine is suggestive of
kidney damage, depicting a subclinical form of AKI. Subclinical AKI can lead to AKI, which is
associated with decreased kidney function and, therefore, a significant increase in serum creatinine
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At present, the exact role of AKI biomarkers is uncertain. Initial data suggesting
high sensitivity and specificity of NGAL for early diagnosis of AKI could not be
replicated in other settings. Recently the KDIGO group formulated clinical prac-
tice guidelines for prevention and treatment of AKI, advising the maintenance of
renal perfusion, the avoidance of nephrotoxic drugs and correction of underlying
processes or diseases [6]. Several observational but also interventional studies have
demonstrated that early intervention indeed results in a lower incidence of severe
AKI [28], but it is uncertain whether earlier diagnosis of AKI using new renal
biomarkers can impact on the timing and results of AKI prevention.

Pathophysiology
AKI in critically ill patients is a syndrome with a multifactorial etiology, typically
occurring with multiple hits. It is, therefore, probably also a very heterogeneous
disease. This concept is not new, but we are now more aware of this. A few decades
ago, AKI was considered the consequence of decreased kidney perfusion and is-
chemia with resulting acute tubular necrosis. However, acute tubular necrosis is
seldom found, and markedly decreased renal perfusion could not be demonstrated
in animal models of sepsis [29]. On the other hand, decreased microvascular per-
fusion secondary to inflammation, diffuse intravascular coagulation, tissue edema,
vascular shunts in the kidney, and also glomerular changes are probably respon-
sible for decreased kidney function in sepsis. In addition, other pathophysiologic
mechanisms, such as increased intra-abdominal pressure (resulting in abdominal
hypertension and abdominal compartment syndrome), drug toxicity, and increased
venous pressure may contribute to damage and decreased kidney function [30]. Fi-
nally, other causes of AKI such as tubulo-interstitial nephritis or glomerulonephritis
may play a bigger role than previously thought.

Timing of initiation of RRT
Although RRT has been in use for more than half a decade, many aspects of this
therapy remain controversial. The timing of initiation of RRT is a very contentious
issue. Over time, there has been a trend towards earlier initiation of RRT. Histori-
cally, AKI was considered a problem of uremia and RRT a means of treating uremic
symptoms. The world’s first successful artificial kidney was presented in 1942 by
Willem Johan Kolff as “a new way of treating uremia”. As uremic symptoms oc-
cur only late in the course of AKI, RRT was also initiated very late and basically
considered a life-saving rescue treatment.

This urea-driven approach stood for several decades. Over time, helped by tech-
nological advances and more widely available dialysis equipment, early initiation
of RRT and its possible positive impact on outcome started to appeal to many. Sev-
eral – mostly retrospective – studies were published searching for the optimal serum
urea threshold for initiation of RRT. Even recently, during the Vancouver meet-
ing in 2006, the AKIN working group considered a blood urea nitrogen (BUN)
concentration > 76 mg/dl as a relative indication and a BUN > 100 mg/dl an ab-
solute indication for the initiation of RRT. However, recent retrospective studies
showed that serum urea cut-offs at time of initiation of RRT have no predictive
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value for mortality in ICU patients with AKI [31]. Since the introduction of the
AKI definitions that emphasize the importance of less severe stages of AKI and
their impact on mortality [4–6, 21], the idea of early initiation of RRT has remained
intact, even though the notion of urea-guided initiation of RRT should probably be
abandoned.

Based on a meta-analysis of 23 heterogeneous and mostly retrospective stud-
ies, Seabra et al. suggested that early initiation of RRT was associated with better
outcome [32]. More recently, Karvellas and colleagues updated these findings in
a meta-analysis. They made no firm conclusions on the concept of timing of RRT
because of absence of a consensus definition of ‘early RRT’ and the lack of well-
designed studies [33].

However, we can make several comments related to this topic of ‘early initiation
of RRT’. In today’s ICU, there is not only a change in case-mix with older patients
with more comorbidities, but there is also a change in attitude towards initiation of
RRT that leads to a possible ‘inclusion bias’ in studies on RRT. Patients, who were
previously excluded from RRT because of advanced age and severe comorbidity,
have more often been included in more recent studies. The general lack of estab-
lished criteria for the initiation of RRT further complicates the issue. Hopefully, the
recently introduced AKI biomarkers could be used in future guidelines for timing
of RRT. For now, we argue that there is an urgent need for a consensus definition on
what ‘early’ and ‘late’ timing of initiation of RRT mean in order to improve study
comparability.

Outcomes in AKI: Shift of Focus

Mortality as an Endpoint

Until recently, studies of AKI in ICU patients focused on conventionally accepted
short-term outcomes, such as mortality at day 30, or at ICU and hospital discharge.
However, these endpoints may underestimate the true burden of kidney disease. In
modern-day ICU care, we should aim for more relevant endpoints, such as long-
term mortality (90 days, 6 months, one-year).

Initially, studies focused on long-term mortality were mostly performed in
patients with AKI defined by treatment with RRT. The RENAL study reported
a 44.7 % mortality rate three months after initiation of RRT [34]. Bagshaw and
co-workers described a 1-year mortality of 63.8 % in a population-based study [35].
Korkeila et al. reported 65 % mortality at 5 years in a mixed Finnish ICU popu-
lation with AKI without pre-existing renal failure [36]. Ahlström and colleagues
confirmed these findings in a cross-sectional cohort study on patients from a mixed
ICU and dialysis unit with a 5 years mortality of 70 % [37].

However, assessing long-term mortality based on ‘AKI defined by RIFLE cri-
teria’ highlights the stepwise adverse long-term mortality associated with different
stages of AKI. Coca et al. demonstrated in a systematic review and meta-analysis
of 49 studies that even mild and rapidly reversible forms of AKI are associated with
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worse short and long-term outcomes [38]. Very recently, in a large retrospective
study including more than 15,000 ICU patients with no history of end-stage renal
disease (ESRD), Fuchs and co-workers described the strong relationship between
AKI and mortality. Patients with AKIN 3 had 61 % higher mortality risk 2 years
from ICU discharge compared with patients without AKI [39].

Composite Endpoints

In the cardiovascular literature, composite endpoints, such as major adverse cardiac
events (MACE) are widely used. Ideally, these ‘pooled’ endpoints have a higher
incidence than each of their components, reducing required sample size and in-
creasing statistical efficiency. However, the use of composite endpoints in clinical
trials can easily be biased, because component endpoints may be selected to ensure
statistic significance [40]. Therefore, pooled endpoints have to be well defined and
meticulously constructed.

A renal composite endpoint, major adverse kidney events (MAKE), was recently
introduced as a concept. However, there is no standard definition for MAKE. This
composite endpoint might include death, need for RRT, renal hospitalization within
90 days, persistent decline in kidney function and progression of underlying chronic
kidney disease [41].

Renal Recovery

Until recently, it was widely accepted that most patients surviving AKI fully recover
renal function [42]. However, because of the increasing focus on long-term out-
comes, several studies have investigated the link between AKI, CKD and ESRD [43,
44]. Incomplete recovery after AKI is associated with tubulo-interstitial fibrosis and
inflammation. These processes give rise to irreversible loss of functional kidney
mass and may eventually lead to ESRD. Despite the lack of a standard definition,
the term ‘renal recovery’ is widely used and is usually interpreted as independency
of RRT [45]. Chertow et al. nicely demonstrated that 33 % of patients surviving
AKI treated with RRT were still on RRT after one year [46]. Schiffl and Fischer
reported that maximal improvement or normalization of renal function took place
within the first year [47]. Bell et al. reported, in a 7-year follow-up trial, that 14 %
of patients surviving AKI treated with continuous RRT remained on chronic dialy-
sis indefinitely [48]. Interestingly, these and other observational studies suggest that
renal recovery is less marked in patients treated with intermittent RRT compared to
continuous RRT.

One can argue that ‘renal recovery’ should encompass more than just inde-
pendence from RRT. It is well known that patients suffering from an episode of
acute-on-chronic kidney disease have an increased risk of progression towards
ESRD [43]. Given the fact that CKD stage is associated with a proportionally
higher risk of developing new episodes of AKI [49], these patients may eventually
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be trapped in a downward spiral as their renal functional reserve progressively
reduces. Moreover, AKI in patients without preexisting CKD can also cause ESRD
directly, depicting the mutual relationship between AKI and CKD. Interestingly,
the progression to CKD is facilitated by the frequency of AKI episodes and the
severity of AKI [44]. Very recently, Pannu et al. demonstrated, in a retrospec-
tive analysis on more than 190,000 patients, that incomplete renal recovery within
90 days of AKI was associated with a higher risk for ESRD [50]. In addition, there
is growing evidence that lesser forms of AKI (not requiring RRT) are associated
with worse long-term renal outcomes. Even subclinical AKI may result in worse
long-term outcomes. With regard to these data and taking into account the social
and economic impact of chronic dialysis, some investigators suggest that hospital
survivors of severe AKI should be followed by a nephrologist after discharge to
prevent undiagnosed CKD in these patients [42].

Quality of Life

The importance of long-term outcomes cannot be overestimated and were recently
highlighted in a systematic review on the topic of renal recovery by Bell [51]. This
author demonstrated that patients surviving AKI but in need of chronic dialysis
have worse quality of life compared to patients without the need for chronic dialy-
sis. Naturally, mortality remains a decisive endpoint, but it is not the only relevant
clinical endpoint beyond hospital discharge. For example, failure of renal recovery
leading to dialysis dependency is associated with substantial health care costs, but
also affects quality of life [52]. Several studies describe health-related quality of
life (HRQOL) in patients recovering from AKI. Commonly used HRQOL assess-
ments in critically ill patients include the Short Form-36 (SF-36), the Nottingham
Health Profile (NHP) and the European Quality of Life score (EQ-5D). Although
most patients who recovered from AKI reported a lower HRQOL than the general
population, for the greater part they felt satisfied with their health status; in most
patients, quality-of-life after AKI is perceived as acceptable and good [36, 37].

Future Perspectives and Conclusions

The incidence of AKI has increased over the past decades and this condition is
becoming a major public health problem. The introduction of a standardized con-
sensus definition for kidney dysfunction and the awareness that even small increases
in serum creatinine are associated with adverse outcomes have expanded the scope
of AKI and broadened its horizons with the inclusion of less-severely ill AKI pa-
tients. At the same time, the concept of organ crosstalk and the increasing numbers
of frail elderly patients with co-existing comorbidities have complicated the issue.

At present, we can only speculate as to why even small increases in serum creati-
nine lead to adverse outcomes. Plausible causes are volume overload, inflammation,
adverse effects on other organs and inadequate clearance of potentially toxic waste
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products of metabolism [1]. The recent introduction of AKI biomarkers may clar-
ify these processes; however, they have limitations. There is currently no single
ideal AKI biomarker available, but it is probably naïve to aim for this ‘ideal’ AKI
biomarker that would be suitable in all types of AKI. The question rises whether all
AKI is equal? Perhaps we should differentiate several types of AKI, each with their
specific AKI biomarker, according to specific populations (e. g., cardiac surgery
patients, general ICU patients). These AKI biomarkers may reveal AKI at an early
stage, so specific preventive and therapeutic interventions may be implemented halt-
ing further decline in kidney function.

Ideally, biomarkers will also help us predict need for RRT, renal recovery, and
long-term outcome. New concepts of subclinical AKI and renal angina have been
introduced through the use of novel renal biomarkers. These new discoveries may
offer new targeting points for preventive interventions and therapeutic strategies. In
this way, intensivists may be able to act earlier in the course of AKI, preventing
further kidney damage and halting the downward spiral of AKI, thereby preventing
the progression to ESRD. Given the increasing incidence of AKI and the burden
on health economics, future studies will have to address the most appropriate im-
plementation of strategies preventing and eventually treating AKI. These future
interventions can only be successfully studied and implemented if endpoints are
optimized with focus on composite endpoints or long-term outcomes.
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Part XIV
Coagulation and Bleeding



Early Identification of Occult Bleeding
Through Hypovolemia Detection

A. L. Holder, G. Clermont, and M. R. Pinsky

Introduction

Clinically occult hypovolemia is a significant problem facing hospitalized patients.
Tachycardia may occur before hypotension or signs of end-organ injury are ap-
parent, but it is non-specific, often overlooked and may be attributed to other less
serious causes. Unless clinicians have a high index of suspicion for subclinical hy-
povolemia, at-risk patients may progress to overt tissue hypoperfusion, displaying
hyperlactatemia and hypotension. Delaying definitive care to reverse both hypov-
olemia and its causes may have a negative impact on patient outcome. Clinicians
need tools to accurately diagnose patients with occult hypovolemia so that these pa-
tients receive appropriate resuscitation and definitive care in a timely fashion. We
believe that any instrument used to detect clinically occult hypovolemia must use
dynamic changes in physiologic parameters. We will review the merit of commonly
and less commonly used hemodynamic parameters, measures of global and tissue
blood flow and metabolic function, and features embedded within waveform data to
identify occult hypovolemia. We will also provide an overview of new approaches
to parsimoniously select parameters most predictive of early hypovolemia. All of
these parameters and features can be applied to identify any disease process causing
occult hypovolemia, e. g., sepsis, bleeding; we will focus on the early identification
of occult bleeding.

Subclinical Bleeding from any Cause
is a Significant Clinical Problem

There are many causes of hypovolemia in hospitalized patients, all of which could
have an adverse impact on patient outcome if they go unrecognized. Occult bleed-
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ing is one cause of hypovolemia and accounts for 50 % of deaths within the first
24 hours of hospitalization for a traumatic injury [1]. Some of these deaths could
be related to occult bleeding at initial presentation that went undetected, or from
iatrogenic or missed injury among trauma patients taken to the operating room
for exploratory surgery. Acute non-variceal upper gastrointestinal bleeding can
also go undetected for some time. Urgent definitive endoscopy may improve out-
comes by arresting the initial source of bleeding, prevent and predict rebleeding,
decrease transfusion requirements and shorten hospital length of stay [2]. One
study showed that delayed endoscopy was independently associated with increased
in-patient mortality [3].

If the site of bleeding is not readily apparent, health-care practitioners often do
not recognize hemorrhage until patients have lost enough blood to cause hemody-
namic instability or tissue hypoperfusion as indicated by hypotension, hyperlac-
tatemia and an elevated anion gap. Trauma patients may have lost 30 % of their
blood volume before they develop signs of end-organ hypoperfusion or hypoten-
sion [4]. Even tachycardia, the most sensitive of the readily-available vital signs,
is not present until 15 % of blood volume is lost [4]. Rather large quantities of
blood can accumulate in the chest, abdomen, pelvis, and other compartments of the
body prior to any clinically detectable signs of hypovolemia. If tissue hypoperfu-
sion persists, subsequent ischemic damage will become irreversible; one indication
of irreversible injury is sudden cardiovascular collapse caused by loss of vascular
tone [5]. Clearly, waiting for late signs of hypovolemia such as hypotension could
be detrimental to patient outcome.

Clinicians Need Better Screening Tools
to Identify Subclinical Hemorrhage Early

If clinicians could identify patients with occult hypovolemia earlier in their course,
and ultimately predict those at highest risk, then we could initiate resuscitation ther-
apies sooner, minimize tissue hypoperfusion and hopefully avoid the associated
increased morbidity and mortality. There are many prognostic tools in the criti-
cal care, trauma, and gastrointestinal literature that use mortality as the outcome
of interest [6–8]. None of these tools are routinely used in clinical practice. More
importantly, one study showed that physician judgment was more accurate at dis-
tinguishing survivors from non-survivors than standard prognostic tools in critical
illness [9].

It may be more useful to have models to predict the need for targeted clinical in-
terventions that could improve overall patient outcomes. Unfortunately, most of the
clinical scoring systems for acute non-variceal upper gastrointestinal hemorrhage
are not sensitive enough to identify the need for clinical intervention, even among
the highest risk patients [10, 11]. Similar issues have been shown with trauma
scoring systems [12]. Some surgically-based scoring systems predict the need for
a massive transfusion protocol with variable prediction accuracy [13]. Tools that
target massive transfusion protocol activation do so as a surrogate for predicting
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large volume blood loss. Unfortunately, massive transfusion protocols in trauma
are often initiated by trauma surgeons [14], thus protocol activation may be subject
to some variability between (and within) hospitals.

It is unclear whether surrogate markers for global tissue hypoperfusion, such
as lactate, can predict outcomes in trauma patients [15, 16]. Observational stud-
ies have shown that neither an isolated lactate [15] nor lactate clearance [16] was
correlated with outcome. Kaplan and Kellum demonstrated that hyperlactatemia is
neither sensitive nor specific for mortality prediction after traumatic injury: 33 %
of survivors had lactic acidosis upon admission; conversely, 42 % of non-survivors
had normal lactate levels [15]. The authors showed that the strong ion difference
was strongly correlated to mortality [15]. However, it would be useful for clinicians
to identify occult hemorrhage prior to signs of tissue hypoperfusion.

Dynamic Changes in Physiology are Important Early Markers
of Hypovolemia

Currently, no model exists to detect ongoing hypovolemia or bleeding. There is
an intuition that dynamic changes, rather than static factors would have important
detection power. Indeed, disease states reflect the dynamic interaction of patholog-
ical processes and the adaptive responses of the host to minimize the detrimental
effects of those processes. Thus, dynamic interactions of vital sign measurements
dependent on these interactions should be useful in defining developing patholog-
ical states and the host’s response to them. For instance, patients presenting with
trauma or gastrointestinal hemorrhage could have intermittent episodes of bleed-
ing that cannot be captured by a static vital sign measurement. One study showed
22 % mortality among elderly patients presenting to the hospital with normal vital
signs, defined as a systolic blood pressure between 120 and 130 mmHg and a heart
rate between 60 and 90 beats per minute [17]. Another retrospective emergency
department-based study of trauma patients showed that the initial shock index –
calculated as the initial heart rate divided by initial systolic blood pressure – was
a poor measure to identify patients with major injury, with an area under the curve
(AUC) of the receiver-operator characteristics (ROC) analysis of 0.58 [18]. The
initial shock index also performed poorly in a subgroup of patients with normal
vital signs (AUC 0.56) [18]. In practice, clinicians use changes in data to gauge
suspicion of a process that may not be immediately obvious. Tools used to identify
occult hypovolemia or bleeding should reflect this practice.

While dynamic changes in vital signs can be useful for early identification of de-
veloping hypovolemia, such as ongoing bleeding, the dynamics of other physiologic
parameters have been shown to identify hypovolemia in various disease processes.
Tracking changes in central venous oxygen saturation (ScvO2) is a useful surro-
gate for the changes in mixed venous saturation (SvO2); the latter is an invasive
measure of the balance between oxygen consumption and oxygen delivery [19].
ScvO2 has been shown to have diagnostic implications in many hypovolemic
states [19].
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Capturing the changes in the interactions of certain physiologic parameters by
incorporating blood flow dynamics and the use of functional hemodynamic moni-
toring will add another useful dimension to the detection of occult bleeding. These
modalities can help us distinguish different disease processes before they are clin-
ically apparent. Patients in whom a clinician suspects occult bleeding may have
another cause for any subtle changes in status. For instance, a patient who had
recent abdominal surgery could have mild tachycardia because of pain, hypov-
olemia from occult bleeding or fluid deficit, decreased vasomotor tone from sepsis,
or a combination of all these processes. Blood flow to tissues, as estimated by
cardiac output, is only adequate if the body’s consumptive demands are met [20].
Therefore, understanding the changing interactions between cardiac output, ScvO2,
vital signs, and other hemodynamic variables should be useful in occult bleeding
identification, and should distinguish bleeding from other processes.

Central venous pressure (CVP), as a mean value, is another commonly used
hemodynamic parameter. CVP is not a grossly inadequate marker for circulating
blood volume [21] or volume responsiveness [22]. This is not surprising since
CVP is simply the back-pressure to, and not synonymous with venous return [20].
Venous return normally increases during spontaneous inspiration as a function of
decreased intrathoracic pressure. This inspiratory decrease in CVP with decreased
intrathoracic pressure in a spontaneously breathing patient can predict volume re-
sponsiveness [20]. This is because any associated decrease in CVP must equate to
a lack of over-filling of the right ventricle, hence identifying a volume-responsive
state. Hemodynamic parameters interpreted within the context of other physiologic
processes may markedly improve their utility in identifying pathological cardiovas-
cular states, such as occult hemorrhage.

Cardiac output, arterial pressure, CVP, and other hemodynamic parameters are
easier to measure in recent years with the advent of new minimally invasive and
non-invasive technologies. Traditionally, many of these variables were measured
using a pulmonary artery catheter (PAC), an invasive procedure with questionable
value and cost-benefit [23, 24]. There are a number of non-invasive devices that can
be used in current practice [18, 25, 26]. Velmahos et al. showed good correlation
between cardiac index (CI) measurements using thermodilution and non-invasive
thoracic bioimpedance in a cohort of patients with severe blunt trauma [26]. In-
cidentally, survivors in that study had an increase in CI after resuscitation when
compared with non-survivors, indicating the importance of blood flow as a dynamic
parameter in trauma patients.

Changes in global blood flow will be accompanied by regional changes in tissue
blood flow and tissue oxygen concentration and reciprocal changes in CO2 con-
centration. These metrics have shown promise as early detection signals in occult
bleeding. Surrogate markers of sublingual or skeletal muscle blood flow such as
tissue pH, PCO2, and oxygen saturation can identify hemorrhage in both animal
models [27, 28] and humans [29]. In some cases, changes in some of these metrics
can precede overt shock [29]. We would expect tissue PCO2 to increase and PO2 to
decrease because of decreased tissue blood flow during hemorrhage. Measurement
ease and feasibility may hinder immediate clinical translation of some of these met-
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rics, but others may have potential utility in the near future. Velmahos et al. showed
that the ratio of transcutaneous oxygen tension-to-inspired oxygen concentration,
along with other measures of metabolic consumption/delivery balance were normal
in survivors and higher in non-survivors of severe blunt trauma [26].

Derived Physiologic Parameters: Pulse Contour
and Variability Analysis

When hemodynamic parameters are collected on a beat-to-beat basis, clinicians
are able to quantify additional metrics that could be used to identify occult hem-
orrhage early. Mechanical ventilation induces cyclical changes in many hemody-
namic parameters by changes in intrathoracic pressure. A positive pressure breath
will increase afterload and decrease venous return, which in turn decreases preload
in the left ventricle. The resulting changes in the arterial waveform � pulse pres-
sure variation (PPV), stroke volume variation (SVV), and systolic pressure variation
(SPV) � during the respiratory cycle will be exaggerated in the hypovolemic state.
One meta-analysis of over 500 patients showed that SVV was a sensitive measure
to detect volume responsiveness [30]. Michard et al. found that a PPV of 13 %
or more predicted a CI increase of more than 15 % with a sensitivity of 94 % and
specificity of 98 % [31]. Although the patients they studied had tidal volumes of
8–12 ml/kg, their findings were later validated in patients with acute respiratory
distress syndrome (ARDS) receiving lower tidal volumes and high positive end-
expiratory pressure (PEEP) [32]. Thus, pulse contour analyses (PPV, SVV, and
SPV) allow us to calculate derived parameters which may further improve our abil-
ity to identify hypovolemic states such as occult bleeding.

Time varying, or dynamic variability analysis could also be useful for early
detection of occult bleeding, although these analyses are often more difficult to
perform at the bedside without the aid of computational devices. Organ-organ in-
teraction between the brain, cardiovascular, endocrine and respiratory systems, and
modulation of any aspect of this organ cross-talk during trauma or shock could be
manifested by changes in vital sign variability [33, 34]. Adjustments in autonomic
tone is one proposed explanation for decreased heart rate variability (HRV) in criti-
cal illness [35], but there could be additional explanations related to other aspects of
organ-organ interaction [33] acting at vastly different time scales. HRV is assessed
on a beat-to-beat basis and can, therefore, be acquired (using appropriate computer
software) from any available monitoring system that continuously assesses R-R in-
terval length or beat-to-beat heart rate measurements.

Empirical evidence linking decreased HRV and poor outcome, cardiovascular
mortality in particular, is several decades old [36] and has stimulated research in
other disease processes. Many of these conditions have a hypovolemic component,
and trigger elaborate host responses with similar changes in organ-organ interac-
tion to those seen in occult hemorrhage [37]. Griffin et al. showed that heart rate
characteristics specific to the neonatal population – reduced variability and tran-
sient decelerations – could predict culture-positive and culture-negative sepsis up to
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5 days prior to the clinical suspicion of sepsis in a neonatal ICU using traditional vi-
tal sign measurements [37]. Furthermore, Moorman et al. demonstrated a decrease
in neonatal mortality when heart rate characteristics were monitored clinically, par-
ticularly among those patients at highest risk for sepsis [38].

Evidence suggests that variability analysis could be applied to occult bleeding
detection, although there is a paucity of clinical data. Using a swine model, Batchin-
sky et al. showed that many HRV indices predictably decreased during a 30 ml/kg
controlled bleed, and increased after resuscitation [39]. These authors found statisti-
cally significant decreases in HRV indices after 10 ml of blood loss, compared with
tachycardia after 20 ml of blood loss. Decreased HRV is associated with mortality
among trauma patients, and can predict outcomes hours in advance [40]. One study
showed that among a cohort of trauma patients without severe injury, pathological
changes in autonomic function occurred prior to tachycardia [41]. However, it is
unclear from these studies who among these trauma patients experienced bleeding,
and which bleeding events were occult. While variability analysis may be useful, it
needs to be confirmed through prospective observational studies in medical, surgi-
cal, and trauma patients at risk of occult bleeding.

There are some potential challenges before variability analysis could be used
as a practical bedside tool. Measurement of beat-to-beat intervals is not a routine
function of bedside monitors, although the algorithms to compute this time series
are accessible [42]. HRV and respiratory rate variability (RRV) can be affected by
medications and sedation. However, one study showed that HRV and RRV could
still be reliably identified in mechanically ventilated patients on sedation [43]. Also,
HRV is not a single metric but a summary of dozens of different derived indices as-
sessing autonomic function. One review paper mentions over 70 different indices of
HRV, and this list was not exhaustive [44]. Table 1 shows some HRV features that
can be extracted. It is not clear whether one (or more) index is the best. Finally, vari-
ability analysis can be derived from other parameters besides heart rate, including
respiratory rate, blood pressure, temperature and continuous blood glucose. Per-
forming variability analyses on all of these continuous measurements would lead
to hundreds of new derived indices. If all of them are included as markers for the
detection of occult bleeding, then methods for optimal data utilization need to be
developed and implemented. One study showed that multiorgan variability analysis
is feasible in the ICU setting, yet the technical investment necessary to achieve this
real-time comprehensive analysis is considerable [43].

‘Featurized’ Physiologic Parameters: WaveformAnalysis

The time series in variability analysis is information extracted on an interval basis –
e. g., the R-R interval in HRV� but there are potentially many features embedded
in physiologic waveforms themselves that could be used to detect occult bleed-
ing. Harmonic analysis deconstructs waveforms into basic waves suitable for signal
processing to extract useful information. One can then compare features of a phys-
iologic waveform at different timepoints to detect any changes in physiology that
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Table 1 Common heart rate variability (HRV) groupings and selected metrics

Group Overview Selected indices
Statistical domain Describes statistical features of

time-series data; assumes data comes
from a stochastic process

SDNN, RMSSD, NN50, pNN50,
IQRNN, SDSD

Frequency domain Deconstructs a sequence of R-R
intervals into its spectral components
to obtain information about the
power distribution of the time series

Total power, ULF, VLF, LF, HF,
LF/HF

Geometric domain Constructs a “shape” out of
a histogram representation of an R-R
interval series (e. g., NN distribution
of interval lengths). Histograms
created by grouping NNs according
to some property of the NNs (see
selected indices)

Distribution of NN interval length,
differential index, Lorenz plot of
NN intervals, TINN, HTI

Information
domain

Characterizes the regularity of the
R-R time series

SampEn, ApEn, Kolmogorov
entropy, Shannon entropy

Non-linear
methods

Describes properties that
demonstrate fractality, and other
characteristics that do not vary in
time and space

DFA, FDDA, FDCL, Poincare
sections, Lyapunov exponents

NN: the interval between two normal R-waves (i. e., from non-ectopic beats); SDNN: standard
deviation of the NN interval; RMSSD: root mean square of the successive differences; NN50:
number of interval differences of successive NN intervals > 50 ms; pNN50: proportion derived by
diving NN50 by the total NN intervals; IQRNN: interquartile range of NN; SDSD: standard devi-
ation of the first derivative of the time series; ULH: “ultralow” frequency (� 0.003 Hz); VLF: very
low range (0.003–0.04 Hz); LF: low frequency (0.04–0.15 Hz); HF: high frequency (0.15–0.4 Hz);
TINN: triangular interpolation of NN interval histogram; HTI: HRV triangular index; SampEn:
sample entropy; ApEn: approximate entropy; DFA: detrended fluctuation analysis; FDDA: fractal
dimension by dispersion analysis; FDCL: fractal dimension of the signal

would identify hemorrhage early. Fourier transform is one signal processing ap-
proach that has been used on physiologic waveforms [45]. Fourier transform can
deconstruct a waveform at a given timepoint and window length into a combina-
tion of complex sinusoids, allowing us to then see how features of a hemodynamic
waveform (e. g., CVP) change with time. If different time window lengths are pro-
cessed for a given timepoint – 20 seconds, 40 seconds, 60 seconds, 120 seconds,
etc. – one can extract features that are dependent on different harmonic frequen-
cies. For instance, it is necessary to use longer sampling windows for Fourier
transform to extract changes in the CVP waveform caused by respiratory rate, com-
pared to sampling windows needed to identify changes in CVP imposed by heart
rate, since the respiratory rate is slower. Once waveform data is featurized for pa-
tients during time periods deemed important for occult bleeding identification, and
harmonic analysis is performed on all available physiologic waveforms at differ-
ent window lengths, an entire library of useful hemodynamic information could be
uncovered.
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Putting it all Together: Hemodynamic Monitoring Parsimony
andMachine Learning

If the immense breadth of information extracted from dynamic physiology is to play
a role in occult hypovolemia detection, it needs an organizational framework. Phys-
iologic variables and derived features, simple and complex, will change as a patient
experiences progressive hypovolemia. Data organization is also necessary because
a number of devices can be used for data measurement and extraction, each with
their own associated risks, sampling frequencies and inaccuracies. Building an or-
ganizational framework would help establish hemodynamic monitoring parsimony;
it would be possible to know the minimum number of parameters (and devices)
needed to detect occult hemorrhage as early as possible. This concept reflects the
same process that clinicians go through every day whenever they provide patient
care. However, in this case the process would need to be automated since it would
be impractical for physicians to account for the utility of hundreds of derived and
featurized parameters in real time. Organizing patient data could inform clinicians
if more parameters – and thus devices – are necessary. How does one begin to build
such a framework? One answer could be found through machine learning.

Data-driven machine learning approaches would be applicable to a broad scope
of acute care settings – including emergency department triage and critical illness
management – and specifically to diseases characterized by hypovolemia like acute
bleeding. Many animal and human studies have used machine learning to iden-
tify hemorrhage in a timely fashion [46–48]. There are a number of approaches
available (Table 2), but a common methodology is shown in Fig. 1: Clearly, any
machine learning approach chosen for early occult bleeding identification requires
primary data from a robust patient cohort. Derived and featurized parameters can
be extracted from primary data, and the machine learning technique will ‘train’
from all available information in a derivation cohort. It selects the most useful
variables to accurately classify subjects in a training dataset as ‘bleeding’ or ‘not
bleeding’ at every specified timepoint. The derived model is internally validated
in a validation cohort and then tested in a ‘new’ subject. Some machine learning
algorithms classify new subjects by predicting their expected course based on the
training dataset; a subject is classified as exhibiting abnormal behavior – in this case,
bleeding – based on deviation from that predicted course [49]. Moreover, if a sub-
ject is classified as ‘bleeding’ under controlled experimental conditions, machine
learning approaches can also quantify the amount of blood loss with reasonable ac-
curacy [46]. Machine learning approaches can identify a bleeding subject at any
point in the process of hemorrhage because it has a library of all available data
at every point in the process. When given a new subject exhibiting certain phys-
iologic feature patterns, the model can simply reference its data library to match
those patterns with others in its repository. The model may not only be able to
identify bleeding, but also how far it is in the process. Another potential benefit
of a machine learning approach is that the classification process could be iterative
when applied in a clinical context. Figure 1 illustrates an adaptive detection tool –
one that incorporates new data into its library to refine its training model for use
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Table 2 Common machine learning approaches

Algorithm Properties
Regression analysis
(e. g., logistic regression)

Trains on one or more independent variables in a cohort of subjects
to determine the conditional expectation of a dependent variable.
Dependent variables can be a classification (e. g., logistic
regression) or continuous (e. g., linear regression). May assume
a linear relationship between the dependent and independent
variables (e. g., logistic and linear regression), or non-linear
relationship (e. g., polynomial regression).

Decision tree learning
(e. g., CART, C4.5)

Generates classifiers by decision trees. Trees are constructed using
a “divide-and-conquer” algorithm. When a set of observations is
presented, the algorithm determines the single most informative
attribute, and splits the dataset according to this attribute. This
splitting is represented by branching in the decision tree. This
process is repeated recursively to build the complete decision tree.
Overfitting is common; it is prevented by pruning algorithms.

Support vector machine
(SVM)

The SVM algorithm is based on linear optimization; subjects are
classified in a way that maximizes the hyperplane margin (the
minimum distance between the observations and the separation
hyperplane). The SVM deals with non-linear problems with
a ‘kernel trick’. The kernel trick is an efficient way to project data
with non-linear mapping, without having to actually compute the
mapping.

k-nearest neighbor (kNN) Takes an unlabeled observation, looks for the k most similar
observations in the training set (k and the distance’s definition are
two user parameters), and returns the most represented class of
those labeled observations.

Artificial neural networks
(ANN)
(e. g., multi-layer
perceptron with
back-propagation
algorithm)

Biologically-inspired models with three basic parts:‘Neurons’
(nodes), the weights applied to different input connections, and the
transfer function that produces the neuron output. These
components form a network based on training data by adjusting
input weights and building or destroying connections. Exhibit
complex/nonlinear behavior based on the connection network. Used
for both supervised and unsupervised learning.

Naive Bayesian classifier Applies the Bayes theorem while considering all input to be
independent. It classifies subjects based on a cut-off score and then
assigns a future subject to a class based on its score relative to the
cut-off value. Simple to construct, and generally very robust for
many types of classification tasks. May assume independent
contribution of predictors (naive Bayes)

Ensemble learning
algorithms
(e. g., AdaBoost, random
forest of decision trees)

Learns sets of classifiers and merges their outputs. Each classifier is
trained independently on a specifically prepared set of training
observations. In boosting, each subsequent training set emphasizes
the importance of training samples that have been problematic for
the models that are already part of the ensemble. Random Forest is
an example of bagging (bootstrap aggregation) approach.
A separate decision tree is learned from an independently drawn
sample of the training data, and multiple random data samples yield
the ensemble of models. Random sampling can either apply to the
records of the training set, or to data attributes selected from the
original training sample.
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Fig. 1 Data organization
through machine learning

Derived & featurized
parameters

Prediction/
detection

Internal
validation

Model
derivation

New (primary)
data

in future patient encounters. Thus, machine learning approaches could mirror good
clinical practice.

Challenges may exist when machine learning is implemented. Small training
samples could lead to over-fitting, but many machine learning approaches have al-
gorithms in place to handle this limitation. For example, decision-tree learning
uses pruning algorithms to prevent overfitting (Table 2). If a tree ‘leaf’ does not
decrease the classifier error rate, then the leaf is removed (‘pruned’) to minimize
information from the training set that is used in test dataset classification. Missing
values in a time series is a major issue as well, but different techniques could be
used to minimize this problem. A classification and regression tree (CART) algo-
rithm (a type of decision-tree analysis) uses training data to build a classifier tree; if
a split (‘branch’) point must reference a missing datapoint in training or testing data,
it uses other branch points as surrogates to aid in the classification process [50]. One
can also impute data into empty portions of the dataset. Finally, it may be difficult
to convince hospitals and clinicians that machine learning approaches to common
clinical problems like occult hypovolemia are a useful adjunct to care. They may
be skeptical of a technology that could be viewed as a ‘replacement’ for human
decision-making, or does not add to the ability of an experienced clinical decision-
maker. Large-scale observational and intervention studies are necessary – using
many of the available dynamic monitoring parameters previously discussed – to
affirm feasibility and utility of machine-learning application in occult bleeding de-
tection.

Conclusion

Clinical decisions are made about patients at-risk for hypovolemia using static, sub-
optimal measures of patient physiology. If hypotension, hyperlactatemia or other
signs of end-organ injury have developed before a diagnosis is made and defini-
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tive treatment is implemented, patients may have suffered irreversible damage.
Healthcare providers require dynamic physiologic parameters that assess global and
regional changes in flow and vascular tone, as well as metabolic metrics, such as
tissue PCO2. These variables should ideally be measured at the highest frequency
to extract derived and featurized parameters from raw data, and to assess real-time
changes in hemodynamics prior to overt signs of tissue injury. Machine learning ap-
proaches can identify patterns in patient hemodynamic features by comparing them
to known patterns in an existing data repository. It may also be possible to identify
how far patients are in the bleeding process. Future studies in this area should: (1)
Check robustness of machine learning classification using different known hypov-
olemic stressors (in animal models); (2) utilize all currently available dynamic and
featurized parameters from high frequency data (in animal and human studies); and
(3) investigate how coagulopathy could change detection algorithms. Furthermore,
observational and intervention-based studies are needed to confirm that machine-
learning approaches could change therapeutic timing and patient outcomes in occult
bleeding.
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Optimizing Intensity and Duration of Oral
Antithrombotic Therapy after Primary
Percutaneous Coronary Intervention

G. Biondi-Zoccai, E. Romagnoli, and G. Frati

Introduction

The most serious type of acute coronary syndrome (ACS) is acute myocardial in-
farction with persistent ST-segment elevation (STEMI) or new left bundle branch
block (LBBB), which actually qualifies as a true medical emergency. Notwithstand-
ing the historically ominous outlook of patients with STEMI, constant improvement
in the management of STEMI, including emergency services, means of reperfu-
sion, medical devices, and pharmacologic therapy have significantly ameliorated
the short and long-term prognosis of this condition. Whereas short-term case fatal-
ity could be as high as 13 % in the placebo arm of a megatrial in 1986 [1], today it
can be as low as 4 % for up to 1 year in those receiving state of the art care [2].

Despite such favorable developments and improvements, several questions re-
main regarding the most appropriate choice of devices and drugs to achieve reper-
fusion while minimizing the risk of early or late adverse events. We have previously
summarized in this and other venues how evidence-based stent choice can maxi-
mize efficacy and safety in this clinical setting [3–5], and focus this present view on
how to optimize the intensity and duration of oral antithrombotic therapy in patients
undergoing primary percutaneous coronary intervention (PCI).

Scope of the Problem

ACSs, which span from unstable angina to STEMI, are typically caused by
atherosclerotic plaque instability (i. e., plaque rupture or plaque erosion) due to
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superimposed coronary thrombosis. Accordingly, pre-, peri-, and post-procedural
medical therapy, including antithrombotic agents, has been a cornerstone in the care
of these patients since the landmark megatrials performed in the 1980s [1]. A naïve
approach to this issue could be based on simple administration of very potent
anticoagulants and antiplatelet agents at maximum dosage, but a delicate balance
must be found between minimizing the risk of thrombosis and the risk of bleed-
ing. Indeed, the last few years have been characterized by a shift from a prevalent
emphasis on ischemic events only (e. g., major adverse cardiac or cerebrovascu-
lar events [MACE or MACCE], typically defined as death, myocardial infarction,
stroke, and/or repeat revascularization) to a composite endpoint of net adverse
clinical events (NACE), based on major adverse cardiac and cerebrovascular events
plus bleeding (typically major ones only) [6].

Oral antithrombotic agents, which can be operatively distinguished into agents
that inhibit platelet activation or aggregation (i. e., antiplatelet agents) and those that
inhibit the coagulation cascade (i. e., anticoagulants), represent only one of the in-
gredients of the optimal recipe for successful antithrombotic treatment in patients
with STEMI, because parenteral anticoagulants and antiplatelet agents are also rou-
tinely used. These agents fall outside the scope of this viewpoint, however, as their
choice and monitoring is usually reserved to the clinicians directly responsible for
patient triage or invasive treatment. However, it may be useful to briefly recall them:
� Unfractionated heparin (UFH) is a highly sulfated glycosaminoglycan that ac-

tivates antithrombin III. It has mainly anticoagulant activity and is typically
administered intravenously before and/or during PCI;

� Low-molecular weight heparin (LMWH) is a group of antithrombin III activators
with prevalent anticoagulant activity, which can also be used before, during, or
after coronary revascularization, although the bulk of evidence lies with enoxa-
parin [7];

� Bivalirudin is a direct thrombin inhibitor with prevalent anticoagulant activity
that can be administered during or after intervention [8];

� Glycoprotein IIb/IIIa inhibitors are potent antiplatelet agents which can be ad-
ministered intravenously before, during or shortly after coronary revasculariza-
tion;

� Cangrelor is a an antiplatelet agent that blocks the platelet P2Y12 adenosine-
diphosphate (ADP) receptor, which can be administered before or during angio-
plasty;

� Aspirin, which is mainly used as an oral antiplatelet agent in this clinical setting,
can be administered perioperatively by means of intravenous bolus [9].

As the present work focuses rather on the optimal intensity and duration of oral
antithrombotic therapy in those undergoing primary PCI, it is best to further charac-
terize these important concepts. The intensity of oral antithrombotic therapy has to
do with its antiplatelet efficacy, its anticoagulant efficacy, or a combination of these
factors. It should also be remembered that several of these agents have pleiomor-
phic actions, such as aspirin, the anti-neoplastic effect of which has recently been
demonstrated. The intensity of a given regimen can generally be appraised ac-
cording to dose (in mg) per day, with or without adjustment for specific features
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(e. g., body weight, gender, history of prior stroke or transient ischemic attack).
Otherwise, formal laboratory assays can be employed, such as platelet aggregation
tests [10]. It is less straightforward to compare the intensity of two or more differ-
ent regimens with various combinations of the available agents (e. g., it is unclear
whether high-dose aspirin plus standard-dose ticagrelor is more potent than low-
dose aspirin plus low-dose rivaroxaban). Indeed, the bulk of research and attention
is currently focused on the best dual antiplatelet therapy, e. g., the combination of
aspirin and an oral P2Y12 inhibitor (i. e., clopidogrel, prasugrel, or ticagrelor) or
triple antiplatelet therapy, e. g., the combination of aspirin, an oral P2Y12 inhibitor,
and an oral anticoagulant.

Duration of oral antithrombotic therapy can be distinguished as recommended
duration at discharge from the hospital and at subsequent visits versus actual dura-
tion. Accordingly, it is important to highlight the concepts of discontinuation or dis-
ruption of antiplatelet therapy, which have been shown to be harbingers of adverse
events [11, 12]. Planned or recommended withdrawal of antithrombotic therapy un-
der a physician’s supervision can be operatively defined as discontinuation, whereas
unplanned or unsupervised withdrawal for non-compliance or bleeding can be iden-
tified as disruption. Whereas discontinuation has been blamed for increased rates
of adverse events in several reports, disruption is typically much more ominous.

Another crucial aspect impacting, especially in the short-term, on the complex
set of decisions regarding antithrombotic management in patients undergoing pri-
mary PCI is the choice of the most appropriate arteriotomy access site [6]. Indeed,
faced with the possibility of using transradial versus transfemoral access, clini-
cians should be aware that transradial access is associated with much less bleeding
(potentially leading also to fewer deaths) [13]. Thus, those undergoing coronary
revascularization by the transradial route can also be treated more aggressively with
more potent antithrombotic agents.

Finally, the overall impact concerning the multifaceted set of decisions regard-
ing antithrombotic management in patients undergoing primary PCI has modified
not only the clinical outcome of these patients, but also the horizon of the cardiac
surgeon, because a significant number of patients require surgical revascularization
after primary PCI and may be at increased risk of bleeding complications, espe-
cially when emergency or urgent cardiac surgery is mandatory. Indeed, non-surgical
bleeding is responsible for 50 to 60 % of surgical reopening, and bleeding compli-
cations following cardiac surgery are mainly related to the use of antithrombotic
drugs, to the onset of fibrinolysis platelet dysfunction, or a combination of these
factors as platelets are partially activated by heparin and are diluted, destroyed,
and modified during cardiopulmonary bypass (CPB) because of their adhesion to
circuit surfaces, aggregation, and activation [14]. Thus, the main concern for the
urgent treatment of these patients is the potential for increased risk of bleeding
caused by this class of agents [15]. Recent studies have suggested the value of pre-
operative in vitro platelet aggregometry to determine perioperative bleeding risk in
cardiac surgery for patients requiring emergency surgery despite recently received
antithrombotic therapy, as an assessment of in vitro platelet aggregation might per-
mit recognition of patients at higher risk of perioperative hemorrhage with a 70 %
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inhibition of platelet aggregation cut-off of predictive value for bleeding and trans-
fusion requirement. Accordingly an update of the Society of Thoracic Surgeons
guidelines suggests point-of-care (POC) platelet function testing may be exploited
in order to asses bleeding risk for patients receiving antithrombotic drugs before
surgery [16, 17]. Nevertheless, the intra- and perioperative management of patients
who have recently received antithrombotic drugs (particularly dual antiplatelet ther-
apy) and require urgent surgery still remains a challenge. However, it is safe to
assume that at least 5 days should pass since the last dose of clopidogrel, rivaroxa-
ban, or ticagrelor before cardiac surgery is performed, with even longer periods for
prasugrel and warfarin [18, 19].

Oral Antithrombotic Agents

Oral antithrombotic agents suitable for patients undergoing primary PCI can be
divided into three broad classes: Non-P2Y12-blocking antiplatelet agents (e. g.,
aspirin), P2Y12-blocking antiplatelet agents (e. g., clopidogrel), and oral antico-
agulants (e. g., rivaroxaban). We present the key features of the most important
ones (Table 1, Fig. 1).

Table 1 Oral antithrombotic agents suitable for patients undergoing primary percutaneous coro-
nary intervention

Agent Aspirin Clopidogrel Prasugrel Rivaroxaban Ticagrelor Warfarin
Class Salicylate Thieno-

pyridine
Thieno-
pyridine

Oxazolidi-
none

Nucleoside
analog

Dicoumarol
derivative

Onset < 1 h > 2 h < 1 h > 2 h < 1–2 h > 1 day
Action Irreversibly

inhibits
COX

Irreversibly
inhibits
P2Y12r

Irreversibly
inhibits
P2Y12r

Reversibly
inhibits
factor Xa

Reversibly
inhibits
P2Y12r

Inhibits the
synthesis of
VKD
coagulation
factors

Pros Well-tested
safety and
efficacy;
prevents
colon
cancer

Well-tested
safety and
efficacy;
wide
therapeutic
window

Established
efficacy;
prolonged
effect

Established
efficacy;
decreases
risk of stroke/
embolism

Established
safety and
efficacy

Well-tested
safety and
efficacy
profile;
intensity
adjustable

Cons Limited
potency;
variability
in response

Limited
potency;
variability in
response

Narrow
therapeutic
window

Narrow
therapeutic
window

Less
prolonged
effect;
dyspnea

Narrow
therapeutic
window;
interactions;
INR
monitoring

COX: cyclooxygenase; INR: international normalized ratio; P2Y12r: P2Y12 receptor; VKD: vi-
tamin K-dependent



Oral Antithrombotic Therapy after PCI 573

Aspirin Clopidogrel Prasugrel

Rivaroxaban Ticagrelor Warfarin

Fig. 1 Chemical structure of aspirin, clopidogrel, prasugrel, rivaroxaban, ticagrelor, and warfarin,
the most important oral antithrombotic agents suitable for patients undergoing primary percuta-
neous coronary intervention

Aspirin

Aspirin (acetylsalicylic acid) is an irreversible cyclooxygenase (COX) inhibitor,
which prevents the platelet production of thromboxane and its ensuing platelet acti-
vating effects. It is a drug with a long clinical history, proven risk-benefit balance in
a variety of settings, and important favorable effects in primary as well as secondary
prevention of arterial and venous cardiovascular events [20]. Aspirin also has bene-
ficial anti-neoplastic actions [21]. Intense research has focused on the optimal dose,
with European practitioners favoring a low-dose regimen (� 100 mg daily), which
is considered to be associated with the most beneficial risk-benefit balance, despite
recent challenges to this view [20]. Aspirin is accordingly considered a mandatory
component of any antiplatelet regimen, from antiplatelet monotherapy, to dual an-
tiplatelet therapy (e. g., aspirin plus clopidogrel), and triple antithrombotic therapy
(e. g., aspirin, clopidogrel, and warfarin). However, even this custom has been re-
cently questioned, at least in patients requiring long-term oral anticoagulation [22].
Indeed, response to aspirin is highly variable, such that several authors have tried to
develop the concept of aspirin resistance [10].
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Clopidogrel

Clopidogrel is a thienopyridine with irreversible inhibiting effects on the P2Y12 re-
ceptor. It is a pro-drug requiring hepatic conversion into its active metabolite.
Despite its remarkable safety profile compared to the first thienopyridine, ticlo-
pidine, clopidogrel elicits variable responses in patients and an unsatisfactory time
to achieve peak activity, such that progressively increasing loading doses have been
used over time [23]. Although clopidogrel is remarkably safe, it is still theoretically
more potent than aspirin alone [24], and their combination is clearly associated
with a measurable increase in the risk of bleeding events [25, 26]. Nonetheless, it is
clearly more beneficial in reducing the risk of ischemic events when combined with
aspirin compared to aspirin alone.

