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I. Consensus Process

The contributors to this statement were selected to ensure
expertise in all the disciplines relevant to post–cardiac

arrest care. In an attempt to make this document universally
applicable and generalizable, the authorship comprised clini-
cians and scientists who represent many specialties in many
regions of the world. Several major professional groups
whose practice is relevant to post–cardiac arrest care were
asked and agreed to provide representative contributors.
Planning and invitations took place initially by e-mail,
followed a series of telephone conferences and face-to-face
meetings of the cochairs and writing group members. Inter-
national writing teams were formed to generate the content of
each section, which corresponded to the major subheadings of
the final document. Two team leaders from different coun-
tries led each writing team. Individual contributors were
assigned by the writing group cochairs to work on 1 or
more writing teams, which generally reflected their areas
of expertise. Relevant articles were identified with PubMed,
EMBASE, and an American Heart Association EndNote
master resuscitation reference library, supplemented by hand
searches of key papers. Drafts of each section were written
and agreed on by the writing team authors and then sent to the
cochairs for editing and amalgamation into a single docu-
ment. The first draft of the complete document was circulated
among writing team leaders for initial comment and editing.
A revised version of the document was circulated among all
contributors, and consensus was achieved before submission
of the final version for independent peer review and approval
for publication.

II. Background
This scientific statement outlines current understanding and
identifies knowledge gaps in the pathophysiology, treatment,
and prognosis of patients who regain spontaneous circulation
after cardiac arrest. The purpose is to provide a resource for
optimization of post–cardiac arrest care and to pinpoint the
need for research focused on gaps in knowledge that would
potentially improve outcomes of patients resuscitated from
cardiac arrest.

Resumption of spontaneous circulation (ROSC) after pro-
longed, complete, whole-body ischemia is an unnatural
pathophysiological state created by successful cardiopulmo-
nary resuscitation (CPR). In the early 1970s, Dr Vladimir
Negovsky recognized that the pathology caused by complete
whole-body ischemia and reperfusion was unique in that it
had a clearly definable cause, time course, and constellation
of pathological processes.1–3 Negovsky named this state
“postresuscitation disease.” Although appropriate at the time,
the term “resuscitation” is now used more broadly to include
treatment of various shock states in which circulation has not
ceased. Moreover, the term “postresuscitation” implies that
the act of resuscitation has ended. Negovsky himself stated
that a second, more complex phase of resuscitation begins
when patients regain spontaneous circulation after cardiac
arrest.1 For these reasons, we propose a new term: “post–
cardiac arrest syndrome.”

The first large multicenter report on patients treated for
cardiac arrest was published in 1953.4 The in-hospital mor-
tality rate for the 672 adults and children whose “heart beat
was restarted” was 50%. More than a half-century later, the
location, cause, and treatment of cardiac arrest have changed
dramatically, but the overall prognosis after ROSC has not
improved. The largest modern report of cardiac arrest epide-
miology was published by the National Registry of Cardio-
pulmonary Resuscitation (NRCPR) in 2006.5 Among the
19 819 adults and 524 children who regained any spontane-
ous circulation, in-hospital mortality rates were 67% and
55%, respectively. In a recent study of 24 132 patients in the
United Kingdom who were admitted to critical care units
after cardiac arrest, the in-hospital mortality rate was 71%.6

In 1966, the National Academy of Sciences–National
Research Council Ad Hoc Committee on Cardiopulmonary
Resuscitation published the original consensus statement on
CPR.7 This document described the original ABCDs of
resuscitation, in which A represents airway; B, breathing; C,
circulation; and D, definitive therapy. Definitive therapy
includes not only the management of pathologies that cause
cardiac arrest but also those that result from cardiac arrest.
Post–cardiac arrest syndrome is a unique and complex
combination of pathophysiological processes, which include
(1) post–cardiac arrest brain injury, (2) post–cardiac arrest
myocardial dysfunction, and (3) systemic ischemia/reperfu-
sion response. This state is often complicated by a fourth
component: the unresolved pathological process that caused
the cardiac arrest. A growing body of knowledge suggests
that the individual components of post–cardiac arrest syn-
drome are potentially treatable. The first intervention proved
to be clinically effective is therapeutic hypothermia.8,9 These
studies provide the essential proof of concept that interven-
tions initiated after ROSC can improve outcome.

Several barriers impair implementation and optimization of
post–cardiac arrest care. Post–cardiac arrest patients are
treated by multiple teams of providers both outside and inside
the hospital. Evidence exists of considerable variation in
post–cardiac arrest treatment and patient outcome between
institutions.10,11 Therefore, a well-thought-out multidisci-
plinary approach for comprehensive care must be established
and executed consistently. Such protocols have already been
shown to improve outcomes at individual institutions com-
pared with historical controls.12–14 Another potential barrier is
the limited accuracy of early prognostication. Optimized
post–cardiac arrest care is resource intensive and should not
be continued when the effort is clearly futile; however, the
reliability of early prognostication (�72 hours after arrest)
remains limited, and the impact of emerging therapies (eg,
hypothermia) on accuracy of prognostication has yet to be
elucidated. Reliable approaches must be developed to avoid
premature prognostication of futility without creating unrea-
sonable hope for recovery or consuming healthcare resources
inappropriately.

The majority of research on cardiac arrest over the past
half-century has focused on improving the rate of ROSC, and
significant progress has been made; however, many interven-
tions improve ROSC without improving long-term survival.
The translation of optimized basic life support and advanced
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life support interventions into the best possible outcomes is
contingent on optimal post–cardiac arrest care. This requires
effective implementation of what is already known and
enhanced research to identify therapeutic strategies that will
give patients who are resuscitated from cardiac arrest the best
chance for survival with good neurological function.

III. Epidemiology of Post–Cardiac
Arrest Syndrome

The tradition in cardiac arrest epidemiology, based largely on
the Utstein consensus guidelines, has been to report percent-
ages of patients who survive to sequential end points such as
ROSC, hospital admission, hospital discharge, and various
points thereafter.15,16 Once ROSC is achieved, however, the
patient is technically alive. A more useful approach to the
study of post–cardiac arrest syndrome is to report deaths
during various phases of post–cardiac arrest care. In fact, this
approach reveals that rates of early mortality in patients
achieving ROSC after cardiac arrest vary dramatically be-
tween studies, countries, regions, and hospitals.10,11 The cause
of these differences is multifactorial but includes variability
in patient populations, reporting methods, and, potentially,
post–cardiac arrest care.10,11

Epidemiological data on patients who regain spontaneous
circulation after out-of-hospital cardiac arrest suggest re-
gional and institutional variation in in-hospital mortality
rates. During the advanced life support phase of the Ontario
Prehospital Advanced Life Support Trial (OPALS), 766
patients achieved ROSC after out-of-hospital cardiac arrest.17

In-hospital mortality rates were 72% for patients with ROSC
and 65% for patients admitted to the hospital. Data from the
Canadian Critical Care Research Network indicate a 65%
in-hospital mortality rate for 1483 patients admitted to the
intensive care unit (ICU) after out-of-hospital arrest.18 In the
United Kingdom, 71.4% of 8987 patients admitted to the ICU
after out-of-hospital cardiac arrest died before being dis-
charged from the hospital.6 In-hospital mortality rates for
patients with out-of-hospital cardiac arrest who were taken to
4 different hospitals in Norway averaged