Conversely, some patients respond poorly to clopidogrel or still experience
thrombotic events despite complying with clopidogrel-based regimens [27]. This,
and the recent patent expiration for this drug, is why novel alternatives to clopido-
grel have been recently developed and tested formally in clinical trials [28, 29].

Prasugrel

Prasugrel is a thienopyridine, similar in its main features and mechanisms of ac-
tion to clopidogrel. However, it is much more potent (at least in the regimens that
underwent formal testing) and has a much faster time to peak activity on platelet
function. It has been shown to be beneficial in patients with STEMI, given its as-
sociation with a lower risk of ischemic events, despite an obvious and statistically
significant incremental effect on bleeding [29]. Accordingly, it is currently and
routinely prescribed in patients with ACS undergoing percutaneous coronary revas-
cularization. Its benefits in those not undergoing revascularization or those in whom
revascularization is being postponed are less clear [30, 31].

Rivaroxaban

Rivaroxaban is an oxazolidinone which inhibits coagulation factor Xa and has a fa-
vorable risk-benefit profile in patients requiring oral anticoagulation instead of war-
farin (e. g., those with atrial fibrillation or venous thromboembolism) [32]. Its use
in patients with ACS, on top of dual or single antiplatelet therapy, has been re-
cently tested formally in two trials [33, 34]. Notably, in the ATLAS ACS 2-TIMI
51 study, rivaroxaban proved remarkably beneficial, being associated with signifi-
cant reductions in the risk of fatal and non-fatal ischemic events, despite an obvious
increase in the rate of bleeding [34]. Care should be taken when prescribing novel
oral anticoagulants in patients with mechanical cardiac valves, because dabigatran
was associated with more adverse events than warfarin in this setting [35].
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Ticagrelor

Ticagrelor is a novel non-thienopyridine nucleoside analog that directly and re-
versibly inhibits the P2Y12 receptor. It has a fast onset and offset of action, does
not require hepatic activation, and may be associated with a more favorable risk-
benefit balance than prasugrel in patients with ACS [27, 36]. This is in addition
to its clear superiority versus clopidogrel, with significant reductions in all cause
death, non-fatal ischemic events, and major bleedings related to cardiac surgery de-
spite an obvious increase in the risk of major bleeding (either overall or unrelated
to cardiac surgery) [29].

Warfarin

Oral anticoagulants acting as antivitamin K agents (first and foremost warfarin) rep-
resent a common tool in the antithrombotic armamentarium, given their inhibitory
effect on the synthesis of factors II, VII, IX and X, as well as protein C, S, and Z.
Despite their established role in cardiovascular therapy, they have a narrow thera-
peutic index, require periodic monitoring, and may interact with several foods and
drugs. Nonetheless, when thrombotic risk is particularly high, warfarin and similar
agents continue to be prescribed, with favorable clinical results. The most common
indications in patients with a recent STEMI are left ventricular thrombus, atrial
fibrillation, and venous thromboembolism. In this setting, warfarin is typically pre-
scribed on top of aspirin and clopidogrel, in a cocktail regimen often referred to
as triple therapy. The WOEST trial has, however, challenged this custom, showing
that bleeding risk was significantly higher with triple therapy than with dual ther-
apy (i. e., the combination of clopidogrel and warfarin), whereas thrombotic events
were not in favor of the aspirin-including regiment (they actually favored the dual
therapy group) [22]. Similar findings have been recently reported by Lamberts
and colleagues in a nationwide Danish observational study comparing different
oral antithrombotic regimens in patients with an indication for oral anticoagulation.
Specifically, these authors reported that the combination of clopidogrel and oral an-
ticoagulants (without aspirin) provided the most favorable risk-benefit balance in
patients with atrial fibrillation after myocardial infarction or PCI [37].

Optimizing Intensity

Having clarified which agents are available for oral antithrombotic therapy in pa-
tients undergoing primary PCI, and having briefly reported their main pros and cons,
we tentatively suggest a pragmatic approach to optimization of oral antithrombotic
therapy (Table 2). Clinicians should individualize their approach according to the
specific patient’s risks of bleeding and thrombosis, which may vary considerably.

Patients at low bleeding and low thrombotic risk can be reasonably prescribed as-
pirin and clopidogrel for the first 12 months after the acute event, continuing aspirin
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lifelong thereafter [26]. Nonetheless, even in this setting, prasugrel and ticagrelor
may prove risk-beneficial, if not cost-beneficial [27]. Patients at low bleeding but
high thrombotic risk should be routinely prescribed aspirin plus prasugrel or tica-
grelor, unless specific contraindications are present. Twelve months after the index
event, aspirin alone can be continued indefinitely.

When a concomitant indication to oral anticoagulation is present, the bulk of
high-quality evidence suggests that clopidogrel and warfarin may constitute the
most favorable regimen, at least up to mid-term [22]. However, rivaroxaban could
be considered in the future instead of warfarin, either in combination with aspirin
and clopidogrel, or with aspirin or clopidogrel monotherapy [34]. It remains an
object of speculation whether it is possible to safely discontinue clopidogrel in ex-
change for aspirin after the first 6–12 months in those on dual therapy including an
antiplatelet agent and an anticoagulant.

Optimizing Duration

The optimal duration of oral antithrombotic therapy in those undergoing primary
PCI is a focus of intense research, with, hitherto, few trials formally able to in-
forming decision makers (Table 3). Indirect evidence suggests that a 12-month
clopidogrel regimen is more risk-beneficial than a shorter regimen, irrespective
of the revascularization technique [25, 26]. Indeed, recent randomized trials
and observational studies have questioned the wisdom of prolonged dual an-
tiplatelet regimens (e. g., those lasting 1 year, 18 months, or more), which had
been, in the past, emphatically recommended, especially after drug-eluting stent
implantation [38–42].

Pragmatically, we suggest prescribing short-term (3 month) dual antiplatelet
regimens only to those at very high bleeding risk and not receiving drug-eluting
stents, whereas mid-term (6–12 months) regimens can be recommended after drug-
eluting stenting or in those without a severe bleeding risk. Some evidence suggests
that novel drug-eluting stents are safer than bare-metal stents, even in those with
STEMI, thus indirectly implying that short-term dual antiplatelet therapy could
also be safe when these devices are used [4, 5]. However, further trials testing
this paradigm-shifting hypothesis in a formal fashion are required before changing
time-tested management protocols.

The usefulness of long-term (> 12 months) regimens is to date unproven, and
they should be considered only in very selected patients with very high thrombotic
risk or who have had recurrent events despite complying with the recommended
antithrombotic prescription.
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Table 3 Key studies on optimal duration of oral antithrombotic therapy suitable for patients un-
dergoing primary percutaneous coronary intervention (PCI)

Study Cassese
et al. [41]

CREDO
[25]

EXCELLENT
[44]

Park et al.
[40]

PRODIGY
[39]

RESET [45]

Year 2012 2002 2012 2010 2012 2012
Design PMA of

short – vs.
long-term
DAPT (16.8
vs.
6.2 months)

RCT of
300 mg
loading plus
12-month
vs. 75 mg
loading plus
1-month
clopidogrel

RCT of 6- vs.
12-month
DAPT

RCT of 12-
vs.
19-month
DAPT

RCT of 6-
vs.
24-month
DAPT

RCT of 3-
vs.
12-month
DAPT

Patients 8,158
undergoing
PCI with
DES

2,116
undergoing
PCI with
BMS

1,443
undergoing
PCI with DES

2,701
undergoing
PCI with
DES

2,013
undergoing
PCI with
BMS or
DES

2,117
undergoing
PCI with
DES

Findings Long vs.
short DAPT
" major
bleeding,
without
# MACE

12-month
clopidogrel
# MACE,
whereas
300 mg did
not

No difference
in MACE
between
groups

No
difference in
MACE
between
groups

No
difference
in MACE
between
groups

No
difference in
MACE or
major
bleeding
between
groups

BMS: bare-metal stent; DAPT: dual antiplatelet therapy including aspirin and a thienopyridine;
DES: drug-eluting stent; MACE: major adverse cardiac event; PMA: pairwise meta-analysis; RCT:
randomized clinical trial

Conclusions

The management of STEMI has changed dramatically during the last few decades
thanks to concomitant improvements in medical therapy and developments in me-
chanical reperfusion. Whereas individualization of treatment remains the safest
and most effective management strategy, we believe that all such patients should be
considered for dual antiplatelet therapy with prasugrel or ticagrelor on top of aspirin
for the first year, with aspirin continued lifelong thereafter. Aggressive antithrom-
botic regimens shorter or longer than 12 months, as well as different combinations
of these or other antithrombotic agents (e. g., clopidogrel versus rivaroxaban or
warfarin) can also be considered, but only in carefully selected cases, based on,
respectively, increased bleeding or increased thrombotic risk.
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The Utility of Thromboelastometry (ROTEM)
or Thromboelastography (TEG)
in Non-bleeding ICU Patients

K. Balvers, M.C. Muller, and N.P. Juffermans

Introduction

A hypocoagulable state is highly prevalent in critically ill patients. An interna-
tional normalized ratio (INR) of > 1.5 occurs in 30 % of patients and is associated
with increased mortality [1]. Moreover, up to 40 % of critically ill patients develop
thrombocytopenia during their intensive care unit (ICU) stay [2–4], associated with
increased length of stay, need for transfusion of blood products and increased mor-
tality [5]. Disseminated intravascular coagulation (DIC) develops in 10 to 20 %
of ICU patients. A hypercoagulable state is associated with increased thromboem-
bolic events [6], contributes to organ failure and is associated with a high mortality,
ranging from 45 to 78 % [7].

Coagulopathy is thought to result from an imbalance between activation of co-
agulation and impaired inhibition of coagulation and fibrinolysis. Activation is
triggered by tissue factor, which is expressed in reaction to cytokines or endothelial
damage. Impaired inhibition of coagulation is the consequence of reduced plasma
levels of antithrombin (AT), depressed activity of the protein C system and de-
creased levels of tissue factor pathway inhibitor (TFPI). A decrease in fibrinolysis
is due to increased levels of plasminogen activator inhibitor type 1 (PAI-1) [8, 9].
This disturbance between components of the coagulation system leads to a vari-
able clinical picture, ranging from patients with an increased bleeding tendency
(hypocoagulable state) to those with DIC with (micro-) vascular thrombosis (hy-
percoagulable state).

Assessment of coagulation status in patients is complex. Global coagulation
tests, including activated partial thromboplastin time (aPTT) and prothrombin time
(PT), are used clinically. However, these tests are of limited value and their abil-
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ity to accurately reflect in vivo hypocoagulable states is questioned [10]. Also,
aPTT/PT reflects a part of the coagulation system and does not provide information
on the full balance between coagulation, anticoagulation and fibrinolysis. Hyper-
coagulable state can be assessed by increased levels of D-dimers, but specificity is
limited [10]. Impaired function of the anticoagulant system can be diagnosed by
measuring plasma levels of the naturally occurring anticoagulant factors, AT, pro-
tein C and TFPI. However, these are not readily available for clinical use. Apart
from the DIC score, there are no diagnostic tests which evaluate a hypercoagula-
ble state. Markers of activity of the fibrinolytic system are also not used at the
bedside [10].

TEG/ROTEMTests

Rotational thromboelastography (TEG/ROTEM) is a point-of-care test, which eval-
uates whole clot formation and degradation. The thromboelastogram arises through
movement of the cup (TEG) or the pin (ROTEM). As fibrin forms between the cup
and the pin, this movement is influenced and converted to a specific trace. The
trace reflects different phases of the clotting process. Major parameters are R (re-
action/clotting) time, the period from the initiation of the test until the beginning of
clot formation. K-time is the period from the start of clot formation until the curve
reaches an amplitude of 20 mm. Kinetics of fibrin formation and cross-linking are
expressed by the ˛-angle, which is the angle between the baseline and the tangent to
the TEG/ROTEM curve. Clot strength is represented by the maximal amplitude of
the trace. The degree of fibrinolysis is reflected by the difference between the maxi-
mal amplitude and the amplitude measured after 30 and/or 60 minutes. To describe
these visco-elastic changes, both systems have their own terminology (Table 1).
Both generate similar data. The technique was developed in the 1940s, but, until re-
cently, clinical application has been limited. However, technical developments have
led to standardization and improved reproducibility of the method [11]. Also, the
availability for bedside evaluation and a changing view regarding the use of blood
and hemostatic therapy in massive bleeding, have both contributed to a renewed
interest in this technique.

TEG/ROTEM may also facilitate diagnosis of clotting abnormalities in the crit-
ically ill. By detecting a hypocoagulable state, TEG/ROTEM may be a useful tool
in the assessment of the risk of bleeding perioperatively or prior to an invasive pro-
cedure. This could lead to a more tailored transfusion strategy, with an efficient use
of blood products.

TEG/ROTEM can also diagnose a hypercoagulable state. With TEG/ROTEM,
a hypercoagulable state can be detected by high maximal amplitude, shortened re-
action time, increased alfa angle and total clot strength, G (defined as (5000 × A)/
(100-A), Table 2). Assessment of a hypercoagulable state could lead to prognostica-
tion of multiple organ failure (MOF) and risk for thromboembolic events. Another
potential advantage could be a more tailor-made administration of therapies that
interfere with the coagulation system. Difficulties in identifying responders from
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Table 1 TEG and ROTEM parameters

ROTEM TEG
Time to initial fibrin formation
(to 2 mm amplitude)

CT R

Clot strengthening, rapidity of fibrin build up CFT
˛

K
˛

Clot strength, represents maximum dynamics of
fibrin and platelet bonding

MCF MA

Clot breakdown, fibrinolysis at fixed time (min) LI30, LI45, LI60 CL30, CL60

MA: maximal amplitude; CFT: clot formation time; MCF: maximum clot firmness; LI: lysis index;
CT: clotting time; R: reaction time; CL: clot lysis

Table 2 Normal ranges, hypercoagulable state and hypocoagulable state of ROTEM and TEG

Parameters Normal ranges for
ROTEM

Normal ranges
for TEG*

Hypercoagulable
state

Hypocoagulable
state

Reaction time,
R or CT

INTEM 137–246 sec
EXTEM 42–74 sec
FIBTEM 43–69 sec

4–8 min Shortened Prolonged

Clot formation
time, K or CFT

INTEM 40–100 sec
EXTEM 46–184 sec
NA

0–4 min Shortened Prolonged

Alpha angle,
angle or ˛

INTEM 71–82°
EXTEM 63–81°
NA

47–74 Increased Decreased

Maximum
amplitude, MA
or MCF

INTEM 52–72 mm
EXTEM 49–71 mm
FIBTEM 9–25 mm

54–72 mm Increased Decreased

A hypercoagulable state is defined as the presence of at least two of the following: Shortened
reaction time, increased alpha angle or increased maximum amplitude [46]; * Values for kaolin-
or celite-activated TEG

non-responders may in part have contributed to conflicting results from trials eval-
uating the effect of strategies that interfere with the coagulation system [12–15].

Utility of TEG/ROTEM to Detect Sepsis-induced Coagulopathy

ROTEM clearly demonstrates a hypercoagulable state during endotoxemia [16].
Endotoxin-induced hypercoagulability was demonstrated in vitro using TEG. In
experiments in which lipopolysaccharide (LPS) was infused in healthy volun-
teers, a hypercoagulable state measured by TEG had a strong correlation with
plasma levels of prothrombin fragments F1 + F2 [17, 18]. In sepsis patients how-
ever, TEG/ROTEM measurements have shown conflicting results. Several studies
observed no changes in parameters [19–22]; other studies reported a hypercoag-
ulable [23] or hypocoagulable state [24]. A few studies also reported patients
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showing both a hyper- and hypocoagulable state [25–28]. Taken together, results
are heterogeneous. Also, there is a lack of clarity on interpretation of the test results.

To date, no studies have compared conventional coagulation tests such as
PT/aPTT to TEG/ROTEM in sepsis patients. However, the utility of TEG to
detect DIC has been evaluated. Patients with DIC present with a hypocoagulable
state [26]. This may be due to a decrease in coagulation factors used for for-
mation of microthrombi. In support of this concept, sepsis patients who met the
International Society on Thrombosis and Hemostasis (ISTH) DIC criteria showed
a hypocoagulable state when compared to healthy controls, whereas patients with-
out DIC showed a non-significant trend towards hypercoagulation [25]. Patients
with an underlying disease known to be associated with DIC and ISTH DIC scores
> 5 had significantly prolonged reaction and K times and decreased ˛-angle and
maximal amplitude (signs of a hypocoagulable state) compared to patients with
low ISTH DIC scores. The authors developed a score, defined as the total num-
ber of parameters (R, K, maximal amplitude, and ˛) that were deranged in the
direction of a hypocoagulable state. With this score, the discriminatory value of
thromboelastometry to detect DIC improved [29]. Impaired fibrinolysis in sepsis
may contribute to a hypercoagulable state. Inhibition of the fibrinolytic system was
found to discriminate sepsis from postoperative controls [19, 28, 30].

In terms of prognostication, a hypercoagulable state was not found to be a pre-
dictor of outcome. In contrast, the finding of a hypocoagulable state has repeatedly
been shown to be associated with a poor outcome. The TEG maximal amplitude
value is an independent predictor for 28-day mortality on admission [27]. Hospi-
tal mortality was predicted by a hypocoagulable state due to a deficit in thrombin
generation [30]. A hypocoagulable state measured with TEG has been found to be
associated with a pro-inflammatory response [19, 24]. The degree of hypocoagula-
ble state is also associated with severity of organ failure in sepsis [19, 22].

Taken together, results are heterogeneous. Timing of measurements may be rel-
evant to these observations, as a hypocoagulable state may be more marked in the
acute phase of sepsis and return to normal values towards discharge of ICU, or even
to enhanced clot formation.

Use of TEG/ROTEM to Guide Anticoagulant Treatment
in Sepsis Patients

In sepsis, activation of coagulation is a crucial step in the pathophysiological cas-
cade of sepsis, with concomitant low levels of circulating natural anticoagulants [8,
9]. From this perspective, various treatment modalities that interfere with the coag-
ulation system have been studied (e. g., recombinant activated protein C [rhAPC],
AT and heparin) [12–15]. However, efficacy has been questioned. It can be hypoth-
esized that TEG/ROTEM may help to identify patients likely to respond to therapies
that target coagulopathy. To date, there are no studies that have addressed this ques-
tion. Only a few small patient series evaluated TEG/ROTEM measurement during
anticoagulant medication; ROTEM parameters did not change during anticoagulant
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medication. Moreover, treatment with antithrombin did not induce changes in the
ROTEM measurements [23].

Use of TEG/ROTEM in Patients with Induced Hypothermia

Induced hypothermia is a common therapy in survivors of a cardiac arrest [31–33].
However, hypothermia is associated with coagulopathy, prolongation of aPTT and
PT [33, 34] and an increased risk of bleeding [35]. A test that reliably detects
hypothermia-induced coagulopathy would be helpful in identifying patients who
have an increased bleeding risk while being cooled and sedated. Unfortunately,
little is known about the value of TEG/ROTEM in these patients.

Spiel et al. observed that ROTEM measurements showed a prolonged clotting
time at 1 hour after infusion of 4 °C cold crystalloid solution. All other parameters
remained within reference values. An important limitation of this study was that all
measurements were performed at 37 °C [33]. TEG parameters were evaluated also
in patients after cardiac arrest. The TEG was performed at isothermal conditions
and a hypocoagulable state was detected by TEG [36].

Use of TEG/ROTEM in Patients with Brain Injury

After severe traumatic brain injury and neurosurgery, up to 45 % of patients develop
a coagulopathy [37–39]. Given the serious consequences of intracranial bleeding,
instant assessment of coagulation status is desirable. Two small trials have stud-
ied the value of TEG to detect coagulopathy in these patients, and mostly found
test results within reference values. However, the functional response of platelets as
measured in a platelet mapping™ (TEG-PM) assay, was significantly lower in brain
injury patients than in control groups, with a particularly low response in those pa-
tients who developed bleeding complications [40]. Furthermore, a hypocoagulable
state on admission to the ICU is associated with worse outcome in patients with
traumatic brain injury and intracranial bleeding [41].

Utility of TEG to Detect a Hypercoagulable State
and Prognosticate Organ Failure in Trauma Patients

Patients who survive the acute phase of trauma are prone to develop a hypercoagu-
lable state with increased risk of thromboembolic events and DIC [1]. Conventional
coagulation tests are not able to detect such a hypercoagulable state. There is
also debate as to whether the syndrome DIC is applicable to coagulation abnor-
malities in trauma. With TEG/ROTEM, a hypercoagulable state can be detected
by high maximal amplitude and shortened reaction time (Table 1). Several re-
ports have demonstrated a hypercoagulable state in severely injured patients with
TEG/ROTEM. In trauma and burn patients admitted to the ICU, TEG was found
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to be more sensitive in detecting a hypercoagulable state than conventional clot-
ting assays [42, 43]. A high maximal amplitude was found to be an independent
contributor to mortality in multiple logistic regression analysis [42]. A hypercoagu-
lable state measured by TEG predicted the development of thromboembolic events
in trauma patients [44] although not all studies have confirmed this finding [45]. It
should be noted that the finding of a hypercoagulable state is not specific for deep
venous thrombosis (DVT).

A study on the use of ROTEM to prognosticate the occurrence of multiple organ
failure in a cohort of trauma patients is currently underway.

Considerations

In several non-bleeding critically ill patient populations, evidence supporting the
use of TEG/ROTEM to diagnose a hypocoagulable or hypercoagulable state is lim-
ited at this stage, mostly because of heterogeneity of the included studies in design,
use of control groups and chosen endpoints. Heterogeneity of results can also be
caused by differences in disease severity, as changes were more marked during se-
vere illness. Timing of TEG/ROTEM measurements may greatly influence results,
as coagulopathy is a dynamic process, e. g., evolving from subtle activation of co-
agulation to overt DIC in sepsis and from a hypocoagulable to a hypercoagulable
state in trauma. Performing sequential measurements will probably provide better
insight into the development of coagulation derangements.

Another important issue is that no uniform definitions exist for hypocoagula-
ble or hypercoagulable states. Reference values for non-bleeding patients with
disorders of coagulation are not widely assessed and cut-off values are often not
defined in studies. To compare patient categories and possibly investigate thera-
peutic interventions in the coagulation system, validated universal reference values
and definitions are essential. A study on TEG reference intervals has been recently
completed (NCT01357928).

Conclusions

TEG/ROTEM can detect coagulopathy in the critically ill. Whether these tests are
useful as diagnostic tools remains to be investigated when reference values and
clear definitions have been established. TEG/ROTEM may be useful for prognosti-
cation of outcome. A hypocoagulable status seems to be an independent predictor
for organ failure and mortality in sepsis, even after correction for disease severity.
In patients with brain injury, a hypocoagulable state on admission to the ICU is
also associated with worse outcome. In patients who survive the acute phase of
trauma, a hypercoagulable state as detected by TEG/ROTEM is a common finding.
These tests could be helpful in identifying those patients at risk of thromboem-
bolic complications, because a hypercoagulable state predicted the development of
thromboembolic events in the majority of studies. Further research on this topic is
forthcoming.
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Sodium in Critical Illness: An Overview

Y. Sakr, C. Santos, and S. Rother

Introduction: Physiology of Sodium andWater Homeostasis

Water accounts for around 60 % of body weight in humans. Total body water is
distributed between the extra- and intra-cellular compartments (Fig. 1). The intra-
cellular space is the largest fluid compartment and contains up to two thirds of the
total body water, i. e., around 30–40 % of the body weight. The extracellular com-
partment comprises one third of the total body water, mainly in the interstitium;
only 25 % of the extracellular fluid is present in the intravascular space, i. e., 5 % of
body weight. The distribution of electrolytes varies widely between the extra- and
intra-cellular compartments.

Fig. 1 Fluid compartments
and intra- and extracellular
sodium concentrations; IVF:
intravascular fluid; [Na+]:
Sodium concentration

Total body water
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Sodium is an essential electrolyte in the human organism and can be regarded
as the most important extracellular cation in this compartment in terms of osmotic
effect [1]. Despite fluctuations in sodium and water intake, serum sodium con-
centration is usually maintained within the physiologic range of 135–145 mmol/l.
The concentration of extracellular sodium is 10 times greater than the intracellu-
lar sodium concentration. This concentration gradient is an important prerequisite
of the transmembranous excitation process and many active transport functions of
the cell membrane. To maintain this gradient, sodium is actively transported from
the intracellular to the extracellular compartments by Na+/K+-ATPase, an ion trans-
porter present in the cell membrane. Sodium and water homeostasis are closely
related. Serum sodium concentration and subsequently serum osmolality are con-
trolled through programmed manipulations of water homeostasis.

Sodium and its related anions, mainly bicarbonate and chloride, are responsible
for approximately 86 % of the osmotic activity in blood plasma and the extracellular
compartment [2]. Serum sodium concentration is crucial, therefore, for maintaining
extracellular tonicity, which controls diffusion of water through the cell membrane
and thus regulates extracellular volume [3, 4]. Glucose is another osmolyte that
contributes to serum tonicity. Because it is not membrane-permeable, glucose re-
mains in the extracellular compartment and is, therefore, able to draw free water
from the intracellular to the extracellular compartments. In contrast, other sub-
stances, such as ethanol, methanol, and urea, are regarded as ineffective osmolytes
because they can freely cross the cell membrane and hence do not produce signif-
icant fluid shifts [5]. Homeostatic mechanisms maintain serum osmolality within
a narrow physiologic range between 275–290 mosmol/kgH20 [6]. The osmolality
of blood plasma can be estimated using the following equation [7]:

osmolality .mosmol=kgH2O/ � 2 � sodium .mmol=l/ C glucose .mmol=l/

C urea .mmol=l/:

RegulatoryMechanisms

Water homeostasis is determined by the balance between fluid intake and fluid
excretion, both of which are influenced by controlled and uncontrolled elements.
Uncontrolled water intake arises from nutrition containing various amounts of wa-
ter, whereas controlled water intake is adjusted by thirst sensation. Water excretion
occurs in an uncontrolled fashion through the kidney during the excretion of nitro-
gen compounds and extrarenally in the form of insensible water loss from the skin
and the respiratory tract as well as through the gastrointestinal tract. In contrast,
renal excretion of free water is strictly controlled under the influence of antidiuretic
hormone (ADH) [1, 8]. The controlled mechanisms of water intake and excretion
are responsible for maintaining water homeostasis and compensating for the un-
controlled water intake or loss [5]. Detection of changes in serum osmolality and
fluctuations in circulating blood volume are crucial in the regulation of water home-
ostasis.
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Hyperosmolality

Hypervolemia Hypervolemia

ADH

ANP

RAAS

Aldosteron

H2O-Resorption

Na-Resorption

Fig. 2 Overview of the main interactions of the hormones involved in sodium and water balance.
ADH: antidiuretic hormone, ANP: atrial natriuretic peptide, H2O: water, Na: sodium, RAAS:
renin-angiotensin-aldosterone system; Stimulation; Inhibition

Sodium homeostasis is strictly regulated by the kidney and through the interac-
tion of several neuro-hormonal mechanisms (Fig. 2). These interactions involve
the renin-angiotensin-aldosterone-system (RAAS), the sympathetic nervous sys-
tem, atrial natriuretic peptide (ANP) and the B-type natriuretic peptide (BNP) [9]
to maintain the balance between sodium intake and excretion, although regula-
tion of sodium excretion is the key aspect of this process [5]. About 95 % of
sodium excretion takes place through the kidneys and this function plays an im-
portant role in regulating extracellular volume and the related physiologic functions
of various organs. This regulation is achieved mainly through the secretion of al-
dosterone and ANP. Other factors that have been suggested to play a minor role in
this process include angiotensin II, ADH, dopamine, sympathetic activity and renal
prostaglandins [5].

Disturbances of SodiumHomeostasis

Disturbance of the regulatory mechanisms mentioned above leads to deviations
in serum sodium concentrations from the normal physiologic range of 135–
145 mmol/l. These disturbances are generally referred to as dysnatremia, which
includes both hypo- and hypernatremia, and commonly reflect disturbances in wa-
ter homeostasis. Dysnatremia is one of the most commonly occurring electrolyte
disturbances in hospitalized patients [2], especially in critically ill patients requiring
intensive care [10].
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Hyponatremia

Hyponatremia is defined as a decrease in serum sodium concentration to less than
135 mmol/l [9, 11].

Epidemiology
Hyponatremia is the most commonly occurring electrolyte disturbance in hospi-
talized patients, reported in up to 40 % of patients on hospital admission [12]. In
critically ill patients, the reported incidence of hyponatremia was up to 30 % [13].
The frequency of hyponatremia is especially high in some subgroups of ICU pa-
tients, including neurosurgical patients with subarachnoid hemorrhage [14] and
those with liver cirrhosis [15].

Etiology
Hyponatremia is characterized by a reduced proportion of sodium in relation to ex-
tracellular water. This condition essentially occurs as a result of relative or absolute
excess in total body water in relation to the dissolved solutes in the extracellular
compartment [5]. Two forms of hyponatremia can occur: Hypotonic and non-
hypotonic.

Hypotonic Hyponatremia
Hypotonic or hypo-osmolar hyponatremia is characterized by an excess of free wa-
ter in relation to the extracellular sodium content. It can, therefore, also be described
as dilutional hyponatremia and represents the most common form of electrolyte
disturbance in ICU patients [9]. Hypotonic hyponatremia occurs either because of
water retention with subsequent dilution of electrolytes in the extracellular compart-
ment or water depletion disproportionate to the degree of loss of electrolytes. These
effects lead to hypo-osmolality and hypotonicity [16]. In the clinical setting, three
main forms of hypotonic hyponatremia may occur depending on the intravascular
volume: Hypovolemic, euvolemic, and hypervolemic.

Hypovolemic hyponatremia occurs because of deficits in both total body water
and sodium content with higher sodium deficits in relation to water losses. This
type of hyponatremia can have renal and extrarenal causes (Table 1). Measure-
ment of urinary sodium concentration may be useful in identifying the underlying
etiology; urinary sodium concentrations > 20 mmol/l favor renal causes and lower
concentrations favor extrarenal causes [17]. Excessive use of diuretics, especially
thiazide diuretics, is one of the most common causes of hypovolemic hponatremia.
Osmotic diuresis is another possible cause of hypovolemic hyponatremia and com-
monly occurs because of hyperglycemia with glucosuria or after mannitol infusion.
In patients with diabetes mellitus, ketonuria may also occur with subsequent renal
sodium excretion [17]. Primary adrenal insufficiency associated with Addison’s dis-
ease is characterized by aldosterone and glucocorticoid deficiency with subsequent
hyponatremia from excessive sodium loss. Increased bicarbonate excretion occurs
in patients with renal tubular acidosis type 2 because of deficiency of carbonic an-
hydrase with subsequent sodium loss. Salt-wasting nephropathy may also occur
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Table 1 Etiology of hypotonic hyponatremia

1. Hypovolemic hypotonic hyponatremia
Renal causes Diuretic administration

Primary adrenal insufficiency
Cerebral salt wasting syndrome
Salt losing nephropathy
Osmotic diuresis (e. g., ketonuria)

Extrarenal causes Vomiting
Diarrhea
Excessive sweating
Third space fluid loss (e. g., burns)

2. Euovolemic hypotonic hyponatremia
Hypothyroidism
Syndrome of inappropriate ADH secretion (SIADH)
Hypophyseal insufficiency
Psychiatric diseases (e. g., acute psychosis)
Postoperative stress
Drugs
– ADH-similar (desmopressin, oxytocin)
– ADH-releasing or promoting its renal effect:
cyclophosphamide, carbamazepine, clofibrate, nicotine, morphine, tricyclic
antidepressants, selective serotonin reuptake inhibitors, omeprazole, oral
antidiabetics, ecstasy
– Inhibit prostaglandin synthesis and hence
increase ADH action: non-steroidal anti-inflammatory, acetylsalicylic acid,
interferon
vincristine
– Diuretics: thiazides

3. Hypervolemic hypotonic hyponatremia
Renal causes Acute and chronic renal failure
Extrarenal causes Heart failure

Liver cell failure

in chronic renal diseases, such as polycystic kidneys, analgesic-induced nephropa-
thy, or chronic pyelonephritis [17]. A clinically relevant syndrome that produces
hypovolemic hyponatremia is the cerebral salt-wasting syndrome that occurs fol-
lowing disturbance of the hypothalamic-renal axis [18]. This rather rare syndrome
occurs primarily in neurosurgical ICU patients, especially those with subarachnoid
hemorrhage, traumatic brain injury, or after neurosurgical interventions [19]. The
pathophysiological mechanism underlying this syndrome is not fully understood.
Cerebral injury probably increases ANP and BNP release with subsequent natriure-
sis and polyuria leading to hypovolemia and hyponatremia [19].

Other extrarenal causes of hypovolemic hyponatremia include excessive water
loss from excessive sweating, increased insensible water loss due to fever, or fluid
loss into the so-called third space, which may occur in patients with inflamma-
tory conditions, such as pancreatitis, peritonitis, intestinal obstruction, and burn
injuries [16].
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Clinical manifestations of hypovolemic hyponatremia are mainly related to de-
creased extracellular volume and include orthostatic hypotension, tachycardia, dry-
ness of skin mucous membranes, loss of weight, and thirst sensation.

Euvolemic hyponatremia is characterized by a mild increase in extracellular vol-
ume with relatively normal sodium content. Diagnosis of this clinical entity is
difficult because of the lack of signs of hypo- or hypervolemia. Several clinical
conditions may be associated with euvolemic hyponatremia (Table 1). The syn-
drome of inappropriate ADH secretion (SIADH) is one of the common causes of
this electrolyte disturbance and may lead to severe hyponatremia in ICU patients,
with serum sodium concentrations < 120 mmol/l [20]. SIADH is characterized by
increased ADH secretion as a result of suppressed osmotic or hypovolemic stimu-
lation [21]. Several diseases may induce SIADH, including diseases of the central
nervous system, such as meningitis, encephalitis, intracranial hemorrhage, trau-
matic brain injury, demyelinating processes, cerebrovascular accidents; lung dis-
eases, such as pneumonia, tuberculosis; and neoplasm, such as small cell bronchial
carcinoma, duodenal malignancy, or neuroblastoma [1, 16]. Disturbances at the
level of the central nervous system lead to excessive ADH release, whereas periph-
eral diseases, such as malignant tumors, may lead to ectopic ADH production [17].
Drug-induced SIADH may also occur (e. g., carbamazepine or vincristine). The
diagnosis of SIADH should be established after exclusion of other possible causes
of increased ADH secretion [11]. The major diagnostic criteria include a decrease
in the effective osmolality of the extracellular fluid (< 270 mosmol/kg water), in-
adequate urinary concentration (urine osmolality > 100 mosmol/kg water despite
normal renal function), euvolemia, increased urinary sodium excretion despite nor-
mal salt and water intake, and the absence of other euovolemic hyposmolar con-
ditions [21]. Minor diagnostic criteria include an abnormal water challenge test,
demonstrating the inability to excrete 90 % of an enteral water load (20 ml/kg)
within 4 hours or failure to dilute urine to < 100 mosmol/kg water, a high ADH
plasma level despite low plasma osmolality, and no improvement in hyponatremia
after volume expansion but improvement after volume restriction [22].

Other disease entities may also be associated with euvolemic hyponatremia (Ta-
ble 1). Hypothyroidism, hypophyseal insufficiency with secondary adrenal in-
sufficiency and glucocorticoid deficiency can be overlooked causes of euvolemic
hyponatremia. Postoperative stress may also play an important role in the devel-
opment of hyponatremia in surgical ICUs [23]. Several drugs may also stimulate
ADH secretion or promote its renal effects [7].

Hypervolemic hyponatremia is a condition in which both extracellular volume
and sodium content are increased, but the increase in extracellular volume is more
pronounced than the increase in sodium content. The underlying etiology is ad-
vanced heart failure, liver cell failure, or nephrotic syndrome. The underlying
pathophysiology is a disturbance in hypothalamic osmotic regulation. Impairment
of renal tubular function, e. g., in patients with acute or chronic renal failure, leads
to inadequate water and sodium excretion and predisposes to hypervolemic hypona-
tremia [11]. The clinical presentation is characterized by edema, ascites, and pleural
effusion.
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Non-hypotonic Hyponatremia
Pseudohyponatremia is a rare condition characterized by normal serum osmolal-
ity and may be observed in patients with hyperlipidemia or paraproteinemias (e. g.,
multiple myeloma and hypergammaglobulinemia) due to a relative increase in the
solid phase of plasma, which leads to artificially low measured serum sodium con-
centrations [9]. Infusion of solutions with an isotonic character, such as mannitol,
which do not produce a transcellular water shift may also lead to hyponatremia with
normal serum osmolality [16].

Hyperosmolar or translocational hyponatremia is another rare form of non-
hypotonic hyponatremia in which total body water remains unaltered. Serum
osmolality increases because of the presence of additional osmotically active
particles, such as glucose in advanced hyperglycemia, hypertonic mannitol, or in-
travenous contrast substances, with subsequent water shift from the intracellular to
the extracellular compartments and hyponatremia [11]. Hyperglycemia is the most
common cause of translocational hyponatremia [16]. The so-called transuretheral
resection syndrome (TUR-syndrome) may also predispose to translocational hyper-
osmolar hyponatremia because of the osmotically active particles (e. g., mannitol,
glycin, sorbitol) in the urethral irrigation solution, which produce water shift.

Clinical manifestations
Mild hyponatremia (130–135 mmol/l) is usually asymptomatic, but further de-
crease in serum sodium concentration leads to non-specific symptoms in the form
of concentration deficits, apathy, loss of appetite, headache, dizziness, nausea, and
vomiting. With increased severity of hyponatremia, clinical manifestations of en-
cephalopathy become evident in the form of lethargy, restlessness, disorientation,
muscle cramps, and hyporeflexia [16, 24].

Cerebral manifestations dominate the clinical picture of hyponatremia and can
be referred to as hyponatremic encephalopathy [25]. Extracellular hypo-osmolality
leads to water diffusion into the brain cells with a concomitant increase in intra-
cellular volume. Cellular swelling (brain edema) can occur within a few minutes.
However, adaptive mechanisms are present in the brain cells to maintain intracellu-
lar volume constant and prevent the development of brain edema. A rapid adaptive
response (1–3 seconds) occurs due to the increase in the interstitial pressure, al-
lowing part of the extracellular volume to be transmitted to the cerebrospinal fluid
and back to the systemic circulation [11]. Solutes, such as sodium and potassium
(salts), are transported actively outside the brain cells within hours with subsequent
water shift to the extracellular compartment [26]. Another adaptive process that
occurs over days involves active transport of organic osmolytes (phosphocreatine,
myoinositol, glutamate, and taurine) outside the brain cells with secondary water
diffusion [11, 26]. The net result of these adaptive mechanisms is a reduction in
brain volume and reduction in brain edema. Under the effect of hypo-osmolality
and with a delay in the previously described adaptive mechanisms, the increase
in brain volume may lead to increased intracranial pressure (ICP) because of the
limited intracranial space. The increased ICP may produce life-threatening compli-
cations due to brain injury [27].
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The severity of the clinical presentation is not only related to the severity of the
hyponatremia but also to the duration over which hyponatremia develops [2].

Therapeutic approaches
The presence and severity of clinical manifestations as well as the duration of devel-
opment of hyponatremia are the main factors that influence therapeutic decisions.
Causal therapy is also important, especially in patients with adrenal insufficiency or
hypothyroidism. Acute hyponatremia, occurring within 48 hours and accompanied
by neurologic symptoms, requires immediate therapy to prevent possible compli-
cations related to brain edema. In such patients, hyponatremia should be corrected
with the aim of increasing serum sodium concentration at a rate of 1–2 mmol/l/h
over the first few hours until improvement of clinical symptoms. Daily correction
rates should not exceed 8–10 mmol/l over the first 24 hours or 18–25 mmol/l over
the first 48 hours [28].

Chronic hyponatremia should be corrected slowly to avoid osmotic demyelinat-
ing syndromes [16, 29]. The osmotic stress related to therapy induces osmolyte and
water shifts from the intracellular to the extracellular compartments and shrinkage
of brain cells with subsequent demyelination of the pontine and extrapontine neu-
rons. This leads to increased neurological manifestations with additional symptoms
related to the severity and the site of lesions, including convulsions, pseudobulbar
paralysis, dysarthria, tetraplegia, coma, and death [16, 24]. Central pontine (CPM)
or extrapontine myelinosis (IPM) are the most common clinical variants and oc-
cur 2–3 days after correction of hyponatremia [30]. Common predisposing factors
for these syndromes include alcohol intake, female sex, nutritional deficiency, hy-
pokalemia, burn injuries, and thiazide therapy [31].

The amount of sodium to be administered can be calculated according to the
following formula:

NaC administered .mEq/ D ŒNaC desired�

� ŒNaC measured � total body water .TBW/�

with TBW = 0.6 × weight (kg) for men, and 0.5 × weight (kg) for women [32].
The choice of therapy should take into consideration the underlying pathophys-

iology and the clinical variant of hyponatremia [33]. The main therapeutic options
include hypertonic (3 %) and isotonic (0.9 %) sodium chloride solutions, fluid re-
striction, ADH receptor antagonists (vaptans, urea, and demeclocycline) [34]. In
cases of hypervolemia, loop diuretics (e. g., furosemide) may also be used [33].
Hypertonic solutions can be used to correct acute hyponatremia with serious neuro-
logic manifestations, whereas isotonic solutions are recommended in patients with
volume depletion. Fluid restriction can be useful to correct chronic asymptomatic
hyponatremia (euvolemic or hypervolemic) in which negative fluid balance is tar-
geted to raise serum sodium concentrations. In patients with reduced compliance
to fluid restriction, demeclocycline (ADH antagonist), urea (osmotic diuresis of
free water) or a vaptan can be considered as alternative therapeutic options [11].
Vaptans are non-peptide oral ADH receptor antagonists, e. g., tolvaptan, which
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selectively binds V2-receptors in the distal nephron with subsequent excretion of
solute-free water [35]. Tolvaptan is recommended for the therapy of euvolemic
(SIADH) and hypervolemic hyponatremia as well as in patients with heart or liver
cell failure [36].

Hypernatremia

Hypernatremia is defined as a serum sodium concentration greater than 145 mmol/l
[3].

Epidemiology
Hypernatremia occurs less commonly than does hyponatremia. The prevalence
of hypernatremia in hospitalized patients has been reported as between 0.2 and
1 % [37, 38]. Hospital-acquired hyponatremia occurs in 0.6–2.1 % of patients [39,
40]. In ICU patients, the incidence of hypernatremia is 2–52 % [41, 42]. Several
factors predispose to hypernatremia in ICU patients, including disturbed conscious-
ness, sedation, severe brain injury, increased fluid loss (gastrointestinal, drainage
fluids, open wounds, and insensible fluid loss due to fever or mechanical venti-
lation), the use of osmotic diuretics using mannitol to reduce ICP, or the use of
hypertonic and salt-containing fluids. Neurosurgical patients are at especially high
risk of developing hypernatremia because many of these factors are present simul-
taneously in these patients [1, 43].

Etiology
Hypernatremia occurs due to an absolute or relative deficit of total body water rel-
ative to its sodium content, mainly because of disturbances in the body’s defense
mechanisms against hyperosmolarity, i. e., ADH secretion and thirst sensation. The
perception of thirst can be impaired or absent as a result of disturbed conscious-
ness, structural hypothalamic lesions in the thirst center, or extreme age [9]. The
common underlying pathophysiology is a combination of impaired water intake and
excessive fluid loss [37]. Three clinical entities can be differentiated according to
the extracellular volume status: hypovolemic, euvolemic, and hypervolemic.

Hypovolemic Hypernatremia
Hypovolemic hypernatremia occurs due to loss of both water and sodium with
predominant hypotonic water loss. Renal and extrarenal causes may be re-
sponsible for this condition (Table 2). Clinical manifestations of hypovolemia
are evident in these patients, and include orthostatic hypotension, tachycardia,
decreased skin turgor, dry mucous membranes, and sometimes disturbance of
consciousness [17].

Euovolemic Hypernatremia
Euovolemic hypernatremia is the most common form of hypernatremia in clinical
practice [1]. It occurs due to pure water loss without concomitant sodium excretion



604 Y. Sakr et al.

Table 2 Etiology of hypernatremia

1. Hypovolemic hypernatremia
Renal losses Osmotic and loop diuretics

Post-obstructive diuresis
Polyuric phase of acute tubular necrosis
Intrinsic renal diseases

Extrarenal losses Gastrointestinal losses
– Diarrhea
– Vomiting
– Nasogastric reflux
– Entro-cutaneous fistulas
– Oral administration of osmotically active drugs
Excessive sweating
Burn injuries
Open surgical wounds

2. Euovolemic hypernatremia
Renal losses Diabetes insipidus (central or nephrogenic)

Hypodipsia
Extrarenal losses Insensible water loss

– Cutaneous
– Respiratory

3. Hypervolemic hypernatremia
Hypertonic fluid administration (NaCl 3 %)
NaHCO3 infusion or salt-rich emetics
Excessive sodium intake (e. g., salt tablets)
Hypertonic dialysis
Primary hyperaldosteronism (Conn’s syndrome)
Cushing’s syndrome

and is particularly common in ICU patients. Several conditions are associated with
euovolemic hypernatremia in hospitalized patients (Table 2).

Diabetes insipidus (DI) is an important cause of euovolemic hypernatremia in
ICU patients [25]. The clinical picture of this syndrome is characterized by hypo-
osmolar polyuria and polydipsia due to impairment of the ability of the kidney to
concentrate urine. Two clinical variants can be differentiated: Central and nephro-
genic DI. Central DI occurs as a result of ADH deficiency. Structural damage
of the hypothalamic core region, injury to the tractus supraptic-hypophysis or de-
struction of the posterior lobe of the pituitary gland play an important role in the
pathogenesis of this syndrome [44]. Congenital forms of central DI can occur due
to autosomal dominant gene mutation (ADH-neurophysin) [5]. Acquired central
DI may also occur for various reasons, including traumatic brain injury, neoplasia
(meningioma, hypophyseal tumors, lymphoma, and cerebral metastases), infectious
diseases (meningitis and encephalitis), infiltrative conditions (sarcoidosis, histocy-
tosis, and tuberculosis), vascular injuries (aneurysmal subarachnoid and intracranial
hemorrhage and cerebrovascular accidents), and drug-induced (ethanol and pheny-
toin) [5, 9].
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Nephrogenic DI is characterized by a defective renal response to ADH stim-
ulation. Severe forms are rare and occur mostly in congenital renal diseases [5,
9]. More common, mild forms occur in acquired nephrogenic DI [17]. The most
common cause of acquired DI is long term lithium treatment and electrolyte dis-
turbances such as hypercalcemia and hypokalemia [45]. Diagnostic criteria for DI
are urine osmolality > 800 mosmol/kg H2O with concomitantly increased serum os-
molality > 295 mosmol/kg H2O or hypernatremia > 145 mmol/l [9]. Administration
of ADH or desmopressin (a V2-receptor agonist that increases urinary osmolality
only in central DI) [46] and measurement of ADH serum levels (low in cerebral
but normal or high in nephrogenic DI) may help differentiate between central and
nephrogenic forms of DI.

Hypervolemic Hypernatremia
Hypervolemic hypernatremia is a rather rare form of hypernatremia, which occurs
because of an increase in sodium content following infusion of excessive amounts
of hypertonic fluids containing sodium, i. e., iatrogenic, or because of excessive salt
intake [1, 24].

Clinical manifestations
Hypernatremia is mainly characterized by neurologic disturbances. Acute hyperna-
tremia leads to water shift from the intracellular to the extracellular fluid compart-
ments because of hyperosmolality with subsequent cellular dehydration, cellular
shrinkage, and decreased cell volume. Brain cells are able to react to decreased
cell volume with adaptive responses to prevent cellular dehydration and its conse-
quences. These responses occur through intracellular accumulation of osmotically
active particles, such as sodium, potassium, and chloride ions [47]. In cases of a per-
sistent increase in plasma osmolality, organic osmolytes, such as polyoles (sorbitol,
myoinositol), aminoacids or aminoacid-derivates (alanine, glutamine, glutamate,
taurine), and methylamine (glyceryl phosphorylcholine, beataine), accumulate in-
tracellularly [47]. Accumulation of organic compounds takes a few hours to occur,
however, because this process involves transcription and synthesis of organic os-
molytes [47]. The adaptive mechanisms aim at increasing intracellular osmolality
with subsequent restoration of cellular volume.

Similar to hyponatremia, the severity of hypernatremia and the rate of increase in
serum sodium levels together determine the severity of the clinical presentation [8,
9]. Initial symptoms are non-specific and include loss of appetite, restlessness,
nausea, vomiting, muscle weakness, and lethargy [2, 9]. Severe symptoms occur
mostly in acute severe hypernatremia with serum sodium levels > 160 mmol/l and
include hyperreflexia, spasticity, disturbed consciousness, and coma. If the brain
cells fail to adapt rapidly to the extracellular hyperosmolality, severe complications
may occur due to decreased cell volume, which may ultimately lead to rupture of
meningeal blood vessels with subsequent intracranial or subarachnoid hemorrhage
and brain injury [48]. Osmotic myelinolysis is a serious complication of hyperna-
tremia that has been reported in experimental models and in clinical settings [30,
49].
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Persistent hypernatremia and the resulting hyperosmolality may also negatively
influence organ function. Cardiac dysfunction may occur because of reduced left
ventricular contractility [50]. Impaired glucose metabolism has also been reported
in association with severe hypernatremia with increased insulin-resistance and hy-
perglycemia [51] or impaired hepatic gluconeogenesis and lactate clearance [52].
The immunological function of leukocytes may also be suppressed by hyperna-
tremia [53], and severe hypernatremia may produce rhabdomyolysis and acute renal
failure [54].

In patients with hypernatremia of long duration, rapid correction with hypotonic
fluids induces rapid intracellular fluid shift and may lead to life-threatening brain
edema, coma, and death [55].

Therapeutic approaches
Treatment of hypernatremia should be oriented to the etiology, severity, and the rate
of increase in serum sodium concentration [6]. Causal therapy is based on prevent-
ing further fluid losses with, for example, use of antipyretic therapy, treatment of
infectious diseases, adequate substitution and prevention of gatrointestinal losses,
treatment of hyperglycemia and associated electrolyte disturbances (hypokalemia
and hypercalcemia), in addition to termination of any therapy that may be respon-
sible for hypernatremia, such as diuretics, lactulose, or salt-rich infusions.

In symptomatic acute hypernatremia (onset < 48 hours), correction can be rel-
atively rapid with a maximal correction rate of 2–3 mmol/l per hour over the first
hours of therapy and should not exceed 12 mmol/l per day [56]. These correction
rates can be tolerated by the brain cells as the adaptive mechanisms to cellular dehy-
dration require longer periods of time [57]. However, chronic hypernatremia (onset
> 48 hours) requires slow correction with a rate not exceeding 0.5 mmol/l per hour
and a maximal daily rate of 10 mmol/l [3].

The water deficit can be calculated using the following formula:

Water deficit .L/ D TBW � Œ1 � .desired NaC=serum NaC/�

with TBW = 0.6 × weight (kg) for men and 0.5 × weight (kg) for women [32].
Correction of hypernatremia varies according to the underlying pathophysiol-

ogy (fluid loss or excess sodium intake) and the status of the extracellular vol-
ume (hypovolemia, euvolemia, or hypervolemia) but can be basically achieved
using hypotonic fluids (electrolyte free solutions e. g., 5 % glucose solutions or
0.45 % sodium chloride solution) [3]. In hypovolemic hypernatremia associated
with hemodynamic instability, isotonic 0.9 % sodium chloride solutions may also
be used to correct hypovolemia and replace fluid loss. After hemodynamic stabi-
lization, correction of water deficit can be performed using 5 % glucose or 0.45 %
sodium chloride solutions [17]. In patients with hyperglycemia, 0.45 % sodium
chloride is the treatment of choice to correct hypertonicity rather than 5 % glucose
solutions [56]. In patients with euvolemic hypernatremia, water deficits should also
be replaced by hypotonic solutions. The treatment of central DI also includes the
use of desmopressin (intranasal, oral, or subcutaneous) [58]. Nephrogenic DI is
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treated by correction of hypokalemia and termination of any drugs that may be re-
sponsible for the syndrome [6, 17]. The treatment of hypervolemic hypernatremia
should focus on the elimination of excess sodium. Sodium-containing infusions
should be discontinued with restriction of salt intake. Loop diuretics can be used
to promote renal sodium excretion and achieve euvolemia. In addition, hypotonic
solutions should be used concomitantly to maintain fluid homeostasis and correct
hyperosmolality, preferably using 5 % glucose solutions [17]. In the specific situa-
tion in which hypernatremia occurs in a patient with renal failure due to increased
sodium intake, renal replacement therapies, such as hemofiltration, hemodialysis,
or peritoneal dialysis can be considered [25].

Dysnatremia and Outcome

Symptomatic hyponatremia associated with neurologic manifestations has been re-
ported to be associated with mortality rates of 50 % [59]. Mortality rates for patients
with primary hyponatremia, present on hospital admission, are cited as between
3.4–22.5 % [60, 61], whereas for those who develop hyponatremia during the ICU
stay rates of 2.9–15 % have been reported [60, 62]. Critically ill patients admitted to
the ICU are especially at risk of worse outcome from hyponatremia. Mortality rates
ranging from 23.8–73.1 % [15, 63] and from 10.5–28 % [10, 64] were reported in
ICU patients suffering from primary and secondary hyponatremia, respectively.

Hypernatremia has also been reported to be associated with worse outcomes
in hospitalized patients, especially those admitted to the ICU [37, 40, 41, 65].
Hospitalized geriatric patients suffering from hypernatremia have mortality rates
ranging from 26–79.2 % [61, 66]. Acquired hypernatremia in unselected hospital-
ized patients is also associated with mortality rates ranging from 41–66 % [37, 67].
Mortality rates between 23–43 % have been reported in patients with hypernatremia
on ICU admission [41, 68] and 13.6–48 % in patients with ICU-acquired hyperna-
tremia [64, 65].

The high mortality rates in patients with dysnatremia may be explained, at least
in part, by the increased severity of illness, associated comorbidities, and associated
neurological complications in these patients. Nonetheless, dysnatremia is indepen-
dently associated with a higher risk of death in ICU patients, especially surgical
ICU patients [69].

In the ICU setting, several factors predispose to changes in serum sodium level,
both disease-related and as an effect of therapeutic interventions. This effect may
lead to considerable fluctuations in serum sodium concentrations. Some 3.6–6.4 %
of ICU patients will have both hypo- and hypernatremia at some time during the
ICU stay [10, 64], and mixed dysnatremia may be associated with mortality rates
of up to 42 % [70]. Moreover, in postoperative ICU patients there is a dose-effect
relationship between fluctuation in serum sodium levels and outcome [64, 69]. In-
deed, even fluctuations in serum sodium concentrations within the normal range
have been reported to be associated with a higher risk of death in surgical ICU
patients [69].
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Conclusions

Sodium homeostasis is strictly regulated by the kidney and through the interaction
of several neuro-hormonal mechanisms. Dysnatremia is one of the most commonly
occurring electrolyte disturbances in hospitalized patients, especially in critically
ill patients requiring intensive care, and is associated with poor outcome in these
patients. Hyponatremia is characterized by a reduced proportion of sodium in re-
lation to extracellular water. Hypernatremia occurs due to an absolute or relative
deficit of total body water relative to its sodium content. Cerebral manifestations
dominate the clinical picture of dysnatremia. The severity of the clinical presenta-
tion is related to both the severity of the dysnatremia and the duration over which
dysnatremia develops. The presence and severity of clinical manifestations and the
underlying etiology as well as the duration of development of dysnatremia are the
main factors that influence therapeutic decisions.
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Continuous GlucoseMonitoring Devices
for Use in the ICU

R. T. M. van Hooijdonk, J. H. Leopold, and M. J. Schultz

Introduction

Many critically ill patients are treated with insulin for shorter or longer periods
during their stay in the intensive care unit (ICU) [1]. Intensive monitoring of the
blood glucose level is a prerequisite for efficient and safe insulin titration in these
patients [2]. Glucose levels are currently monitored manually in the ICU by in-
termittent measurements of the blood glucose level in central laboratories or using
laboratory-based blood gas analyzers and/or glucose strips at the bedside [3]. In-
termittent manual glucose monitoring, however, is impractical and expensive, time
and blood consuming [4], and could even cause dangerous insulin titration errors in
critically ill patients [5].

Glucose monitoring through so-called continuous glucose monitoring (CGM)
could overcome some of the shortcomings and drawbacks of intermittent manual
glucose monitoring. Specifically, CGM could allow for smoother insulin adjust-
ments based on trends of the glucose level visualized on a monitor [3]. Several
CGM devices for use in the ICU are being developed. These all require thorough
accuracy testing in diverse cohorts of critically ill patient before they can be imple-
mented in daily ICU practice.

This chapter provides an overview of the diverse CGM techniques and CGM
devices intended for use in the ICU. This chapter also deals with how point and
trend accuracy of CGM systems could be studied in critically ill patients and how
accuracy results could be reported.
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Search Strategy

We searched MEDLINE (1966–2013) using the following search terms: (‘intensive
care’[MeSH Terms] OR ‘intensive care’[tiab]) OR ‘critical care’[MeSH Terms] OR
‘critical care’[tiab] OR (‘critical illness’[MeSH Terms] OR ‘critical illness’[tiab])
AND ‘glucose’[tiab] AND (‘continuous glucose monitoring’[tiab] OR ‘continu-
ous glucose measurement’[tiab] OR ‘CGM’[tiab]). Retrieved articles, and cross-
referenced studies from those articles, were screened for pertinent information.
Articles were selected if they evaluated a CGM device intended for use in ICU
patients. Articles reporting on studies in animals were excluded, as were articles
reporting on studies of CGM in populations other than ICU patients. Revisions and
articles that did not report outcomes of interest were also excluded, and if dupli-
cate articles of the same study were found in abstract form or other articles, we
considered the most complete data set.

We then performed an internet search, using similar search terms in GoogleTM.
We visited commercial websites identified by this search and looked for pertinent
information. We also visited websites of medical congresses for information and
abstracts of studies that had not yet been published.

In August 2013, the two searches identified several CGM devices that were
already available for use, as well as devices that were in a developmental phase
(Table 1). Studies concerning CGM accuracy in critically ill patients were very
limited, and the results of most studies were only available on commercial websites
or in abstracts presented at medical congresses.

CGMDevices

Common to all CGM devices is that they measure glucose levels continuously, or
intermittently but frequently, but in different body fluids (i. e., whole blood, plasma,
dialysate, or interstitial fluid) using dissimilar procedures (e. g., automated blood
draws, or no blood draws at all) and distinctive measurement techniques (i. e., based
on a chemical reaction, or using fluorescence or spectroscopy) (Table 1).

Measurement in plasma is considered the ‘gold standard’ for intermittent glu-
cose measurements in the ICU setting, but of all the CGM devices only one device
is reported to measure glucose levels in automated bedside-prepared plasma (OptiS-
canner). Other devices measure glucose levels in whole blood (GlySure, GluCath,
and GlucoClear), dialysate from blood (Eirus and Diramo) or interstitial body fluids
(Sentrino, Symphony, and GlucoDay).

CGM devices are reported to measure the glucose level in venous blood via
a sensor inserted through a peripheral venous catheter (GluCath) or a central ve-
nous catheter (GlySure). Other CGM devices automatically draw venous blood via
a central venous catheter (OptiScanner) or via a peripheral venous catheter (Gluco-
Clear). For measurements of the glucose level in subcutaneous tissue, one single
sensor or a set of sensors is used (Symphony, Sentrino). Systems that measure
glucose levels in dialysate, prepare dialysate in a catheter designed for this pur-
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pose and inserted into a central vein (Eirus, Diramo) or into the subcutis (Gluco-
Day).

CGM devices measure glucose levels by using the glucose oxidase test (Eirus,
Diramo, GlucoClear, Symphony, Sentrino and GlucoDay), fluorescence (GlySure
and GluCath) or spectroscopy (OptiScanner). The glucose oxidase test is based on
an enzymatic reaction, which uses glucose oxidase as a catalyst to bind glucose
to water and oxygen to form gluconic acid and hydrogen peroxide. When there is
more glucose, more hydrogen peroxide will be released, which can subsequently be
measured [6]. The fluorescence technique is based on emission of light by a sub-
stance after absorbing light. Fluorescent chemistry is sensitive to glucose. When the
glucose level increases, the fluorescent signal increases, which is detected with an
optical fiber [7]. The spectroscopy technique is based on the characteristic absorp-
tion of vibrational nodes of different molecules, including glucose. Mid-infrared
spectroscopy can be used because the glucose spectral peaks are in the mid-infrared
region [8].

Potential Drawbacks

Glucose levels in plasma are higher than in whole blood, demanding a conver-
sion factor that depends on the hematocrit level [9]. Furthermore, arterial blood
glucose levels are higher compared to peripheral venous glucose levels (differ-
ence of ~ 0.2 mmol/l) and central venous glucose levels (difference of ~ 0.3 to
0.4 mmol/l) [10]. Glucose levels in dialysate tend to be slightly lower compared
to glucose levels in surrounding fluids from which the dialysate is created [11].
Glucose levels in subcutaneous tissues are dependent on the speed by which glu-
cose diffuses from the blood compartment to the interstitial spaces, as well as the
rate at which glucose is taken up by cells in the subcutaneous compartment [12].
Users may take these drawbacks into account when using GCM devices in daily
practice, but researchers certainly will need to correct for this when determining
GCM accuracy.

A potential disadvantage of any biosensor is the buildup of body fluid deposits
on sensor surfaces, for which repeated calibrations and eventually sensor replace-
ments are needed [13]. Need for repeated replacements of (parts of the) system is
not limited to sensor-based devices, though, because all CGM devices need replace-
ment of other parts of the system, such as cartridges, and/or dialysate-membranes.
Furthermore, with the exception of CGM using a transdermal sensor (Symphony),
all CGM devices must be considered ‘invasive’, and as such could cause infections
and/or bleeding. Additionally, all CGM devices that measure the blood glucose
level in a vein are at risk of presenting erroneous glucose levels when glucose, or
other substances that interfere with the measuring technique, are infused through
the same catheter or close to that catheter.

Finally, the oxygen level and the pH could affect measurements by both the glu-
cose oxidase test and the fluorescence technique [6, 7]. Drugs can interfere with
the glucose oxidation reaction through molecules oxidizing with hydrogen perox-
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ide [6] and mid-infrared spectroscopy by producing spectrums of molecules other
than glucose [8]. Users need to be aware of these drawbacks when using GCM
devices in their practice.

Point and/or Trend Accuracy

All CGM devices need accuracy testing in cohorts of patients in which they will be
used. Two different types of accuracy can be tested: ‘point accuracy’ and ‘trend
accuracy’. Point accuracy is the accuracy of intermittent measurements at a static
point. Trend accuracy is the accuracy to detect changes in glucose levels.

Several point accuracy metrics have been used to report accuracy, including cor-
relation coefficients, mean absolute difference (MAD) or mean absolute relative
difference (MARD), and Bland-Altman plots [14, 15]. A high correlation coeffi-
cient (close to 1 or �1) means that paired glucose measurements (measurement by
the device versus measurement by a reference test) lie along any straight line – but
this line may not lie along the line of equality where differences between paired
measurements are zero. Both MAD and MARD summarize all paired glucose
measurements in a single number, but unfortunately this process causes loss of im-
portant information. Another frequently used metric to demonstrate point accuracy
is presenting all collected paired glucose measurements, with bias (the mean over-
all difference between the paired measurements) and limits of agreement (mean
difference ˙ 1.96 * standard deviation) in Bland-Altman plots [16].

Fig. 1 The Clarke error grid.
Paired measurements are
plotted; measurements are
most accurate in zones A and
least accurate in zone E,
where measurements are
erroneous. See text for more
details
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Fig. 2 The continuous glu-
cose error grid with the ‘rate
error grid’ (panel a), the
‘point error grid’ (panel b)
and the ‘error matrix’
(panel c). The rate error grid
is divided into zone Ar-Er,
with Ar being the most ac-
curate zone and Er being the
least accurate (erroneous)
zone; the point error grid has
similar zones to the Clark er-
ror gird (CEG, Fig. 1), but the
limits are dependent on rates
of change: When there is no
significant glucose change,
zones are similar to the orig-
inal CEG; with declining
reference glucose levels
upper limits change; with
increasing reference glucose
levels the lower limits change
(see arrows in panel b); the
results of the point error grid
and rate error grid are put
into an error matrix (panel c)
with 3 zones; accurate read-
ings (�), benign errors (///)
and erroneous readings (=).
See text for details

b

a
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Fig. 2 Continued c

Reports on studies testing the accuracy of home glucose meter commonly use so-
called Clark error grids (CEG) (Fig. 1). A CEG visualizes information by presenting
all collected paired glucose measurements and ‘scoring’ clinical accuracy [17]. For
this, a CEG is divided into five paired ‘zones’: Zones A (measurement within
20 % of the reference or glucose levels < 70 mg/dl); zones B (measurement more
than 20 % different from the reference but still clinically acceptable as it would not
cause change in the rate of insulin infusion); zones C (measurement that would lead
to unnecessary changes in insulin infusion, i. e., overcorrecting acceptable glucose
levels); zones D (potentially dangerous hypo- or hyperglycemic events are missed);
and zones E (levels that would lead to a decision opposite to that required, i. e.,
treatment for hypoglycemia instead of hyperglycemia). General consensus is that
95 % of the values should be in zones A and 5 % in zones B [14].

It must be noted that the CEG was originally designed for testing accuracy of
home glucose meters, not ICU meters. At the moment, it is uncertain whether
the CEG zones are useful in the ICU setting. As an alternative to the CEG, an
insulin titration-error grid has been proposed [18]. In this grid, very much like the
original CEG, accuracy zones are based on a specific guideline for insulin titration.
As guidelines for insulin titration differ (extensively) between ICUs worldwide, it
could be difficult to compare results of accuracy testing of CGM devices using these
grids.

R-deviation (RD) and absolute R deviation (ARD) have been proposed as rate
accuracy metrics [15]. RD is defined as the difference between rates of change of
measurements by the device and the reference test, divided by the time interval [15].
The ARD is the absolute value of RD [15]. Unfortunately, as for MAD and MARD,
reporting only RD or ARD causes loss of important information.

More recently, the ‘continuous glucose-error grid analysis’ (CG-EGA) has been
proposed for testing rate accuracy of CGM devices (Fig. 2) [19]. The CG-EGA
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Fig. 3 A polar plot. The 4 panels indicate how a polar plot is constructed. Panel a shows four
paired glucose measurements. Panel b visualizes the same measurements with continuous glucose
monitoring (CGM) measurements on the Y-axis and reference test measurements on the X-axis
(note that the solid dots and squares in panel a represent the same measurements as solid triangles
in panel b); a line is drawn between the consecutive measurements. In panel c, the difference
between two consecutive readings (or the rate of change) by the CGM device is plotted on the Y-
axis against the difference (or the rate of change) between two readings by the reference test on the
x-axis (note how the rates of change make a particular angle with the line of identity, which is the
line where the rate of change detected by the CGM device and by the reference test is the same).
The radius is calculated as the mean of the rates measured by the CGM device and the reference
test (dots in panel c). The angle with the line of identity is one coordinate in the polar plot with
the radius being the other coordinate. The transformation to the polar plot is made in panel d, with
the dark blue dot representing the same dark blue dot in panel c. Measurements with a large angle,
i. e., a large difference between the rate of change measured with CGM and the reference test, are
less accurate. Criteria for defining good and poor trend accuracy for the polar plot are uncertain

combines point accuracy with rate accuracy though a rate error grid, a point er-
ror grid, and an error matrix. The rate error grid plots the rate of change of the
glucose level measured by the CGM device and the reference test. A bit similar
to the original CEG, the rate error grid is divided into 5 paired ‘zones’: Zones
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Ar (rate, the accurate zone) and Br (the benign error zone) – in these zones er-
rors do not cause inaccurate adjustments; zones Cr (over- or underestimation of
the rate of change); zones Dr (reference test detects a change, which is undetected
by the CGM device); and zones Er (reference test detects a change, but an op-
posite change is detected by the CGM device). The point error grid looks like
the original CEG, but also takes glucose changes into account. Indeed, in this
adjusted grid, zones are defined depending on the speed of change of glucose lev-
els. When there is no significant glucose change, zones are similar to the original
CEG, but when reference glucose levels are decreasing, the upper limits change,
and when reference glucose levels are increasing, the lower limits change. Fi-
nally, results from the point and error grids are put into an error matrix with three
regions, one for hypoglycemic range, one for normoglycemic range and one for
hyperglycemic range. The CG-EGA is a complex tool and creation of a CG-EGA
requires (very) frequent sampling to come to meaningful conclusions. However,
one should keep in mind that the rate of sampling has an important effect on the
results [20].

An alternative for the CG-EGA could be the polar plot, originally developed for
testing trend accuracy of cardiac output monitors (Fig. 3) [21]. A polar plot shows
the agreement between measurements by a device and measurements by a reference
test as the angle made with the line of identity (where the difference between the
measurements is zero) and the magnitude of change as the radian [21]. This method
of accuracy testing has, however, not yet been used for testing accuracy of CGM
devices.

Reported Accuracies of CGMDevices

Studies on point accuracy of CGM devices for use in the ICU are very scarce (Ta-
ble 2). The search in Medline identified only two point accuracy studies in ICU
patients (Eirus [11] and GlucoDay [22]). The internet search identified several point
accuracy studies presented as abstracts (Glysure [23], GluCath [24], Symphony [25]
and Sentrino [26]) or on commercial websites (OptiScanner [27], Diramo [28] and
GlucoClear [29]). Most studies were rather small in terms of the number of patients
as well as the number of paired measurements. Notably, accuracy was sometimes
only tested in ‘less severely ill’ patient populations, e. g., patients in the ICU after
(cardiac) surgery [11, 25, 26, 28, 29].

Two studies tested trend accuracy (GlucoDay [22], Symphony [25]). In the study
on GlucoDay, a paired sample was obtained in five medical ICU patients every
15 minutes. The error matrix of the CG-EGA showed that all samples in the hy-
poglycemic range were in zone A, in the hyperglycemic range 88 % were in zone
A and B and in the normoglycemic range 94 % were in zone A and B [22]. In the
study of Symphony in post-cardiac surgery patients, paired samples were obtained
only every 30–60 minutes. Although not specified for the range of glucose levels,
100 % of the samples were in the A and B zones [25].
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Discussion

The most frequently suggested potential benefit of CGM in ICU patients is a re-
duction in time spent by nurses measuring glucose levels [30]. Whether CGM
truly reduces time spent on glucose monitoring has, however, not yet been demon-
strated. CGM devices could indeed reduce the number of manual measurements.
However, initiation, repeated manual calibrations and replacement of (parts of) the
system could also use up nursing time. Whether time spent with using CGM weighs
against the burden of intermittent manual measurement in central laboratories or us-
ing laboratory-based blood gas analyzers and/or strips at the bedside could be the
subject of future studies.

Intermittent manual glucose monitoring is usually seen as expensive [4]. It is
questionable, however, whether use of CGM will reduce costs associated with glu-
cose monitoring. Indeed, CGM devices will come at a price, as do the disposables
used with these devices. Costs for glucose monitoring should never be considered
in isolation, but together with potential financial benefits and other healthcare costs
(e. g., cost prevented by reducing the incidence of dysglycemia). Therefore, health-
economy analyses could accompany future studies of CGM in critically ill patients.

It has been suggested that CGM could prevent dangerous insulin titration errors
in critically ill patients [5]. One trial of glucose control confirmed that CGM pre-
vented hypoglycemia, but overall glucose control did not improve [31]. One trial
of closed-loop CGM-insulin titration did show improved glucose control [32]. Of
note, these two trials used a home CGM device and frequent intermittent manual
glucose measurements were still necessary.

The number of studies assessing the accuracy of CGM devices is surprisingly
small. In addition, the numbers of patients studied in each investigation are low and
most studies have been performed only in a highly selected ICU population (e. g.,
patients after cardiac surgery). It could be questioned whether accuracy is also good
in ‘more severely ill’ patients, such as patients with severe sepsis or septic shock.

Point accuracy of some CGM devices is low. The question is whether such
CGM devices are useless in the ICU setting. One advantage of CGM is that there
will be many more glucose readings than with manual intermittent glucose monitor-
ing. Thus, the user could detect trends, and trend accuracy may be more important
than point accuracy. An analogy that supports use of CGM devices with poor
point accuracy is the comparison between camcorders versus still cameras, as previ-
ously pointed out by Kovatchev et al. [19], “Still cameras produce highly accurate
snapshots at random sparse points in time, and camcorders generally offer lower
resolution of each separate image but capture the dynamics of the action. Thus, it
would be inappropriate to gauge the accuracy of still cameras and camcorders using
the same static measure of the number of pixels in a single image. Similarly, it is
inappropriate to gauge the precision of [. . . ] devices using the same measures and
to ignore the temporal characteristics of the observed process.”
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Conclusions

Implementation of CGM devices in daily ICU practice is at hand. Several CGM
devices, using different body fluids and diverse sample and measuring techniques,
have been or are being developed. These devices all need accuracy testing. The
number of studies assessing the accuracy of CGM devices is still limited, and most
studies have included only low numbers of highly selected ICU patients.
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Nutritional Therapy in the Hospitalized
Patient: Is it better to Feed Less?

S. A. McClave

Introduction

These are turbulent times in clinical nutrition. Recent studies have generated the
clinical impression that it is better to feed less when a patient is admitted to the
intensive care unit (ICU) [1–3]. Some investigators have pressed further to suggest
that no “forced mandatory feeding” should be provided during the first week of
hospitalization [4]. The implication from these comments is that nutrition is less
important than previously thought, that providing sustenance to critically ill patients
has a lower priority than before. A number of dangerous misconceptions are present
in this line of thinking, which may lead to suboptimal care of those patients in the
hospital who are most in need of such therapy.

Trophic feeding, defined as 10–15 ml/hr of an enteral formula, is a concept that
was introduced over four decades ago. To put it in perspective, trophic feeding pro-
vides just over one tablespoon of formula per hour. Whether or not trophic feeding
is appropriate for patients in the critical care setting is influenced by two principles.
First, the benefit of nutrition therapy in the hospitalized patient is due entirely to
early enteral nutrition (EN) [5]. The role of parenteral nutrition (PN) is unclear,
as it is difficult to identify a benefit of PN outside the setting of intestinal failure
or short bowel syndrome [6, 7]. Second, the need to aggressively feed a patient
in the ICU is determined by nutritional risk, which is derived from components of
both poor nutritional status and disease severity [8, 9]. Patients at high nutritional
risk may need provision of nutrition therapy as close to goal as possible. Those
with mild to moderate risk may be more appropriate candidates for trophic feeding
or, in fact, may not need any specialized nutrition therapy over the first week of
hospitalization.
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Impact of Surviving Sepsis Campaign Recommendations

In 2009, the American Society of Parenteral and Enteral Nutrition (ASPEN) and
the Society of Critical Care Medicine (SCCM) published Guidelines for the Pro-
vision and Assessment of Nutritional Support Therapy in the Adult Critically Ill
Patient [10]. These guidelines, similar to the Canadian Clinical Practice Guide-
lines [11] and the European Society for Clinical Nutrition and Metabolism (ESPEN)
guidelines [12], emphasized the importance of providing EN in the hospitalized pa-
tient, starting early after admission to the ICU and aggressively pushing to goal as
soon as tolerated. Although no guidelines are perfect and a number of criticisms
were made with regard to these guidelines, the concepts were not seriously chal-
lenged until the publication of the Surviving Sepsis Campaign Guidelines for the
Management of Severe Sepsis and Septic Shock: 2012 in February 2013 [3]. In
the third edition of this guideline series, the Surviving Sepsis Campaign commit-
tee provided nutritional recommendations for the first time. In those guidelines,
they suggested starting oral diet or EN within 48 hours of the diagnosis of sepsis.
They recommended avoiding “mandatory full feeds”, and instead, giving 500 kcal/d
over the first week [3]. Finally, they recommended using 5 % intravenous dextrose
with EN, providing no exclusive PN or supplemental PN added to the enteral tube
feeding over the first week. These recommendations surprised the nutrition commu-
nity. The recommendation of trophic feeding over the first week of hospitalization
in septic ICU patients seemed to contradict the recommendations provided in the
ASPEN/SCCM, Canadian, and ESPEN clinical practice guidelines [10–12]. The
Surviving Sepsis Campaign committee appeared to have a unique perspective in
reviewing the nutrition literature, that focusing solely on recent large randomized
controlled trials (RCTs) was most important, even if they contradicted the results
of previous observational studies, small RCTs, and meta-analyses. Understanding
this perspective helps explain how the committee focused on the ARDSNet trophic
feeding study [1] and the Casaer EPaNIC study [13].

Differentiating the Role of Enteral from Parenteral Nutrition
in the ICU

The EPaNIC study, published in 2011, evaluated the difference between the early
and late initiation of supplemental PN for patients already receiving enteral tube
feeding [13]. Results of the study indicated that those patients randomized to early
supplemental PN started on day 3 had significantly worse outcome with increased
infection, hospital length of stay, duration of renal replacement therapy (RRT) and
mechanical ventilation, healthcare costs, and a lower likelihood of being discharged
alive than those patients randomized to receive late supplemental PN on day 8. Sub-
sequently, this study was criticized for the use of tight glucose control, infusion of
a large intravenous glucose load in the two days prior to starting PN in the early
group, and the impression that study patients were only moderately critically ill
and would not require PN at most other institutions. In November 2012, Casaer
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et al. published a post-hoc reanalysis of the EPaNIC study addressing these early
complaints [4]. Ranking the patients by increasing range of Acute Physiology and
Chronic Health Evaluation (APACHE) II score, the reanalysis showed that the dele-
terious effects of early supplemental PN were worse with increasing severity of
disease. Those patients at higher ranges of APACHE II score were less likely to be
discharged alive if they received PN on day 3 than if it was withheld until day 8. The
likelihood of acquiring a new nosocomial infection again was worse with increasing
disease severity if PN was provided on day 3 compared to day 8 [4].

The reanalysis also showed that the deleterious effects of early supplemental PN
could not be attributed to an infusion of intravenous glucose [4]. The likelihood of
being discharged alive was no different if intravenous glucose was provided early
or late in the first week of hospitalization. Surprisingly, increased receipt of protein
on day 3 reduced the likelihood of patients being discharged alive compared to its
receipt on day 5 or day 7. The difference in the effect between provision of these
two macronutrients would suggest that it was not the practice of intravenous glucose
loading, but the early nutrition therapy that accounted for the mortality effect seen
in this study. The reanalysis showed that when all patients were combined, those
patients who received nutrition therapy closer to target goal on day 3 were less
likely to be discharged alive. Although a similar pattern was seen again on day 5, the
differences did not reach statistical significance. These findings led the investigators
to conclude that “forced mandatory feeding” in ICU patients resulted in worse, not
better outcome [4].

Schetz, Casaer and Van den Berghe proposed a physiologic mechanism to ex-
plain these findings, that early nutrition therapy suppressed autophagy [2]. Clini-
cians have been aware of the concept of autophagy for over four decades, but its
complexity is poorly understood [14]. Autophagy is an important protective mech-
anism of the cell in situations of increasing oxidative stress and inflammation. With
increasing dysfunction of the endoplasmic reticulum, unfolded proteins accumu-
late which can lead to insulin resistance, loss of structural integrity, apoptosis, and
eventually necrosis of the cell. Autophagy helps clear unfolded proteins through
a process of vesicle formation that ultimately degrades the protein to individual
amino acids, promoting new protein synthesis and maintenance of cell structure [2,
14]. The impression that feeding suppresses autophagy is suggested by the fact that
autophagy is highest in periods of fasting, where the ability to degrade dysfunc-
tional protein and stimulate protein synthesis would help maintain lean body mass
and cell structure [2]. This line of thinking quickly leads to apparent contradic-
tions. Is lean body mass better preserved by supporting autophagy and starving the
patient, or by providing exogenous nutrients to stimulate protein synthesis? Glu-
tamine is a known stimulant of autophagy, which would contradict the notion that
feeding would lead to suppression [14]. The concept that preserving autophagy in
order for the cell to better manage oxidative stress and inflammation is offset by
the evidence that provision of early EN reduces inflammation and hastens recovery
from the systemic inflammatory response syndrome (SIRS) [5].

A closer evaluation of the EPaNIC trial shows that on every day of the study,
the early and late PN groups received an equal number of enteral calories from tube
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feeding [13]. Any difference in outcome therefore has to be attributed to the differ-
ence in parenteral calories delivered to each group. This point was emphasized by
the subset of patients in whom EN was surgically contraindicated because the bowel
was in discontinuity. Even in this group of patients, early receipt of supplemental
PN was associated with increased infection and less likelihood of being discharged
alive than late receipt of PN [13]. The reanalysis separates the early from the late
PN group in the evaluation of percent of target goal calories delivered and its effect
on outcome [4]. The correlation between feeding closer to goal and the lower like-
lihood of being discharged alive is seen only in the early PN group on days 3 and
5; those differences were not present on day 7 in this group. In the late PN group
(for whom only enteral calories were provided on day 3, day 5 and day 7), no such
adverse effect from providing calories closer to target goal was seen on likelihood
of being discharged alive [4].

Two additional studies provided evidence that questioned whether any clinical
benefit resulted from use of PN in the ICU setting. In the Swiss Supplemental Par-
enteral Nutrition (SPN) trial, patients determined to be at high risk in a medical
ICU with a functional gut and expected to stay in the ICU for > 5 days were placed
on enteral tube feeding [6]. At day 3, if EN was providing < 60 % of measured
energy expenditure, patients were randomized to receive either supplemental PN
added to the EN in the experimental group, or to receive continued EN alone in
controls. When abstracts from this study were first presented at the European So-
ciety of Intensive Care Medicine (ESICM) Congress in October 2011, 275 patients
had been entered, with results showing that supplemental PN given to study patients
reduced new infection, duration of mechanical ventilation, and hospital length of
stay compared to controls who received EN alone. However, with the final pub-
lication of the study (at which point 300 patients had been entered in the study),
two of these end-points were lost [6]; only a difference in nosocomial infection was
significantly different between the two groups. Surprisingly, occurrence of major
infections, such as bacteremia, pneumonia, and abdominal abscesses, was no dif-
ferent between groups. The experimental supplemental PN group sustained fewer
“other” infections (nose, skin, ear, etc.) compared to controls only after day 9 [6].
In a second study by Gordon Doig and colleagues, critically ill patients with a short-
term contraindication to EN (expected not to get tube feeding for at least three days)
were randomized in a multicenter trial to receive PN or standard therapy (no addi-
tional specialized nutrition therapy) [7]. Nearly 1400 patients were entered into
the study, with results showing that the provision of early PN succeeded only in
reducing the duration of mechanical ventilation by 1.2 days compared to receipt
of standard therapy. No other outcome parameter was different between the two
groups [7].

Interpretation of these three large studies (EPaNIC, SPN, and the Doig PN
study) [6, 7, 13] has varied among different groups within the global nutrition
community. Interpretation by North Americans and some Europeans was that these
studies indicate that enteral and parenteral calories are not equal, that there is a dif-
ference in their risk:benefit ratio, and that although PN can be provided safely, its
benefit in the hospitalized patient (particularly in the ICU) is not clear; therefore,
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PN should be used on a case-by-case basis. Doig and some others of the European
community continue to believe that PN, if given properly, can benefit the patient
and should be used readily if EN is insufficient [7]. Casaer et al., through their
interpretation of these study results, maintain that mandatory forced feeding causes
worse outcome in the hospitalized patient and that no nutrition therapy should be
provided until after the first week of hospitalization [4].

Impact of the ARDSNet Trophic Feeding Study

The second largest study that seemed to provide the basis for the recommendations
of the Surviving Sepsis Campaign committee was the initial trophic vs. full enteral
feeding in patients with acute lung injury (ALI) study by the ARDSNet group [1].
Patients with acute respiratory distress syndrome (ARDS) or ALI in a medical ICU
setting were randomized to receive trophic feeding at 10–20 ml/h for 6 days and
then advanced to goal versus full feeding at 100 % of goal calories from time of
admission. Throughout the study, those patients randomized to trophic feeding
received approximately 25 % of goal calories, whereas those randomized to full
feeding ended up receiving 80 % of goal calories. Surprisingly, there was no dif-
ference in outcome between the two groups with regard to mortality, ventilator-free
days, organ failure, or nosocomial infection [1]. Although these results surprised
the nutrition community, a number of reasons may explain why trophic feeding
performed as well with respect to outcome as full feeding in this particular patient
population. Patients in this setting were moderately critically ill, with an average
age of 52 years, a higher than normal average body mass index (BMI) at 30, and
a short stay in the ICU of < 5–6 days. Of the 8000 patients who were screened
(to get the 1000 patients included in the study), 7000 patients were excluded be-
cause of increased disease severity. If patients had underlying liver disease, lung
disease, low BMI, or severe shock, they were excluded from the study [1]. It is
possible that 25 % of goal calories may have been sufficient to achieve the outcome
benefits of EN, as suggested in another study by Rubinson et al. in which receipt
of > 25 % of goal calories succeeded in preventing nosocomial bloodstream infec-
tion [15]. Dose may be less important than timing of initiation of feeding and the
degree to which interruptions in delivery of EN are minimized. In this trial, EN
was initiated within six hours of randomization [1]. In the single center trial at
Vanderbilt [16] that preceded the multicenter ARDSNet study [1], it was shown
that nurses forgot that the trophic feedings were still being infused in the exper-
imental group, resulting in less cessation of EN than the infusion of full feeding
in controls. Nurses were less likely to turn off the EN for nursing care, bedside
procedures, or diagnostic tests. Because of trophic feeding, study patients in the
ARDSNet trial received 1.5 liters less fluid per day than controls randomized to full
feeding [1]. Research from the ARSDNet group in the past has shown that conserva-
tive fluid management yields better outcome than aggressive volume resuscitation.
With the reported average BMI range, these patients may represent a group less
likely to see an impact on outcome from nutrition therapy than patients at a much
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lower or much higher range of BMI. A study by Alberda et al. showed that pa-
tients with a BMI range below 20 or above 35 were more likely to see a reduction
in mortality with increased delivery of nutrition therapy [17]; however, those pa-
tients with a BMI of 25–35 showed no change in mortality with greater receipt of
calories.

Are the findings of this study unique to this specific population of patients?
Would the same strategy of trophic feeding be just as effective in patients with se-
vere pancreatitis or major burns? In a dangerous extrapolation of these results, some
clinicians tend to think that if trophic feeding of as little as 10–20 ml/hr achieves the
same endpoint as full feeding, maybe no nutrition therapy is really needed. Other
clinicians believe that trophic feeding is better than full feeding. These study re-
sults show that they are simply equivalent. Any nutritional prescription that is made
in the ICU setting must also take into account the fact that often only 50–80 % of
prescribed calories are actually delivered to the patient [18].

Does the Literature Support the Notion
that Feeding Less is Better?

There are five distinct bodies of literature in the public record that contradict the no-
tion that feeding less is better in the first week of hospitalization in an ICU setting.
First, those studies evaluating early versus delayed EN have shown that feeding ini-
tiated within 36 hours of admission to the ICU reduced infection by 55 %, hospital
length of stay by 1.2 days, and mortality by 64 % compared to late EN started af-
ter that point in time [19, 20]. These findings have been demonstrated in a variety
of patient populations, ranging from patients in a general ICU to those with burns,
trauma, and head injury. Second, those studies comparing early EN to standard
therapy (where no specialized nutrition therapy is provided) have shown value of
early feeding. In 14 studies involving elective surgery and surgical critical care and
two studies in severe acute pancreatitis (where patients were being operated on for
complications of pancreatitis), aggressive use of the oral route or tube feeding ini-
tiated the day after surgery significantly reduced infection by 28 %, hospital length
of stay by 0.84 days, and mortality by 4 % compared to standard therapy [21, 22].
In the pancreatitis studies, mortality was reduced from 25.6 to 6.2 %, but this differ-
ence just missed statistical significance (p = 0.06) [23]. The third body of literature
involves the concept of caloric deficit, or the notion that with patients expending
calories in the ICU every day, any delay in initiating nutrition therapy generates
a large caloric deficit. Early studies three decades ago focused on the association
between a caloric deficit of 10,000 calories and increased adverse outcome. But
more recent studies from Europe have suggested that a caloric deficit of as little as
4000 calories is associated with increased incidence of ARDS, renal failure, sepsis,
need for surgery, and total complications [24, 25]. This body of literature provides
the weakest argument, because the sicker the patient, the more difficult it is to pro-
vide EN therapy. This finding is supported, however, by the fourth body of literature
which involves the impact of nurse-driven feeding protocols [26, 27]. In these stud-
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ies (which range in design from randomized trials to before/after implementation
of protocols), invariably more patients receive a greater volume of EN within the
first week of admission to the ICU. Although not every study shows an impact on
outcome, those that do show reduced infection, total complications, length of stay,
and even mortality compared to those patients for whom no protocol is in place [26,
27]. The fifth body of literature is represented by three decades of studies provid-
ing mechanistic support for a benefit of EN in reducing oxidative stress, attenuating
SIRS, hastening recovery, and improving clinical outcome [5]. These mechanisms
range from maintaining gut integrity, modulating both innate and acquired immu-
nity, and suppressing the gut/lung access of inflammation (where cytokines from
the gastrointestinal tract are delivered directly through lymphatics to the pulmonary
system), to supporting the role of commensal bacteria [5].

Clinicians have interpreted the findings of the ARDSNet trophic feeding study in
two ways. One interpretation, which most reflects that of the nutrition community,
is that brief trophic feeding is appropriate in this particular population of patients
with a moderate degree of critical illness. The other interpretation is represented
by clinicians who now believe that the concept of ‘feeding less is better’ is not
limited to patients with ARDS or ALI (as suggested by the ARDSNet data) or sep-
sis (as recommended by the Surviving Sepsis Campaign committee) [1, 3]. These
clinicians have extrapolated these data and recommendations to imply that trophic
feeding is the appropriate strategy for all ICU patients.

Who Benefits from Nutrition Therapy?

The concept of ‘malnutrition’ has always been nebulous, poorly-defined, and diffi-
cult to quantify. An International Consensus Committee redefined malnutrition in
2010 into three states: Starvation-related, chronic disease-related, and acute disease
or injury-related malnutrition [28]. The unique contribution of this revised defini-
tion was acknowledging the effect of inflammation on nutritional status. However,
the true nature of malnutrition still could not be clarified to any degree. In contrast,
Kondrup et al., in the development of the Nutritional Risk Score (NRS)-2002, de-
scribed the concept of “nutritional risk”, which is much more readily defined and
easily quantified [9]. In this report, nutritional risk is determined by both nutritional
state and disease severity. In the NRS-2002, points are accumulated for evidence of
poor nutritional status based on weight loss > 5 % over 1–3 months, BMI < 20,
or reduced food intake prior to admission. Patients are then evaluated for dis-
ease severity, accumulating points depending upon whether they have a mild (e. g.,
chronic obstructive pulmonary disease [COPD], cirrhosis, hip fracture), moderate
(e. g., stroke or pneumonia), or severe (e. g., head injury, bone marrow transplant, or
critical illness with APACHE II scores > 10) disease process. Age > 70 years adds
an additional point (Table 1) [9]. Patients who generate a score of � 3 points should
be considered for specialized nutrition therapy. Those patients with a score of � 5
are identified as being at high nutritional risk. Heyland et al. developed a simi-
lar assessment tool to identify level of nutritional risk, measuring disease severity
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Table 1 Nutrition assessment scoring system using the Nutrition Risk Score (NRS)-2002 [9] to
determine nutrition risk

Impaired Nutritional Status Severity of Disease
Absent
Score 0

Normal nutritional status Absent
Score 0

Normal nutritional requirements

Mild
Score 1

Wt loss > 5 % in 3 months
OR
food intake below 50–75 % of
normal requirement in
preceding week

Mild
Score 1

Hip fracture
Chronic patients in particular with
acute complications: cirrhosis,
COPD
Chronic hemodialysis, diabetes,
oncology

Moderate
Score 2

Wt loss > 5 % in 2 months
OR
BMI 18.5–20.5 + impaired
general condition
OR
food intake 25–50 % of normal
requirement in preceding week

Moderate
Score 2

Major abdominal surgery
Stroke
Severe pneumonia, hematologic
malignancy

Severe
Score 3

Wt loss > 5 % in 1 month (15 %
in 3 mos)
OR
BMI < 18.5 + impaired general
condition
OR
food intake < 25 % of normal
requirement in preceding week

Severe
Score 3

Head injury
Bone marrow transplantation
Intensive care patients (APACHE
II � 10)

Note: If age � 70 years, add 1 point
Total score = (Points for nutritional status) + (Points for disease severity) + (Points for age)
COPD: chronic obstructive pulmonary disease; Wt: weight; BMI: body mass index; APACHE:
Acute Physiology and Chronic Health Evaluation.

and nutritional status to determine an overall NUTRIC score [8]. Six parame-
ters are used to determine the NUTRIC score: Age, APACHE II score, sequential
organ failure assessment (SOFA) score, number of comorbidities, days from hos-
pital admission to ICU admission (the sole marker of poor nutritional status), and
interleukin-6 levels (Table 2) [8, 29]. Higher NUTRIC scores are associated with
increased nutritional risk and greater mortality [8].

In a prospective study, Jie et al. used the NRS-2002 to evaluate nutritional risk in
patients undergoing a major elective operation [30]. “Sufficient” nutrition therapy
was defined as receiving > 10 kcal/kg/d for at least 7 full days preoperatively. Out of
1,085 patients, 120 were identified to be at high nutritional risk with an NRS-2002
score of � 5. The increased severity of disease in these patients was indicated by
the fact that they had a 20 % incidence of pneumonia, 20 % incidence of abdominal
infection, and 10 % incidence of an anastomotic leak. At the end of the study,
those patients at high nutritional risk who received sufficient preoperative nutrition
showed a reduction in overall complications from 50.6 % to 25.6 %, and a reduction
in nosocomial infection from 33.8 % to 15.3 %, compared to those high risk patients
who received “insufficient” nutrition therapy. Surprisingly, in those patients with
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Table 2 Nutrition assessment scoring system using the NUTRIC Score to determine nutrition
risk [8]

NUTRIC PointsFactors

0 1 2 3
Age (yrs)
APACHE II Score
Baseline SOFA Score
# Comorbidities
Days in hospital to ICU admit
Interleukin-6 (�/ml)

< 50
< 15
< 6
0–1
0
0–399

500–74
15–19
6–9
� 2
� 1
� 400

� 75
20–27
� 10
–
–
–

–
28
–
–
–
–

Total Score = (Total of six separate factors)
APACHE: Acute Physiology and Chronic Health Evaluation
SOFA: Sequential Organ Failure Assessment

NRS-2002 scores of < 5, there was no difference in outcome whether they received
sufficient or insufficient feeding [30]. Using the NUTRIC Score, Heyland et al.
showed that patients at low nutritional risk with NUTRIC scores of 0–5, showed
no change in mortality over a range of delivery from 0–100 % of goal calories [8].
However, for those patients at high nutritional risk with NUTRIC scores of 6–10,
increasing delivery of nutrition therapy over a range up to 100 % of goal target
calories was associated with a steady significant reduction in mortality [8]. These
studies show that patients at high nutritional risk are those who need aggressive
delivery of early EN to achieve desired outcome benefits. For these patients, having
an institutional structure in place to deliver the nutrition therapy, such as volume-
based feeding, “Top-Down” or “Pep-Up” clinical pathways, nurse-driven protocols,
or bundling nutritional elements into a set of action statements, are all strategies
by which to provide aggressive early nutrition therapy to those patients at highest
risk [31, 32].

When is it Appropriate to Intentionally or Permissively
Underfeed Patients?

There are three scenarios where the literature supports appropriate underfeeding of
patients in a critical care setting. In the first scenario, patients with ARDS or ALI
on mechanical ventilation may receive trophic feeding over the first six days of
therapy [1]. Trophic feeding at 20 ml/h should provide 25 % of goal calories, and
this patient population should experience the same clinical endpoints as would be
expected with full feeding. However, the clinician must be careful to identify that
there are no extremes of age, BMI, or disease severity, because disparate outcomes
may result.

In a second scenario, obese critically ill patients with BMI > 30 are appropri-
ate candidates to receive high protein hypocaloric feeding [33]. In these patients,
aggressive delivery of protein at a dose of 2.0–2.5 gm/kg ideal body weight/d is as-
sured, while providing approximately 60–70 % of caloric requirements as measured
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by indirect calorimetry. When indirect calorimetry is not available, use of simplis-
tic weight-based equations (11–14 kcal/kg actual body weight/d for those patients
with BMI of 30–40, or 22–25 kcal/kg ideal body weight/d for those with BMI > 40)
provides an adequate estimate of the value representing 60–70 % of energy expen-
diture [34]. This strategy has been shown in physiologic studies to maintain lean
body mass while depleting the fat mass.

In the third scenario, any critically ill patient placed on PN should be given
hypocaloric feeding over the first week of ICU admission [35]. Prescribing 80 % of
caloric requirements with full protein provision in these patients avoids the dangers
of overfeeding from PN and may improve insulin sensitivity. In a meta-analysis
of five studies in a surgical ICU setting, hypocaloric (20 kcal/kg/d) compared to
eucaloric (25 kcal/kg/d) PN successfully reduced infectious complications by 40 %,
and hospital length of stay by 2.49 days [35].

What Direction Are We Going?

In late September 2013, at the annual meeting of the Surgical Infection Society in
the United States, Dr. Eric Charles from the University of Virginia presented the
results of a prospective randomized controlled trial of 84 patients in a surgical ICU
setting, randomized to receive either hypocaloric feeding at 12.5–15 kcal/kg/d or
eucaloric feeding at 25–30 kcal/kg/d (with normal provision of protein at 1.5 g/kg/d
in both groups) [36]. Although the formal results of the study were not yet avail-
able, the abstract presented appeared to show no difference between groups with
regard to ICU or hospital length of stay, infectious complications, or mortality. The
President of the Surgical Infection Society, Dr. William Cheadle, was quoted to say
“The risks of providing nutrition therapy were lessened if the amount of calories
needed were less than the traditional amounts. This study shows that feeding less
in the ICU may be better” [36]. Certainly there is a risk that this study could suf-
fer from a type II error, in which a true difference between the two groups could
not be shown with this small number of patients. Nonetheless, a consistent im-
pression is being delivered to clinicians – that feeding less may be the optimal
strategy.

Conclusions

The benefit of early nutrition in the hospitalized ICU patient is due primarily to EN.
The risk:benefit ratio of PN is narrower and its benefit to patients over the first week
of hospitalization outside the setting of intestinal failure or short bowel syndrome
is not clear. As a result, PN should be used in high risk patients on a case-by-case
basis. In clinical practice, malnutrition is poorly understood and difficult to define.
In contrast, nutritional risk can be readily identified and easily measured. High
nutritional risk is determined by both disease severity and poor nutritional status.
Aggressive strategies increase delivery of EN and improve the chances for optimal
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patient outcome. Such strategies reduce the need for PN in hospitalized patients.
Clinicians need to remain flexible in their understanding and interpretation of these
studies as this is an evolving field and our understanding is bound to change in the
future as new literature becomes available.
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Glutamine Supplementation
to Critically Ill Patients?

J. Wernerman

Introduction

A recent study (Reducing Deaths due to Oxidative Stress, REDOXS) reported harm
in critically ill patients who received glutamine supplementation [1]. This is in
contrast to a number of earlier studies reporting beneficial effects or failing to
demonstrate any effect [2, 3]. Naturally, this finding raises a number of questions,
which are not answered by combining all existing studies into a large meta-analysis.
This overview will discuss existing clinical data, including dosing and selection of
patients. In addition, suggested mechanisms will be discussed from a clinical per-
spective. Finally, possibilities for future research will be outlined.

Rationale for Supplementation

The background to the suggestion that critically ill patients should receive glu-
tamine supplementation is that plasma glutamine concentration at intensive care
unit (ICU) admission is an independent predictor of an unfavorable outcome [4, 5].
Empirically, a plasma concentration of 420 µmol/l has repeatedly been reported as
a cut-off for a low plasma glutamine concentration associated with a higher risk
of mortality in adults [4, 5]. In principle, the same effect applies in critically ill
pediatric patients, but here the low mortality rates have not made it possible to
demonstrate a mortality disadvantage, although a morbidity disadvantage has been
reported [6]. Approximately one third of ICU admissions are consistently found to
have a low plasma glutamine concentration, and this is independent from conven-
tional risk-scoring [1, 4–6]. In a study from Stockholm, the mortality associated
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with a low ICU admission glutamine concentration was to a large extent due to the
post-ICU mortality within 6 months from ICU admission [5].

In addition to the predictive value of a low plasma glutamine concentration at
ICU admission for an unfavorable outcome, there seem to be a similar prediction
also for high plasma glutamine concentrations at admission [5]. This group of pa-
tients, however, is much smaller, and the evidence for this prediction is mostly
in form of case series. It has been reported that acute liver failure is quite often
associated with high or very high plasma glutamine concentrations [7]. Chronic
liver insufficiency and acute-on-chronic liver failure are not accompanied by high
plasma glutamine concentrations. In single cases, it has been observed that terminal
patients with multiple organ failure (not necessarily including advanced liver fail-
ure) have very high plasma glutamine concentrations. One can speculate that this
observation may relate to impaired cellular integrity in general.

In parallel to the association between a low plasma glutamine and an unfavor-
able outcome, there is an extensive literature about the essential role of glutamine in
a number of experimental systems, including whole animals. Cell division demands
an increase in nucleotide production, and glutamine is a main precursor for this type
of synthesis. Cell culture media usually contain a much higher free glutamine con-
centration than does human plasma, and lowering of glutamine concentration in cell
culture media is associated with a lower rate of cell division. Many cultured cells
prefer glutamine over glucose as their main energy source, and imposing stress-
ful events to the cell culture is reported to enhance the preference for glutamine
over glucose as energy substrate. In tissues and whole animals, it is the rapidly
replicating cells that seem to be particularly dependent on glutamine availability.
Enterocytes in the gastrointestinal tract and immune-competent cells are reported
to be particularly sensitive to glutamine depletion. Histological changes and bacte-
rial translocation in the gut occur when there is glutamine shortage, and provision of
glutamine can reverse this effect. Similarly, for immune-competent cells, markers
of immune function deteriorate during glutamine shortage, to return back to normal
upon restoration of glutamine availability.

Targets for Supplementation

With this background, the suggestion that glutamine shortage should be compen-
sated for by supplementation is not far-fetched and consequently a number of clini-
cal studies have been performed, mainly in critically ill patients. Behind the sugges-
tion to supplement there are two different philosophies: To substitute a deficiency or
to administer a pharmacological agent (pharmaconutrition). It is recommended that
these two philosophies be separated because the target for treatment is different in
the two cases. To supplement to normal levels would mean adding supplementation
in order to reach normal plasma concentrations, or normal availability in tissues if
more invasive monitoring is possible. To administer a pharmaconutrition agent on
the other hand, would mean that a dose-response relation is presumed and that the
desired response effect can be defined. This effect may be in terms of plasma glu-
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tamine concentrations, but may also be in terms of other measureable effects related
to glutamine intake.

When determining the target for dosing of exogenous glutamine supplemen-
tation, small studies of intravenous supplementation restoring hypoglutaminemia
back to normoglutaminemia are usually cited [8, 9]. These data have also been
applied to enteral administration of supplementation, although enteral doses only
marginally affect plasma concentration [10–12]. If the pharmaconutrition philos-
ophy is applied, higher doses are usually given, although the rationale for doses
beyond what may be needed to restore a low plasma concentration is purely hypo-
thetical. Finally, the effect of treatment on glutamine availability is only very rarely
defined in the available clinical studies. At best, articles report the success of ad-
ministering the intended dose, but sometimes not even that is communicated in the
article.

Available data make it highly unlikely that all critically ill patients are depleted
in glutamine, as only approximately one third of patients admitted to the ICU have
a plasma glutamine concentration < 420 µmol/l. Furthermore, a higher risk of an
unfavorable outcome indicated by a high APACHE II score or a high sequential
organ failure assessment (SOFA) score is not statistically associated with glutamine
depletion. In contrast, glutamine depletion at admission is not associated with risk
scoring [4, 5]. However, the risk for a given patient may be increased if a low
admission glutamine concentration is present (Fig. 1). As pointed out by Rodas
et al. this additional risk may be most pronounced for the group of patients with
a moderate mortality risk [5]. If patient recruitment in a study focuses on patients
with high mortality risk or low mortality risk, the additional risk associated with
concomitant glutamine depletion will be less pronounced.

If exogenous glutamine supplementation aims to compensate for an additional
risk imposed on patients with glutamine depletion, the target group should be crit-
ically ill patients with a moderate mortality risk, with low admission plasma glu-
tamine concentration, who are in need of nutrition support for, for example, not less
than 5 days. The more a study population deviates from this target group in which
a beneficial effect can be hypothesized, the less likely it will be that the study will
show an effect of exogenous glutamine supplementation attributable to glutamine
supplementation.

If, on the other hand, the hypothesis is that a pharmacological provision of glu-
tamine may be beneficial, the target group should be patients with a high mortality
risk with a pathology likely to respond to effects associated with providing a surplus
of glutamine. To just combine all available studies of glutamine supplementation in
critically ill patients in a meta-analysis will not contribute to answering the ques-
tion whether exogenous glutamine supplementation may be beneficial or may cause
harm. It should be recognized that different studies are based on very different as-
sumptions of the involved mechanisms.

Additional information on glutamine status in the individual patient, in addi-
tion to the plasma concentration, can be obtained from studies about glutamine
turnover. Available techniques use isotopically-labeled glutamine to estimate the
endogenous rate of appearance of glutamine. A limited number of studies have
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Fig. 1 Simulation of the additional mortality prediction from an out of range plasma glutamine
concentration at ICU admittance. The solid line is the APACHE II predicted mortality rate if
plasma glutamine concentration is in the range 400–930 µmol/l; the dotted line represents the
predicted mortality rate when admittance plasma glutamine concentration is outside that range.
The simulation suggests a 50 % mortality risk at APACHE 20 for admittance plasma glutamine
concentrations out of range in contrast to a 50 % mortality risk at APACHE 30 for the range 400–
930 µmol/h. Reproduced from [5] with permission

been published employing this type of technique. Available data show that the en-
dogenous production of glutamine is in the region of 50–80 g/day in adults [13–16].
Furthermore, in healthy individuals the endogenous rate of appearance is higher in
the fed state as compared to the postabsorptive state [13, 14], reflecting that intake
of amino acids other than glutamine stimulates glutamine synthesis de novo mainly
in skeletal muscle. The possible relationship between plasma glutamine concentra-
tion, endogenous rate of appearance for glutamine, and outcome in critical illness
has so far not been defined. In healthy individuals, as well as in critically ill patients,
it has been demonstrated that exogenous glutamine supplementation does not de-
crease the endogenous rate of appearance, which suggest that there is not a negative
feed-back mechanism to decrease de novo glutamine synthesis when concentration
is high [15, 17]. The absence of such a negative feed-back may be related to the
fact that glutamine is an inter-organ transporter of nitrogen from the periphery to
the liver. The alternative, free ammonia, is potentially neurotoxic, which glutamine
is not. Therefore, it is most likely metabolically sound to synthesize glutamine for
this transportation and, in the liver, a surplus of nitrogen will be converted into urea
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to be eliminated in the urine. These pathways may be compromised in critically
ill patients with failure of these organs. Studies of glutamine turnover and elimi-
nation in critically ill patients with compromised liver and/or kidney function are,
however, not available. To better define the possible role of exogenous glutamine
supplementation, more information from studies of glutamine kinetics and turnover
are, therefore, needed.

Which Patients are Suitable for Glutamine Supplementation?

The initial studies of glutamine supplementation were small and involved patients
who were receiving parenteral nutrition [18, 19]. Results were encouraging in terms
of outcome benefits, and although the generalizability of these studies was limited,
meta-analyses including these studies indicated mortality benefits and guidelines
recommended intravenous supplementation of glutamine when parenteral nutrition
was given to critically ill patients [20, 21]. When glutamine was given enterally,
the results were much less conclusive, and meta-analyses of these results were not
able to demonstrate beneficial effects; consequently guidelines did not recommend
enteral glutamine supplementation [20, 22]. Part of this documentation refers to
trials that used so-called immune-nutrition, meaning that a number of agents with
potential effect on immune function were combined in the supplementation. It goes
without saying that the results from such trials do not allow discrimination of the
possible contributions for the individual ingredients in the mixtures given. Nev-
ertheless, when given to critically ill patients receiving enteral nutrition, generally
beneficial effects have not been demonstrated when glutamine has been the sole
supplement or part of a supplemented mixture [2, 3].

It is unfortunate when reviewing the literature that selection of patients, target
for dosing, and effect of treatment are often not very well motivated. Critically ill
patients included in studies of exogenous glutamine supplementation are usually
patients admitted to the ICU, sometimes confined to only those receiving mechan-
ical ventilation. Often a dichotomization is made related to the route of nutrition
administration. There is some empiric evidence for such a discrimination [23, 24],
but the possible underlying mechanisms are obscure. Risk-scoring of patients at ad-
mission or sequentially during the ICU stay does not usually include any estimate of
gut function. It is again empiric evidence that successful enteral feeding, indicative
of a functional intestinal tract, is associated with a more favorable outcome, also
in patients with comparable risk-scoring (only reflecting other organ systems) [25].
Hence, when evaluating the literature it is important to consider that the scales in
the risk-scoring instruments are not linear and that the scores for selected subgroups
of patients may not directly correspond to the prediction for unselected patient pop-
ulations for whom the scoring systems were validated.

In this context, there is also reason to comment upon the length of treatment
period. In general there is a marked difference between the mean and the median
lengths of stay in the ICU. This difference reflects that the vast majority of patients
are short-stayers, less than 4–5 days, while a minority of patients stay for a long time



644 J. Wernerman

in the ICU. Nevertheless, this small group of long-stayers consumes the majority of
ICU days in a given unit. The variability in length of ICU stay within the patient
population constitutes a problem when inclusion and exclusion criteria are to be
defined. Is it feasible that exogenous supplementation to a critically ill patient for
2 days will make a difference?; 3 days?; 5 days?; 7 days? On the other hand, it
is often very difficult to foresee the length of stay for the individual patient at ICU
admission. It may, therefore, be reasonable to have a predefined subgroup analysis
of those patients who are given treatment for a period of time that is found sufficient
for an effect to be demonstrated.

Comments on Recent Studies with Glutamine Supplementation

With this background, it is quite clear that studies including patients with a high
mortality risk, who are poorly fed and supplied with pharmacological doses of glu-
tamine are not very likely to produce results on how glutamine supplementation
may be beneficial for critically ill patients. Indeed, this strategy turned out to be
harmful, possibly attributable to the pharmacological doses of glutamine used [1].
Because glutamine supplementation given to the right patients in the right doses
may be helpful, this result imposes the risk of ‘killing’ the glutamine supplemen-
tation concept. To just look upon the critically ill patient as a ‘black box’, and to
pour in pharmacological doses of glutamine without proper nutritional support and
without knowledge of whether or not glutamine deficiency is present is obviously
not a very good idea [26].

A neutral or non-conclusive effect, which was the result of the Scottish glutamine
study, would have been the logical result also in the REDOXS study; therefore,
a number of important differences between these studies should be highlighted. The
Scottish SIGNET study included well-fed patients with a pragmatic protocol [27].
The study has been criticized for the relatively low dose of glutamine given, for not
communicating how much of the intended dose the patients were actually given,
and for the limited time period of treatment. The REDOXS study, on the other
hand, was not neutral in terms of outcome, rather it demonstrated harm [1]. It is
the first study to demonstrate harm related to provision of exogenous glutamine
in critically ill patients. Earlier a report of possible harm was published in a case
series of hematological patients with insufficient comparability between patients
who received extra glutamine and those who did not [28].

A closer look at the comparability of patients in the REDOXS study, also reveals
a difference between the patient groups that may offer an alternative explanation
for the result of harm. The inclusion criterion was patients with �2 organ failures
according to SOFA scoring, and the group given glutamine had a similar mean
SOFA to the group not given glutamine; so far so good. However, if the two groups
are compared in patients with > 2 organ failures, suddenly there is a statistically
significant difference between them (Fig. 2). To disregard this finding, the risk
prediction by SOFA scoring must be assumed to be linear, but there is actually no
evidence for such a linearity. On the contrary, there is evidence that mortality rate



Glutamine Supplementation to Critically Ill Patients? 645

Fig. 2 Calculations of the
likelihood of occurrence of
three or more organ failures
and of 30-day mortality rate
in the REDOXS study related
to whether randomized to
glutamine (GLN) supplemen-
tation or not [1]
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increases logarithmically with the number of organ failures [29]. Actually the level
of statistical significance attributable to the skewed distribution of patients with > 2
organ failures is larger than the level of significance for the harm of pharmacological
doses of glutamine. This is not a scientific comparison, but the investigators of the
REDOXS study could perform a multiple stepwise regression analysis to address
this possible bias in patient selection.

If the increased mortality in the glutamine group of the REDOXS study can be
associated with a difference between the two groups other than the glutamine sup-
ply, we are suddenly in quite a different position. The expected non-conclusive
result of the study, according to the chosen study population, would then no longer
disqualify studies with protocols aimed at evaluating supplementation of an actual
glutamine deficiency. If on the other hand, no other difference than the supply of
50 g glutamine daily can be found between the two groups in REDOXS, the mech-
anism behind the increased mortality must be looked for. Could short-term use of
a bodily substance lead to intoxication? At this time-point, we do not know whether
the patients that died in the REDOXS study did so with high glutamine concentra-
tions. In the small subgroup of patients in REDOXS in which plasma glutamine
concentrations were recorded, no information over outcome was communicated.
The endogenous production of glutamine is some 50–80 g/24 h; will an exogenous
provision of similar magnitude cause toxicity? This effect has been reported in pa-
tients with liver encephalopathy, but in that situation the effect is not specific for
glutamine but is reported for amino acids or proteins in general when given at high
doses [30].

Suggestions for Future Research

It is obvious that more studies are needed, but it may not currently be possible to
randomize patients to be given extra glutamine. At least, it cannot be considered
ethical to give glutamine supplementation without monitoring plasma concentra-
tions. However, quite large doses can be given enterally with only marginal effect
on plasma concentration. Still toxic? Obviously more observational studies are



646 J. Wernerman

needed and in addition the toxicity of glutamine must be characterized. Is the toxi-
city related to plasma concentration?

In general, provision of glutamine by the enteral route only marginally influ-
ences plasma concentration, whereas intravenous provision immediately leads to
an increased plasma concentration [8]. Moreover, with a high rate of intravenous
glutamine infusion, a steady state will be reached [8, 9]. The suggested relationship
between a high plasma glutamine concentration at admission and an unfavorable
outcome is based on a very limited number of observations, and needs to be fur-
ther explored by observational studies. The connection between a high plasma
glutamine level and acute fulminant hepatic insufficiency is well known [7], but
whether a relation between glutamine level and outcome in this specific group exists
is not known [30]. In chronic liver disease and in acute-on-chronic liver failure, high
plasma glutamine concentrations are not observed. The manufacturer of glutamine
containing dipeptides for intravenous use does not recommend supplementation to
patients with liver and/or kidney insufficiency. This recommendation is mainly
based on the very limited documentation for this patient group, rather than actual
data about glutamine toxicity in liver failure or kidney failure. The relationship be-
tween kidney failure and mortality in REDOXS is more difficult to interpret [1]. As
kidney failure is most often the third organ failure, increased mortality is seen with
kidney failure in critical illness. Again we come back to the possibility of a skewed
distribution between the randomized groups in that particular study.

Can clinical use of glutamine supplementation be recommended today after RE-
DOXS? Clearly not to critically ill patients with two (or three) organ failures in
the acute phase, but what about other situations? It is speculated that the route
of glutamine administration, enteral or parenteral, should make a difference. The
handling of glutamine is clearly different with different routes of administration
as reflected by the effect on plasma concentration [8, 12], but is possible toxicity
related to route of administration? It can also be speculated that it is the phar-
macological dose of glutamine that is harmful. Are moderate doses safe? These
doses were used in the Scottish SIGNET study as well as in the Scandinavian glu-
tamine study [27, 31]. Is glutamine combined with parenteral nutrition safe, while
combination with enteral nutrition is harmful? This has recently been argued in
meta-analyses in which published studies are divided according to how patients
were fed [2], but is there a mechanistic rational for such a suggestion?

Conclusions

The result of the REDOXS study raises concern about whether or not large doses
of glutamine can cause harm in critically ill patients. A number of peculiarities
in the protocol of the study and in the patient selection should be clarified. This
clarification can be done by the REDOXS investigators and by observational stud-
ies of critically ill patients. In addition, more research is needed to characterize
the relation between endogenous production of glutamine and exogenous supple-
mentation of glutamine in critically ill patients. Finally, glutamine substitution to
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normalize plasma glutamine concentrations in critically ill patients should be evalu-
ated in well-conducted randomized controlled trials. Meanwhile, it is recommended
that use of glutamine supplementation be restricted to situations in which a safety
protocol is used or within clinical studies.
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Early Goal-directed Sedation inMechanically
Ventilated Patients

Y. Shehabi, R. Bellomo, and S. Kadiman

Introduction

The use of sedative drugs in intensive care is ubiquitous. Every year, more than
3 million patients worldwide, 50,000 patients in Australia and New Zealand [1, 2]
and nearly 800,000 in the United States receive mechanical ventilation and sedation
with an in-hospital mortality (2005) of 34.5 %. The estimated US national cost per
annum reached nearly $US27 billion in 2005 [3]. In Ontario, in 1992, the number
of mechanically ventilated patients was 221/100,000 population with the estimated
number of ventilated patients across Canada likely to exceed 75,000 per annum [4].
The number of ventilated patients per 100,000 population is likely to be similar in
Europe. Projections suggests that this number is expected to rise by 31 % over the
next decade [5]. Almost all ventilated patients receive sedative agents in one form
or another [6]. Sedation is given to promote tolerance of endotracheal intubation
and associated life-sustaining interventions, including mechanical ventilation, and
to relieve anxiety and reduce distress [6]. Thus, sedation is considered vital to
patient comfort and safety.

Despite significant advances in the management of critically ill patients, the
crude 30-day adjusted mortality in ventilated patients in Ontario increased from
27 % in 1992 to 32 % in 2000 [4]. This presents a significant concern, considering
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the widespread application of mechanical ventilation and sedative therapy. Seda-
tive drugs and the strategy of delivering sedation may be an important factor in
determining survival after an episode of mechanical ventilation. The impact of eto-
midate infusion on trauma-related mortality is a stark reminder of the possible link
between sedation and mortality [7]. It is extraordinary that many of the commonly
used sedative and analgesic agents used in intensive care units (ICUs) today have
not undergone long-term safety evaluation. Despite its ubiquitous use and contribu-
tion to comfort and safety, sedation carries significant risk [8].

Sedative and analgesic drug-related increase in the risk of death is multifactorial;
it can be mediated via several direct and indirect effects. In the context of criti-
cal illness with impaired liver and kidney function, sedative drugs and their active
metabolites can accumulate, leading to prolonged deep sedation (unintended drug-
induced coma), respiratory depression, immune suppression, and hypotension [9,
10]. Prolonged sedation contributes to immobility, weakness and prolongation of
mechanical ventilation with attendant need for tracheostomy and extended ICU
stay [11]. Subsequent cessation of sedative medications, after prolonged expo-
sure, can lead to drug withdrawal syndromes [12]. These shortcomings expose
ICU patients to other major complications, such as agitation requiring physical re-
straints [12], nosocomial infection [13], pressure sores, critical illness neuropathy
and myopathy [11], vascular thrombosis and, in some patients, sepsis, multiple
organ failure and death. The incidence and severity of these problems is rising in as-
sociation with the increasing complexity of surgery and admission of older patients
with multiple comorbidities to intensive care [14]. Furthermore, older patients with
high severity of illness undergoing complex interventions are at high risk of associ-
ated delirium [15, 16]. Delirium and its duration are independently associated with
increased mortality [17].

Over the last decade, however, clinical practice has moved towards the use of
lighter levels of sedation whenever clinically safe, better management of pain, and
recognition that delirium occurs commonly in patients with critical illness [18].
This change in practice is supported by the 2013 Society of Critical Care Medicine
(SCCM) Clinical Practice Guidelines on Pain, Agitation and Delirium [19].

Different strategies have been recommended to achieve light sedation including
protocolized sedation, sedative interruption, opioid-based sedation and benzodi-
azepine minimization. Early goal-directed sedation is a strategy that aims to achieve
optimal sedation shortly after initiation of mechanical ventilation, using a sys-
tematic algorithm which combines the three dimensions of sedative interventions,
assessment, titration and the optimal choice of sedative agents. In this chapter,
we present the rationale, the key elements, the algorithm, the early experience and
future of early goal-directed sedation as a process-of-care for sedation of mechani-
cally ventilated ICU patients.
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Early Goal-directed Sedation: Rationale

Early Deep Sedation is Common

The Sedation Practice in Intensive Care Evaluation (SPICE) program included three
prospective, multicenter, multinational, longitudinal observational cohort studies
in 25 ICUs in Australia and New Zealand (ANZ, n = 251), 11 ICUs in Malaysia
(n = 259) and 7 ICUs in Singapore (n = 198), with a total of more than 8000 ICU
days of follow-up. All patients were followed up to 180 days for survival [20, 21].
The patients in the ANZ cohort were highly representative of general mixed ICU
patients with a mean age of 62 years, a mean APACHE II score of 20.8, a me-
dian duration of mechanical ventilation of 5.1 days, a hospital mortality of 21 %,
and 180 day mortality of 26 %. These studies found that traditional sedatives (mi-
dazolam and propofol) are still almost universally used with one third of patients
receiving dexmedetomidine. It also found two important and potentially modifiable
elements of sedation therapy: A high prevalence (76 %) of deep sedation especially
in the first 48 hours and a high incidence of delirium (50.7 % of all assessable pa-
tients), which increased substantially with longer ICU stay [20]. At first assessment,
191/251 patients were deeply sedated and more than 50 % of patients continued to
score deep sedation at least once till day 4. Adjusted multivariable analysis showed
that early deep sedation was strongly and independently associated with longer
time to extubation, hospital death and 180-day mortality but not associated with
increased delirium or time to first delirium episode [20].

Sedation Trials Ignored Early Deep Sedation

Over the last decade, sedation minimization strategies have become the focus of
strong research interest. Most randomized trials, by virtue of design and need for
consent, did not take into account early deep sedation. Amongst many other lim-
itations, this has been a significant drawback of most sedation trials. Therefore,
the potential benefits of any strategy that targets light sedation are significantly
diminished by late randomization, which allows non-systematic non-protocolized
interventions and undetermined duration of deep sedation following initiation of
mechanical ventilation.

One way to minimize sedation depth may be the use of planned sedation interrup-
tions. Daily sedation interruption became a key strategy after Kress and colleagues
reported significant reductions in ventilation time and ICU stay in a single center
128-patient randomized trial [22]. Patients, however, were recruited into this trial
after 48 hours of mechanical ventilation.

While daily sedation interruption has many potential advantages it is not clear
whether it offers any advantages compared with a sedation strategy that targets
light sedation. A multicenter randomized trial compared protocolized sedation with
protocolized sedation plus daily sedation interruption in 423 critically ill, mechan-
ically ventilated medical and surgical patients [23]. There was no difference in the
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duration of mechanical ventilation, ICU and hospital lengths of stay between the
groups.

Despite the limitations of a before-and-after study design, this approach may
overcome the problem of late randomization. A before-and-after study of protocol-
ized analgesia and sedation resulted in reduced sedative-induced coma rates, from
18.1 % to 7.1 %, with reduced total doses of sedative and opioids and reduced ven-
tilation and ICU time [24]. This study also showed an absolute risk reduction in
hospital mortality of 6.5 %.

The above observations suggest that a strategy that reduces early deep sedation
would have the potential to improve relevant and clinically important clinical out-
comes, such as mortality.

Key Elements of Early Goal-directed Sedation

Taking into consideration the limitations of previous ICU sedation studies and the
failure to account for early deep sedation, it is imperative that any future sedation
strategy should have the following principal elements: First, it should be delivered
early, within less than 6 hours of initiation of sedation and mechanical ventila-
tion; second, it should rely on an integrated process of targeting light sedation
through frequent assessment of sedation levels; and, finally, it should incorpo-
rate the use of sedative agents known to promote wakefulness and arousal and/or
agents with favorable pharmacokinetic profile, such as short onset and offset time.
The 2013 SCCM guidelines [19] recommend early and adequate analgesia, routine
use of targeted light sedation and suggested that sedation strategies using non-
benzodiazepine sedatives (such as propofol or dexmedetomidine) may be preferred
over benzodiazepines. This has strengthened the choice of dexmedetomidine and/or
propofol as the sedative agents to be used in early goal-directed sedation. The
alpha2 agonist, dexmedetomidine, has emerged over the last 15 years as a viable al-
ternative to traditional sedatives for mechanically ventilated patients with growing
evidence that dexmedetomidine facilitates arousable sedation, shortens ventilation
time, and attenuates the occurrence of delirium [25, 26].

Based on the above considerations, we recognize that key elements of any plau-
sible strategy directed at improving patient-centered outcomes through reduction of
early deep sedation must include:
1. Early effective analgesia titrated to effect according to standardized pain assess-

ment; this assessment is part of a systematic patient evaluation for analgesic
need.

2. Early delivery of sedative agents including dexmedetomidine as a primary seda-
tive as needed, shortly after initiating mechanical ventilation;

3. Tight targeting of light sedation early, from the time of initiation, with regular
and frequent assessment of patient wakefulness/sedative state and titration of
sedative infusions;
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4. Avoidance of benzodiazepines and minimization of other sedatives, opioids and
antipsychotics;

5. Reduced overall sedation depth with targeted light sedation.

The Early Goal-directed Sedation Algorithm

Early goal-directed sedation is designed to be delivered by bedside clinicians; it is
simple, pragmatic and emulates real life sedation management in concordance with
the SCCM 2013 guidelines [19]. While the description of the algorithm follows
a step-by-step flow for clarity, the algorithm is designed to be delivered as a package
and many interventions administered simultaneously (Fig. 1).

Patient is mechanically
ventilated

Pain
assessment

Sedation
assessment

On-going
Sedation

Adequate
analgesia

Clinicians‘ choice
Opioid, other

Stop propofol if any

Dexmedetomidine
0.2 mcg/kg/h

every 30 minute

Dexmedetomidine infusion
1 mcg/kg/h (No Loading)

Dexmedetomidine
0–1.4 mcg/kg/h

Propofola

0–70 mg/kg/h

Propofol 10–70 mg/h

Sedation no longer needed
Stop infusion

RASS
–2 to +1

RASS
≤ –3

RASS
≤ –3 ≥ 2

RASS
≤ –3 ≥ 2

RASS
≥ 2

RASS
–2 to +1

Fig. 1 Early goal-directed sedation algorithm. RASS: Richmond Agitation Sedation Scale;
a recommend weaning/titrating propofol to the lowest dose before reducing dexmedetomidine
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Once a patient is ventilated, pain assessment should be performed; a Numeric
Reporting Scale 0–10 is an accepted and validated assessment tool for patients who
are able to report pain. The Critical Care Pain Observation Tool (CPOT) [27] is
a validated and effective assessment tool in patients who are unable to report pain.

The provision of adequate analgesia using opiates by infusion or incremental
boluses is the commonest and most effective pain management in most patients.
Agents such as low dose ketamine (4–8 mg/hour) and/or paracetamol can also be
used. Care should be taken not to use opiates or ketamine for the purpose of pro-
viding sedation but rather to alleviate pain only.

As pain is assessed and treated, sedation level is assessed using any of the val-
idated sedation scales. In our algorithm, we use the Richmond Agitation Sedation
scale (RASS) [28]. The target sedation level is light sedation defined as an RASS
range between � 2 and + 1.

Pain and sedation assessment is a continuous process that should be done at least
every hour and on need basis. This will guide the use and titration of analgesic and
sedative agents.

During early goal-directed sedation, we recommend the use of dexmedetomi-
dine as a first line sedative agent starting at 1 mcg/kg/hour without a loading dose.
The onset of the sedative effect for dexmedetomidine is about 45–60 minutes. Dur-
ing this period, if sedation is required, then propofol can be given by infusion at
10–70 mg/hour or small boluses of 10–30 mg/hour. The use of propofol should be
scaled back to the lowest dose at all times to achieve the target RASS of � 2 to
+ 1. In more than 75 % of patients, dexmedetomidine as a sole agent would be ade-
quate. If the RASS score is � 3 to � 5 (moderate to deep sedation), propofol should
be stopped first, followed by a gradual reduction in dexmedetomidine infusion by
0.2 mcg/kg/hour every 30 minutes. The process of titration is also a continuous
process guided by RASS assessments.

We recommend caution in applying early goal-directed sedation using the above
algorithm in patients with head injury, renal failure and in patients with acute liver
failure. Dexmedetomidine has not been adequately assessed in these patients.

A summary of patient selection and appropriateness for the early goal-directed
sedation algorithm is provided in Table 1.
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Table 1 Early goal-directed sedation: Patient selection

Patients who are suitable for the early goal-directed sedation algorithm
Mechanically ventilated patients who are expected to be ventilated and need
ongoing sedation for longer than 24 hours

Patients in whom the early goal-directed sedation algorithm is not appropriate
1. Patients where deep sedation is indicated, such as:
a. Traumatic brain injury,
b. Extracorporeal support,
c. High frequency oscillation,
d. Continuous neuromuscular blockade.
2. Patients with a contraindication to dexmedetomidine:
a. Acute fulminant liver failure,
b. High grade atrioventricular block,
c. Heart rate <50/min not induced by adrenergic blockade
d. Heart rate <50/min in the absence of a functioning pacemaker.
e. Systolic blood pressure <85 mmHg despite adequate resuscitation and
vasopressor therapy
3. Patients who need palliative therapy

Managing Emergent Agitation
during Early Goal-directed Sedation

A common problem associated with critical illness is breakthrough agitation. In
early goal-directed sedation, we recommend the following algorithm to manage
agitation and/or delirium:
1. Increase the dose of dexmedetomidine to an acceptable maximum dose of up to

1.4 mcg/kg/hour.
2. If dexmedetomidine is at the maximum dose, the use of small boluses or infusion

of propofol, in particular to control acute emergent agitation, is recommended
at a dose of 10–70 mg/hour by infusion or blouses of 10–50 mg/hour.

3. For persistent agitation, we recommend the use of quetiapine at a starting dose
of 12.5 mg twice daily and up to 50 mg twice daily [29].

4. If agitation persists, we suggest the addition of haloperidol 2.5–5 mg blouses
every 4–6 hours.

5. For refractory agitation, we recommend further investigation such as an electro-
encephalogram (EEG) and/or a computed tomography (CT) scan to rule out
organic lesions. We suggest adding a benzodiazepine, such as midazolam, bo-
luses only, 1–3 mg as needed.

Once agitation has resolved, we recommend the withdrawal of all agents in reverse
sequence with dexmedetomidine weaned last.
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Is Early Goal-directed Sedation Feasible?

The premise of early goal-directed sedation is the provision of adequate analgesia
and optimal sedation soon after the initiation of mechanical ventilation. The fea-
sibility of early goal-directed sedation is thus tested through the assessment of key
objectives. First, how soon can early goal-directed sedation be effectively deliv-
ered? Second, how effective is early goal-directed sedation in providing optimal
and preventing early deep sedation? Third, is early goal-directed sedation only ef-
fective with a dexmedetomidine based algorithm? Fourth, is early goal-directed
sedation achievable outside high intensity bedside nursing such as Australian-based
intensive care practice? And finally, is early goal-directed sedation feasible in the
context of randomized clinical trials?

We tested the feasibility of delivering a process-of-care sedative intervention
that had the above design features in a pilot randomized trial comparing early
goal-directed sedation with standard sedation in Australian ICUs [30]. Random-
ization occurred within a median [interquartile range] of 1.1 [0.46–1.9] hours after
intubation or ICU admission for out of ICU intubation. A significantly higher
proportion of patients were lightly sedated on days 1, 2 and 3 in the early goal-
directed sedation than in the standard care group (12/19 [63.2 %], 19/21 [90.5 %]
and 18/20 [90 %], respectively, compared with 2/14 [14.3 %], 8/15 [53.3 %] and
9/15 [60 %], p = 0.005, 0.011, 0.036, respectively). More RASS assessments were
between � 2 and + 1 in the first 48 hours in the early goal-directed sedation group
than in the standard sedation group (203/307 [66 %] vs. 74/197 [38 %], p = 0.01).
Early goal-directed sedation patients received midazolam on 6/173 (3.5 %) study
days while standard sedation patients received dexmedetomidine on 4/114 (3.5 %)
patient-days. Propofol was given to 16/21 (76 %) of the early goal-directed seda-
tion patients compared to 16/16 (100 %) of the standard sedation patients (p = 0.04).
Early goal-directed sedation patients required significantly less physical restraints
than did standard sedation patients (1 [5 %] vs 5 [31 %], p = 0.03). There were
no differences in vasopressor use and self-extubation [30]. These data support the
feasibility of the early goal-directed sedation concept in representative ICUs in Aus-
tralia.

We also conducted a similar pilot in 10 ICUs in Malaysia (n = 60) and concluded
in May 2013. This pilot was designed to test the feasibility of achieving early goal-
directed sedation using conventional sedatives and in addition test the feasibility
of early goal-directed sedation in ICUs outside an Australian-based ICU practice.
The study showed that even with targeted protocol, early goal-directed sedation
could not be delivered with conventional sedatives. Midazolam and/or propofol
achieved light sedation in the first 48 hours in 68 % of participants vs. 96 % being
lightly sedated with a dexmedetomidine-based algorithm. Furthermore, this pilot
proved that early goal-directed sedation is a concept that can be delivered in tertiary,
regional and rural ICUs.
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The results of the Australian and the Malaysian early goal-directed sedation pilot
studies provide concrete evidence on the applicability of early goal-directed seda-
tion in the context of randomized multicenter trials.

Early Goal-directed Sedation: A Global Trial

Despite the comprehensive review undertaken, the 2013 SCCM Guidelines called
for definitive studies to inform the practice of sedation in critical illness. The
paucity of data on long-term and patient centered outcomes is a stark reminder for
the need of adequately powered well-designed clinical trials into sedation practice.
There are many limitations of previous sedation trials [31] that limited the external
validity and general applicability of the evidence produced in different care settings.

Over the last 3 years, we have led a structured sedation research program to
address the limitations of previous trials and test an innovative strategy of early
goal-directed sedation in a large scale randomized controlled trial. The necessity
and value of testing early goal-directed sedation is strong and the strengths of the
proposed strategy are clear. First, early goal-directed sedation is aligned with cur-
rent actual practice as identified by our recent observational longitudinal cohort
study and in line with international guidelines. Second, early goal-directed seda-
tion mimics clinical reality and delivers an intervention that combines potentially
safer drugs and beneficial light sedation targets. Third, early goal-directed sedation
mandates frequent monitoring of patient responsiveness (‘wakefulness’), sedation
depth, and delirium. Fourth, all interventions are delivered soon after initiation
of mechanical ventilation maximizing their potential benefits. Fifth, our planned
primary outcomes will be patient-centered and long-term. Finally, as therapy is
delivered by bedside nurses, early goal-directed sedation will be applicable to cur-
rently practiced ICU models of care.

Our group is leading a large collaborative of researchers worldwide, including
more than 50 ICUs in Australia, New Zealand, Canada, Asia, the Middle East and
Europe. The Sedation Practice in Intensive Care Evaluation (SPICE Program) is
now funded and will deliver many answers to inform worldwide sedation practice
in the critically ill. The SPICE program is the largest sedation research program to
be launched so far.

Conclusions

Current sedation practice, supported by the 2013 SCCM Guidelines on Pain, Ag-
itation and Delirium, promotes the provision of light sedation whenever clinically
safe. Sedation trials in large did not account for the first 48 hours of mechanical ven-
tilation, which represent at least 33 % of total ventilation time in most patients [20].
Deep sedation commonly occurs early after initiation of mechanical ventilation and
is a strong independent predictor of time to extubation and long-term mortality.
A strategy to reduce early deep sedation through a process of care named early
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goal-directed sedation has been developed and tested in two pilot randomized trials
in 16 ICUs in two different care settings. These pilot trials have confirmed the fea-
sibility, efficacy and safety of the proposed strategy. These results pave the way for
a large scale global-reach randomized control trial assessing the clinical effective-
ness of early goal-directed sedation on long-term and patient-centered outcomes.
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Assessment of Patient Comfort During
Palliative Sedation: Is it always Reliable?

R. Deschepper, J. Bilsen, and S. Laureys

Introduction

“When death knocks at the door of our ward, we do not easily open the door”, an
intensivist once said. In the intensive care unit (ICU) and emergency department,
care is strongly focused on cure and resuscitation. Notwithstanding the technologi-
cal progress made in intensive and emergency medicine, a substantial number of the
patients admitted to the ICU cannot be saved. In these cases, it is important to make
a timely shift from curative efforts to palliative care, so that futile and burdensome
interventions can be avoided. When death becomes imminent, a major concern of
the family members and caregivers is to assure maximal comfort during the dying
process. A central aspect of good end-of-life care is to keep the patient, as much
as possible, free of pain and other kinds of distress. However, many critically ill
patients often suffer from symptoms such as pain and delirium. More than 50 %
of critically ill patients in the ICU experience moderate to severe pain and pain in
critically ill patients often remains untreated [1].

On some occasions, patients are unable to communicate or give signs of dis-
comfort and in these circumstances ensuring comfort is very challenging. This is
the case, for example, with patients who are in a coma and patients in a vege-
tative/unresponsive state. Communication is also limited with patients who have
been diagnosed as minimally conscious, locked-in syndrome or late-stage dementia
and with newborns. Patients may also be unable to communicate because of treat-
ments, such as intubation and administration of neuromuscular blocking agents. In
all these patients, assessment of comfort is challenging. Although it might sound
obvious, it is important not to overlook the fact that the inability to communicate,
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verbally or non-verbally, does not negate the possibility that an individual is expe-
riencing pain or other kinds of distress and is in need of appropriate treatment to
ensure optimal comfort.

Box 1:
Core Elements in Guidelines on Palliative Sedation
� Indications for palliative sedation

– Refractory symptoms leading to unbearable suffering such as intol-
erable pain, dyspnea and delirium [11, 12, 23, 35]

� Types of palliative sedation
– Degree: mild, intermediate and deep [15]
– Continuity: from intermittent to continuous [15]

� Ethical principles
– Palliative sedation is normal medical practice and must be clearly

distinguished from the termination of life [35]
– Proportionality: the degree of sedation must not be deeper than nec-

essary to relief suffering [11, 12, 23, 35]
– Palliative sedation will not (usually) hasten death (and that is cer-

tainly not the intention) [12, 15]
� Administration of drugs

– Titration to the minimum level of consciousness reduction necessary
to render symptoms tolerable [16, 23, 24]

– Lack of consensus
– “No good evidence exists to strongly recommend one medi-

cation over any other of those commonly used in continuous
palliative sedation therapy” [16]

– “Midazolam is the drug of first choice” [24]
� Monitoring of palliative sedated patients

– Aspects requiring monitoring: [16]
– Relief of suffering
– Level of consciousness (depth of sedation)
– Adverse effects of sedation

– Guidelines’ evaluations of the usefulness of monitoring scales
– “There are no scales available to assess the patient’s comfort

during continue sedation” [24]
– “Monitoring (observational) scales exist but the usefulness of

these scales has not been proven” [16]
– “Presently no particular scale can be recommended” [16, 24]

– “Scales involving administration of painful stimuli are not accept-
able” [16]

– Frequency of monitoring: every 20 minutes until adequate sedation
has been reached
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Patient comfort can often be achieved by ‘conventional’ pharmacological drugs
such as opioids or other symptom-controlling drugs. However, in cases of severe
pain caused by withdrawal of life-sustaining treatment, for example, or where re-
fractory symptoms lead to unbearable suffering such as intolerable pain, dyspnea
and delirium, a more drastic option may be chosen, known as palliative sedation
(Box 1). In these cases, comfort is sought by reducing the patient’s level of con-
sciousness [2, 3]. Palliative sedation is ethically controversial because it is viewed
by some as a kind of ‘slow euthanasia’ and because patients are not always involved
in the decision-making. Another point of controversy is whether or not palliative
sedation has a life-shorting effect and therefore should be considered to be an end-
of-life decision [4].
Some studies have pointed out that palliative sedation is an effective method that
does not shorten survival time, but the topic creates controversy [2, 5]. However, the
practice of palliative sedation has increased substantially and seems to have estab-
lished its place in end-of-life care. The incidence of palliative sedation is not easily
measured, partly because there are several definitions and alternative terms in use,
such as ‘terminal sedation’ and ‘continuous sedation until death’, to describe this
practice [6]. However, available studies indicate that the practice of palliative seda-
tion is increasing in hospitals, nursing homes and the home care setting. The overall
reported incidences vary between 7 % and 17 % of all deaths [7]. It is assumed that
patients who are sedated according to the current standards of care and the guide-
lines for palliative sedation are unaware of their clinical situation and, therefore,
do not experience symptoms of discomfort, such as dyspnea, delirium, and other
distressing conditions that are common during the terminal phase. However, a crit-
ical evaluation based on more recent evidence raises the question of whether the
current assessments of suffering and awareness are accurate enough. Our concerns
are based on three types of problem. First, the assessment of comfort in dying pa-
tients is challenging; second, patients are sometimes mistakenly considered to be
unaware, and, third, the titration of drugs is difficult.

Problems with Assessment of Comfort in Dying Patients

Pain is always subjective. Therefore, the gold standard for detecting distress is pa-
tient self-reporting. However, in the case of palliative sedation, patients are usually
unable to communicate whether or not they are still in distress or still (partially)
aware of what is happening around them. In these cases, caregivers have to rely
on observable signs, such as facial expression. In newborns, for instance, tongue
protrusion and licking the lips can be considered a positive affective expression,
whereas brow wrinkling and opening the eyes wide are usually considered as facial
expressions of negative affect [8]. To achieve a more reliable assessment, several
instruments, such as the Visual Analog Scale for pain, are based on these observable
signs. Some scales have been developed for non-communicative patients as well,
including the Critical Care Pain Observational Tool (CCPOT) [9], the Behavioral
Pain Scale (BPS) [10], and the Richmond Agitation-Sedation Scale (RASS) [11]
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but several problems have been reported. A well-documented problem is that these
scales cannot detect pain and awareness in all patients, for example because they
depend on inferences made from patients’ motor responses [12, 13].

Another problem is that these scales have only been partially validated for dying
patients, and in most cases not at all [14]. In the guidelines on palliative seda-
tion it is acknowledged that the efficacy and safety of palliative sedation is not
sufficiently understood and that the usefulness of these observational scales has
not been proven [15, 16]. These findings cause even more concern considering
the evidence that family members of patients often have different perceptions of
the patient’s comfort and his/her quality of dying during palliative sedation than
do caregivers. While family members tend to overestimate pain, caregivers often
underestimate it [17]. Furthermore, assessment discrepancies between nurses and
physicians often occur [18, 19]. Moreover, non-clinical factors, such as character-
istics of both the patient and the caregiver, play a role. For example, paramedical
professionals, religious correspondents and older caregivers more often believe that
patients in vegetative or minimally conscious states may be experiencing pain [19].
In a study of patients coming to the emergency department with pain-related com-
plaints, older men were less likely than younger men to receive an analgesic or an
opioid regardless of pain severity. Older adults were generally less likely to receive
pain treatment. However, older women with severe pain were more likely to re-
ceive treatment than younger women with severe pain. These results suggest an
interaction between age, gender, and pain severity on pain treatment [20].

Physiological parameters such as respiratory frequency, heart rate, blood pres-
sure, pupillary diameter and skin conductance, are also often used as indicators for
discomfort but these are not always reliable either [21]. Furthermore, once a deci-
sion has been made to provide only palliative care, measuring these parameters is
usually considered to be a futile and therefore unnecessary intervention, which is
likely to be considered more of an obstacle to a quiet dying process than helpful for
the patient.

When patients are considered completely unconscious, they are often considered
unable to experience any kind of pain or emotion [22]. However, this topic is still
controversial and poses clinical and ethical challenges [8]. In cases of painful in-
terventions and especially after decisions to withdraw life-sustaining support, such
as mechanical ventilation or artificial hydration and nutrition, these patients are,
therefore, sometimes left without administration of opioids or other analgesic. Mis-
takenly considering a patient as unaware is a pitfall that may deprive a patient of
optimal comfort medication. Therefore, the premise of unawareness is a crucial
aspect in critically ill or dying patients.
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Problems with Assessment of Awareness

Given the importance of the status of unawareness in comfort care, a reliable as-
sessment of awareness is pivotal. However, in recent years, doubts have arisen as
to whether patients labeled ‘unconscious’ really are completely insensate and un-
aware. Studies in different types of patient and setting, which critically reviewed
awareness, have consistently reported that persons were, in contrast to what was
assumed by the caregivers, not always (completely) unaware. For example, sev-
eral studies showed that patients diagnosed as being in a vegetative state (now also
called ‘unresponsive wakefulness syndrome’) did show (minimal) clinical signs of
conscious awareness in about 40 % of cases [23]. In some cases, the purportedly un-
conscious patient could even reliably generate appropriate electroencephalographic
(EEG) responses to two distinct commands [24] and occasionally was even able to
establish basic communication with ‘yes’ or ‘no’ answers using functional magnetic
resonance imaging (fMRI) [25]. These observations proved that some minority
of clinically diagnosed unresponsive patients displayed some residual cognitive
function and conscious awareness that even skilled caregivers were not able to rec-
ognize [26].

Furthermore, patients with locked-in syndrome may be mistakenly considered
unconscious. In a survey of 44 patients with locked-in syndrome, the time elapsed
between brain insult and the diagnosis of locked-in syndrome was on average
2.5 months (78 days). Several patients had not been diagnosed correctly for more
than 4 years. It has been stated that this delay in the diagnosis of locked-in syn-
drome mainly reflected initial misdiagnosis [27].

In rare cases, patients also have reported awareness during general anesthe-
sia. Light anesthesia has been suggested as a risk factor for this frightening phe-
nomenon [28].

As is the case with perception of pain, a patient’s awareness is perceived dif-
ferently by caregivers and family members. In a study on patients in a persistent
vegetative state, 90 % of these patients were considered by family members to have
some awareness of the family member’s presence and of pain [29]. The study on
patients with locked-in syndrome also showed that the first person to realize the
patient was conscious and could communicate with eye movements was most often
a family member (55 % of cases) and not the treating physician (23 % of cases) [27].

The above examples show how difficult it is to recognize unambiguous signs
of conscious perception of the environment and the self. This also applies to the
assessment of awareness and communication in non-verbally expressive end-stage
palliative sedation patients, who traditionally do not benefit from detailed neurolog-
ical examinations.

In contrast to palliative care settings, in which advanced monitoring equipment is
avoided, in the ICU bispectral (BIS) monitors are usually available. The BIS mon-
itor is a reliable instrument for assessment of the level of sedation. Low BIS index
values are known to correlate negatively with higher sedative concentrations. It has
to be remembered that assessment of anesthetic depth is not the same as assessment
of comfort [30]. Some studies suggest that use of BIS monitoring may be useful, es-
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pecially in patients who have been administered blocking agents [9]. As mentioned
above, behavioral observation is unreliable in these patients because even patients
in severe pain may show no observable signs of distress. In a study in non-verbal
ICU patients who were mechanically ventilated and sedated, the BIS index seemed
to be an indicator for pain during procedures known to be painful. However, further
research is needed before this technique can be used for the detection of pain in
non-communicative patients [9].

Based on these findings, we have to realize that ‘traditional’ clinical tools and
procedures to assess comfort and awareness in dying non-communicative patients
have important methodological limitations. It should be noted that the problems
with assessments are not to be ascribed to lack of competence on the part of the
caregivers but are of a much more fundamental nature: The absence of reliable
tools. The developers of guidelines for palliative sedation are aware of these limita-
tions and rightly point out that there is a lack of evidence (Box 1). Some guidelines
mention that “there are no scales available to assess the patient’s comfort” [31] and
the authors of a recent guideline conclude that “presently no particular scale can
be recommended” [16]. Sometimes guidelines refer to sedation scales but point out
that these scales are “not intended to measure the effect of sedation but to make clear
when the sedation is too deep” [31]. The current guidelines for palliative sedation
are therefore limited to suggesting “a daily visit by the physician” and “continue at-
tention to possible expressions of discomfort (e. g., facial expressions, movements
etc.)” [31, 32]. Not surprisingly, people who have more intensive contact with the
patient, such as nurses and family members, should also play an important role in
signaling discomfort in sedated patients [31].

Problems with the Titration of Drugs

Since the aim of palliative sedation is to give optimal comfort but not to hasten
death, the principle of proportionality is a pivotal aspect of this treatment. Hence,
the guidelines state that sedation should be “no deeper than necessary to avoid suf-
fering” [15, 16, 31, 32]. To meet this principle of proportionality, caregivers should
carefully titrate the doses of the drugs so that they are high enough to provide com-
fort but should not hasten death. Studies have shown that palliative sedation does
not usually affect survival time [5]. However, the fact that palliative sedation is
considered by some to be ‘slow euthanasia’ may lead physicians to be ‘extra care-
ful’ with the use of high doses of sedative medication [4]. Several studies have
reported underuse of medicines because of a lack of knowledge, unwarranted be-
liefs, to avoid the perception of giving ‘excessive’ doses and even because of fear
among caregivers of being accused of ‘killing’ the patient [33, 34]. In a Dutch
study among nurses, sedation was considered insufficiently effective by 42 % of the
respondents [35].
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Recent Advances Changing Our View of Palliative Sedation

In recent years important progress has been made that has forced us to review our
opinions about comfort during palliative sedation. We will report here on some
major breakthroughs in the assessment of pain, the assessment of consciousness
and the mechanisms of sedation.

An important insight with regard to pain perception and brain activity is that sev-
eral areas in the brain (thalamus, S1, and the secondary somatosensory or insular,
frontoparietal, and anterior cingulate cortices) are activated by pain. This neurolog-
ical signature of pain is also known as the pain matrix [36]. In a study with patients
in a minimally conscious state, patients in a persistent vegetative state and healthy
volunteers, Boly and colleagues investigated brain activation induced by noxious
stimulation [37]. A remarkable finding was that in minimally conscious state pa-
tients, no area of the pain matrix was less activated than in the healthy control group.
Since cerebral correlates of pain processing are found in a similar network in con-
trols and patients with minimally conscious state, it is plausible that patients in
a minimally conscious state experience pain. An important benefit of this method is
that it provides objective evidence of potential pain perception and does not require
communication with the patient. This method is also promising because cerebral
activity is not only a good indicator for physical pain but can also be considered
as an objective indicator for other kinds of suffering, such as emotional suffering
caused by feelings of rejection [36]. This may be important because in palliative
care all the dimensions of suffering, i. e., physical, social, emotional and spiritual
suffering, must be evaluated.

A second breakthrough to be mentioned occurred in the field of awareness. De-
spite its widespread use, little is known about how anesthesia produces loss of
consciousness. Over the past five years, significant progress has been made in un-
derstanding what happens in the brain as consciousness departs and returns [38].
Studies based on neuroimaging and electroencephalography have found evidence
to support the integrated information theory. This theory states that consciousness
depends on the brain’s capacity to sustain complex patterns of internal communica-
tion [39, 40]. Hence, if we are able to measure communication between different
brain areas, this may be an indication of the degree of consciousness. A possible
method of establishing communication between brain areas is based on the use of
transcranial magnetic stimulation (TMS) and high density EEG. Based on this idea,
a recent study introduced a theory-driven index of the level of consciousness, called
the perturbational complexity index. This index was tested on a large data set of
TMS-evoked potentials recorded with high density EEG in healthy patients and pa-
tients with consciousness disorders. The index that resulted from this study can
potentially be used for objective determination of the level of consciousness at the
bedside [41].

In a study by Boly et al. with healthy volunteers, high density EEG record-
ings were made during gradual induction of and emerging from unconsciousness
with propofol. The study revealed structured EEG patterns that mark the transition
between consciousness and unconsciousness induced by propofol. These findings
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provide precise, neurophysiologically principled markers that can be used to moni-
tor the state of a patient’s unconsciousness under propofol general anesthesia [42].

Given the important ethical and clinical aspects related to the depth of sedation,
adequate sedation is considered a crucial aspect of palliative sedation and all the
guidelines highlight its importance (Box 1). Since the guidelines all seems to rely
on behavioral observation, they are based on an important premise, i. e., that the un-
responsiveness of the patient is proof of unawareness, and hence of the absence of
distress. However, it appears that this premise should be questioned. In an impor-
tant publication, Sanders et al. concluded that unresponsiveness was not the same
as unconsciousness [13]. Unresponsiveness sometimes provides unreliable infor-
mation about the probability of consciousness. To achieve optimal titration during
palliative sedation, i. e., to ensure that the patient is comfortable and to avoid un-
necessarily high levels of sedation, we need to make a distinction between three
separate concepts: Consciousness, connectedness and responsiveness.

Consciousness can be connected or disconnected. In the latter case, a person can
be conscious without experiencing the external world. An example of this is dream-
ing during natural sleep, but dreaming also seems to occur in more than a quarter of
patients anesthetized with propofol or desflurane [43]. Another finding reported by
Sanders et al. is based on the isolated forearm technique (IFT). In the IFT, anesthe-
sia is followed by the inflation of a cuff on the arm before neuromuscular blockade
is induced. The cuff prevents paralysis of the hand and hence allows a simple kind
of communication through predefined hand movements, for instance, squeezing the
hand if the answer to a question is “yes”. A literature review of IFT studies found
that positive responses were observed in a median of 37 % of patients, which is
evidence of connected consciousness [13]. Strikingly, also, EEG monitors based
on the depth of anesthesia, such as the BIS monitor, could not reliably distinguish
between responders and non-responders to the IFT [44, 45].

The above findings have practical implications for anesthesia and palliative se-
dation, e. g., for monitoring the depth of sedation and the titration of drugs used
for palliative sedation. One implication is that consciousness should not always be
a clinical problem in which the subjective experience of pain and other kinds of dis-
tress is disconnected. If we do not make the distinction between the three concepts –
responsiveness, consciousness and connectedness – we risk either administering
doses of sedatives that may be too low, entailing the risk of an uncomfortable death,
or too high, entailing the risk that this act is perceived as life-shortening or even
euthanasia. An example of a case in which insufficient sedation may occur is in
patients who are unresponsive but may nevertheless retain some kind of conscious-
ness and hence are able to feel pain and distress. An example in which patients do
not necessarily need higher levels of sedation, notwithstanding the fact that they do
have some kind of consciousness, may occur when their consciousness is discon-
nected, which implies that they do not experience their suffering. In theory, this
may happen when (palliative) sedated patients are dreaming. Such an event can be
detected with an EEG showing the typical pattern of rapid eye movement (REM)
sleep, which is similar to the EEG pattern when people are awake. However, we
do not have sufficient understanding of how and when consciousness becomes con-
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nected to the environment, especially in dying, palliative sedated patients who are
very difficult to include in studies on this topic. Moreover, patients on palliative
sedation eventually die and will by definition not be able to remember their experi-
ence.

Another problem is that palliative sedated patients have not been involved in
any of the above studies. This is understandable, because it is ethically delicate to
include such patients in these studies. However, given the possible impact, efforts
should be made to design studies that do not impose too much extra burden on these
patients so that they can be included. Even studies with a limited number of selected
patients would be very useful.

How Can the Assessment of Suffering in Palliative Sedated
Patients be Improved?

Until now, studies of the efficacy of palliative sedation to relieve pain and discom-
fort have been based on observational scales or subjective assessments by care-
givers [35]. Although some efforts have been made to validate the observation
scales, as far as we know all these attempts are based on the same paradigm, i. e.,
that all kinds of distress in all patients can be measured by observation of the patient
and that this is the only available method.

As illustrated in the above studies, new insight and technologies, such as fMRI
and EEG, have proven to be promising technologies for detecting awareness and
pain that cannot be observed or detected by ‘traditional’ methods [25]. Although
these technologies also have their limitations and should not be regarded as a perfect
surrogate for self-reporting, they provide valuable objective and quantifiable indi-
cators of awareness and pain in non-communicative patients. Strikingly, they have
not yet been used to check whether the current assessments of palliative sedated pa-
tients are reliable. It is remarkable that, given the increasing incidence of palliative
sedation, there is so little concern about the risks that patients may experience an
uncomfortable dying phase in which they are unable to signal their suffering. An
assessment tool that would allow clinicians to determine the appropriate doses of
medications more accurately would also encourage more vigorous symptom man-
agement in the dying.

Paradoxically, the inability to report distress might also be aggravated or even
blocked by the use of drugs that may abolish potential further communication and
even facial expressions [12]. Hence, some patients might have subjective phe-
nomenological awareness or suffering with very limited, fluctuating or absent be-
havioral motor signs of distress [13]. The fact that neuroimaging or electrophys-
iology recordings have not been used so far to validate the assessment tools for
distress in non-communicative patients, even when doubts about these tools have
arisen, may be related to the reluctance in palliative and end-of-life care to bother
patients with high-tech equipment as, in most cases, patients have already experi-
enced a long treatment period.
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Conclusions

A problem in monitoring the depth of palliative sedation and the titration of seda-
tives is that caregivers still have to make use of very rudimentary assessment tools,
which do not take into account the above described new insights. Uncommunicative
dying patients are a vulnerable population and, therefore, we should do every-
thing possible to assure them a comfortable death, free of pain and distress. We,
therefore, urgently need a triangulation of methods in which existing observational
scales, subjective assessments of caregivers and family, and neuroimaging and/or
electrophysiological techniques are combined (Fig. 1). The latter are non-invasive
procedures which should not burden the patient and his/her family too much. Be-
cause of its complexity and intensity, this integrated mixed method is intended for
research and not (yet) for everyday clinical assessments. It can be used for the
validation of existing clinical tools for the assessment of distress in palliative se-
dated patients. Each of the three methods has its potentials and limitations but, in
combination, they can be used to achieve the best possible assessments.

Observational 
rating scales

• EXAMPLES: CCPOT, 
RASS, Doloplus2, BPS

• LIMITATION: subjective,
utility in palliative care 
not proven

(intuitive) 
Perceptions of 

carers

• EXAMPLES: physicians, 
nurses, family members

• LIMITATION: subjectve,  
disagreements between 
physicians, nurses and 
family members

Neuroimaging 
and 

physiological 
measures

• EXAMPLES: fMRI, PET, 
EEG/ERP, BIS

• LIMITATION: Objective, 
but limited access and 
validity not proven

Fig. 1 Triangulation of assessment of distress in the non-communicative dying patient (adapted
from [2] with permission). CCPOT: Critical Care Pain Observational Tool; RASS: Richmond
Agitation-Sedation Scale; BPS: Behavioral Pain Scale; fMRI: functional magnetic resonance
imaging; PET: positron emission tomography; ERP: event related potential; EEG: electroen-
cephalography; BIS: bispectral index
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Patient Identification, A Review of the Use
of Biometrics in the ICU

M. Jonas, S. Solangasenathirajan, and D. Hett

Introduction

The ability to identify any patient and match them to the correct care pathway and
healthcare professional should represent an absolute right for any individual; how-
ever, the potential for misidentification is an ever-present risk, especially in the
incapacitated or unconscious patient. The technological ‘know how’ to identify in-
dividuals is electronically advanced in the security sector, but as yet undeveloped
in healthcare, despite the growth and widespread adoption of electronic health care
systems. It is a certain prediction that with the accelerating development of health
informatics in hospitals, biometric identification will have to become embedded
within our clinical information systems. The progression of both patient and staff
‘tagging’ and identification, is inevitable.

In 1999, the Institute of Medicine estimated that between 44,000 and 98,000
deaths per year were attributable to avoidable inaccurate patient identification [1].
A decade later, patient misidentification is still a major problem, which could be
minimized by replacing the ‘human’ contribution of identification with a tech-
nological approach [2]. Biometric technologies have evolved rapidly, largely in
conjunction with security informatics, as a way of combating identity theft and
access control. There has been only limited penetration into the heath technol-
ogy arena and one reason for this is the relative ignorance of biometric systems by
healthcare professionals [3].

Biometric Systems

A biometric identification system is a technology that can identify an individual
based on a particular biological characteristic that is unique to them [4]. There
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are an array of different methods of biometric identification currently in use, all
of which have advantages and disadvantages. These include facial imaging, facial
thermograms, fingerprinting, hand geometry, retinal scanning and, more recently,
vein pattern scanning [5–7].

Finger vein authentication in the medical arena is an emerging healthcare bio-
metric technology, which uses a technique of imaging the digital venous patterns of
a finger using infrared light [7–9]. This form of identification is robust and accurate,
because vein patterns are unique for each finger as well as each person. This makes
misidentification extremely unlikely, operating with the same precision as the iris
scanner and relying on just a finger probe [9]. This observation has already led to
the adoption of ‘Finger Vein Scanners’ as a means of providing top-level security
both in banks and more recently in European security services [10].

The Importance of Correct Identification

Numerous examples of misidentification that jeopardize a patient’s safety are
recorded annually, meaning that one patient ends up being given a treatment in-
tended for another [11].

Many patients on the intensive care unit (ICU) and emergency pathways are
incapacitated/unconscious and unable to confirm their identity in the same way as
elective hospitalized patients would when consenting to, or undergoing a procedure.
Additionally, these patients can be particularly brittle and unstable and may require
therapeutic interventions, which are linked to a chain of other investigations, that
are only applicable to that patient. The correct (and immediate) identification of pa-
tients is, therefore, crucial [12]. The administration of a drug to the wrong patient,
or the wrong blood transfusion, would be life-threatening to any patient, but espe-
cially to critically ill and unstable ICU patients. In 2000, UK data suggested that
approximately 10 % of NHS admissions in the UK had an adverse event with a sig-
nificant proportion being identity related. This represents nearly 850,000 patients
being involved in some form of patient safety incident [13]. With this denominator,
the NHS in the UK has heightened the enhancement of patient safety with a drive
to stop misidentification of patients.

The UK Department of Health now considers the wrong identification of a pa-
tient as a ‘never event’, i. e., an occurrence that just should not happen to a patient;
‘never events’ are centrally reportable occurrences that carry a financial and man-
agerial penalty for the hospital [6]. The pressure is now building to provide a fool
proof system of identification that will link not only treatment to identity but also
‘tag’ healthcare workers to a patient’s care record, providing an audit trail for future
scrutiny and governance.
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Current Identification Systems

The most commonly used identification system is the ‘patient wristband’, which
may include up to five points of the patient’s identification: forename, surname,
date of birth, first line of their address and their hospital or health system num-
ber [11]. Although widely used, there are numerous potential dangers for patient
identification using wristbands. The removal of wristbands after they have been ap-
plied to the patient is the biggest issue, either by the patient themselves or by one of
the medical professionals following a procedure. Additionally they are unsuitable
for psychiatric patients or those with learning difficulties in whom other manual
methods have been considered, with limited success, such as barcoding and radio
frequency [14].

Biometric Identification

Biometric identification is defined as the process of identifying a person based on
a distinguishing characteristic, which can either be physiological or behavioral [7].
Behavioral identification analyses and considers the way people carry out particular
tasks such as walking, typing and writing [15]. For example, current systems study
an individual’s gait, keystroke and signature to identify them [16]. Such systems
are reliable because human behavior in general cannot be easily recreated and so
forgery is deemed to be very difficult. Physiological identification encompasses
biological characteristics that are developed during fetal development and in the first
years of life. Examples of such characteristics include vein pattern, facial imaging,
iris and retinal scanning, fingerprints and hand geometry [15].

How a Biometric Identification SystemWorks

There are two stages in the process of biometric identification: the enrolment phase
and the recognition phase. The enrolment phase is the period when the biometric
characteristic of the individual is initially scanned by the device acquiring a digital
representation. This digital representation is then processed and compacted into the
form of a template that then can be stored [5]. During the recognition phase, the
biometric reader captures the characteristic again and converts them into another
digital representation. This is then compared against all the templates stored on the
database to establish the identity of the individual [5].

The Ideal Biometric Identification System

An ideal system will have particular characteristics to function optimally and ef-
ficiently. These characteristics include universality, uniqueness, permanence and
collectability. The system must be one where all the members of the population
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will have the particular characteristic that the biometric is trying to identify and
so is universal. This characteristic must also be different for every person and is
therefore unique to every individual [16, 17]. The characteristic must also not vary
despite the conditions and timing of the collection of data, so has some permanence
and finally the measurements can be collected quantitatively [16, 18].

Current Biometric Systems

Behavioral Biometrics

Keystroke
It is believed that every individual types in their own characteristic way on a key-
board [16]. This system looks at the typing rhythm for an individual and is able
to verify the user at the log in stage. There are limitations, because a person may
have variations in their own typical typing patterns, which depend on other factors,
mood, pressure etc.

Signature
There are two methods in the approach to using signatures as a form of identifica-
tion: Dynamic and static [5]. The dynamic approach monitors the movement of the
pen during the process of writing the signature rather than matching the image of
the signature, which is the static approach. This dynamic approach is thought to
be characteristic to the individual and has been used in many situations, including
government, legal and commercial documents and transactions [16]. The formation
of a signature involves a learning process and the speed, velocity and pressure of
a signature remain relatively consistent once it has been formed. These techniques
are, however, not always permanent and can possibly change over time due to emo-
tional or physical influences. Fraud is a potential problem as signature forgery is
relatively easy and can fool the system [16, 19].

Gait
Gait is observing the way an individual walks. It is not as specific as other methods
in terms of uniqueness; however, for low security applications it is a simple verifi-
cation method. It can however, over time, become inconsistent due to variations in
body weight, injuries to the joints or brain or possibly due to inebriety. The system
uses video-sequence footage to capture the individual’s gait, particularly assessing
the different movements of the joints [16].

Voice
Voice recognition systems involve physiological and behavioral biometrics to some
degree. An individual’s voice has many influencing factors, such as the shape and
size of the appendages involved, including the vocal tracts, lips, mouth and nasal
cavities as well as the actual synthesis of sound. Voice is invariant from individual
to individual; however, for the person themselves there can be variance in the voice
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due to age, medical conditions and emotional state. Background noise can also
be a contributing unfavorable factor in voice recognition as it can interfere with
detection of the voice [16].

Physiological Biometrics

Facial recognition
Facial recognition is one of the most common and widely used biometric technolo-
gies. The methods of capturing the image are by using video or thermal imaging.
Facial imaging analyses the unique shapes, patterns and positioning of all the facial
features, whereas facial thermograms look at the underlying vascular pattern in the
human face [5, 19]. Facial thermograms are expensive because of the high costs
of infrared cameras. For facial imaging there are also some restrictions, because in
most cases a fixed and plain background is required. Additionally, if two drastically
differing views are captured, the image may not be recognized, as the system will
not be able to match it with the stored template. Both methods are non-intrusive
and require no contact, which makes them appealing to the user [16].

Fingerprinting
Fingerprinting captures a pattern of the ridges and furrows on the surface of the
fingertip. These features are determined during the fetal period of life and remain
unchanged throughout adulthood. Fingerprints are different for every finger of an
individual and they have been found to be different even in identical twins. How-
ever, fingerprints can be altered by mechanical disruption to the surface of the finger,
for example, in manual workers in whom they may be subject to cuts and trauma,
which can affect the fingerprint pattern [5, 16].

Hand geometry
This system captures a three-dimensional image of the hand by taking a variety
of measurements including the shape, length and widths of the fingers. It has been
found that this form of identification is relatively cheap and easy to use. In addition,
environmental factors, such as dry weather or skin conditions, are not known to af-
fect correct verification using the system. However, the geometry of the hand is not
known to be unique for every individual and some limitations, such as restrictions
in dexterity, e. g., arthritis, may also affect the fidelity of this system [5, 19].

Iris and retinal scanning
The iris is formed during fetal development and is generally fully developed in the
first two years of life [4, 19]. Each iris is distinctive and is different in identical
twins, much like fingerprints. It is also very difficult to tamper with the structural
integrity of the iris and the system is able to detect designer or colored contact
lenses, making fraud very difficult.
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Table 1 Evaluation of biometric techniques [14]

Biometric Technique EER FAR FRR Subjects Remarks
Face N/A 1 % 10 % 37,437 Variable conditions,

indoors and outdoors
Voice 6 % 2 % 10 % 30 Text dependent and

multilingual
Keystrokes 1.8 % 7 % 0.1 % 15 6-month period
Fingerprint 2 % 2 % 2 % 25,000 Rotation and skin

distortion
Hand geometry 1 % 2 % 2 % 129 With rings and poor

placement
Iris 0.01 % 0.94 % 0.99 % 1224 Indoor environment

Retinal scanning involves the individual looking into an eyepiece and focusing
on a specific spot of the visual field; the retinal vasculature is then imaged. Retinal
vasculature is unique for every individual and for each eye as well.

There are some major disadvantages to these systems as they require a steady
gaze into the eye piece, as well as conscious effort on the part of the user to keep
their eye open, which can be difficult to achieve. This is one of the reasons that
these scanners are disappearing from airports, as user error is so prevalent [5, 16].

Table 1 lists the various biometric technologies available in practice [14], show-
ing a relatively low false acceptance rate (FAR) and false rejection rate (FRR) for
iris scanning compared to other technologies, such as face recognition and voice.
This observation indicates the higher fidelity of such a technology making it more
applicable for identification purposes. Iris scanning has been compared to finger
vein pattern imaging, which does not appear on the table, and both have similar
FRR and FARs.

Current Applications of Biometric Identification

Biometric identification is already implemented in a wide range of applications,
including forensics, within the government as well as commercial establishments.
Commercially, biometrics are used for access control, in e-commerce, security of
electronic data, internet banking, ATM and credit cards. These knowledge-based
systems effectively use some form of personal identification number (PIN) or pass-
word in conjunction with biometrics. Government applications include national
identity (ID) cards, driver’s licenses, social security and passport control, in which
token-based systems are involved, with the use of ID badges and badges along-
side the biometric technology. Forensic applications include criminal identification,
corpse identification, parental determination and prison security. It is these systems
that have adopted biometric systems solely.
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Finger Vein Scanner

The ideal biometric identification system has previously been defined as a technique
in which the characteristic being measured is universal, distinctive and permanent
as well as quantifiably collectable.

Vein patterns are different for each finger as well as for every individual and
once they are developed during childhood, remain permanent throughout adulthood
thus making them ideal [9, 20]. Vein pattern identification uses near infrared light
with the wavelength between 700 nm and 1000 nm. These wavelengths are used
because they can pass through human tissue but are absorbed by hemoglobin in
blood vessels causing veins alone to appear as dark line shadows, which can be
captured as an image [9, 21]. Arteries do not appear on the captured image as they
are deeper in the finger and finger tissue scatters the light before it reaches these
blood vessels.

There are two methods of capturing the vein image: Light reflection and light
transmission. In light reflection, the light sensor and image sensor are on the same
side of the finger; when light is transmitted it is reflected off the surface of the finger
and is captured by the image sensor. In light transmission, the finger is placed in
between the image sensor and the light source and the near infrared light is passed
through the finger. The latter technique is most often used due to its high accu-
racy [9]. Once the image is captured using the camera, the vein pattern is extracted
from the image stored as a template, which is later used to enable authentication of
the vein patterns [21]. This process can be seen in Fig. 1.

Near-Infrared Light
(LED)

Finger
Veins

Transmitted
through
finger

CCD Camera

Captured
vein image

Vein image

Extraction of
finger vein

pattern

Vein pattern

Matching of finger vein patterns

Authentication Outcome

Fig. 1 Authentication process for finger vein scanning
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Research and Use of the Vein Scanner

There is limited previous research on medical use of the vein reader; however, in
recent years there has been an increasing number of studies as the technology has
developed in other arenas [22]. There is concordance among the various studies
that the vein reader is highly effective and accurate. Various parameters have been
considered in the evaluation of the vein reader, including false acceptance and re-
jection rates [14]. Once these values have been calculated, it is possible to describe
receiver operating characteristics that are used to evaluate the effect of false accep-
tance or match rates (FMR) and false rejection or non-match rates (FNR) have on
each other [23].

The use of vascular biometrics has been evaluated in a number of studies. A near-
infrared finger vein scanner was used in 678 volunteers who were scanned and
then re-scanned. The results showed that all 678 volunteers were correctly re-
identified [24], which carries a concordance with results obtained on the critical
care unit at University Hospital Southampton in 150 patients (2012). Yanagawa
et al. [20] studied the diversity of the human finger and its potential in personal
identification. They scanned right and left index and middle fingers from over
500 volunteers using the vein reader. The fingers were then rescanned to evaluate
the false rejection and acceptance rates of the system and the results compared to
iris pattern imaging. The authors concluded that the false rejection and acceptance
rates reflected a high reliability of the finger vein system. In addition, compared
to iris pattern imaging, the standard deviations calculated in both studies were vir-
tually equal and so the vein pattern reader could confidently be used as a personal
identification system as well.

Pilot studies are on-going in the UK and US in healthcare and a healthcare sys-
tem in Carolina, USA, which includes 19 hospitals and 150 clinics, has adopted
biometrics using the finger vein reader for identifying patients [10] having enrolled
some 180,000 patients in three different counties into the program. The system was
found useful in situations where the patient was unable to communicate with the
staff in helping to identify the patient and access their health records quickly. In the
emergency department, where rapid treatment is essential, the timely identification
of a patient was also found to be valuable.

Advantages of the Vein Reader

Most research has shown the vein reader to be reliable and easy to use [8]. Vein
patterns are different for each finger and for each person. This was found to be
the case even among identical twins and remains constant through the adult years.
As the finger veins are hidden underneath the skin’s surface, forgery is extremely
difficult. In addition, surface conditions, for example, affecting the skin on the hand,
have no effect on the vein pattern. The system is able to produce stable and clearly
defined images, which would aid rapid and efficient recognition [9]. The finger
vein scanner is considered to be hygienic as it is contactless and requires little user
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training to implement [25]. It also carries fewer stigmas than fingerprinting for
example. Additionally venous patterns in the finger are not easily copied, damaged
or altered, meaning correct re-identification achievable in virtually every case.

Disadvantages of the Vein Reader

The main disadvantage is the cost involved in the system, not only with the use
of the infrared readers but also the implementation of the system. However, these
factors are becoming less marked as the costs of this technology fall. Another disad-
vantage is that the quality of the vein image is reduced in bright lighting conditions
and with patient movement, so shielding and immobility are important. Our re-
search suggests that the venous pattern is constant even with hypotension and in the
presence of vasotropes.

Conclusions

Biometric identification is an emerging health technology that is being found to be
highly useful, secure and effective. Its use could be highly valuable in healthcare
where misidentification of patients is a continuous problem Technologies, such as
the finger vein reader, have been found to be safe and accurate. The ease of use
and simple implementation of such a system potentially make it an ideal tool for
the healthcare setting. The limited research and the continuing emergence of new
developments highlight the importance of further research into the effectiveness and
accuracy of these systems.
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Structured Approach to Early Recognition
and Treatment of Acute Critical Illness

O. Kilickaya, B. Bonneton, and O. Gajic

Introduction: Global Burden of Critical Illness

Well-known global health priorities (malaria, pneumonia, sepsis, diarrhea, hu-
man immunodeficiency virus [HIV], tuberculosis, trauma), although very different
threats to an individual’s health, share a common consequence: Development of
acute, life-threatening illness. In the developed world, such illness is routinely
treated in an intensive care unit (ICU) by highly specialized physicians, nurses
and support staff. This model of intensive care is spreading rapidly to low and
middle income countries and as it spreads, challenges and limitations to this model
arise [1].

With an estimated $1000–20,000 per quality-adjusted life year (QALY) gained,
critical care support for potentially reversible acute medical or surgical illness
should be one of the most cost-effective health care interventions [2, 3]. Un-
fortunately, incomplete knowledge of the best practices by front-line clinicians
and delayed, error-prone care delivery processes are ubiquitous threats to patient
safety and commonly offset the potential benefits of critical care support. This
is particularly important early in the course of critical illness, when errors and
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delays in appropriate care often lead to costly complications and poor outcomes,
even in advanced hospital settings. In resource-poor settings, inadequate human
resources and training present additional barriers to safe and effective use of life-
saving procedures. Simple interventions, such as early recognition and treatment
of cardio-respiratory failure, low tidal volume mechanical ventilation, early appro-
priate antimicrobial treatment, physical therapy, deep vein thrombosis and stress
ulcer prophylaxis, require little specialized equipment but are crucial to successful
outcome of critically ill patients [4]. Accordingly, these interventions have to be
systematically implemented without omission or delay. This seemingly simple
and straightforward task has proven to be an enormous challenge and nothing but
a distant dream in hospitals worldwide.

Why are Errors and Complications so Prevalent
in Acute Care Settings?

Although medical technologies and knowledge are continuously improving, there
is overwhelming evidence of persistent error [5] and poor real-world compliance
with evidence-based practices in acute care hospitals [6–8]. Critically ill patients
are particularly prone to medical errors because of inherent complexity involving
multiple organ systems and the immediacy of the decision-making required. Errors
of omission are as common as those of commission with cumulative failures in
a multi-step process encumbering exponentially on a patient’s outcome, inevitably
leading to development of costly complications (Table 1).

Within the interdisciplinary nature of intensive care, clinicians permanently face
multitasking and interruptions. Data overload, meaningless complexity, interrup-
tions, administrative burden, ineffective regulatory requirements, and fragmented
provider-based (rather than patient-based) care are some of the most important bar-
riers to error prevention in hospital environments. Care delivery is further impaired
by poor communication, inadequate structure, staffing issues and wrong incentives.
These errors persist not because physicians and nurses are ignorant, but because the
current systems of care make it very difficult to implement the right decisions [9].

Table 1 The chance for omission or error increases exponentially with the number of steps in
a complex multi-step process emphasizing the need for very high reliability in each step. Adapted
from [49] with permission

Probability of Success for Each Step in the Process
Number of Steps 0.95 0.990 0.999 0.999999
1 0.95 0.990 0.999 0.9999
25 0.28 0.78 0.98 0.998
50 0.08 0.61 0.95 0.995
100 0.006 0.37 0.90 0.990
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The “Checklist Manifesto”: Role of Checklists in Enhancing
Patient Safety and Prevention of Medical Error [10]

Studies of human error have identified the key role of cognitive ergonomics and
human factors engineering in designing improved care delivery processes and de-
vices [8, 9]. Embracing a safety culture, limiting the number of steps (‘less is
more’), enhancing and prompting clear prioritized information, patient- and family-
centered care delivery (integration of values, beliefs and advanced directives), im-
proved communication and coordination (hand-offs, physician extenders) are all
needed for safe and efficient critical care delivery. Considering the exponential
spreading of medical knowledge, it appears obvious that clinician memory can-
not store and retrieve all of it, particularly during acute care support [9]. Medical
textbooks and current guidelines provided by major scientific societies display ex-
haustive information for best practice, but may be complex to use as an efficient
decision support at the point-of-care [11].

Multiple tools have recently been developed, tested and validated to enhance
both efficiency and fidelity of acute care delivery. These include: Multidisciplinary
rounds, daily goals of care sheets, smart alarms, dashboards and decision supports.
Analogous to the complex industry environment (e. g., aviation, nuclear power
plants), simplified checklists and care ‘bundles’ have been recently introduced on
a large scale in various medical settings (Table 2) [12, 13].

Worldwide implementation of a relatively simple World Health Organization
(WHO) surgical safety checklist led to improved outcomes across three conti-
nents [14]. Protocolized procedure bundles have similarly lead to the dramatic
reduction in vascular device complications across multiple institutions [12]. The
introduction of “goals of care sheet” [15] and checklist prompting during daily
rounds [16] have both led to substantial improvements in efficiency and reliability
of daily plan of care, and were associated with decreased complications.

In order to be helpful at the point-of-care, checklists and algorithms need to fo-
cus on brief prioritized information [17, 18]. Checklist effectiveness also relies on
an appropriate display [19] and depends on the integration of the tool into bedside
practice. This is often achieved using verbal prompting by the team leader or an-
other designated clinician [20, 21]. Standardized processes spur teams to interact
and communicate to find the best strategy in ensuring compliance with each care
component [22].

‘Golden Hours’: The Importance of Error-free Care Early
in the Course of Acute Critical Illness

The burden of medical error, omission and waste are especially exacerbated dur-
ing the early course of critical illness when timely and efficient intervention are of
paramount importance for patient outcome. The consequences of inadequate care
delivery at the onset of acute critical illness are elegantly summarized in the words
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Fig. 1 Golden hours: Importance of minor delays in applying rapid interventions to acutely ill
patients in shock. From [28] with permission

of one of the fathers of critical care support, the late Peter Safar: “The most sophis-
ticated intensive care becomes unnecessarily expensive terminal care . . . ” [23].

This intuitive concept, renowned as the ‘Golden Hour’, has informed trauma care
since the second half of the 20th century [24, 25], but has yet to be widely adopted in
most other critical care conditions. The non-linear trajectory and time-sensitive na-
ture of acute critical illness is characteristic of the complex systems [26]. During the
vulnerable period immediately prior to ‘phase transition’, seemingly minor errors,
omissions or delays can profoundly alter the patient trajectory. Simple interven-
tions (fluid bolus, oxygen, transfusion, thrombolytic reperfusion), while beneficial
during early hours of critical illness may lose effectiveness or even become harmful
later in the course of critical illness (after the ‘phase transition’) [27]. The im-
portance of timely recognition and appropriate treatment of acute critical illness is
nicely illustrated in Fig. 1, showing the importance of minute delays in the rapid
application of basic critical care support to patients in shock [28]. More recently,
a multicenter quality improvement intervention targeting patients with severe sep-
sis in the emergency department showed that rapid implementation of early bundle
elements (i. e., appropriate empiric antimicrobials, fluid bolus, lactate) was asso-
ciated with aborted progression of organ failures making the patients “ineligible”
for subsequent bundle elements (inotropes, steroids, transfusions, low tidal volume
ventilation for ARDS) [29].
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Regardless of how advanced hospital settings are, expected advantages of critical
care support will be impaired if front-line clinicians fail to apply best practices
in a timely manner. Therefore, avoiding diagnostic errors and therapeutic delays
during these first minutes and hours of the care process (‘golden hours’) is necessary
to prevent costly complications, preventable death and disability [16, 30].

Despite the notion of the importance of ‘golden hours, Table 2 shows that the
most acute care checklists are concerned with day-to-day care and procedure man-
agement. The critical, early period that often occurs outside of the ICU (in the
emergency department, hospital ward or recovery room) is largely ignored and
checklist use anecdotal. This gap is particularly deep in non-surgical settings where
checklists and algorithms generally do not address early recognition and treatment
of acute illness, apart from cardiopulmonary resuscitation (CPR) [31], which is of-
ten too late!

Structured Approach to Early Recognition and Treatment
of Acute Critical Illness

The traditional linear approach, from history and examination to diagnosis and
treatment, too often leads to delays in appropriate care and an alternative, iterative
approach of addressing life-threatening physiologic disturbances and reviewing the
response concurrently with the identification and treatment of underlying condition
has been recommended (Fig. 2) [32, 33].

Accurate diagnosis is often elusive during the early stages of critical illness in
which vastly different underlying conditions may trigger similar and/or interre-
lated physiologic disturbances leading to a limited number of acute presentations

Phase 1
History

Examination

Investigations

Diagnosis

Treatment

Short history
Examination

Tests

Preliminary
diagnosis &
treatment

Review
reponse

Fix
physiology

Phase 2

Ph
as

e 
3

Fig. 2 Contrasting linear vs. iterative approach to initial management of acutely ill patients,
adapted from the ESICM PACT module on Clinical Examination [32]
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(Box 1) [34]. The timely and appropriate management of these key presentations
followed by syndromic diagnoses (shock, respiratory failure, increased intracranial
pressure, acute coronary syndrome, etc.), often without full understanding of the
underlying condition, constitutes the basics of the acute care of critically ill pa-
tients. Keeping in mind the challenges clinicians are facing during early stages
of acute critical illness, and the fact that experienced specialist help is often de-
layed, it is not difficult to imagine the advantages of a systematic and disciplined
method that can consistently combine and articulate key diagnostic and therapeutic
interventions [35]. Of note, even experienced clinicians are prone to making ba-
sic errors during emergency situations exposing patients to harm and clinicians to
litigation [36].

Box 1:
Common Presentations of Life-threatening Conditions
� Shortness of breath
� Hypotension
� Chest pain
� Arrhythmia
� Altered mental state
� Abdominal pain
� Sepsis
� Gastrointestinal bleeding
� Trauma
� Intoxication/overdose
� Postoperative

One of the first examples to the systematic and standardized approach to life-
threatening illness is the development of the mnemonic ‘ABC’ by the late Dr. Safar
and colleagues in the early 1960 s in order to standardize the immediate care of
patients with cardiac arrest [37]. In the 1970 s, Dr. Styner extended the context of
the initial ABC approach for the evaluation of critically injured trauma patients and
formed the basis of the Advanced Trauma Life Support courses [38]. The ABCDE
approach has been implemented into trauma settings successfully for many years.
Box 2 provides an example of the ABCDE checklist suitable for various acute care
environments.
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Box 2:
Example of an ABCDE checklist

A Airway compromise
Stridor
Wheezing

B Poor air entry
Crackles
Work of breathing

C 1EKG monitor
Weak pulse
Mottling

D 2AVPU
Seizure
Focal deficit

E Abdominal distension
Bleeding
3Skin

1 Sinus, bradycardia, supraventricular tachycardia, ventricular ta-
chycardia, ventricular fibrillation, ST changes
2 Alert, verbal responsive, pain responsive, unresponsive
3 Edema, rash, jaundice, wound

The advantage of the structured approach to life-threatening emergencies has been
elegantly demonstrated in a recent study [18]. In this study, the use of checklists
by operating room teams markedly decreased critical omissions (23 % vs. 6 %,
p < 0.001) in a high fidelity simulation of 106 surgical crises scenarios. Unfortu-
nately, apart from CPR, which is too late, a similar checklist approach is largely
missing during golden hours outside operating room and trauma settings [36].

Figure 3 outlines the key elements of a structured approach to acute life-
threatening illness or injury: Primary survey to address immediate life-threats
(need for CPR, ABCDE bundle) followed by secondary survey to assess each organ
system, identify relevant syndromes and, in parallel, initiate emergent therapies.

Emerging Technologies: Information Displays, Cloud Computing
andMobile Devices

The advances in information technology, medical informatics and human factors
engineering, have provided a tremendous opportunity for the development of novel
and user-friendly checklists and decision support tools that can be widely applied
in a complex and busy acute care settings [9]. To be successful, these applications
need to reduce information overload and the potential for error, facilitate adherence
to practice guidelines and enable clear communication and collaborative decision
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Fig. 3 Outline of the structured approach to early recognition and treatment of acute illness. ABG:
arterial blood gases; CBC: complete blood count; COPD: chronic obstructive pulmonary disease;
CPR: cardiopulmonary resuscitation; CT: computed tomography; DNR: do-not-resuscitate; ECG:
electrocardiography; HR: heart rate; ICU: intensive care unit; RR: respiratory rate; SpO2: periph-
eral oxygen saturation; Temp: body temperature; UOP: urine output; US: ultrasound
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making between all members of health care team, patients and families. To facilitate
high quality, high value health care behaviors, information display and functionality
need to be designed using cognitive ergonomic principles and integrated into the
clinician workflow in a manner that facilitates, rather than disrupts, care delivery.

Two years of provider surveys and field observation in medical and surgical ICUs
of the Mayo Clinic have provided a robust framework for the prioritization of high
value data for the management of critically ill patients [39]. The investigators iden-
tified no more than 50 data points that are commonly used by ICU experts. These
50 data points are prioritized on the novel user interface depending on the task at
hand [40]. Knowledge translation is facilitated by smart alerts and real time access
to evidence-based checklists. Collaborative workspace provides a shared view of
the plan of care with patient specific tasks, status checks and reminders enabling
the clear communication of the goals of care and their status to all members of the
multidisciplinary team including the patient and family. Availability of key patient,
process and outcome data in an electronic format provides easy access to scheduled
and on demand reports of quality metrics and outcomes.

Using real-time data feeds and standardized patient care tasks in a simulated
acute care environment, this novel interface was shown to have a significant advan-
tage over the conventional electronic medical record in reducing provider cognitive
load and errors [41]. Direct comparisons between electronic and paper checklists
have not been done. Despite the potential pitfalls (need for additional training,
reliable hardware, software and network) electronic checklists and decision sup-
ports offer some compelling advantages including, but not limited to, global access
using mobile computing devices, standardized updates based on new knowledge
and wide user feedback, versatile display capabilities (hyperlinks, videos and an-
imations) which facilitate the processing of vast patient information and medical
knowledge. In addition electronic tools obviate the need for paper products and its
transport, thereby reducing associated cost and pollution.

Rapidly increasing access to mobile phones and cellular networks even in remote
and resource-poor settings have recently enabled previously unimaginable, success-
ful quality improvement interventions in rural Africa [42]. Cloud computing tech-
nology is also evolving swiftly, providing easy shared access to information with an
almost unlimited/scalable storage capability increasing the ability for widespread
knowledge translation. Using the approach outlined above and inspired by a sur-
gical crisis checklist [17, 18], a multidisciplinary, international team of acute care
clinicians is testing the effectiveness of electronic decision support (CERTAIN –
Checklist for Early Recognition and Treatment of Acute Illness) in critical care
environments across Eastern Europe, Asia, Africa and Central America [43, 44].

Implementing Checklists at the Bedside of Acutely Ill Patients

Regardless of the format (paper vs. electronic), checklist implementation often
encounters cultural barriers, particularly among physicians. Perceptions on limi-
tation of autonomous judgment, checklist dependency and questioning someone’s
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seniority, knowledge and skill pose significant challenges to the implementation
process [45]. Clinicians are often worried about over-standardized care processes
ignoring the critical illness complexity (‘cookbook medicine’). But despite these
challenges, the checklist approach provides a framework to ensure the best care and
a guardrail to avoid errors and omissions during diagnostic and therapeutic courses.
Rather than replacing the bedside clinician, these tools are designed to help struc-
ture his/her reasoning (focus, precision, reminder, lucidity) and action in spite of
facing fatigue and stressful conditions [46].

Assessing the information needs at the point of care is a key prerequisite for
designing improved care delivery processes and devices that can fit in clinician
workflow. PDSA (Plan-Do-Study-Act) cycles of field observation, surveys, inter-
views, workflow observations are necessary in order to meet the needs of frontline
clinicians. Beta testing and validation of such tools in a simulated environment is
essential before implementing them into clinical practice. Similar to any quality im-
provement projects, the checklist should be reviewed, refined and updated regularly.
Senior leadership support is essential to overcome political barriers to the patient-
centered (as opposed to the provider-centered) checklist processes. “The model for
improvement” [47] is a powerful framework used by many health care organizations
to accelerate the improvement of health care processes and outcomes [13, 48].

Conclusions

To fully realize the anticipated patient benefit while treating acute critical illness,
clinicians ought to embrace systematic reasoning and a reliable approach to pro-
mote early recognition and ensure timely and appropriate treatment. In the current
system, much of the effort in critical care is reactionary rather than proactive in im-
plementing best practices aimed at preventing complications. A structured, reliable
and error-free approach to the management of acutely ill or injured patients during
the early, most vulnerable period is facilitated by point-of-care checklists and algo-
rithms containing brief prioritized information. This approach is rapidly spreading
in trauma and operating room settings and other acute care environments should
follow soon.
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ImprovingMultidisciplinary Care in the ICU

D. M. Kelly and J. M. Kahn

Introduction

Recent efforts to improve outcomes in critical illness have focused on the organi-
zation and management of the intensive care unit (ICU) [1]. There is substantial
evidence that key elements of ICU organization, including intensivist physician
staffing [2], nurse staffing [3], a high volume of critically ill patients [4] and the
presence of multidisciplinary care providers, such as clinical pharmacists [5], are
associated with improved quality of care in the ICU. Consequently, many recent
quality improvement initiatives focus on improving ICU organization by expanding
the number of different provider types in the ICU, rather than on the specific care
process known to be associated with outcome [6].

Complementing these efforts is the increasing recognition that a well organized
ICU is defined not only by the presence of certain provider types, but also by how
well those providers work together, so-called “multidisciplinary care” [7]. Mod-
ern critical care is extraordinarily complex, and the clinical practices known to
save lives are inherently multidisciplinary, with effective implementation requir-
ing a tightly knit team of providers with varying domains of expertise. Thus, it is
likely that the next frontier of organization-based quality improvement will involve
efforts to better understand, and improve, multidisciplinary care. In this chapter,
we will define multidisciplinary care in the context of the modern ICU, review the
current evidence and perceived benefits of multidisciplinary care provision, and
discuss future challenges to the use of multidisciplinary collaboration as a lever for
ICU quality improvement.
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What is ‘Multidisciplinary Care’?

A multidisciplinary care model acknowledges the complexities of critical care de-
livery by incorporating and integrating nurses, physicians, respiratory therapists,
pharmacists and other care providers as integral members of the critical care team.
Team members work alongside one another and each provider is able to bring their
individual expertise and knowledge to the group [8]. In this context, the multi-
disciplinary care team can be termed the functional unit of the ICU [9]. A well
functioning unit is one in which there is both effective communication, i. e., the
ability to successfully convey ideas and feelings across team members, and effec-
tive collaboration, i. e., the ability for multiple providers to work in partnership to
achieve a common goal [10].

A particular distinction is worth noting: Multidisciplinary and interdisciplinary
are not synonymous terms. Multidisciplinary is defined as “combining or involv-
ing several academic disciplines or professional specializations in an approach to
a topic or problem” whereas interdisciplinary is defined as “of or relating to more
than one branch of knowledge” [11]. Importantly, interdisciplinary care need not be
multidisciplinary – it is possible for multiple provider types to work together in the
ICU, but without the effective communication and collaboration that is the hallmark
of multidisciplinary care. In these instances, communication is superficial – infor-
mation is exchanged, but not ideas and feeling; and collaboration is hierarchical –
additional providers are not bringing additional expertise. For the purposes of this
chapter, we focus specifically on multidisciplinary ICU care, as we aim to discuss
how ICUs may improve the ability of disciplines to work together to effectively care
for the critically ill.

Potential Benefits of Multidisciplinary Care

There are many potential benefits to improving multidisciplinary care in the ICU.
First, all ICUs are not created equal, and although there are many similarities among
ICUs, resources vary substantially across hospitals, healthcare systems and coun-
tries [12]. Optimizing the ability of the multidisciplinary team to collaborate and
function effectively may be most helpful in ICUs that do not have an intensivist
on staff, fewer critical care nurses or limited access to respiratory therapy and
pharmacy. In this way, multidisciplinary care can potentially overcome staffing
deficiencies, making the whole greater than the sum of its parts.

Second, multidisciplinary care harnesses the knowledge, skills and expertise of
all providers and disciplines. This is particularly important for extremely sick pa-
tients requiring complex care practices proven to save lives. For example, patients in
shock in the midst of active resuscitation are likely to receive optimal goal-directed
therapy when team members can effectively communicate and collaborate [13].
Patients with severe acute respiratory distress syndrome (ARDS) requiring lung
protective ventilation or prone positioning may also benefit from effective multi-
disciplinary care [14]. These therapies are complex and multi-factorial, involving
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optimal respiratory care, sedation, pain management and nursing. If all these ele-
ments are not working together, the therapies will not be effectively implemented,
and outcomes are likely to suffer.

Multidisciplinary care may also allow change in the quality of communica-
tion itself, making it more patient-centered. In a qualitative study, researchers
compared verbal communication in two ICUs, one in which rounding was single
disciplinary (i. e., physicians only) and one using an inter-disciplinary daily round-
ing approach [15]. These authors followed five patients over a 5-day time period
using audio recordings of rounds and provider-to-provider patient handoffs. They
found that nurses tended to focus more on data and interventions whereas physicians
discussed diagnoses and expectations of clinical care and outcomes, demonstrating
the complementary role of multiple disciplines. In regards to ICU nurse-to-nurse
handoffs, integration of interventions and clinical goals occurred more in the in-
terdisciplinary ICU than in the single disciplinary ICU, suggesting that interdisci-
plinary ICUs may allow for a more integrated approach to clinical care.

Finally, multidisciplinary care may facilitate innovation. New ideas and novel
treatments are often borne out of conflict, which can only arise when peer collabo-
rators disagree, not in a hierarchical system where the team leader’s opinions are the
last word [16]. Moreover, effective problem solving occurs when providers bring
varying perspectives to the table with the freedom to express dissent [17]. As the
old adage goes, “two heads are better than one”. Thus, it is likely that the novel
treatments of tomorrow will emerge from truly multidisciplinary ICUs rather than
traditional hierarchical ICUs.

Review of the Evidence

Early qualitative studies demonstrated that effective, superior ICUs were those that
had an emphasis on collaborative approaches to care and good working relation-
ships between nursing and medicine [18]. Since this early work, several studies
support the observation that multidisciplinary care is associated with improved out-
comes in the ICU, including greater hospital survival, shorter ICU length of stay,
and lower costs (Table 1). In this section we will review some of the more important
studies and discuss their practical implications for ICU providers.

Most broadly, in a multicenter study in 112 Pennsylvania hospitals, our group
found a significantly lower 30-day mortality when medical ICU patients were cared
for by a multidisciplinary team that rounded daily (adjusted odds ratio [OR] 0.84,
95 % confidence interval [CI, 0.76, 0.93]) [19]. We also found that patients experi-
enced the lowest odds of death when cared for in an ICU with mandatory or optional
intensivist consult and multidisciplinary rounds (adjusted OR 0.78 [0.68, 0.89])
compared to hospitals with low intensivist staffing but without multidisciplinary
rounds. These findings suggest that the mortality benefit conferred by having an
intensivist present, is explained in part by the presence of multidisciplinary rounds.
This is one of the first multicenter studies to indicate that use of a multidisciplinary
team during rounds confers a survival benefit.
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Table 1 Selected studies of multidisciplinary care models in the intensive care unit

Reference Study design Findings
Smrynios [20] Pre/post, single center,

MICU, SICU and CCU
Significant reductions in MV duration, LOS and
number of tracheostomies with use of a ventilator
management team

Young [21] Pre/post, MICU/SICU,
single center

No difference in mortality but significant reductions
in LOS and costs with use of a multidisciplinary care
team for ventilator dependent patients

Burns [22] Pre/post, single center,
CCU, MICU, neuro
ICU, SICU, CTICU

Significant reductions in MV duration, LOS, costs
and mortality after implementation of an ‘Outcomes
Management’ multidisciplinary team

Kaye [26] Pre/post, four ICUs,
single center

Significant reductions in ventilator associated
pneumonia with use of a ‘Critical Care Bug Team’ to
manage ventilator dependent patients

Kollef [23] RCT, MICU and SICU Protocol-directed ventilator weaning was associated
with greater success in weaning than physician-
directed weaning protocols

Stone [25] Pre/post, single center
SICU

Found that VAP bundle adherence was improved after
implementation of a multidisciplinary ventilator
management team

MICU: medical intensive care unit; SICU: surgical intensive care unit; CCU: coronary care unit;
RCT: randomized controlled trial; MV: mechanical ventilation; LOS: length of stay; VAP: venti-
lator associated pneumonia

On a more granular level, multiple studies have examined how multidisciplinary
collaboration has improved care or multidisciplinary driven protocols have facil-
itated weaning from mechanical ventilation. For example, a university hospital
implemented a multidisciplinary ‘Ventilator Management Team’, the primary goal
of which was to implement and monitor adherence to a standardized weaning pro-
tocol [20]. A dedicated multidisciplinary care team, including two nurses and
a pulmonary and critical care specialist, were responsible for monitoring all pa-
tients and following up on ventilator management. Two years after implementation,
the institution identified significant reductions in the duration of mechanical ventila-
tion compared to the baseline year (23.9 days vs. 17.5 days, p = 0.004), significant
decreases in hospital and ICU length of stays, as well as a large reduction in the
number of patients requiring tracheostomies (61 % to 41 %, p < 0.0005).

Similarly, a medical-surgical ICU in a single institution implemented a new
multidisciplinary care team that was responsible for coordinating care of ventilator-
dependent patients [21]. They evaluated the impact of this care team, which was
responsible for using daily multidisciplinary rounds, monthly team meetings as well
as ensuring adherence to protocols and guidelines. Although they found no differ-
ence in mortality, they demonstrated significant reductions in length of stay (ICU
19.8 days to 14.7 days, p = 0.001; hospital 34.6 days to 25.9 days, p = 0.001) and
lower costs in patients managed by the multidisciplinary care team.

Comparable results were noted when a multidisciplinary ‘Outcomes Manage-
ment’ team was created to implement an evidence-based clinical pathway and pro-
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tocol for ventilator weaning and management in five ICUs in one academic medical
center [22]. Data were collected for 20 months. Researchers found that after
implementation of the Outcomes Management approach, there were significant re-
ductions in duration of mechanical ventilation, ICU length of stay, hospital length of
stay, costs and mortality. The authors concluded that use of a multidisciplinary out-
comes management team to design and implement a managed approach to care of
the mechanically ventilated improved clinical and financial outcomes in five adult
ICUs in an academic medical center.

In addition to these observational studies, some clinical trial evidence suggests
that multidisciplinary collaboration is more effective than single disciplinary care
in the ICU, particularly for mechanically ventilated patients. In one study, patients
were randomly assigned to receive protocol-driven (by a nurse and respiratory ther-
apist) or physician-directed weaning from mechanical ventilation in medical and
surgical ICUs in two academic hospitals [23]. Using proportion hazards regression
modeling for over 300 patients, the authors found a significantly greater rate of suc-
cessful weaning in the protocol-driven patients compared to the physician-directed
weaning group (hazard ratio 1.31; 95 % CI 1.15 to 1.50) even though mortality was
similar in both groups. Other studies have found similar results [24].

Work focusing on using a multidisciplinary team approach to reduce nosoco-
mial infection rates further supports the benefits of multidisciplinary care provision
in the ICU. One surgical ICU identified persisting ventilator-associated pneumonia
(VAP) rates after implementing a VAP bundle and hypothesized that variation in
bundle implementation was to blame [25]. To improve implementation of the VAP
bundle, a team of intensivists, nurses, and respiratory therapists reviewed daily pa-
tient goals related to ventilator management and the VAP bundle on patient rounds
during a 10-month time period for 174 intubated trauma patients. Compared to the
10 months prior to implementation, the team noted significant reductions in VAP
rates.

A study describing the impact of a ‘Critical Care Bug team’ followed a simi-
lar design to the previous study; however, these investigators used an even more
diverse group of providers: clinical nurse specialists, respiratory therapists, phar-
macists, an infection control professional as well as a research specialist [26]. The
authors showed significant reductions in VAP in four ICUs in one tertiary care hos-
pital. Although these studies were single site, pre-post study designs, the results are
suggestive of the potential for how a multidisciplinary team approach to care of the
mechanically ventilated can improve care quality and reduce cost.

Workforce Issues

Despite the evidence in support of multidisciplinary care, health care provider short-
ages may limit the ability to scale a multidisciplinary model to all ICUs. In many
countries, intensivist physicians, nurses and clinical pharmacists are in short sup-
ply [27], and it is neither feasible nor practical to put these providers in every ICU.
Thus, it is necessary to recognize that effective multidisciplinary care is likely not
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achievable in the short term for every critically ill patient. That said, multidisci-
plinary care can, in part, be viewed as a solution to this problem. Studies show that
at least a portion of the benefits of intensivist physician staffing are attributable to
the presence of a multidisciplinary rounding team [19]. Alternate care models, such
as use of nurse practitioner and physician assistants (NP/PAs) in ICUs, may also aid
in improving multidisciplinary care in the absence of trained intensivists or highly
skilled ICU nurses [28]. Use of NP/PAs in the US is increasingly commonplace
since Accreditation Council for Graduate Medical Education regulations limit the
amount of hours that residents and fellows can work.

Challenges and Future Directions

Many challenges remain regarding multidisciplinary care and collaboration in the
intensive care unit (Table 2). First, the exact mechanism as to how a multidis-
ciplinary approach improves ICU quality has not been fully elucidated. We can
speculate that the benefits of multidisciplinary care involve more effective commu-
nication and collaboration, but the evidence in this area remains largely anecdotal.
Thus, we have few strategies to achieve the benefits of multidisciplinary care in in-
stances when multidisciplinary care teams are not feasible due to staffing shortages.
Additionally, we have few data about how to improve the quality of multidisci-
plinary care. Some teams work well together, and some do not, and we do not
necessarily know how to convert an ineffective team into an effective one [29].

For example, a Greek study showed that although ICU clinicians highly valued
multidisciplinary care, actualization of collaborative care was difficult to implement
mainly due to lack of teamwork skills by the providers [30]. In another example,
researchers in Australia found no differences in length of stay, mortality, duration
of mechanical ventilation, readmissions or staff satisfaction with care after adding
a weekly multidisciplinary team meeting to a general ICU [31]. These data reaffirm
the notion that care by multiple disciplines does not equate to multidisciplinary care.

Table 2 What we know and what we need to learn about multidisciplinary care

What we know What we still need to learn
The addition of interdisciplinary providers to
the ICU is associated with improved outcomes

The mechanism by which multidisciplinary
care improves outcomes

When interdisciplinary providers work
together as multidisciplinary care teams,
outcomes are also improved

Strategies to improve multidisciplinary care

Multidisciplinary interventions are especially
helpful in management of mechanical
ventilated patients

Ways to achieve the benefits of
multidisciplinary care in the absence of a full
multidisciplinary care team

Collaborative approaches to care can improve
outcomes, using existing ICU staff

The role of interprofessional education to
facilitate multidisciplinary collaboration?

ICU: intensive care unit



Improving Multidisciplinary Care in the ICU 711

To overcome these challenges, we need high-quality, mixed-methods research
designed to elucidate the potential benefits of multidisciplinary care, to understand
the barriers and facilitators to multidisciplinary care, and to test novel interventions
to improve the quality of multidisciplinary care. One example may be formal inter-
professional education, focusing on team science with the goal of building strong
teams through effective team building and communication skills [29]. Doing so
early on in the healthcare provider educational curriculum would set the stage for
future multidisciplinary care, in the hopes of eventually leading to effective com-
munication and collaboration in the ICU and across all healthcare settings.

Another approach might be to facilitate shared understanding of the goals of the
multidisciplinary care team, also through education. Lack of a shared understanding
of the goals of the multidisciplinary care team in providing effective ICU care can be
a major barrier to effective care provision. For example, in five focus groups com-
posed of ICU physicians, nurses and respiratory therapists, researchers explored
barriers and motivators for implementing daily interruption of sedation for mechan-
ically ventilated adults [32]. Researchers identified little shared understanding of
why daily interruption of sedation would be necessary by the multidisciplinary care
team. This lack of shared goals and understanding led to wide variation in daily
interruption of sedation for mechanically ventilated patients as well as different ap-
proaches to performing sedation interruptions.

Conclusions

The evidence base in support of multidisciplinary care is diverse and evolving.
Most studies are single center, pre/post studies evaluating outcomes associated
after a multidisciplinary intervention. Few studies examined the mechanism of
action of a multidisciplinary team and even fewer focused on how to enhance
multidisciplinary collaboration in the ICU. More work is needed to expand our un-
derstanding of multidisciplinary collaboration in the ICU. In particular, studies are
needed to define the mechanism of action and provide levers for improving multi-
disciplinary communication and collaboration in a way that affects patient-centered
outcomes. These studies will pave the way towards generalizable interventions that
work across hospitals and health care settings.

In the meantime, it is clear that multidisciplinary care is an important part of
effective and efficient critical care. Extensive research demonstrates that a mul-
tidisciplinary team is important for outcomes, particularly for patients requiring
mechanical ventilation. Although the mechanism of action is not well understood,
and we lack information on how to improve the quality of multidisciplinary care,
ICU providers can still take the time to reflect on their own communication and
collaboration skills, as this area may be one of the few frontiers left for improving
outcomes in the ICU by targeting the organization and management of care.
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The Role of Autopsy in Critically Ill Patients

G. Berlot, R. Bussani, and D. Cappelli

Introduction

A number of potentially treatable severe conditions different from those determin-
ing the hospital admission and/or acquired in the intensive care unit (ICU) can go
unnoticed throughout the whole hospital stay and are discovered only at autopsy.
Some investigators demonstrated with post-mortem studies that among patients ad-
mitted both to regular wards and to the ICU that the rate of major pathological
conditions gone undetected during their stay ranged from 12.6 % to 41 % and that
their clinical relevance can vary from nil to having been the main cause of death
(Table 1) [1–5]. At the same time, the rate of non-legal autopsies of patients who
die in the hospital has constantly declined throughout the last decades for a number
of reasons, including the need for cost containment, the fear of litigation and the
assumption that the unrelenting advances of imaging techniques enable physicians
to observe details of almost all conditions many with an accuracy unthinkable only

Table 1 Discrepancies between clinical diagnosis and autopsy findings in ICU patients

First author (year) [ref] N.
autopsies

% Total
discrepancies

% Class I
discrepancies

% Class II
discrepancies

Berlot (1999) [7] 159 41 8 33
Nadrous (2003) [30] 455 21 4 17
Silvfast (2003) [38] 346 6 5 1
Combes (2004) [3] 167 36.5 10 16.5
Pastores (2007) [15] 86 26 54 32
Tejerina (2012) [6] 833 18.5 7.5 11.4
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a few years ago; nevertheless, the rate of pathologic conditions missed during the
admission and discovered only at the post-mortem examination seems to be affected
only marginally by this progress [3].

The Autopsy as a Diagnostic Tool in Critically Ill Patients

All the above statements apply fully to critically ill patients, in whom a rate of
missed in vivo diagnoses ranging from 7 to 32 % has been demonstrated in different
studies [6]. At a first glance, these findings are somewhat surprising, because pa-
tients admitted to the ICU are likely subjected to more clinical investigations than
those admitted to regular wards; one possible explanation for these discrepancies
consists in the role played by a number of circumstances unique to ICU patients
that can contribute to complicate the achievement of a correct diagnosis, includ-
ing the paucity of information on concomitant diseases different from that/those
determining the ICU admission; the sometimes relatively short length of stay in
the ICU, which can impede a complete diagnostic workup [7]; the effects of se-
dation, which prevent patients reporting the occurrence of new disturbances; and
the rapidly deteriorating clinical conditions diverting the attention of the physicians
more to the symptoms than to their determining factors; moreover, and perhaps
more importantly, similar nonspecific symptoms and alterations (e. g., dyspnea, ar-
terial hypotension, metabolic acidosis, fever or anemia of unknown origin, etc.) can
be ascribed to different causes requiring specific clinical approaches and treatments.
Thus, it appears that autopsy is valuable especially in critically ill patients, as it al-
lows the physician (a) to assess the correctness and completeness of the diagnoses
through the identification of pathologic conditions gone undetected during the ad-
mission, and (b) to understand if the unexpected autopsy findings could have caused
the death, or at least influenced its occurrence [8]. This latter point is particularly
relevant as the identification of clinical errors and/or their stem causes could modify
the diagnostic workup of forthcoming patients.

With the aim of categorizing the relevance in terms of outcome of the dis-
crepancies between clinical and autopsy diagnoses, the classification proposed by
Goldman et al. [9] has been widely adopted, also for ICU patients (Table 1). Major
errors include missed relevant underlying conditions with potential negative impact
on the outcome and that would have changed the management (Class I) or rele-
vant missed diagnosis without negative effects on the outcome and that would have
not changed treatment (Class II). Minor discrepancies include missed minor diag-
noses related to the terminal disease but not influencing the outcome (Class III)
and, finally, other missed minor diagnosis without any influence on the outcome
(Class IV).

However, although this classification can be extremely useful in patients admit-
ted outside the ICU, in critically ill patients the role played by a missed diagnosis
must sometimes be interpreted cautiously, because other conditions, including the
presence of severe sepsis and septic shock, the occurrence of a multiple organ
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Table 2 Discrepancies between clinical and autopsy diagnoses. The rate is calculated on the
overall number of discrepancies

Condition First author (year)
[ref]

Class I discrepancy (%) Class II discrepancy (%)

Pulmonary
embolism

Nadrous (2003) [30]
Silvfast (2003) [38]
Pastores (2007) [15]
Kakkar (2008) [17]
Berlot (2011) [16]
Tejerina (2012) [6]

4.5
0
0

16
14
16

12
0

16
0
0
0

Acute
myocardial
infarction

Nadrous (2003) [30]
Silvfast (2003) [38]
Pastores (2007) [15]
Tejerina (2012) [6]

4.5
50

8
5.1

0
n.a.
0

n.a.
Infective and
non-infective
endocarditis

Nadrous (2003) [30]
Silvfast (2003) [38]
Pastores (2007) [15]
Tejerina (2012) [6]

0
0.2
8
5

0
n.a.
8

n.a.

n.a.: the authors grouped Class I and II discrepancies together.

dysfunction syndrome, etc., can strongly influence the outcome, thus limiting its
usefulness.

With these limitations in mind, we will review the studies that have evaluated
the discrepancies between clinical and autopsy diagnoses for different conditions,
namely pulmonary embolism (PE), acute myocardial infarction (AMI) and infec-
tive and non-infective endocarditis, because the recognition of these conditions has
been shown to be particularly elusive in critically ill patients admitted to the ICU
for different reasons, thus representing a common source of Class I and II errors
(Table 2).

Pulmonary Embolism

Critically ill patients are particularly susceptible to the occurrence of venous throm-
boembolism for several reasons, including prolonged immobilization, use of in-
dwelling central venous catheters and the prothrombotic status associated with sep-
sis, trauma and postoperative state [10]. Taken together, these factors constitute the
classical Virchow’s triad, which sets the stage for the occurrence of a deep venous
thrombosis (DVT), frequently located in the calf or in the pelvic veins. A number
of prophylactic interventions are currently used, basically consisting of the admin-
istration of anticoagulative drugs, the use of compressive stockings and, as a last
resort in subjects in whom these measures cannot be adopted, the positioning of
a filter [11] located in the superior or inferior vena cava. Independent of the type
of prophylaxis adopted, the occurrence of either a DVT and/or a PE in critically
ill patients is not uncommon: Cook et al. [12] reported an overall incidence of
DVT approximating 10 % in a group of medical and surgical critically ill patients
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and Patel et al. [13] demonstrated an overall incidence of PE of 2 % in a multicen-
ter survey involving more than 12,000 critically ill patients enrolled in 12 different
ICUs. Other investigators [14, 15] demonstrated that undiagnosed PE represents
a major cause of death in critically ill patients; interestingly, according to Tejerina
et al. [6], the rate of missed diagnosis of PE did not vary substantially in the 25-year
period of their study. As far as the clinical impact of the missed diagnosis of PE is
concerned, Pastores et al. [15] demonstrated that PE represented 16 % of the Class
II discrepancies in a group of critically ill cancer patients. In another study, Berlot
et al. [16] observed that PE occurred in 84 (14 %) of 600 adult medical and surgical
critically ill patients who died in the ICU and was discovered only at autopsy in
most of them. This figure is close to that reported by Kakkar and Vasishta [17] who
demonstrated a PE in 16 % of a large population of medical adult patients who un-
derwent a post-mortem examination; in both studies, PE was considered as a major
cause of death in 80–90 % of patients, thus representing a true Class I error. Other
investigators [3] demonstrated that a missed diagnosis of PE accounted for 4.5 %
and 12 % of Class I and II errors, respectively. Notably, all patients in the study
by Berlot et al. [16] had received full prophylaxis with subcutaneous low molecular
weight heparin (LMWH) administered according to the manufacturer’s indications.
The failure of LMWH to prevent DVT and PE in critically ill patients has been
attributed to: (a) the particular prothrombotic status of critically ill patients, espe-
cially in the presence of sepsis, possibly leading to the administration of a dose
lower than that actually needed; and/or (b) to a number of different factors, includ-
ing obesity, acute kidney injury (AKI) and the administration of norepinephrine,
which reduce the adsorption of LMWH when the preparation is administered via
the subcutaneous route [18–20].

Acute Myocardial Infarction

In clinical practice, the use of a 12-lead electrocardiogram (EKG) in combination
with repeated measurements of blood troponin (Tn) levels constitute the standard
approach for the diagnosis of AMI in patients with suggestive symptoms [21].
However, although this diagnosis can be relatively easy in the majority of cases,
in critically ill patients admitted to the ICU for non-cardiac reasons it may not be so
straightforward. Several factors account for this observation, including: (a) the attri-
bution of AMI-related hemodynamic derangements to causes other than myocardial
ischemia, such as hypovolemia, or the increase in the intrathoracic pressure deter-
mined by mechanical ventilation possibly associated with high values of positive
end-expiratory pressure (PEEP) ultimately leading to reduced venous return [22];
(b) the conventional 12-lead EKG can be misleading as it can be influenced by non-
ischemic conditions, such as certain therapies and the presence of acid-base and
electrolyte disorders [10]; (c) the blood levels of cardiac enzymes can be elevated
in the absence of cardiac ischemia in a substantial proportion of critically ill patients
without coronary artery disease (CAD) [23–26]; increased blood levels of car-
diac Tn can be present also in non-ischemic conditions, including myocarditis and
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pericarditis, heart failure, pulmonary embolism, sepsis, acute stroke, subarachnoid
hemorrhage and AKI [27]. Indeed, several studies have shown that 15 % to 70 %
of general ICU patients and 31 % to 80 % of septic patients have elevated serum
levels of Tn, although the prevalence of AMI is much lower, and ranges, according
to different investigators, from 15 % to 36 % [26]. Moreover, some studies [28]
demonstrated that histological examination revealed contraction band necrosis in
only half of the patients with elevated pre-mortem Tn levels, suggesting that its
release does not necessarily indicate myocardial cell necrosis; elevated serum Tn
levels in septic patients have been observed despite increased coronary blood flow,
decreased extraction of oxygen across the coronary circulation and maintenance
of normal high-energy phosphate levels [29]. In a recent study involving 600 pa-
tients who died in the ICU for non-traumatic causes and underwent autopsy, Berlot
et al. [27] observed that an AMI was present in 75 cases (12.5 %), and in 20 of them,
the diagnosis of AMI was obtained only at the post-mortem examination; overall,
significant CAD was present in roughly one third of the whole group. At gross ex-
amination of the heart it can be difficult to distinguish between an AMI related to
CAD or related to the effect of terminal global myocardial underperfusion possibly
associated with CAD; in these cases, only microscopic examination can separate
patients who died with an AMI from those whose death was caused by this condi-
tion. As far as the relevance of a missed diagnosis on outcome is concerned, the
missed diagnosis of AMI accounts for 8–16 % of Class I errors in different groups
of critically ill patients [6, 15, 30].

Endocarditis

The estimated incidence of infective endocarditis varies from 30 to 100 episodes per
million patient-years with a mortality exceeding 30 % [31]; the main risk factors
for its occurrence include underlying congenital or degenerative valvular abnor-
malities, the presence of prosthetic valves, bloodstream infections and intravenous
drug use [32, 33]. Different causes account for non-infective endocarditis, includ-
ing neoplasms, multifactorial pro-coagulative states, long-term hypoxia, chronic
low flow states and cachexia [34, 35]. The very same factors are responsible for
the occurrence of both forms of endocarditis in the hospital and in critically ill
patients admitted to the ICU; these latter patients are particularly prone to blood-
stream infection-related endocarditis compared to those admitted to regular wards
mainly due to the widespread use of invasive devices, such as indwelling central
venous catheters, pulmonary artery catheters (PAC) and intra-arterial lines. The
ever-increasing age of critically ill patients with the related burden of disease, the
pro-coagulative state associated with sepsis and sepsis-related conditions and the
risk factors listed earlier set the stage for non-infective endocarditis [36]. Both in-
fective and non-infective endocarditis can be particularly difficult to recognize in the
ICU setting, because: (a) the related cardiovascular symptoms can be attributed to
other conditions causing ICU admission or complicating the clinical course, includ-
ing heart failure, septic shock, etc.; and (b) cerebral embolism-related neurologic
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signs or symptoms can go undetected because of use of sedatives and neuromuscu-
lar blocking agents. Even in specialized units, rates of missed diagnoses of infective
and non-infective endocarditis are rather high: According to Saad et al. [37] the clin-
ical diagnosis of infective endocarditis was not made in 27 % of patients admitted
to a cardiological hospital. Less is known about the incidence of failed diagnosis of
both forms of endocarditis among ICU patients: Infective/non-infective endocardi-
tis was discovered at autopsy in 5–8 % of ICU patients and represented a major
source of Class I and II errors [3, 7, 15]. Recently, we discovered infective/non-
infective endocarditis in 2.7 % of patients admitted to our ICU who underwent
autopsy: interestingly, similar to patients dying with PE, most of these patients
had severe sepsis or septic shock.

Conclusions

Worldwide, the rate of autopsies performed in patients dying in the hospital is de-
clining for a number of reasons, including the need for cost containment, the fear
of litigation and continuous improvements in imaging techniques. Thus, one could
argue that at the present time the autopsy does not play any role in the confirma-
tion of either the diagnostic accuracy or the therapeutic appropriateness, at least in
patients who die after a reasonable interval of time during which all the necessary
investigations have been carried out. However, different authors have demonstrated
that despite all the technological improvements, a number of potentially treatable
disorders, including severe infections [3, 7, 15] are detected only at the post-mortem
examination, thus making questionable the above quoted assumption. This obser-
vation applies particularly to ICU patients, in whom a host of circumstances can
make the diagnosis of potentially treatable disorders, including infective and non-
infective endocarditis, PE and AMI, particularly challenging.
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Moral Distress in the ICU

C. R. Bruce, S. Weinzimmer, and J. L. Zimmerman

Introduction

“[Healthcare professionals] who see themselves as involved in morally significant relation-
ships with sick, vulnerable humans, but have little or no power to respond when what is
happening appears to be ‘wrong’ . . . is a serious problem . . . One of the most serious as-
pects of the problem is the tendency of those in power in the clinical setting . . . to refuse to
treat it as a serious problem [1, 2].”

Moral distress is the inability of a moral agent, a healthcare professional, to act ac-
cording to his or her core values, professional roles, and perceived obligations due
to internal or external constraints [3–5]. When an internal or external constraint
prevents a clinician from acting in the way he or she feels is most appropriate,
moral integrity and moral conscience are profoundly compromised [6, 7]. William
Bartholome advocated developing a comprehensive research agenda on moral dis-
tress. As illustrated above, he recognized the importance of studying moral distress
and in identifying successful strategies for intervention. He and several other re-
searchers focused their energies on the critical care setting because “the intensive
care units (ICUs) are places where the sickest of patients receive the most tech-
nologically sophisticated care . . . at the brink of death” [8, 9]. There are many
opportunities for critical care clinicians to suffer grief from losing patients, but they
can also experience moral distress from the complex decisions and disagreements
associated with patient care.
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We review the moral distress literature with an emphasis on empirical studies
conducted in ICUs. Although moral distress has been studied for nearly thirty
years, only recently have efforts shifted from studying nurses’ moral distress to-
wards evaluating experiences of other healthcare professionals [7]. We will discuss
moral distress research conducted with other critical care clinicians to the extent
such studies are available.

Definitional Features

Because of a lack of central agreement on key aspects of moral distress, what
was once a narrow definition of a unique phenomenon has broadened to become
a complex cluster concept. As part of the cluster concept, related experiences and
environments – such as compassion fatigue, moral sensitivity, burnout, ethical cli-
mate, and ethical stress – are often treated as synonymous with moral distress. Some
authors have focused on the psychological burdens of moral distress and integrated
this element into its definition [4, 5, 7], calling moral distress a “psychological dis-
equilibrium,” or a “pain affecting the mind, body, or relationships” [10, 11], while
others focus on constraints in defining moral distress.

While a lack of conceptual clarity should be expected for newly-discovered phe-
nomena, this lack of consistency and consensus on the definition of moral distress
frustrates the ability to systematically study or teach it [12]. To this point, Mc-
Carthy and Deady theorized that “uninitiated” persons may well ask: “Is moral
distress a situation? A set of beliefs or attitudes? A range of emotions? A group of
symptoms?” [7]. Empirical studies based on small qualitative studies and outdated
quantitative instruments further confound these issues. The ability to extrapolate
generalizable information is undermined by study limitations and variation in ter-
minology.

Despite these limitations in defining and building a comprehensive knowledge
base of moral distress, there is agreement on what moral distress is not. Moral dis-
tress is different from traditional ethical dilemmas. In the classic ethical dilemma,
the healthcare professional recognizes two distinct, mutually-opposing courses of
action but cannot identify which of those two courses of action is most ethically sup-
portable. In instances where there is moral distress, the healthcare professional’s
moral integrity and authenticity is undermined when he or she feels constrained
from taking the ethically appropriate courses of action [13].

Moral distress is also different from other forms of emotional distress [12, 14].
When healthcare professionals encounter morally distressing situations, they will
likely suffer concomitant psychological or emotional distress, such as anxiety,
sleeplessness, irritability, frustration, and detachment. But just because healthcare
professionals feel psychological distress, it does not necessarily mean they are
experiencing moral distress. In order for there to be moral distress, two elements
must be present: (1) The healthcare professional recognizes the ethically preferable
course of action to take; and (2) there must be some sort of constraint that prevents
the individual from taking that course of action.
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Instruments toMeasure Moral Distress

The definition of a concept depends significantly on the way it is measured [12].
Corley and colleagues developed the first instrument to measure moral distress.
The Moral Distress Scale (MDS) is a 32-item questionnaire in a 7-point Likert for-
mat that measures dual dimensions of frequency and intensity of the distress. This
instrument was further refined to elucidate sources of distress [7, 15]. Questions
are oriented towards the critical care setting, including: Discharging patients before
they were ready, working in understaffed conditions, and carrying out treatments
perceived to be unnecessary [7, 15, 16]. When applying their instrument, the re-
searchers found that 69 % of nurses experienced moral distress [15, 16]. The MDS
is arguably the first instrument and the most widely-used measure for moral dis-
tress [12]. It offers the benefit of being validated, reliable, and consistently used
with great success in different domains of medicine.

While the revised MDS offers many benefits, several items do not reflect current
practices. It is a lengthy, nursing-centric instrument that takes significant time to
complete [12]. A major disadvantage of the MDS is that it does not measure real-
time distress as it is being experienced by the healthcare professional. Wocial and
Weaver recently created a diagnostic instrument that can be used during an ethics
consultation to measure real-time moral distress. Their explicit goal in developing
the “moral distress thermometer” was to create a quick and easy-to-use visual ana-
log that overcomes the limitations associated with the MDS [17]. Although this
development is an important one, we theorize that the instrument might prove to be
overly-simplistic in that it overlooks the nuances and complexity of moral distress.

There are several other initiatives being undertaken to broaden the applicabil-
ity of the MDS to a variety of settings and disciplines. Because consistency in
defining moral distress is lacking, it is likely that multiple measures exist that
are actually measuring different concepts [12, 18]. In order to foster respect for
moral distress and related phenomena, one must be able to correctly diagnose, un-
derstand, and mitigate moral distress. This is inextricably linked to deliberative
self-examination [2]. To that end, some researchers have highlighted the impor-
tance of developing, teaching, and practicing reflective skills in order to mitigate
healthcare professionals’ moral distress. Bartholome said that healthcare profes-
sionals must be able to “describe [the moral distress] . . . to discuss the basis for
it . . . to justify their appeal to it . . . to be able to articulate the moral basis of this
experience [1, 2].” In order to be able to do this, the clinician must be able to rec-
ognize the source (i. e., root cause) of the moral distress.

Root Causes of Moral Distress

A comprehensive knowledge base of root causes likely holds the key to targeting
interventions to mitigate moral distress [12, 18]. It is now commonly accepted
that moral distress exists across multiple professional healthcare disciplines and is
not exclusive to nurses, as was previously thought [19–24]. However, the litera-
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Table 1 Summary of current findings concerning root causes of moral distress

Patient/surrogate vs.
clinician dynamics

Clinician vs. clinician
dynamics

Unit or system dynamics

Nurses � Most frequent cause:
Aggressive treatments for
terminally ill patients
� Greater frequency of
morally distressing
situations compared to
other disciplines
� Least intense moral
distress compared to other
disciplines

� Nurses dissatisfied
with physician-nurse
collaboration and
communication
� Believed physicians
were not collaborating
well with nurses
� Many nurses believe
that ICU physicians
withhold diagnostic or
prognostic information
from patients

� Most successful
interventions focus on
empowering critical care
nurses to maximize their
moral agency
� To empower nurses:
Mandate nurse
involvement in family
meetings, hold
multidisciplinary case
reviews, help facilitate
code status conversations
with patients/surrogates

Physicians � Most frequent cause:
Aggressive treatments for
terminally ill patients
� Most intense: When
providing aggressive
life-sustaining
interventions believed to
be clinically and ethically
inappropriate

� Physicians very
satisfied with nurse
communication
� Believed physicians
were collaborating well
with nurses
� Few ICU physicians
believe they withhold
information

� Call physicians’
attention to nurses’
perception of poor
communication and
collaboration

ture varies in relation to sources of moral distress and the way it is experienced by
different disciplines.

Some authors focus on external constraints as sources of moral distress, leading
to feelings of frustration and powerlessness [3]. Conversely, other authors focus on
internal and external constraints as factors leading to self-blame and anxiety [3, 6,
7, 23, 25]. Owing in large part to the recent work by Ann Hamric and colleagues,
our understanding of root causes has become considerably better developed. Root
causes can be distinguished based on three different sources: The individual, the
clinical context, or the unit/hospital culture. The interrelationship between these
root causes is not fully understood. For instance, the interconnections between
individuals, unit culture, system factors, and clinical or patient characteristics have
not been directly evaluated [12]. Table 1 lists further information on root causes of
moral distress.

We recognize that the moral distress experienced by a healthcare professional is
shaped, not only by characteristics unique to that individual, but also the context in
which that person operates on a day-to-day basis. To underscore the importance of
relational factors, we describe root causes below in terms of interpersonal dynamics
and conflicts.
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Patient/Surrogates Versus Healthcare Professional Dynamics

In the beginning of the bioethics movement, ethical conflicts generally occurred
between healthcare professionals who insisted on maintenance of aggressive, life-
sustaining measures and patients’ or surrogates’ requests to withdraw it. Con-
versely, current ethical conflicts generally occur when healthcare professionals be-
lieve withdrawing life-sustaining interventions is most appropriate and surrogates
request maintenance of it.

Both nurses and physicians clearly feel distress at maintaining aggressive treat-
ments for terminally ill patients [8]. Providing aggressive and non-beneficial treat-
ment has consistently been found to be the most frequent morally distressing sit-
uation for healthcare professionals [26]. However, it is presently unclear whether
and to what extent moral distress might be experienced differently between disci-
plines. Houston and colleagues recently surveyed 2700 healthcare professionals
representing multiple healthcare disciplines to assess and compare differences in
the intensity, frequency, and severity of moral distress [24]. Their findings support
previous research suggesting that end-of-life clinical situations produce the high-
est intensity of moral distress for physicians and nurses, particularly when they
believe continued medical treatment is medically inappropriate. Nurses reported
greater frequency of morally distressing situations compared to other disciplines,
most likely because they are constantly at patients’ besides and cannot get relief
from the situation [8, 21–24].

A noteworthy contribution of this study is that the investigators were able to elu-
cidate some important distinctions among the disciplines. Chaplains, physicians,
and social workers surpassed nurses in relation to the intensity of moral distress.
Physicians and residents experienced the greatest moral distress when they provided
aggressive life-sustaining interventions they believed were clinically and ethically
inappropriate. In contrast, chaplains and social workers experienced the highest
moral distress in issues related to complex discharge planning, lack of social sup-
port, lengths of stay, and other social justice issues. A reasonable explanation for
this difference is that social workers and chaplains are tasked with social support
issues, whereas physicians and nurses are responsible for clinical decisions about
the level of treatment support. An additional noteworthy feature of this study is that
chaplains reported significantly higher moral distress compared to other disciplines
when they felt that life-sustaining interventions were prematurely terminated. The
authors speculate that chaplaincy training in valuing life and believing in an after-
life devoid of human suffering might account for this finding.

The interplay between intensity and frequency should be examined. It is
presently unknown whether higher intensity but less frequent moral distress ex-
periences impact a healthcare professional differently than lower intensity but more
frequent exposure to morally distressing situations. It is also unclear whether and
how moral distress manifests differently between disciplines [24]. For example,
it is theorized that repeated exposure to morally distressing situations will lead to
physical and emotional detachment from patients and situations, eventually erod-
ing one’s sense of moral and professional integrity. This “moral residue” theory,
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discussed more fully below, is usually discussed in the context of nursing and has
not been discussed with other healthcare disciplines.

Healthcare Professional Versus Healthcare Professional Dynamics

Professional interaction refers to the amount of social and professional contacts
between two or more people within the job setting [27]. Several studies have
found that nurses are dissatisfied with physician-nurse collaboration and commu-
nication when they perceive that their contribution to decision making is not valued
or permitted by physicians [27, 28]. Professional autonomy is the freedom to make
decisions within the roles and duties of one’s profession and to act in accordance
with that responsibility [29]. Papathanassoglou and colleagues found that lower lev-
els of autonomy were associated with increased frequency and intensity of moral
distress, increased intention to leave the nursing profession, and lower perceived
nurse-physician collaboration [30]. Conversely, increased autonomy corresponded
with higher levels of nurse-physician collaboration and less frequent morally dis-
tressing encounters [30].

Moreover, Corley hypothesized that increased moral distress would be associ-
ated with lower nurse satisfaction and decreased quality of care. A marker for
effective collaboration may include satisfaction from the professional interaction or
clinical outcomes. This theory was borne out in a few noteworthy studies. Baggs
et al. reported that effective, collaborative relationships between nurses and physi-
cians were associated with significantly better clinical outcomes [31]. Hamric and
Blackhall found that ICU nurses with high moral distress scores related to caring
for dying patients perceived a more negative environment in their ICU, lower sat-
isfaction with the quality of care, and less collaboration with physicians [8]. Most
critical care nurses in this study reported frustration with physician communication
(75 % negative), whereas physicians were very satisfied with nurse communication
(97 % positive). Physicians believed they were collaborating well, whereas their
nursing colleagues disagreed about their collaboration abilities. A significant find-
ing from Hamric and Blackhall’s study was that half of the nurses in one of the
study sites reported that ICU physicians occasionally or regularly withheld diag-
nostic or prognostic information from their patients, whereas only 10 % of ICU
physicians believed they withheld information on a regular basis. None of these
physicians reported that a nurse had expressed concerns to them about physicians’
communication with patients or surrogates. These findings are consistent with other
studies [21, 22, 32, 33].

Unit or SystemDynamics

Collaboration and effective communication are considered integral and necessary
for a healthy work environment. A healthy work environment, in turn, is often
characterized by team cohesion and role clarity. Ethical climate has been defined as



Moral Distress in the ICU 729

the organizational practices and conditions that promote discussion and resolution
of ethical decisions [34]. For an effective work environment, ethical values should
be reflected in an organization’s strategies, structures, and processes in the way
it treats the staff, sets institutional goals, and manages conflicts [34, 35]. Until re-
cently, there had been little study of the ethical dimensions of hospital environments
and their bearing on moral distress [36, 37]. It is now known that organizations must
have a forum for managing and resolving bioethical tensions. If there is no mecha-
nism like an ethics consultation service or, alternatively, the service has a reputation
for being ineffective, moral distress will be experienced more frequently and per-
haps more intensely [8, 38].

It is presently unclear how best to improve ICU ethical climates. Hamric and
Blackhall suggest that ethical climates can be improved through explicit discus-
sions of moral distress and giving attention to improved collaboration. Yet, as
they acknowledge, general exhortations to ‘collaboration’ will not enhance nurse-
physicians interactions if physicians believe they are collaborating well [8]. The
most successful interventions often focus on empowering critical care nurses to
maximize their sense of autonomy and moral agency. Specifically, these inter-
ventions often include a heavy nursing-facilitated communication component. For
example, mandating nurses’ involvement in family meetings, holding multidisci-
plinary case reviews, or empowering nurses to facilitate code status conversations
with patients or surrogates are all effective ways to empower nurses [32, 39, 40].

Impact of Moral Distress

It is unclear how many healthcare professionals leave their profession because of
moral distress. Corley reported that 15 % of nurses said they had left their position
because of moral distress, whereas a later study suggested that as many as 26 % re-
ported leaving their profession because of moral distress [16, 25]. These discrepant
findings may be attributable to our lack of full appreciation of other contributing
factors that influence one’s decision to leave a profession.

Some authors are skeptical of the assertion that moral distress directly causes
healthcare professionals to leave their profession. These authors argue that moral
distress, job dissatisfaction, and physical and emotional burnout are related, but
a causal connection between moral distress and leaving the profession has yet to be
definitively proven [41, 42]. And while moral distress and a negative ethical climate
affect nurses’ perception of collaboration, this has not been conclusively linked to
nursing turnover. These authors acknowledge, however, that there is a strong cor-
relation between burnout and leaving the profession, and there is a high probability
of uncovering a link between moral distress and burnout. If moral distress indeed
causes job dissatisfaction and burnout (which is likely), then a connection between
moral distress and leaving the profession will likely be found. The degree of causal
connection or attenuation between these factors is uncertain.

Two types of moral distress have been described. ‘Initial distress’ occurs when
healthcare professionals cannot pursue what they perceive to be the correct course
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of action; this distress is associated with feelings of anger, sadness, frustration, and
anxiety [5, 43]. ‘Reactive distress’, is a physical and psychological manifestation
of repeated exposure to moral distress and a failure to respond to the initial experi-
ence of distress [3, 6, 10, 14]. This distress results in powerlessness, self-criticism,
compartmentalization, and detachment. Other physiological responses include cry-
ing, lack of sleep, dreaming/having nightmares associated with cases, and a loss of
appetite [43].

Epstein and Hamric extend this logic to a concept they call the “crescendo ef-
fect [14].” They argue that repeated exposure to morally distressing cases will
result in a cumulative building of moral distress (moral residue) if left untreated.
This cumulative effect results in a new baseline of moral distress which they call
the “crescendo.” A crescendo should manifest itself in a healthcare professional’s
stronger emotional reactions to subsequent interactions, especially when the health-
care professional encounters a situation that reminds them of a situation previously
experienced. The crescendo effect causes the healthcare professional to become
desensitized. Detachment from troubling cases is exemplified by conscientious
objections or other actions indicating a withdrawal from the case [14]. The de-
sensitization could compromise one’s moral integrity.

While the crescendo effect may be applicable for some healthcare profession-
als, we question its generalizability. The crescendo effect has not been directly
tested, owing to the lack of an instrument that can directly capture moral residue
and crescendos. Further, if the crescendo theory is correct, one would expect to find
that older, more experienced nurses should have stronger emotional reactions be-
cause of their repeated exposure to untreated moral distress. Our own (unpublished)
work suggests the inverse of this: It may be the younger, less experienced nurses
who are more susceptible to moral distress and have stronger emotional responses
to it. This observation suggests that the crescendo effect is a complex phenomenon
that deserves further study.

Interventions

There are few intervention studies on moral distress [12, 44, 45]. Intervention
studies typically employ educational interventions to mitigate moral distress, and
findings reflect mixed results. The focus on educational interventions is premised
on studies suggesting that ethics education can address moral distress. In one study,
nurses who experienced ethical conflict and had little (or no) ethics education re-
ported a greater intention to leave their position [46]. In another study, moral
distress was found to be a dominant feature in situations where nurses wanted to
call for an ethics consultation but felt that they could not or should not [47]. Rogers
and colleagues created an education intervention facilitated by the ethics consulta-
tion team to address moral distress in the neonatal ICU [45]. These studies suggest
that ethics consultation and ethics education are two key interventions that have
been advanced to address moral distress.
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Other potential strategies have been proposed but have not been systematically
studied [12]. Some of these strategies include journaling, developing treatment
guidelines to facilitate resolution of complex cases, and teaching or promoting
mediation techniques. Clinical ethicists are well-trained in conflict resolution and
mediation. Therefore, clinical ethics consultations are thought to be an important
vehicle for surfacing feelings and providing case resolution [2]. Ethics rounds have
been promoted as another strategy to address moral distress. During these rounds,
a clinical ethicist can provide direction to healthcare professionals to help them
resolve challenging, morally distressing cases [48]. The effectiveness of these in-
terventions merits further study.

Interventions that promote moral agency or autonomy are likely to be most effec-
tive. Towards this goal, some have suggested that debriefing sessions with diverse
healthcare professionals present a good forum for talking about and addressing
moral distress. The logistics for the debriefing session are a point of discussion
and further study. Some have suggested that the debriefing session should be fa-
cilitated by an ethicist, who is thought to be in the “unique position of being able
to seek out ethical discussion and educate staff to articulate their own ethical prob-
lems” [49]. Although it is true that ethicists are trained to elucidate and articulate
ethical problems, the assumption that they are best positioned to facilitate a debrief-
ing session may be misguided. For example, what if the ethicist were involved in
the case and provided recommendations that are a source of some healthcare pro-
fessionals’ distress? What would be the markers of a ‘successful’ or ‘unsuccessful’
debriefing session?

In short, little is known about optimal ways to mitigate moral distress. It can be
said with some confidence that interventions should be targeted at the system level
(e. g., setting up an ethics consultation service, developing educational initiatives,
holding debriefing sessions) as well as the individual level (e. g., journaling, self-
care, exercise). A two-pronged approach might be the best way to counter the
wide-ranging effects of moral distress.

Conclusions

Moral distress is a complex phenomenon that rightfully deserves more attention
in the ICU. Despite the increase in publications related to moral distress, our un-
derstanding of moral distress and the empirical study of it remains in formative
stages [12, 14]. Further empirical and conceptual clarity on the experiences of
moral distress is needed. Using consistent, precise terminology and developing up-
to-date, real-time, comprehensive instruments to detect moral distress are needed.
The frequency of moral distress and experiences of healthcare professionals beyond
nurses have not been adequately studied [13].

Potential differences between critical care contexts deserve some attention. For
example, it is conceivable that cardiovascular ICU staff might experience greater
frequency or higher intensity of moral distress compared to medical ICU staff. Al-
though entirely speculative, we think healthcare professionals may recognize that
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ethically questionable decisions by transplant medicine professionals have conse-
quences that extend far beyond the clinicians involved if the integrity of transplant
medicine is brought into question and donation rates fall [50]. Recognition of these
consequences might engender profound degrees of moral distress.

Perhaps most importantly, the lack of intervention studies is concerning. Studies
have found that nurses feel that physicians do not fully provide prognostic or diag-
nostic information to patients or surrogates, yet physicians’ responses suggest that
nurses do not express these concerns to them. Interventions will only be success-
ful insofar as they do two things: (1) promote moral agency that is necessary for
healthcare professionals to express moral concerns, such as empowering nurses to
talk with physicians about communication concerns; and (2) protect moral integrity
that is vital to being a competent and compassionate healthcare professional. We
believe that moral distress can never be fully eradicated, nor should it be. Moral
distress may reflect an awareness and appreciation of the moral aspects in medicine
but, if left unattended and untreated, it can be destructive.
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Specific Diagnoses of Organizational
Dysfunction to GuideMechanism-based
Quality Improvement Interventions

T. J. Iwashyna and A. C. Kajdacsy-Balla Amaral

Introduction

Modern health care has endemic quality problems. Our current approach to solving
these problems resembles nothing so much as pre-Virchow medicine. Interactions
of ill-defined humors are invoked to explain why some organizations prosper, and
others fail. ‘Culture’, ‘incentives’, ‘communication’, and ‘hierarchy’ seem as tan-
gible as phlegm, yellow and black bile once did – clearly capturing something that
seems true about our organizations, yet remaining ephemeral. Broad interventions
are applied across situations, with little systematic basis on which to match a tar-
geted solution to a specific etiology of a problem. Progress is frustratingly halting,
even as evidence of persistent, morbid and expensive quality problems grow.

Here we suggest that quality improvement needs to enter the era of clinico-
pathophysiological correlation. We propose that specific organizational lesions
should be carefully described and the mechanism by which each lesion generates
organizational symptoms elucidated, ideally with an understanding of the envi-
ronmental contingencies under which lesions become manifest, rather than being
compensated around. This approach demands the formulation of explicit differ-
ential diagnoses for various organizational dysfunctions and the development of
diagnostic tests. The ultimate goal of organizational diagnosis is to guide effective
therapy: quality improvement intended as either a lesion-directed cure (i. e., solving
the problem) or symptom-directed palliation (i. e., harm mitigation).
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Limitations of the Current Approach

Consider two important studies, which, although important advances, have also
demonstrated the limits of the current approach to quality improvement and the
need for clinico-pathophysiological correlation.

First, our existing quality improvement interventions are broad and untargeted,
seemingly hoping to cover everything at once. Consider the Keystone ICU inter-
vention to reduce central line infections [1]. This intervention set up a statewide
collaborative, engaged the major attentions of one of the most magnetic leaders in
American medicine, required monthly meetings to change the culture of an ICU,
each of which required the participation of top hospital executives, and fundamen-
tally changed line insertion practices, introducing significant new equipment into
the ICU. This complex intervention was again applied indiscriminately to every
ICU in the state, and resulted in dramatic decreases in the median rates of line infec-
tion, and was temporally associated with differences in in-hospital (but not 30-day)
mortality [2]. This concept seems akin to treating every patient who presents with
dyspnea with a package of Lasix, antibiotics, anticoagulation, steroids and nebuliz-
ers – many patients will respond to the therapy, but it is hardly efficient or elegant.
From an organizational point-of-view, it is possible that many of the institutions in-
volved in this project could improve their rates of infection with a simpler package.
In fact, this laborious, indiscriminately applied strategy may lead to unwanted side-
effects in the organization, such as inability to implement other practices or poor
value for the effort applied [3].

Second, we lack a systematic approach to identifying quality problems, let alone
diagnosing their origin. Scales and colleagues conducted a multicenter cluster-
randomized trial of interventions to improve compliance with patient-safety prac-
tices perceived to be inadequate at 10 hospitals [4]. A complex multi-step inter-
vention including education, reminders and audit and feedback was performed.
Statistically significant and clinically meaningful overall improvements in the prac-
tices were noted. The authors identified six quality problems by interviewing ICU
directors about their perceived problems. Yet when they collected detailed perfor-
mance during the trial, the authors found that 3 of the 6 practices they targeted had
almost perfect pre-intervention performance, and there was in fact no lesion there to
correct. By analogy to a clinical trial, 50 % of their cases did not have any disease,
yet all of those units underwent a wide-ranging interventional treatment.

A third study further illustrates these challenges. The Institute for Healthcare
Improvement (IHI) “100,000 Lives” campaign was one of the signature successes
of recent quality improvement. Like the Keystone ICU program, with the help of
a charismatic leader, IHI mobilized an unprecedented US-wide attention to patient
safety. Both organizations are to be strongly commended for promoting a bias to-
wards action in the face of previous widespread neglect of quality problems. Yet
the IHI offered six “planks” as solutions that were adopted by nearly 3000 hospitals
(of approximately 6500 total U.S. hospitals). Although it is possible that all these
hospitals happened to all suffer from the same problems, it seems plausible that in
some cases hospitals may have been distracted from other more pressing problems.
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The evaluation of the 100,000 Lives campaign, which helped create the ‘fact’ that
it saved 122,300 lives, was reported in a press release rather than the peer-reviewed
medical literature [5], and has been vigorously critiqued even inside the patient
safety movement [6]. This may be an example of excellent mass mobilization, but
it has clear negatives against efforts to create incremental but thereby cumulative
progress.

The Organizational Clinico-pathological Correlation:
Symptoms and Lesions

A clinico-pathophysiological correlation-based approach presents an alternative, al-
beit one in the nascent stage of development. It would require us to work in two
directions at once. First, we need many case reports documenting specific organi-
zational pathologies and the diverse symptoms they manifest. This is intrinsically
different from the current publication bias towards quality reports of increased com-
pliance or improved outcomes, often without specifying the particular mechanism
by which an intervention would improve quality. Akin to clinico-pathological cor-
relations discussed at conferences – that use both difficult diagnosis that were made
before death, and cases that died in spite of clinicians’ best efforts to diagnose and
treat them – organizational clinico-pathological conferences will require data from
cases of success, but also from institutions that had delays in diagnosing a problem
or were unable to improve performance.

Our goal moving forward is to discover the links from fundamental organiza-
tional pathology to visible organizational symptoms, hopefully documenting the
environmental contingencies that lead a lesion to manifest itself as symptoms. We
define an organizational lesion as the specific problem in terms of specific personnel
or technological systems or their interaction that leads to organizational symptoms.
We define organizational symptoms as the adverse outcomes for patients and other
consumers of services, which may include increased morbidity and mortality, poor
costumer satisfaction, or decreased value (less improvement in health per unit cost).

The second arm of this approach is to develop rigorous differential diagnoses
of organizational symptoms and systematic approaches to their evaluation. For
example, we might consider Stelfox and colleagues’ recent finding that rates of
do-not-resuscitate (DNR) orders vary with intensive care unit (ICU) occupancy
(a symptom of organizational dysfunction) [7]. A differential diagnosis of possi-
ble lesions leading to this situation might include: Routine avoidance of end-of-life
conversations; fragmentation of care between inpatient and outpatient settings; in-
appropriate throughput focus that leads to inadequately informed DNR decisions;
and others. Each of these organizational diagnoses requires different interventions.
What we lack from Stelfox’s work is a systematic approach to working through this
differential.
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A Possible Objection

The fundamental contention of the clinico-pathophysiological correlation is that
despite the wide diversity of human experience, there are fundamental regularities
in the ways human bodies fail and the symptoms that those failing bodies manifest.
When considering the extension to quality improvement, a thoughtful colleague of
ours argued: “there is no empiric evidence that quality improvement has lesions
which are isolatable from the entire context of patient care that may be identified,
modified and corrected without thereby realigning the whole.”

To our mind, this resonates with the longstanding holistic complaint that each
patient is unique in their suffering and illness, and that to abstract from the patient
to a disease is at best dehumanizing, at worse a fundamental misdirection. And
while that ‘holisticness’ has a certain degree of truth, it is also true that methicillin-
resistant Staphylococcus aureus (MRSA) infections usually respond to vancomycin,
but Gram-negative infections do not – and that culture-directed antibiotic therapy
can often be effective without a holistic approach to the patient.

Further, there is substantial empirical evidence that there are well-defined and
reproducible patterns of organizational failures. Outside medicine, entire fields of
organizational studies, institutional sociology, industrial organization, behavioral
economics and social psychology have spent years documenting those regulari-
ties [8] – just not usually in situations as complex as the average hospital, because
hospitals are hard to study. Such regularities are often found to have environmental
contingencies, but that does not obviate the fact that there are reproducible under-
lying problems. (The need to extrapolate from simpler models, but with caution, is
familiar to the modern physician.) But we suggest that our current focus on com-
plex quality improvement interventions indicates that the time is ripe to test the
alternate hypothesis that hospitals can sometimes have simple diagnoses. Further,
this hypothesis holds that there is an art to making such simple unifying diagnoses,
and that art needs to refined and tested. When possible, the identification of such
simpler diagnoses will allow one to identify narrow, targeted and thereby efficient
quality improvement therapies.

A Path to Progress

To move forward, we suggest approaching the categorization of lesions based on the
core functions of a given ward or unit, the basic building block of inpatient health-
care. One classification scheme is outlined in Table 1. We offer this as a place
to begin; if this line of research and practice is productive, a growing knowledge
base will necessitate future revisions. We suspect that organizational lesions may
be acute or chronic. Some lesions may cause problems (e. g., presenting symptoms)
in all cases, whereas other lesions may be compensated for until presented with par-
ticularly stressful situations and environmental demands, or until multiple lesions
have accumulated in the organization, reducing its functional reserve.
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A clinico-pathophysiological correlation-based approach to improving quality
already has important precedents. For example, Krein and colleagues have de-
scribed the lesion they term the “organizational constipator” [9]. This lesion causes
symptoms only when stressed by the need to implement new or innovative ap-
proaches to care; in a stable clinical environment it can be well tolerated. They
demonstrate that advances in the patient safety agenda with regard to catheter-
associated urinary tract infections provide the stressful environment in which an
organizational constipator leads to acute organizational dysfunction – manifesting
as the symptom of disproportionately slow improvements in catheter-associated uri-
nary tract infection rates. They suggest several pragmatic strategies to management
based on their intensive case series of 14 hospitals [9]. Much of this group’s work
can be understood as an effort to build a complete differential diagnosis for that
symptom of disproportionately slow improvements in catheter-associated urinary
tract infection rates, and to develop a scientific approach to making the diagnosis
and developing lesion-targeted therapies.

The case-based approach to improving quality and safety undergirded the “Qual-
ity Grand Rounds” series, which used detailed explorations of single cases as
teaching tools [10]. Root-cause analyses (RCA) carefully dig into the underlying
pathologies of an organization, but are often kept tightly within the organiza-
tion [11]. RCAs are also constrained by isolated adverse events, thus focusing
on patient safety, while quality improvement problems also arise during the im-
plementation of a new process of care. Business schools have used selective case
studies as a teaching tool for years. A clinico-pathophysiological correlation-based
approach expands on these previous presentations in three important ways. First,
it foregrounds the development of differential diagnoses, making visible and open
to argument not only the problems encountered, but the diagnostic and therapeutic
reasoning used to explain and remediate those problems. Second, this approach
is rooted in the public presentation of these data, reported so that explicit claims
about generalizability are made and can then be verified or refuted in future work –
to allow the incremental increase in our knowledge. Third, it explicitly encour-
ages the reporting of diverse organizational problems to dramatically increase our
communal experience base, soon allowing systematic aggregation.

An approach to reporting the investigation of a quality problem in this spirit
is summarized in Box 1. A relatively straightforward case is illustrated in Box 2
to make the application clear. General characteristics of the organization are pre-
sented, and the specific problem characterized. The nature of the investigation into
alternative etiologies is described; as so often in clinical medicine, this involves
a combination of objective data and a careful history informed by a differential di-
agnosis. An intervention was applied that targeted a specific mechanism for the
diagnosis, in this case showing marked improvement. Not all pathologies will be so
easy to remedy, but our contention is that these sorts of details matter.
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Box 1:
Minimal Components of an Organizational Case Report
� System characteristics
� Symptom manifest
� Evidence that the symptom was not simply expected variation in stable

performance
� Differential diagnosis explored
� Proposed underlying pathology
� Processes engaged in to rule-out alternative items on the differential
� Intervention attempted to remedy pathology
� Was intervention intended to be curative or palliative?
� Results of intervention on proposed mechanism
� Results of intervention on manifest symptom
� Comments on generalizability

Box 2:
Example of Minimal Components of an Organizational Case Report
(derived from [16])
System characteristics: Pediatric intensive care unit (ICU) in a medium-
sized (200) bed, private teaching hospital.
Symptom manifest: Physician director of the pediatric ICU thought that they
had excess morbidity, stemming from prolonged time to antibiotics for febrile
neutropenia in their unit. There were no data to support this belief, but it had
face validity among the staff members.
Evidence that symptom was not simply expected variation in stable per-
formance: An audit of the time to antibiotics over the prior year demonstrated
that no patients had received antibiotics within less than 1 hour of admission
to the ICU.
Differential diagnoses explored:
1. Lack of knowledge about the importance of timely antibiotics for neu-

tropenic fever
2. Barriers to accessing the required resources

A. Excessive bureaucracy for authorizing antibiotics by insurance compa-
nies

B. Unit far from central pharmacy where antibiotics were kept
C. Delays in admitting patients into the e-system to allow for prescribing

antibiotics
3. Missed diagnosis (lack of completeness of information to identify specific

condition of neutropenic fever)
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Proposed underlying pathology: Barriers to accessing the required re-
sources, most likely distance from pharmacy and delays in admitting patients
into e-system
Processes engaged in to rule-out alternative items on the differential:
Brainstorming with team. No formal data collection. Team had been pre-
viously educated on the importance of timely antibiotics.
Intervention attempted to remedy pathology: Availability of first dose of
broad-spectrum antibiotics in code-blue cart (which deals both with the dis-
tance to pharmacy and the delays in admitting patients into the system as
the antibiotic can be given in spite of the patient not being in the system).
Authorization from hospital medical director to administer broad spectrum
antibiotics before formal authorization by insurance companies.
Was intervention intended to be curative or palliative? Curative
Results of intervention on mechanism: Decreased time to antibiotics for
patients with febrile neutropenia, including more than 50 % receiving antibi-
otics in the first hour
Results of intervention on patient-centered manifest symptom: Not as-
sessed in this trial
Comments on generalizability: While the intervention was tailored to this
unit, it is likely the other units that work within similar constraints of avail-
ability, technology and bureaucracy may choose to provide some degrees of
freedom in the system for processes of care that are dependent on a timely
response. The extreme generalization of this would be the resuscitation of
a patient with cardiac arrest at the emergency department, where care would
be provided independent of the identification of a paying provider or even
identification of the name of the patient.

Conclusions

Our goal in this process is to bring the full armamentarium of clinical reasoning and
clinical epidemiology to bear on advancing the science of patient care. The quality
and safety movement have persuasively argued that we must not hide our errors, but
rather that disclosure can bring a powerful impetus to change. Having learned that
lesson, we now need a systematic approach to reporting not merely the narratives of
the problems, but their systematic investigation. A great strength of medicine has
been our nurturing of diagnostic acumen and using careful and precise diagnostic
approaches to inform specific selection of therapies. This interplay between the
specificity of each story and the generalizable kernel of truth inside it has brought
us enormous advances; we suggest that this same rigorous intellectual approach can
be used to further improve the quality of our systems of care.



744 T. J. Iwashyna and A. C. Kajdacsy-Balla Amaral

Acknowledgement

This work was supported by K08 HL091249 from the NIH and IIR 11-109 from the
VA Health Services Research & Development Service.

References

1. Pronovost PJ, Needham DM, Berenholtz SM et al (2006) An Intervention to Decrease Catheter-
Related Bloodstream Infections in the ICU. N Engl J Med 355:2725–2732

2. Lipitz-Snyderman A, Steinwachs D, Needham DM, Colantuoni E, Morlock LL, Pronovost PJ
(2011) Impact of a statewide intensive care unit quality improvement initiative on hospital
mortality and length of stay: retrospective comparative analysis. BMJ 342:d219

3. Dixon-Woods M, Leslie M, Tarrant C, Bion J (2013) Explaining Matching Michigan: an
ethnographic study of a patient safety program. Implement Sci 8:70

4. Scales DC, Dainty K, Hales B et al (2011) A multifaceted intervention for quality improvement
in a network of intensive care units: a cluster randomized trial. JAMA 305:363–372

5. Institute for Healthcare Improvement (2006). IHI Announces That Hospitals Participating in
100,000 Lives Campaign Have Saved an Estimated 122,300 Lives 2006. Available
from:http://www.ihi.org/about/news/Documents/IHIPressRelease_
Hospitalsin100000LivesCampaignHaveSaved122300Lives_Jun06.pdf. Accessed Nov 2013

6. Wachter RM, Pronovost PJ (2006) The 100,000 Lives Campaign: A scientific and policy
review. Jt Comm J Qual Patient Saf 32:621–627

7. Stelfox HT, Hemmelgarn BR, Bagshaw SM et al (2012) Intensive care unit bed availability
and outcomes for hospitalized patients with sudden clinical deterioration. Arch Intern Med
172:467–474

8. Scott WR, Davis GF (2006) Organizations and Organizing: Rational, Natural and Open Sys-
tems Perspectives. Pearson, London

9. Krein SL, Damschroder LJ, Kowalski CP, Forman J, Hofer TP, Saint S (2010) The influence of
organizational context on quality improvement and patient safety efforts in infection preven-
tion: a multi-center qualitative study. Soc Sci Med 71:1692–1701

10. Wachter RM, Shojania KG, Saint S, Markowitz AJ, Smith M (2002) Learning from our mis-
takes: quality grand rounds, a new case-based series on medical errors and patient safety. Ann
Intern Med 136:850–852

11. Wu AW, Lipshutz AK, Pronovost PJ (2008) Effectiveness and efficiency of root cause analysis
in medicine. JAMA 299:685–687

12. Delgado MK, Liu V, Pines JM, Kipnis P, Gardner MN, Escobar GJ (2013) Risk factors for
unplanned transfer to intensive care within 24 hours of admission from the emergency depart-
ment in an integrated healthcare system. J Hosp Med 8:13–19

13. Das AM, Sood N, Hodgin K, Chang L, Carson SS (2008) Development of a triage protocol
for patients presenting with gastrointestinal hemorrhage: a prospective cohort study. Crit Care
12:R57

14. Petersen LA, Orav EJ, Teich JM, O’Neil AC, Brennan TA (1998) Using a computerized sign-
out program to improve continuity of inpatient care and prevent adverse events. Jt Comm J
Qual Improv 24:77–87

15. Bell CM, Brener SS, Gunraj N et al (2011) Association of ICU or hospital admission with
unintentional discontinuation of medications for chronic diseases. JAMA 306:840–847

16. Amado VM, Vilela GP, Queiroz A Jr, Amaral AC (2011) Effect of a quality improvement
intervention to decrease delays in antibiotic delivery in pediatric febrile neutropenia: a pilot
study. J Crit Care 26:103 e9–e12

http://www.ihi.org/about/news/documents/ihipressrelease_hospitalsin100000livescampaignhavesaved122300lives_jun06.pdf
http://www.ihi.org/about/news/documents/ihipressrelease_hospitalsin100000livescampaignhavesaved122300lives_jun06.pdf


Part XVIII
Moving Forward. . .



Where to Next in Combat Casualty Care
Research?

A. M. Pritchard, A. R. Higgs, and M. C. Reade

Introduction

As in previous wars, engagement in the last 13 years of conflict by the armed forces
of much of the developed world has produced or benefited from substantial medical
advances with direct implications for civilian trauma care. The majority of these ad-
vances have been related directly to acute-care surgery and emergency and critical
care medicine [1]. For example, the benefit of high ratios of plasma and platelets to
red cells; the avoidance of vasopressors in trauma resuscitation; the development of
topical hemostatic agents; strategies to prevent and treat invasive mold infection in
wounds; the utility of tourniquets for extremity hemorrhage; the value of sending
senior emergency physicians, intensivists or anesthetists with suitable equipment
to the point of wounding; the utility of a rapid clinical feedback and quality assur-
ance system; and the effectiveness (or lack thereof) of hemostatic drugs, such as
factor VIIa and tranexamic acid (TxA). These interventions, along with improve-
ments in trauma systems, have led to the lowest case fatality rate in the history of
warfare; a number that continues to decrease despite better pre-hospital care deliv-
ering more severely wounded patients to hospital alive (Fig. 1) [2]. A new field of
clinical practice and research has been defined, termed “combat casualty care”. By
convention, this term excludes reconstructive surgery, prosthetic science and reha-
bilitation, which all typically occur in the country of origin rather than in the theater
of operations. In early 2014, it appears likely that the intensity with which western
armed forces are engaged with an enemy will diminish, at least in the short term.
It is therefore opportune to reflect on the current and likely future research ques-
tions that will hopefully build on recent successes, the methods and resources such
research will require, and the potential for translation of still more innovations in
trauma care into civilian systems.
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Fig. 1 Improvements in therapy and trauma system design have reduced the case fatality rate in
modern combat to 9 %, despite progressively increasing severity of injury. From [2] with permis-
sion

Priorities in Future Combat Casualty Care Research

The scope of clinical research relevant to battlefield trauma is broad, encompass-
ing everything from identification of resilient characteristics in recruits to defenses
against biological weapons. While no topic is unimportant, priorities should logi-
cally be driven by necessity (likelihood of saving the greatest number of lives) and
feasibility (likelihood of improving clinical treatment in a useful timeframe). By
these characteristics, the following fields are likely to yield the most useful results
over the coming decade.

Hemorrhage Control, Fluid Resuscitation, Rapid Diagnostics
andManipulation of Coagulation, Inflammatory-Modulating
Resuscitation, and Salvage Techniques for Circulatory Collapse

Hemorrhage accounts for 80–90 % of preventable deaths on the battlefield [3], so
clinical interventions addressing hemorrhage offer the greatest potential to save
lives. Tourniquets have reduced death from extremity trauma from 9 % in the Viet-
nam War to 2 % [4], but bleeding from areas not amenable to tourniquets (especially
the junctions of the axial and appendicular skeleton) remains the cause of consider-
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able mortality. Up to 25 % of major trauma patients rapidly develop a coagulopathy
mediated not by the traditional culprits (hypothermia, acidemia and dilution of clot-
ting factors) but by thrombomodulin expression and activated protein C [5]. Drugs
or devices that specifically address junctional bleeding and coagulopathy should
logically further reduce death from traumatic hemorrhage. Venous thromboembolic
disease is particularly common in combat trauma, occurring in 9 % of patients and
appearing more rapidly (within the first 24 hours) than has traditionally been ap-
preciated [6]. This factor must be considered when testing novel interventions for
hyperacute coagulopathy. Rapid diagnostic tests that identify the switch between
a hypo- and hyper-coagulable state may be useful in addressing this conundrum.
Increasing willingness to deploy the most advanced lifesaving technologies to field
hospitals has raised the possibility that extracorporeal salvage techniques may also
have a place in treating exsanguinating hemorrhage. Evidence supporting these
various interventions is currently lacking.

Delivery of Blood Products and Their Derivatives
outside Large Hospitals

Many combat hospitals, like smaller civilian hospitals, usually have low blood prod-
uct usage interspersed with requirements to provide large quantities at short notice.
Modern appreciation of the benefit of blood resuscitation rather than crystalloid or
non-blood colloid began with combat experience in Iraq. The shelf life of packed
red blood cells (PRBC) (42 days) and platelets (5 days) imposes either a large lo-
gistic burden and substantial waste, or precludes availability. For example, in the
first year after the 2003 invasion of Iraq, 90,000 PRBC units were transported to
US field hospitals, but just over 2 % were used [7]. Platelets were unavailable other
than in donations of fresh whole blood. Combat hospitals in Afghanistan matured to
provide apheresis platelets from local military donors, but this relies on equipment
and a stable donor population that may be unavailable in more austere conditions.
Alternatives to conventional fractionated blood components would be logistically
and clinically highly attractive.

Management ofWounds andWound Infection

Systemic prevention, identification and treatment of infection
Military ballistic wounds usually result from high energy projectiles and so are
typically more often contaminated, have less tissue coverage, and are more prone
to infection with multi-drug resistant organisms than civilian wounds. The cur-
rent military recommended antibiotic infection prophylaxis for extremity wounds is
a 1st generation cephalosporin or clindamycin for an initial period of 1–3 days [8].
Further antibiotics are given only in established infection, but early recognition can
be difficult. Clinicians must rely on non-specific parameters, such as fever, wound
discharge, erythema and white cell count. Traditional inflammatory markers, such



750 A. M. Pritchard et al.

as erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) have poor
specificity, as they remain elevated for at least three weeks post-wounding even in
the absence of infection. A more specific diagnostic test to identify infection early
should facilitate both better antibiotic stewardship and clinical outcomes.

Local techniques to prevent infection
Longstanding military trauma surgical tradition holds that “the best antibiotic is
good surgery”. Removal of dead or contaminated material is critically important
in primary surgery for all ballistic wounds. The ability to operatively re-inspect
wounds at frequent intervals within the first 72 hours is a central feature of mod-
ern military surgery. Once only viable tissue is observed within the wound, re-
inspections can be reduced in frequency to second-daily or less until a final wound
closure strategy is identified. This strategy considerably reduces unnecessary tissue
loss compared to early aggressive debridement that might remove tissue that could
recover. Irrigation performed before and after adequate debridement is perhaps the
most important aspect of primary wound surgery and is known to reduce bacte-
rial load. However, questions (amenable to randomized controlled trials [RCTs])
remain over the optimal nature and method of this technique.

Heterotopic ossification
The incidence of heterotopic ossification in combat-wounded service members is
as high as 64.6 %, higher than in civilian trauma patients in whom the rates are 11–
50 % in the setting of a significant head injury, and much lower (although less well
defined) in others [9]. Amongst military casualties, heterotopic ossification is com-
monest in those exposed to blast, with traumatic amputations, and with an injury
severity score > 16. Civilian risk factors such as head and spinal injury, extent of
surgical dissection, systemic inflammation, neoplasm, and genetic predisposition
are also likely to be relevant. Heterotopic ossification can cause pain, ulceration,
and stiffness, and in amputees this can result in poor prosthesis fitting or compli-
ance. Effective, practical prevention or treatment of heterotopic ossification would
be of particular benefit to military casualties.

Compartment syndrome
Compartment syndrome results from an increase in pressure within an osseofas-
cial space. Once pressure increases above the perfusion pressure, tissue anoxia
and cell death ensue. Long-term outcomes of compartment syndrome are devastat-
ing, particularly in cases where diagnosis has been delayed or missed, resulting in
varying degrees of functional limb loss. Compartment syndrome is largely a clin-
ical diagnosis, depending on signs including pain out of proportion to injury and
pain upon passive stretch, a palpable tense compartment, pallor, pulselessness,
paralysis, and paresthesia. Compartment syndrome is commonest in high energy
tibial fractures, crush injury, burns, and when constrictive dressings cause venous
outflow obstruction. The leg is the most common region involved, comprising
62 % of cases. Military casualties are particularly at risk due to their high energy
wounds and because prolonged evacuation times, usually at altitude in confined



Where to Next in Combat Casualty Care Research? 751

spaces with deep sedation, all increase risk. For this reason, military guidelines
recommend liberal use of fasciotomy. However, fasciotomy produces substantial
morbidity in up to 70 % of cases, including pain, chronic ulceration, delayed union
of fractures and sensory changes. Avoiding unnecessary fasciotomy with the aid of
intra-compartment pressure monitoring or more novel diagnostic techniques would
be a significant advance.

Post-traumatic Stress Disorder andMild Traumatic Brain Injury

Insurgent preference for improvised explosive devices in Iraq and Afghanistan has
produced large numbers of blast-exposed patients. One study found that 12 % of
returning combat veterans had features consistent with mild traumatic brain injury
(TBI), and a strikingly similar proportion (11 %) had symptoms consistent with
post-traumatic stress disorder (PTSD) [10]. The overlap of diagnostic criteria for
these two conditions often makes them difficult to tell apart, especially as the fea-
tures of mild TBI may not occur until some weeks after blast exposure. Ability to
predict the long term consequences of mild TBI from features present at the time
of initial injury would substantially improve the occupational management of these
patients, in addition to better defining a population in which postulated therapies
could be subjected to clinical trials. Current practice builds on experience in both
warfare and competitive sport, which has identified a ‘two-hit’ effect in which the
second episode of concussion has more profound effects than the first. Particu-
lar care is taken with military patients exposed to a second or third concussive force
within a 12-month period [8]. Although such approaches are sensible in the absence
of better diagnostics, an individualized approach based on objective data logically
holds the promise of better care.

Severe Traumatic Brain Injury

Severe wounding of the central nervous system is the commonest cause of death
on the modern battlefield [3], with most patients dying of non-survivable wounds
before hospital arrival. Although in recent conflicts the number of cases of mild
TBI far exceeded those with moderate or severe wounds, survivors of severe TBI
are often left with profound disability. US forces members suffered more than
1250 cases of moderate to severe TBI between 2003 and 2010, with penetrating
wounds outnumbering non-penetrating by 1.3–2 to 1 [11]. Any treatment that
improves function in severe TBI survivors would have tremendous social and eco-
nomic benefits to military and civilian patients alike.
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Training of Healthcare Providers, from Battlefield Medic
to Trauma Surgeon

Perhaps surprisingly, evidence has only recently emerged demonstrating the mor-
tality benefit that adequately trained clinicians bring to trauma care. US military
patients transported by critical care flight paramedics had a 66 % lower 48-hour
mortality than did those transported by army medics with less advanced training
and experience [12]. A comparative study of mortality associated with different
aeromedical retrieval systems similarly found a significant mortality benefit asso-
ciated with a team comprising a critical care physician, specialist nurse and two
paramedics, in comparison to even well-trained paramedics working without physi-
cian support [13]. The question that immediately follows is how to provide the best
possible training for medics, nurses and physicians throughout the continuum of
trauma management, such that all patients receive the best possible care.

Optimal Design of Trauma Systems

Although not as intuitively appealing as novel drugs and devices, system-level
improvements offer the greatest opportunities to improve trauma mortality. For
example, after introducing a comprehensive trauma system in Victoria, Australia,
trauma mortality halved in the decade 2000–2010 [14]. The US military-led Joint
Trauma System has produced similar improvements (Fig. 1) [2]. The particular
challenge for the military in any future conflict will be to more rapidly adapt the
deployed trauma system to conditions that will almost certainly differ to those in
Afghanistan in 2014. Accurate data, insightful epidemiological analysis and in-
telligent command decisions will be required to mold a system rapidly to clinical
need.

Research Programs that will Address Combat Casualty Care
Priorities

Hemorrhage Control, Fluid Resuscitation, Rapid Diagnostics
andManipulation of Coagulation, Inflammatory-modulating
Resuscitation, and Salvage Techniques for Circulatory Collapse

Hemorrhage control
Modern combat casualty care has replaced the traditional ABC approach with a ‘C’
ABC model, in which control of catastrophic hemorrhage takes precedence over air-
way. Novel agents such as the HemCon® Bandage and QuikClot® Combat Gauze
have been embraced, albeit with only preclinical supporting evidence. The only
device that has been shown to improve survival on the battlefield is the tourni-
quet, present in either a manufactured or improvised form since ancient Greece.
The device issued to all US and Australian service members in Afghanistan is the
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C-A-T® (Combat Application Tourniquet), which has 79 % effectiveness when ap-
plied to a bleeding limb in the pre-hospital setting, with a low risk of associated
morbidity [15]. However, these devices are not effective in controlling junctional
or truncal hemorrhage. The Junctional Emergency Treatment Tool (JETT) (North
American Rescue, Greer SC USA) gained FDA approval in January 2013 and is cur-
rently being evaluated in Afghanistan, albeit not in a comparative trial. The JETT
comprises a pelvic sling and bilateral femoral compression pads, and is proposed
to be suited to control hemorrhage from both pelvic and femoral vessel injury. The
SAM Junctional Tourniquet (SAM Medical Products, Wilsonville OR USA) has
a similar action, while simultaneously stabilizing pelvic fractures. Neither of these
devices has been the subject of any comparative clinical trials, although preclin-
ical and simulation experiments report both are effective. Clinical trials of such
devices are difficult given the heterogeneous patient population and the difficult cir-
cumstances in which they are sometimes applied, but at the very least a registry of
patient outcomes should be kept to ensure these devices are doing no harm.

Systemic administration of TxA has been shown to reduce blood loss and trans-
fusion requirements when administered for elective surgery, and its use in military
trauma is also now widespread following publication of the CRASH-2 [16] and
MATTERS [17] studies. Some investigators have pointed to knowledge gaps when
patients are treated in modern trauma systems than can deliver TxA and other
coagulation-modifying treatments prehospital, and a trial of prehospital TxA is
about to commence [18]. Topical TxA may avoid potential systemic adverse ef-
fects, and has been shown to reduce blood loss and transfusion requirements in
elective surgery [19]. Topical pro-coagulants are not routinely used in the surgical
management of military wounds. Currently no trials are being conducted in a mil-
itary context, but a civilian RCT is currently comparing topical and systemic TxA
in total knee arthroplasty (NCT01940523).

Fluid resuscitation
Early crystalloid resuscitation was once a central element of trauma resuscitation.
The seemingly self-evident benefit of this practice was disproved by the landmark
RCT that found benefit from avoiding all fluid prior to hospital admission [20].
Modern military interpretation of this evidence is more nuanced, with appreciation
that with more prolonged hospital times than in urban trauma systems, patients ben-
efit from fluid to maintain consciousness or systolic blood pressure > 90 mmHg [8].
Furthermore, there is emerging evidence that a two-phase approach, providing fluid
resuscitation to higher blood pressure targets after an initial period of hypotensive
resuscitation, results in better surrogate endpoints in an animal model [21]. The
clinical trial to confirm this hypothesis should be possible, but is yet to be planned.

Prehospital administration of blood products appears feasible, and at least one
study (NCT01838863) is comparing prehospital resuscitation with either normal
saline or fresh frozen plasma (FFP) in severe trauma. Observational studies support
a 1:1 PRBC to FFP ratio when a massive transfusion protocol is initiated. Although
widely accepted, the optimal PRBC to FFP ratio is unknown. By 2012, 38 studies
had compared high versus low PRBC to FFP ratios in massive transfusion. All
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were observational, so the association between ratio and outcome is potentially
confounded, most notably survivor bias [22]. One multicenter RCT, the Pragmatic,
Randomized Optimal Platelets and Plasma Ratio study (PROPPR) (NCT01545232)
comparing a 1:1:1 ratio of FFP, platelets and PRBC to a 1:1:2 ratio, is likely to
complete recruitment by early 2014. Any fixed ratio may be inferior to strategies
tailored to individual patients. A preliminary RCT found such an approach fea-
sible, not clearly associated with inferior clinical outcomes and potentially more
frugal with valuable blood products [23].

Rapid diagnostics and manipulation of coagulation
Many trauma patients will require little fluid resuscitation and will not develop
coagulopathy, whereas others will require massive transfusions and active coagu-
lation management. At extremes, distinguishing these two is straightforward, but
this is not true for many patients. The ability to identify patients who will benefit
from early blood transfusion using readily available clinical information is improv-
ing, for example by noting base deficit, prothrombin time and hemoperitoneum
as sensitive and specific predictors [24]. Identifying patients with trauma-induced
coagulopathy may facilitate earlier and more targeted treatment. Traditional labo-
ratory coagulation indices usually take too long to be useful. Thromboelastography
(TEG) and rotational thromboelastometry (ROTEM) provide rapid information that
is more predictive of transfusion requirement than traditional indices [25] and is,
at least anecdotally, useful in guiding blood product use. No published RCTs have
addressed this question, but the currently recruiting Comparison of Rapid Thrombe-
lastography and Conventional Coagulation Testing for Hemostatic Resuscitation in
Trauma trial (NCT01536496) is comparing the utility of TEG to traditional indices
in trauma patients requiring blood transfusion. The RETIC (Reversal of Trauma
Induced Coagulopathy Using Coagulation Factor Concentrates or Fresh Frozen
Plasma) trial (NCT01545635) is using ROTEM to guide the administration of ei-
ther FFP or fibrinogen, prothrombin, and factor XIII concentrates. The potential
to address the specific coagulation defects in individual patients using rapid point-
of-care (POC) testing has intuitive appeal that potentially extends to treating the
prothrombotic state that frequently follows acute coagulopathy.

Inflammatory-modulating resuscitation fluids
Despite considerable evidence for using predominantly blood product resuscita-
tion in major trauma, pharmacological manipulation of the pro-inflammatory and
other systemic effects of trauma remains attractive. Hypertonic saline is the most
studied fluid postulated to modulate inflammation (along with other actions) in hem-
orrhagic shock, potentially by decreasing end-organ damage through suppression
of neutrophil and endothelial activation. Unfortunately, clinical trials have been
disappointing. The Resuscitation Outcomes Consortium RCT comparing 7.5 %
hypertonic saline +/� 6 % dextran with normal saline for resuscitation following
traumatic injury [26] terminated at only 23 % of the planned recruitment due to
futility and patient safety issues. Large clinical trials of hypertonic saline in TBI
with and without hypotension have been similarly disappointing [27, 28]. Numer-
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ous inflammatory-modulating additives to resuscitation fluids have been proposed,
including ethyl pyruvate, Na+/H+ exchange inhibitors (e. g., methanesulfonate), val-
proic acid, dihydroepiandrosterone, and a mixture of adenosine, magnesium and
lidocaine [29], all of which look promising in animal models. However, as the hy-
pertonic saline RCTs demonstrate, large effectiveness trials will be required before
such approaches can be recommended. None are currently registered.

Extracorporeal membrane oxygenation
Extracorporeal membrane oxygenation (ECMO) has an established role in trauma
patients with severe acute respiratory distress syndrome (ARDS). Single center ex-
perience with 52 patients treated with ECMO or pumpless extracorporeal lung assist
reported 79 % survival [30]. Patients with traumatic circulatory collapse might also
benefit from ECMO, but this has been avoided in trauma due to fear of bleeding
with the systemic anticoagulation that is conventionally required. However, six of
ten severe trauma patients treated with (initially heparin-free) ECMO survived [31].
A further development of this approach is to use the ECMO circuit to induce pro-
found hypothermia in order to preserve organ function. A multicenter feasibility
trial of this ‘Emergency Preservation and Resuscitation’ approach is about to com-
mence (NCT01042015).

Delivery of Blood Products/Derivatives outside Large Hospitals

Numerous alternatives exist to conventional PRBC, platelets, FFP and cryoprecipi-
tate for the management of traumatic hemorrhage, but (much like those traditional
products) few have been evaluated in clinical trials. Considered by regulatory au-
thorities as pharmaceuticals rather than blood, this lack of evidence has prevented
approval for widespread use. This situation is now being addressed.

Platelets
Platelets are the most problematic clotting component to supply to remote loca-
tions. Dimethylsulphoxide (DMSO)-cryopreserved platelets (with a shelf-life of
two years) were assessed in a pilot trail in 1999 [32] and were first used clini-
cally by the Dutch military in 2001, but are only now entering the pilot phase of
a definitive clinical trial in comparison to conventional liquid platelets (Cryopre-
served vs. Liquid Platelet (CLIP) trial; ACTRN12612001261808). The US Army
Medical Research Materiel Command is sponsoring a similar program of research,
but currently has no trial registered. Various platelet alternatives are also under in-
vestigation. For example, lyophilized platelets/derivatives (Stasix, Entegrion, Inc.,
NC USA and Thrombosomes, Cellphire Inc., MD USA) show promise in animal
models, but are not yet registered in clinical trials.

Plasma and clotting factors
The shelf-life of FFP is two years and cryoprecipitate one year, making supply in
smaller hospitals relatively simple. However, these take 30–40 minutes to thaw,



756 A. M. Pritchard et al.

and only large trauma hospitals can keep thawed units on hand without unsustain-
able wastage. A method of delivering concentrated clotting factors that would allow
rapid prehospital or early hospital administration would be very useful. Freeze dried
plasma is in clinical use in France and Germany, and has been used apparently suc-
cessfully at the point of wounding by the Israeli military. Having been originally
used by the US military in 1941 and then abandoned (because of infection trans-
mission by early preparations), clinical trial evidence is likely to be required before
more widespread adoption; no trial is currently registered. Concentrated clotting
factors are also appealing for use at point of injury. Fibrinogen concentrate is ap-
proved for use in bleeding trauma patients in France and Germany, but elsewhere
only for the treatment of congenital fibrinogen deficiency. Although there are sev-
eral non-randomized studies supporting use in trauma, once again a clinical trial is
likely to be required before widespread adoption. Trial feasibility is currently being
assessed by at least one group. Prothrombin complex concentrates (containing var-
ious quantities of coagulation factors II, VII, IX, and X) are the other commercially
available factor concentrates, to date similarly lacking evidence and, therefore, ap-
proval for use in trauma.

Red blood cells and their alternatives
DMSO-cryopreserved red cells are registered for limited therapeutic use for patients
with rare blood groups. However, it is increasingly appreciated that the effects of
PRBC transfusion are not all immediately apparent, requiring very large effective-
ness studies such as the TRANSFUSE (5000 patients; ACTRN12612000453886)
and ABLE (2510 patients; ISRCTN44878718) studies of the age of PRBC to dis-
cern possible adverse effects. It is possible that cryopreserved PRBC may be a su-
perior product to aged liquid-stored PRBC, but testing this theory will need a clin-
ical trial of a similar size. A smaller study (350 patients) is currently underway
(NCT01038557) and has published its preliminary, encouraging results [33]. The
search for oxygen-carrying red cell substitutes continues. In a trial of 688 patients,
hemoglobin based oxygen carrier-201 (HBOC-201)(Hemopure, OPK Biotech LLC,
Cambridge, MA, USA) was found to produce more cardiovascular adverse events
than conventional red cells [34]. Similarly, human polymerized hemoglobin (Poly-
Heme, Northfield Laboratories, Evanston IL, USA) produced a higher incidence of
myocardial infarction in a phase III trial in 714 patients [35], and is no longer in
production. Arguably, a fairer comparison might have been to crystalloid alone, for
situations in which conventional RBC transfusion is unavailable. However, con-
ducting trials in small hospitals without ready PRBC availability is made difficult
by the lack of patient volume and research infrastructure. Nonetheless, further trials
of HBOC-201 (NCT01881503 and NCT00301483) are registered.

Fresh whole blood
An alternative to fractionated blood products and their derivatives and substitutes is
fresh whole blood. Anecdotal experience in the initial stages of the wars in Iraq and
Afghanistan was that this was considerably more effective than aged component
therapy. However, a large and stable population of donors is required (the health of
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whom may be compromised), transfusions must be type-specific (there is no uni-
versal donor), and there is a greater risk of viral infectious disease transmission and
graft versus host disease. These latter two risks might be mitigated by immediate
post-transfusion processing, technology that also awaits testing in clinical trials.

Management ofWounds andWound Infection

Detecting infection
No biomarker is known to be sufficiently sensitive and specific to guide the ad-
ministration of antibiotics. Procalcitonin (PCT) has been used to reduce seem-
ingly unnecessary antibiotic treatment in pneumonia, and more recently showed
promise in the diagnosis of infection after orthopedic surgery in an observational
pilot study [36]. A further observational study is planned (NCT01472952). Cell-
free DNA is a more novel biomarker that may potentially distinguish infection from
trauma. Combined with DNA identification of bacterial species and antibiotic sensi-
tivity, molecular techniques hold currently unproven promise for the better detection
of infection in trauma.

Local control of infection
Normal saline is the currently recommended fluid for wound irrigation, but if un-
available, potable water is thought to be acceptable [37]. The added benefit of
pulsatile lavage and additives to irrigation fluid is unclear, with contrary arguments
in contemporary literature. A contaminated wound model found irrigation with
a bulb syringe and normal saline resulted in less rebound and reduced bacterial
counts at 48 h vs. pulsatile lavage and various additives [38], but another study
found a significant difference in favor of pulse lavage [39]. An RCT comparing
pulsed lavage to low pressure lavage after closure of major abdominal wounds
is currently underway (ACTRN12612000170820). Another multicenter, blinded,
factorial trial (NCT00788398) is comparing alternative irrigating solutions (soap
additive vs. standard saline) and pressures (high and low) in patients with open
fractures. Military wounds at high risk of infection are usually irrigated with saline
before 0.0025 % Dakin’s solution (sodium hypochlorite, initially used in the First
World War) dressing are applied. While emotively attractive due to its historical
precedent in an earlier war, the evidence for this approach is negligible. Currently
there are no clinical trials registered. Negative-pressure wound therapy is thought
to be a useful but not yet proven clinical adjunct in the management of a wide array
of traumatic soft tissue injuries that have a hemostatic wound bed [8].

Heterotopic ossification
Heterotopic ossification prophylaxis is fraught with potential complications, partic-
ularly in the blast victim. Traditional treatment in the civilian setting is radiother-
apy, which is not recommended. Treatment with non-steroidal anti-inflammatory
drugs (NSAIDs) can be effective, although risks gastrointestinal complications and
delayed bone healing. The Combat Pill Pack currently issued to US personnel pro-
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vides four pills (meloxicam 15 mg, acetaminophen 1000 mg and an antibiotic) to
be swallowed in the event of an open combat wound. Neither meloxicam nor any
other NSAIDs are routinely continued post-injury in military personnel because of
concern over potential adverse effects. This concern is, however, entirely theoret-
ical, and prospective trials of the early introduction of a NSAID vs. placebo for
short durations are warranted. Genetic, tissue and serological markers may identify
a population group most prone to heterotopic ossification and thus potentially argu-
ing for the continued use of NSAIDs in this patient population. Current research is
studying the link between the serological marker, BMP-9, and its receptor, ALK1,
and the formation of heterotopic ossification (NCT01433536). Research is also
ongoing into alternative forms of prophylaxis including the use of retinoic acid re-
ceptor antagonists, as these have been shown to reduce the formation of heterotopic
ossification in a murine model [40].

Compartment syndrome
Although intuitively attractive, clinical studies of invasive compartment pressure
monitoring to detect compartment syndrome early have shown mixed results. A re-
cent retrospective analysis of 850 cases found a sensitivity of 94 % and specificity
of 98 % for the diagnosis of compartment syndrome [41]. This study will reignite
interest into the use of pressure monitors as an adjunct for the diagnosis of compart-
ment syndrome in both the civilian and military settings not only for its diagnostic
value, but also postoperatively to confirm that an adequate fasciotomy has in fact
been performed. Up to 17 % of fasciotomy procedures will require revision be-
cause of ineffective fascia release [42]. Revised or delayed fasciotomy procedures
are associated with three times the mortality and double the amputation rate of
cases where fascitomy was performed adequately. A prospective RCT compar-
ing clinical diagnostic acumen with compartment pressure monitoring would be
a tantalizing prospect, though given the often catastrophic outcome that occurs in
missed cases clinician equipoise may be lacking. Another diagnostic modality that
is gaining momentum for the diagnosis of compartment syndrome is the use of near-
infrared spectroscopy (NIRS). This technique utilizes non-invasive passage of light
through tissues to measure tissue anoxia, and has been shown to correlate with in-
vasive pressure monitoring in experimentally-induced compartment syndrome [43].
The usefulness of NIRS in a military population is currently under evaluation in
a prospective, observational cohort study (NCT01123798) being conducted by the
US military at Landstuhl Regional Medical Center.

PTSD andmild TBI

Mild TBI
The US and Australian armed forces use the Military Acute Concussion Evalu-
ation (MACE) in all patients exposed to blast. This tool assesses neurocogni-
tive deficits in orientation, immediate memory, concentration and delayed recall.
The MACE is a high-sensitivity, low-specificity method to identify patients at risk

http://clinicaltrials.gov/show/NCT01433536
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for TBI [44], who then undertake more detailed evaluations including computer-
based concentration evaluations (such as the CogState [http://www.cogstate.com/
go/sport] or Automated Neurological Assessment Metrics [ANAM]), clinical eval-
uation by a neurologist, and neuroimaging. However, simple automated tests are
poorly validated in a combat population. All are affected by other stressors of com-
bat, including fatigue. Deviation from individual baseline is therefore difficult to
attribute solely to blast. Even advanced magnetic resonance imaging (MRI) stud-
ies have shown a disappointing correlation with mild TBI effects [45], and despite
intense effort no serum biomarker has emerged as a useful diagnostic test. Plac-
ing blast accelerometer gauges in combatants’ helmets is an attempt to correlate
exposure with effect, but current devices have limited ability to account for three-
dimensional forces. This, along with difficulty in accurately quantifying clinical
effects, means that as yet no clear relationship has been established. Fortunately,
the opportunity to conduct this research in the combat population may be about
to rapidly diminish. The future of this research may lay with studies of athletes
involved in sports involving the risk of blunt head trauma.

PTSD
Current treatments for PTSD involve an array of behavioral, cognitive and phar-
macologic methods. Newer applications of virtual reality involving Middle East
scenario training with PTSD-afflicted veterans of the Iraq and Afghanistan wars
have shown potential in reduction of symptoms [46]. Eye movement desensitiza-
tion and reprocessing is a novel technique with poorly understood mechanisms that
has shown promise in smaller studies and is currently the subject of at least two
phase III trials (NCT00716638 and NCT01443182). Acknowledging the marked
overlap between PTSD and mild TBI, numerous studies are currently examining si-
multaneous treatment of both. The Mild Traumatic Brain Injury and Post-Traumatic
Stress Disorder study is using positron-emission tomography (PET) imaging of
the GABAergic receptors to assess the development of PTSD in patients suffer-
ing from mild TBI (NCT01547819), and the Brain Indices of Risk for PTSD after
mild TBI study will combine MRI results at three and six months post-injury along
with neurocognitive testing to evaluate the risk of PTSD development with mild
TBI (NCT01625962). Others are considering new pharmacologic options in the
prevention of PTSD with prazosin and omega-3 fatty acids (NCT00532493 and
NCT00671099, respectively) and a trial of hyperbaric oxygen therapy for both TBI
and PTSD is currently recruiting (NCT01105962).

Severe TBI

Several medical therapies for severe TBI have been attempted. For many years cor-
ticosteroids were hypothesized to reduce secondary brain injury due to inflamma-
tion. The landmark CRASH trial [47] not only showed that, in fact, corticosteroids
at inflammatory-modulating doses increase mortality, but demonstrated the peril of
widespread adoption of therapy based on pathophysiological theory rather than clin-

http://www.cogstate.com/go/sport%5d
http://www.cogstate.com/go/sport%5d
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ical trials. Erythropoietin, therapeutic hypothermia, progesterone and tranexamic
acid all show promise, with large effectiveness trials currently underway (EPO-TBI:
606 patients, NCT00987454; POLAR: 512 patients, NCT00987688; ProTECT III:
1140 patients, NCT00822900; CRASH-3: 10,000 patients, ISRCTN15088122).
Various other therapies are in earlier stages of clinical trials, including magnesium,
mild hypothermia, and estrogen. The US military has facilitated a collaborative net-
work to conduct multicenter, multispecies preclinical testing of a variety of drugs,
including nicotinamide, choline, atorvastatin, and lithium [48]. The surgical man-
agement of severe TBI is more difficulty to study, as the DECRA investigators
discovered in their trial of decompressive craniectomy for refractory diffuse TBI
that took nearly eight years to recruit 155 patients [49]. Although the decompressive
craniectomy reduced intracranial pressure (ICP), the poor validity of such a surro-
gate endpoint was clearly demonstrated, as despite this success, functional outcome
at six months was significantly worse in the surgical group. The role of decompres-
sive craniectomy in any form of TBI remains hotly debated.

Training and Clinical Support of Clinicians

Optimal methods of training for clinicians treating trauma patients are difficult
to define, as outcome measures are nebulous and situation-dependent. Individual
skills, such as intubation, chest tube insertion and cricothyroidotomy, are relatively
easily taught, although there is a surprising paucity of evidence supporting the su-
periority of this approach over a traditional apprenticeship model. Most trauma
management is performed by teams, the members of which must integrate their in-
dividual skills with those of others. Team training using clinical simulation that
incorporates every level of clinician involved in patient care within the pre-hospital
environment, trauma bay or operating room is intuitively attractive, but is only
starting to be supported by robust evidence. Many studies of simulation record
improvements in the simulated behaviors, but until recently there has been little
to show this translates into actual practice. A Level 1 trauma center in Roanoke,
VA, USA compared the efficiency of residents, attending physicians and nurses
during trauma resuscitation before and after a team training session followed by pa-
tient simulation exercises. Training resulted in a decrease in emergency department
length of stay and time to focused abdominal sonography for trauma (FAST) exam,
CT, intubation and transfer to the operating room [50]. Further similar validation
of simulation and team training is required before this method can be universally
recommended.

Trauma systemdesign

Unlike civilian health administrators, military planners often start with a map de-
void of adequate healthcare facilities. This liberates them from constraints imposed
by historical precedent, allowing them to deploy assets where they are needed
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most. Numbers and locations of evacuation assets and hospitals of various sizes
are initially determined by logic and military doctrine, but as the conflict evolves
the system must be sufficiently flexible to respond to both changing demand and
improvements in evidence-based clinical practice. The current conflict has shown
how a trauma system constantly informed and able to accommodate these factors
will continuously improve its performance [2]. Techniques under development will
hopefully assist even more rapid adaptability, such as a continuous analysis of geo-
graphical variations in case fatality rate in order to identify outlying areas in need of
either better primary prevention or better medical care. As medicine becomes more
sub-specialized, the requirement for deployment of certain specialties at particular
locations should also be informed by this system. Military doctrine has tradition-
ally held that a patient should arrive at a non-surgical resuscitation facility within
the ‘golden hour’ after wounding, and at a surgical hospital within two hours. The
data on which these thresholds are based predate the modern approach to damage
control resuscitation and surgery. Retrospective analysis of the natural variation in
the Joint Theater Trauma Registry should allow modern time-to-surgery targets to
be revised. Only in the closing stages of the current conflict has it been realized
that hospital performance has improved to the point of diminishing return, and that
the majority of preventable deaths occur pre-hospital. Improvements in pre-hospital
care have shown dramatic benefit [12, 13] and so should become the area of greatest
research and quality improvement focus. Part of the solution to better pre-hospital
care may be technological, with at least one group working on a wireless, video,
networked decision support tool for the pre-hospital environment that presents the
most important clinical information both to the pre-hospital provider and to a physi-
cian in the hospital to which the patient is being taken. The applicability of such
approaches to civilian trauma systems should be clear. The US-led Joint Trauma
System collects data assessing compliance with various process-level components
of its Clinical Practice Guidelines [8]. Improved access to indices of morbidity
(mostly assessed on return to country-of-origin) should in future allow this system
to determine even better the outcome effects of changes in practice. The anticipated
publication of civilian consensus guidelines for process and outcome measures of
quality in trauma care should be a valuable tool in this process.

Conclusions

Current operations in Afghanistan by armed forces of the developed world have
come to depend on a trauma system that has evolved through time to consist of well-
established fixed hospitals with evacuation assets that can rapidly move casualties
from the battlefield to initial wound surgery and on to definitive care. The challenge
for future combat casualty care will be to produce a similarly low mortality and
morbidity in less developed and more austere environments. The keys to meeting
this challenge will be to further test and develop clinical interventions, such as those
listed in this chapter, and to train the next generation of clinicians in the lessons
that have been learnt. If military clinical activity reduces dramatically, in most
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parts of the world the best means of achieving these objectives will be to partner
with civilian hospitals and research institutes. Doing so will benefit civilian and
military patients alike. A further task will be to preserve the method of rapidly
implementing a trauma system optimally designed for the conditions it must face.
The data capture, epidemiological analysis, continuous feedback and institutional
buy-in this involves are methods likely to be just as valuable in civilian trauma
systems.

Postscript A source of considerable annoyance to English-speaking combatants
of many nations is the incorrect use of the term ‘injury’ for their wounds. At least
in military parlance, wounds are deliberately inflicted (and so encompass surgical
wounds as well as those caused on the battlefield), whereas injuries are accidental.
Although perhaps of little significance to treating clinicians, the distinction is highly
valued by our patients – and so we feel should be respected.
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Intensive Care “Sans Frontières”

K. Hillman, J. Chen, and J. Braithwaite

Introduction

The specialty of intensive care has made remarkable progress in a relatively short
time. Intensive care units (ICUs) now play a crucial role in acute hospitals, sup-
porting patients who have life-threatening conditions, such as trauma and severe
infections, as well as maintaining life after major surgery. Since the earliest ad-
missions, there has been a subtle but compelling change in the nature of patients
admitted to hospitals and ICUs who are now older with increasing number of co-
morbidities and undergo more complex interventions with a higher incidence of
complications. This chapter will discuss some of the implications of the changing
hospital population.

The specialty of intensive care has had a short but dynamic history of which
all of us who have been involved in its development should be proud. Its be-
ginnings were in Copenhagen, Denmark in 1952 in response to the poliomyelitis
epidemic [1]. An anesthetist, Bjørn Ibsen, suggested he could support patients’
respiration as a result of dysfunctional diaphragms by using positive pressure venti-
lation. Medical students, working 8-hour shifts, kept the patients alive and reduced
mortality from about 80 % to 60 %. Thus, the specialty was born and the learning
began. The way we delivered ventilation was refined; the tubes and catheters we
inserted became more appropriate; we learnt how to support the circulation with
drugs and machines; how to support the kidneys with continuous dialysis; we could
feed enterally or parenterally; and use many of the other support therapies, such
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as antimicrobials and drugs to prevent thrombosis and gastric erosions. Another
crucial and often under-estimated development in our specialty, was the emergence
of intensive care nursing as a separate specialty which, together with other allied
health and paramedical services, provides the majority of the 24-hour bedside care.

The specialty of providing care to the seriously ill developed within its own
four walls. This enabled the use of the specialized machinery and drugs used to
support patients in a practical environment. It also provided territory for the new
specialty to develop. Patients could be cared for in this dedicated space. At the
same time the skills, knowledge and experience could be learned within a controlled
environment and, in doing so, carve out a unique and challenging specialty. The
specialty soon became an essential part of modern medicine. The development of
intensive care medicine made it possible to continue complex intraoperative care
into the postoperative period for areas such as cardiac surgery, neurosurgery and
trauma. We were able to prolong the lives of patients while our interventions or
nature could restore the body’s function. We soon had our own textbooks, journals
and conferences.

After such spectacular progress it is probably time to stop and take stock of
what our specialty is about and what are its boundaries, both geographically and
functionally as well as its relationship with our community. We need to address
questions such as where should we be delivering intensive care?; to whom should
we be delivering it?; what implications has our specialty for society?; and how does
intensive care fit in with the bigger picture of health?

The Changing Nature of Patients in Intensive Care

There have been many impressive developments since Copenhagen in the early
1950 s. But there has also been an imperceptible change in the way we practice
intensive care medicine, related largely to the changing nature of our population
in both the community and within our hospitals. Our population is aging and liv-
ing longer [2, 3]. Life-saving interventions which, at one time, we would have only
considered using for fit, otherwise well patients are now routinely delivered to older
and frailer patients. The changing nature of patients being intensively cared for in
hospitals and in our ICUs has important implications for the future of the specialty.

Care of the ‘sick elderly’ is probably the most common reason for admission
to acute hospitals. This factor has subtly and incrementally changed over the last
40 years and almost certainly will increase even more over the next 40 years. The
changes have implications for the future of health and intensive care medicine. Hos-
pitalized patients are more vulnerable and, at the same time, are undergoing more
complex and potentially dangerous interventions [4–7]. The number of the ‘elderly
sick’ admitted to hospitals and ICUs is also increasing [7, 8–12]. Not surprisingly,
the number of patients over the age of 80 is also increasing [13–16].

In attempting to discern what ‘sick elderly’ means, we need to question the con-
cept of a simple diagnosis. A 20-year old with a urinary tract infection can be treated
with oral antibiotics and often continue normal everyday activities. An 80-year old
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with the same problem may not only require antibiotics but also intravenous flu-
ids, inotropes, ventilation and dialysis. By the time a patient has reached 85 years
of age they will often have degrees of hypertension and cognitive dysfunction as
well as decreased mobility and associated orthopedic problems. Other age-related
co-morbidities are influenced by genetic makeup, the environment and life-style.
These include ischemic heart disease, diabetes and strokes. Moreover, organs, such
as the kidney, heart, liver and lungs, have a predictable decrease in function as
people age. The sum of these underlying so-called co-morbidities and age-related
decreases in organ function determines the clinical outcome of the patient as much,
if not more than, the acute reason for admission to the ICU.

Medicine is struggling to define what the collective impact of these chronic clin-
ical conditions is. They can easily be listed but this currently does not translate into
a concept that informs us about optimal management or prognosis. The closest we
have come so far is by exploring the concept of frailty [17–19]. The concept itself
is complex with multiple and slippery meanings [20]. It is generally agreed that the
term is used for older patients who have decreased general strength and who are
unusually susceptible to disease or other infirmities [19]. Other ways of describing
it incorporate three qualities: A state of risk or vulnerability; a precarious balance
between demands and capacity to cope; and impending or current disability [21].
Although there is little general agreement, scales have been developed in order to
quantify frailty [18, 22] (Box 1). Currently in intensive care, there are only limited
and crude ways of incorporating a patient’s pre-hospital status into our prognostic
measures [23–25].

Box 1:
Proposed Clinical definition of the Phenotype of Frailty
Criteria
1. Decreased grip strength
2. Self-reported exhaustion
3. Unintentional weight loss of more than 4.5 kg over the past year
4. Slow walking speed
5. Low physical activity

Definition
Positive for frail phenotype: � 3 criteria present
Intermediate/pre-frail: one or two criteria present
Non-frail: no criteria present
From [17] with permission.

In the past, intensive care has tended to concentrate more on the acute reason for
admission to the ICU, such as acute respiratory distress syndrome (ARDS), heart
failure, sepsis, renal failure as well as management strategies around these ‘diag-
noses’ such as ventilation, antimicrobials, monitoring and dialysis. Although this
is how we developed our skills and knowledge of intensive care, we probably also
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need to begin to explore the impact of the way failing organs interact as well as the
impact of aging and co-morbidities on the clinical state of the patient.

Caring for the Seriously Ill in a Hospital

Before the development of intensive care as a specialty, the seriously ill were cared
for in the general wards of a hospital. It is said that as patients became sicker they
were moved closer to the nurse’s station so that a more careful eye could be kept on
them. As the specialty expanded in the 1970 s, an increasing number of hospitals
developed ICUs. Some were an extension of existing specialties, such as neuro-
surgery, cardiothoracic surgery, general medicine, respiratory medicine, trauma and
general surgery. Other countries developed a separate specialty of intensive care and
established more general ICUs, regardless of the primary specialty under which the
patient was admitted to hospital.

At the same time, hospital bed numbers were decreasing and the numbers of
admitted elderly and complex patients were increasing [4–7]. Patients were more
vulnerable and having more complex interventions with higher rates of compli-
cations [4, 5]. Increasing medical specialization was also occurring. There were
41 specialties accredited by the American Medical Association in 1985 and 124 by
200 [26]. By their very nature, specialists became increasingly competent in their
own area of expertise and less competent in other specialized areas. Thus, we had
the ‘perfect storm’. An increasing number of ‘sick elderly’ patients with multiple
problems which crossed many specialist areas were having increasingly complex
procedures. The nature of the patient’s clinical condition was not matched by the
medical expertise necessary to manage them. Some of these patients were cared
for in ICU by acute care specialists but their expertise was often not available to
seriously ill and at-risk patients on the general floors.

Early research showed what was happening as a result of the perfect storm. Sub-
optimal care before admission to the ICU on general wards was very common and
resulted in potentially avoidable deaths [27]. Up to 80 % of cardiac arrests on the
general floor were preceded by a slow deterioration in vital signs [28]. The same
slow unrecognized deterioration was also occurring before patients died [29] and
before they were admitted to the ICU [30].

As a result, specialists in intensive care developed rapid response systems, which
identified seriously ill and at-risk patients early and responded rapidly with staff
who had the skills, knowledge and experience essential to managing these patients
effectively [31]. The concept was consistent with the way medical care is usually
provided in a hospital: When necessary and appropriate, a specialist in one area
consults another specialist with expertise in another area. A rapid response call is
simply a consultation with another specialist: In this case, an intensive care special-
ist, or at least a physician specifically trained in acute medicine and resuscitation.
Because of the urgent nature of serious illness and the adverse outcomes associated
with delay [32], the consultation has to be made consistently and rapidly.
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ICUs were initially designed to care for the seriously ill. However, their ability
to do that is dependent on factors such as the number of hospital beds; the nature of
the severity of illness of patients in those beds; and the capacity of the ICUs to deal
with the number of patients requiring its services. As a result, the care of a seriously
ill patient in a hospital may be random. If there are many ICU beds in relation to the
total number of hospital beds and the general level of illness in the hospital is not
high, then all at-risk patients may be in the ICU and rapid response systems may
not be as necessary as in a large hospital managing patients with complex problems
and which has a relative low ratio of ICU beds to hospital beds. A rapid response
system is simply an intervention to care for the seriously ill, the same as an ICU.
The difference is geographical, not functional [33]. Both interventions identify and
treat patients with serious illness. The level of illness and outcomes of patients
who are the subject of rapid response calls is much the same as for patients in the
ICU [34, 35]. In the largest study on rapid response calls, only five did not require
advanced resuscitation interventions delivered by ICU staff [36].

Mirroring the ‘coronary artery syndrome’, there is now a ‘seriously ill syn-
drome’. Extending the analogy, cardiologists now work closely with community-
based response services and other parts of the hospital in order to rapidly re-
establish coronary artery blood flow in blocked vessels. They work outside their
coronary care units (CCU) in order to quickly recognize and manage patients’
conditions which, in the past, were treated in CCUs after their heart had infarcted.
Intensivists are also now realizing the importance of early recognition and treatment
of life-threatening diseases [36].

A rapid response system of one sort or another now operates in the majority
of hospitals in Australasia, North America, the UK and increasingly in Europe and
other parts of the world. Like the concept of an ICU itself, it is difficult to rigorously
define how effective rapid response systems are. The latest large trials and meta-
analysis suggest that they reduce cardiac arrest rates and mortality by about one-
third [37–39]. If this is even close to assessing its impact, the specialty of intensive
care is contributing a great deal to hospital care and patient safety.

Other Implications as a Result of the Changing Nature of Patients
in Intensive Care

There are other implications for intensivists as the population ages and their clini-
cal condition changes. One of the more important is the increasing demand for ICU
beds. With current workforce projections, we will not have staffing levels and capa-
bilities for projected needs [12]. It has been suggested that increasing demand for
intensive care has to be met by either increasing capacity [12, 40] or by rationing
current services and triaging patients [41]. There is a third option and one that in-
tensivists could play a crucial role in. It is related to the unsustainable cost of health
care and the lack of awareness of our society about what modern medicine can, and
more importantly, cannot offer.
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Around 70 % of our society wants to die in their own home [42]. Approximately
the same percentage will die in an institution, often in an acute hospital [42]. How
did this paradoxical emerge? Like childbirth in the 1950 s, dying and end-of-life
care has been medicalized. There is a conveyor belt taking patients at the end-of-
life from the community to the ICU. Starting from the community, when a person
deteriorates or has a sudden illness, assistance is summoned, usually in the form
of an ambulance. The ambulance has little discretionary power about destination
and usually takes the patient to the nearest emergency room (ER). The patients are
rapidly assessed in the environment of an ER where there are pressures to admit the
patient to hospital, rather than undergo the time-consuming and frustrating process
of attempting to secure an appropriate community setting for patients at the end-of-
life. Once patients are admitted under a specialist, there are attempts to marginally
improve the particular dysfunctional organ responsible for the admission. Other
specialists are consulted as the patient has usually been admitted with multiple co-
morbidities or, as a result of their frailty, has developed other problems during the
course of their admission. Often there is no attempt to look at the patient as a whole
in terms of prognosis, personal wishes and potential for reversing any pathology.
Hospitals are poor at diagnosing patients at the end-of-life. Approximately 30 %
of all rapid response calls are for patients at the end-of-life, in whom it previously
had not been considered [43, 44]. Even when a diagnosis has been made, hospitals
are also poor at managing end-of-life care [45, 46]. ICUs [42] and rapid response
systems often become surrogate ways of managing end-of-life care [45, 47].

While it is tempting to become frustrated with our colleagues for not recognizing
patients who are obviously at the end-of-life, a more positive approach may be
to acknowledge how our specialty has become the final option of caring for the
seriously ill. Our colleagues, locked within their own specialties, often do not have
the knowledge of what intensive care can or, more importantly, cannot offer. Out
of desperation, they refer many of their patients to intensivists. Some such patients,
of course, survive, when many would have thought that they would not. However,
our non-intensivist colleagues have little experience or knowledge about prognosis
nor of the increasingly complex interventions that are possible in the seriously ill.
Rather than make that decision, they increasingly rely on intensivists to provide
this expert opinion. Intensivists are no longer simply technicians who accept all
admissions to a place surrounded by machines and technologies to support life. We
are becoming crucial in the increasingly important role of providing an opinion
about the possibilities and limitations of modern medicine.

Our role also becomes crucially important in decisions about resource use and
the ethics of the wider society. The costs of hospitals are the largest component
of health care costs [4]. The majority of health expenditure is in the last year
of life [48]. Critical care currently accounts for 1 % of gross domestic product
(GDP) [49, 50], significantly contributing to the unsustainable costs of health care.
Moreover, patients do not necessarily want to be admitted to a hospital for end-
of-life care; nor do they necessarily want to die surrounded by machines and tech-
nology. Intensivists could play a valuable role by beginning discussions with other
stakeholders in society, such as politicians, the media and patient groups, about the
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realistic options that intensive care medicine can offer and being honest and trans-
parent about the limitations of modern medicine as well as discussing the miracles
it can sometimes offer.

Conclusions

From modest beginnings, our specialty, in a short time, has contributed enormous
value to modern medicine. Our specialty is now involved with many activities out-
side the four walls of our ICUs. We have been involved in the development of
patient retrieval and transportation systems. Intensivists have led in developing sys-
tems to rapidly identify and manage seriously ill patients across the entire hospital
and, in some cases, in community settings accompanying rapid response ambu-
lances. It is timely that our specialty and our professional and representative bodies
also begin to engage our colleagues and society in important issues such as the de-
ployment of resources, the care we can deliver, the limitations of modern medicine
and the appropriateness of end-of-life care.
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Is Pharmacological, H2S-induced ‘Suspended
Animation’ Feasible in the ICU?

P. Asfar, E. Calzia, and P. Radermacher

Introduction

By definition, ‘suspended animation’ is a hypometabolic state characterized by the
“the slowing of life processes by external means without termination” [1]. Vari-
ous mammalian species are capable of nearly completely shutting down their vital
functions in order to survive otherwise lethal environmental conditions, such as pro-
longed impairment of O2 supply and/or extreme temperatures. First described and
studied in patients as “hibernation artificielle” induced by the so-called “cocktail ly-
tique” during the Indochina war in the early 1950 s, for obvious reasons the concept
of inducing such a hypometabolic condition has attracted special interest in inten-
sive care and emergency medicine. Originally, organ-protection, in particular for
the central nervous system (CNS), was demonstrated when suspended animation
was induced by rapidly cooling experimental animals to core body temperatures
of about 10–15 °C using ice-cold infusions and/or cardiopulmonary bypass (CPB).
Given the potential undesired adverse effects of hypothermia per se, e. g., metabolic
acidosis, coagulopathy, prolonged inflammation, and impaired host defense, any
pharmacological measure allowing for a therapeutic on-demand induction of sus-
pended animation would be of particular interest. Moreover, more recently, it was
suggested that the reduced visceral organ function present in critically ill patients
and/or after overwhelming hyperinflammation could be referred to as an adaptive
mechanism to maintain ATP-homeostasis due to reduced energy expenditure rather
than to irreversible organ failure [2]. A landmark paper by Blackstone et al. pro-
duced much excitement among researchers in the field of shock and critical illness:
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These authors demonstrated that mice inhaling hydrogen sulfide (H2S) reversibly
decreased their energy expenditure, which was associated with a fall in core tem-
perature [3]. In the meantime, numerous pre-clinical studies have been published
on the possible organ-protective effects of H2S, the available data being equivocal
depending on the model used and the type of shock investigated. In this context
in particular, the impact of H2S effects on energy metabolism remains a matter of
debate. Therefore, the present chapter reviews the available data on H2S-induced
on-demand hypometabolism, and its relation (directly as well as via a possible con-
secutive drop in body temperature) to organ-protective properties of H2S.

Rodent Models

In their above-mentioned murine study, Blackstone et al. demonstrated, in awake,
spontaneously breathing animals, that exposure to incremental, sub-toxic gaseous
H2S concentrations (20–80 ppm) dose-dependently decreased energy expenditure
within a few minutes as assessed by calorimetric measurement of whole-body O2

uptake and CO2 production. This fall in metabolic activity was associated with
bradypnea and consecutive hypothermia, with core temperature falling to levels
close to ambient values [3]. After washout of H2S, all these metabolic and car-
diopulmonary effects were completely reversible, and animals showed no apparent
sequelae. Subsequently, Volpato et al. reported that the reduced metabolic activity
went along with bradycardia and, consequently, reduced cardiac output, whereas
blood pressure and stroke volume remained unaffected [4]. Maintaining normoth-
ermia by external warming attenuated the metabolic depressor effect, but did not
completely blunt the cardiovascular response [4]. Various other rodent models con-
firmed these observations: Inhaling gaseous H2S [5–12] and infusing the soluble
sulfide salts, NaSH or Na2S [6, 13, 14], also induced a reversible reduction in en-
ergy expenditure with a subsequent fall in core temperature. Under stress conditions
resulting from injurious mechanical ventilation [8, 13], ischemia/reperfusion [7, 9,
12], endotoxin challenge [11], or bacterial sepsis [14], this effect coincided with
attenuation of lung [8, 12–14], liver [9], kidney [7] and heart [12] injury. Most
importantly, survival was improved after otherwise lethal stress states, e. g., hemor-
rhagic shock [6] and exposure to hypoxic hypoxia (fraction of inspired O2 [FiO2]
5 %) [5]. In addition to anti-oxidant, anti-inflammatory, and anti-apoptotic prop-
erties, H2S was associated with better maintenance of mitochondrial integrity and
function [7, 15, 16]: Treatment with either gaseous H2S treatment or injection of
Na2S prevented mitochondrial swelling, loss of crypts [7, 15], and, at least under
hypothermic conditions, outer mitochondrial membrane rupture as documented by
the lack of responsiveness of the mitochondrial respiratory chain to stimulation with
exogenous cytochrome c [16].

It should be noted that most of the above-mentioned murine data originate from
experiments in awake, spontaneously breathing animals. Consequently, the role of
anesthesia for a putative H2S-induced suspended animation remains unclear. Cur-
rently, scarce literature is available comparing the effects of anesthesia and H2S
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per se. In spontaneously breathing mice, Li et al. demonstrated that H2S (80 and
250 ppm) produced the same metabolic depression as 0.3 and 0.9 % of isoflurane,
respectively, however, without any anesthesia-related muscle atonia. Strikingly,
when combining these two interventions, H2S even antagonized the isoflurane-
induced metabolic depression [17]. Finally, in mechanically ventilated mice under
continuous intravenous (i.v.) anesthesia, the metabolic depressor effect of H2S was
completely blunted when normothermia was maintained [16].

Large Animal Species and Humans

Any metabolic depressant property of H2S seems to be dependent on the animal
size: In rats the H2S-induced decrease in O2 uptake was several-fold lower than
in mice [18]. In larger species (swine, sheep), various authors failed to confirm
any H2S-related reduction in metabolic activity at all, regardless of whether inhala-
tion of gaseous H2S or injection of sulfide salts were studied [19–22]. Moreover,
in sheep, Derwall et al. [23] demonstrated that during administration of gaseous
H2S via an extracorporeal, veno-arterial membrane oxygenator to avoid any air-
way mucosa damage related to the gas inhalation [24, 25], whole body O2 uptake,
CO2 production, and cardiac output remained within the physiological range. At
the highest doses administered (300 ppm), H2S did not affect calorimetric energy
expenditure either, but caused pulmonary vasoconstriction associated with arte-
rial hypotension and metabolic acidosis [23]. Finally, in human volunteers, in-
halation of 10 ppm H2S during exercise decreased O2 uptake, and this effect was
referred to a toxic reduction in maximal aerobic capacity rather than to a regula-
tory effect on mitochondrial respiration, as evidenced by a tendency for muscle
lactate to increase and citrate synthase activity to decrease [26]. Consequently, it
was questioned whether any therapeutic potential of the H2S-induced “suspended
animation”-like hypometabolism observed in mice and rats could be transferred
to the clinical setting [27, 28]. On the other hand, when external measures to
prevent hypothermia were withheld, Na2S-related organ-protection after kidney
ischemia/reperfusion-injury [29] or hemorrhage and resuscitation [30] coincided
with a progressive decrease in core temperature (Fig. 1). Moreover, in the lat-
ter experiments, immediate post-mortem liver tissue mitochondrial activity showed
a tendency towards both reduced oxidative phosphorylation and maximal O2 uptake
in the uncoupled state, and, in particular, a significantly decreased “leak respira-
tion”, i. e., the respiratory activity necessary to compensate for the proton leakage,
slipping, and cation-exchange along the inner mitochondrial membrane (Fig. 2).
In other words, H2S supplementation under these conditions provided protective
reduction rather than toxic inhibition of cellular respiration.

How can these diverging findings be reconciled? Under stress conditions, e. g.,
in response to hypoxia or circulatory shock, small rodents can reduce their energy
expenditure as a result of decreased ‘non-shivering thermogenesis’ [31], due to
modulation of the uncoupling protein-1, mostly in the brown adipose tissue [32].
In these species, non-shivering thermogenesis represents a large proportion of total
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Fig. 1 Time course of body core temperature in swine undergoing (1a) 90 minutes intra-aortic
balloon occlusion-induced kidney ischemia/reperfusion-injury (data are adapted from [29]: Dark
blue squares, vehicle n = 10; blue circles, Na2S n = 9; all data are mean ˙ SD, § designates p < 0.05
between groups); (1b) hemorrhage and resuscitation (data are adapted from [30]: black squares,
vehicle n = 14; dark blue squares, Na2S started two hours before hemorrhage, n = 10; light blue
squares, Na2S started simultaneously with hemorrhage, n = 11; blue triangles, Na2S started im-
mediately after hemorrhage, n = 10; all data are mean ˙ SD, § designates p < 0.05 ‘simultaneous’
treatment vs. vehicle). Note that in both experimental series at least four hours of drug infusion
were necessary to achieve a significant decrease in body temperature
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O2 uptake, which can be rapidly decreased without affecting ATP formation [31].
This response is independent of any pharmacological intervention, and represents
a unique protective adaptation present in numerous mammals [31] and even in hu-
mans, e. g., in neonates and during cold acclimatization [32]. However, due to the
high area/volume ratio and, consequently, the higher heat dissipation, it is inversely
related to body size [31], i. e., to the ratio of O2 consumption and body weight. Two
phenomena support this latter notion: i) No matter the species, newborns present
with more pronounced hypoxia-induced hypometabolism than do adults [31]; ii)
when the ratio of O2 consumption and body weight per se is low (e. g., in adults of
larger species), normoxic O2 uptake (e. g., during exercise [31]) may be associated
with hypoxia-induced hypometabolism. Hence, if possible at all, achieving a sus-
pended animation-like status in larger animals and humans will be more difficult
and require much more time because of the small surface area/mass ratio: In fact,
in anesthetized and mechanically ventilated swine, after four hours of Na2S infusion
whole body O2 uptake and CO2 production started to decrease, subsequently result-
ing in a moderate decrease in core temperature at ten hours of drug infusion [23]
(Fig. 1).

No matter the current debate on the feasibility of pharmacological induction
of whole body suspended animation in larger animals, inducing hypometabolism
to hibernate isolated organs and, thereby, prolong their tolerance against tissue
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ischemia or hypoxia remains an attractive option, in particular for organ transplan-
tation. Numerous studies in rodents have demonstrated that H2S administration
improved kidney, liver heart, and lung function and attenuated histological dam-
age after orthotopic organ transplant. This beneficial effect of H2S administration
(NaSH 0.5 mmol/l over 10 minutes before and immediately after initiation of reper-
fusion) was confirmed in isolated porcine kidneys ex vivo undergoing normothermic
reperfusion with autologous blood after 25 minutes of warm ischemia and subse-
quently 18 hours of storage at 4 °C [33].

Hypothermia

Equivocal data are available whether hypothermia, caused by a possible H2S-related
fall in energy expenditure and/or due to external cooling measures, assumes impor-
tance for organ protection achieved during H2S administration. Inhaling H2S prior
to myocardial ischemia at concentrations that had no metabolic depressant effect
(10 ppm) attenuated organ damage, but to a lesser degree than concentrations that
reduced energy expenditure (100 ppm) [12], suggesting that hypometabolism may
indeed enhance the organ-protective properties of H2S. Of note, in that study as
well as in others demonstrating H2S-related organ production coinciding with re-
duced metabolic activity, hypothermia was prevented [5, 7, 9, 14,15] in order to
elucidate the impact of a simultaneous drop in core temperature. Moreover, organ
protection and improved survival were also shown to be in part [12, 13, 15, 34,
35] or even completely [8, 11, 36, 37] independent of any H2S-induced metabolic
depression at all. Finally, data obtained in large animal (swine or sheep) models of
shock resulting from ischemia/reperfusion [29, 38–42], hemorrhage and resuscita-
tion [30], or burn injury [36] also suggested that the beneficial effects of infusing
Na2S were at least in part independent of metabolic depression and/or a fall in
core temperature. Hence, any moderate hypothermia observed simultaneously with
H2S-induced organ-protection may also be due to attenuation of systemic inflam-
mation rather than to reduced energy expenditure per se. In other words, such
findings raise a ‘chicken and egg’ problem, which can be attributed to the so-called
Q10 effect, i. e., the two to three fold reduction in all chemical reactions and thus
metabolism associated with a 10 °C-reduction of body temperature [31]: As an ex-
ample, during otherwise lethal porcine hemorrhage, therapeutic hypothermia was
associated with reduced concentrations of pro-inflammatory cytokines [43]. The
potential of H2S acting as a metabolic depressant in larger species independent
of any anti-inflammatory and anti-oxidant property still remains unsettled: In the
above-mentioned swine study showing an H2S-induced drop in O2 uptake and CO2

production as well as a consecutive moderate fall in core temperature, animals un-
derwent a short period of aortic occlusion, which did not cause any increase in the
blood levels of pro-inflammatory cytokines or markers of oxidative and nitrosative
stress [23].

Irrespective of the question as to whether or not there is cause-effect relation-
ship between H2S-related organ protection and coinciding hypometabolism and/or
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hypothermia, hypothermia does assume importance for H2S-induced effects on sub-
strate utilization and mitochondrial function. It is well-established that H2S toxicity
is due to inhibition of mitochondrial respiration resulting from blockade of the com-
plex IV of the respiratory chain, i. e., cytochrome c oxidase [44]. When compared
to normothermia, hypothermia (27 °C) increased the Na2S concentrations necessary
to induce inhibition of mitochondrial respiratory activity (from < 1 µM to 2–4 µM),
and nearly doubled the Na2S concentrations required for a 50 % reduction in mito-
chondrial respiratory activity [16, 45]. Hypothermia may also influence the effect
of H2S on substrate utilization and, thereby, may even improve the yield of the mi-
tochondrial respiration: In anesthetized and ventilated mice, during normothermia,
inhaling 100 ppm H2S did not affect endogenous glucose production (as calculated
from the rate of appearance of 1,2,3,4,5,6-13C6-glucose during continuous i.v. iso-
tope infusion), whole body CO2 production, or direct, aerobic glucose oxidation
rate (as derived from VCO2 and the expiratory 13CO2/12CO2 ratio) (Fig. 3). How-
ever, under hypothermic (core temperature 27 °C) conditions, the rate of direct,
aerobic glucose oxidation increased, suggesting a shift toward preferential carbo-
hydrate utilization [16] (Fig. 3). Such a switch in fuel utilization is associated
with an improved yield of oxidative phosphorylation: The ATP synthesis/O2 con-
sumption ratio is higher for glycolysis than for ˇ-oxidation, because nicotinamide
adenine dinucleotide (NADH) as an electron donor provides three coupling sites
rather than just two from FADH2 [46]. During cecal ligation and puncture-induced
septic shock, the metabolic effects of inhaled H2S partially disappeared: Inhaled
H2S affected neither the sepsis-induced metabolic acidosis [34] nor glucose uti-
lization (Fig. 3), nor the responsiveness to stimulation with exogenous cytochrome
c oxidase. Nevertheless, H2S did normalize the sepsis-related increase in “leak
respiration” – which was less pronounced during hypothermia – thus allowing for
better maintenance of mitochondrial function (Fig. 4). It is unclear whether the
lack of effect of H2S on the mitochondrial respiratory chain was due to the septic
challenge per se and/or to the ongoing treatment: During sepsis, all mice needed
continuous i.v. norepinephrine to achieve target hemodynamics characterized by
a normotensive and hyperdynamic circulation. In turn, norepinephrine incubation
was associated with impairment of tissue mitochondrial respiration.

Timing and Dose

No matter the importance of hypometabolism for the organ-protective properties of
H2S administration per se, the questions of timing and – due to the potential toxic
inhibition of mitochondrial respiration – dosing of H2S remain unsettled. Clearly,
there are plenty of data available showing that inhalation of H2S gas and/or the in-
jection of NaSH or Na2S can prevent organ damage when administered prior to or
at least simultaneously with the initiation of shock. However, the very few studies
comparing a pre- and post-treatment design in mice showed marked reduction [7]
or even complete disappearance [37] of the protective potency. In swine undergoing
long-term hemorrhage and resuscitation, the results were even more curious [47]:
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Fig. 3a, b Whole body CO2

production (VCO2) (3a),
glycemia (3b), endogenous
glucose production (3c), and
direct, aerobic whole body
glucose oxidation (3d) in
anesthetized and mechan-
ically ventilated, normo-
(38 °C; gray columns) and
hypothermic (27 °C; blue
columns) mice undergoing
sham surgery (light gray and
light blue columns) or cecal
ligation and puncture (CLP)-
induced sepsis (dark gray and
dark blue columns) during
inhalation of vehicle (open
columns) and 100 ppm H2S
(hatched columns). Data for
sham-surgery are adapted
from [16]. All data are mean
˙ SD, n = 8–11 per group,
# designates p < 0.05 vs.
normothermia, § designates
p < 0.05 CLP vs. sham, $
designates p < 0.05 H2S vs.
vehicle
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Fig. 3c, d Continued
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Fig. 4 Leak state O2 consumption , i. e., the respiratory activity necessary to compensate for
the proton leakage, slipping, and cation-exchange along the inner mitochondrial membrane, as
a fraction of the maximal O2 consumption in the uncoupled state, obtained from liver tissue of
anesthetized and mechanically ventilated, normo- (38 °C; gray columns) and hypothermic (27 °C;
blue columns) mice undergoing sham surgery (light gray and light blue columns) or cecal liga-
tion and puncture (CLP)-induced sepsis (dark gray and dark blue columns) during inhalation of
vehicle (open columns) and 100 ppm H2S (hatched columns). Data for sham-surgery are adapted
from [16]. All data are mean ˙ SD, $ designates p < 0.05 H2S vs. vehicle

Primed-continuous Na2S administration (initial bolus of 0.2 mg/kg, followed by
1 mg/kg/h over 12 hours of resuscitation) improved survival when compared to ve-
hicle (survival: 71 %), regardless of whether the Na2S infusion was started two
hours before (pre-treatment: survival 100 %) or simultaneously with (survival 91 %)
the initiation of blood withdrawal, or at the start of re-transfusion of shed blood
(post-treatment: survival 90 %) [30]. However, a significant decrease in core tem-
perature (Fig. 1b) and organ protection were only present in the group of animals
treated simultaneously with the initiation of hemorrhage. Apparently, both the cu-
mulative H2S dose as well as the rate of its generation assume importance for the
effects on metabolism and organ protection, in particular under low flow conditions
and/or circulatory shock: In swine undergoing cardiac arrest, primed-continuous
Na2S (0.3 mg/kg followed by 0.3 mg/kg/h over two hours) injected one minute af-
ter the start of cardiopulmonary resuscitation (CPR) reduced blood pressure and
cardiac output during early resuscitation [21]. Increasing the Na2S dose (1.0 mg/kg
followed by 1.0 mg/kg/h) was associated with impaired neurological recovery. Even
injection of comparable total amounts may have markedly different effects due
to the different rate of H2S generation: In vitro slow H2S release from the H2S
donor GYY4137 exerted anti-inflammatory and -apoptotic effects, whereas short-
term, high peak free sulfide levels resulting from incubation with NaSH induced the



Is Pharmacological, H2S-induced ‘Suspended Animation’ Feasible in the ICU? 785

opposite response [48]. In vivo, this concept was confirmed in swine undergoing
myocardial ischemia/reperfusion injury: A primed-continuous Na2S infusion was
superior to bolus injection [39].

Conclusions

The concept of “buying time in suspended animation” [49] has been discussed
in the literature for more than a century. Originally induced by rapid external
body cooling, any pharmacological measure allowing for a therapeutic, on de-
mand induction of ‘suspended animation’ is of particular interest because of the
undesired side effects of hypothermia per se. Therefore, the landmark paper demon-
strating that inhaling H2S could induce a reversible, suspended animation-like hy-
pometabolism [3], produced much excitement among researchers in the field of
shock and critical illness. Numerous pre-clinical studies are currently available on
H2S-related organ protection, but the effects on energy metabolism remain a mat-
ter of debate. In this context, the well-established toxic blockade of cytochrome
c oxidase by H2S may assume particular importance. Most studies so far suggest
that the beneficial effects of H2S are at least in part independent of an H2S-induced
metabolic depression and, in particular, any decrease in core temperature. How-
ever, other data suggest that H2S-related hypometabolism may enhance the organ-
protective properties. The mechanism behind H2S-induced hypometabolism is still
not fully understood, and, moreover, the feasibility of H2S-induced suspended ani-
mation in larger animals has been questioned. Clearly, if possible at all, achieving
a suspended animation-like status in larger animals and humans will be more dif-
ficult and require much more time because of the small surface area/mass ratio.
Again the available data are equivocal, suggesting that at least hibernating isolated
organs remains an option. Even in larger species, data on the effects of H2S on
mitochondrial function and morphology suggest that its supplementation during cir-
culatory shock provides protective reduction rather than toxic inhibition of cellular
respiration. Finally, according to the currently available literature, neither inhala-
tion of gaseous H2S nor injection of the soluble sulfide salts, NaSH or Na2S, is
likely to become part of clinical practice because of damage to the airway mucosa
and possibly toxic peak sulfide concentrations, respectively, but slow H2S-releasing
molecules may enable these limitations to be overcome. Hence, there is “nothing
rotten about hydrogen sulfide’s medical promise” [50], and H2S clearly remains
a “hot molecule” [51] in the field of research for a possible pharmacological induc-
tion of suspended animation-like hypometabolism.
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Coagulation 417
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400
– care units (CCU) 769

Corticosteroids 53, 759
Cost containment 715
C-reactive protein (CRP) 57, 429, 750
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CT see computed tomography
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Danger-associated molecular patterns
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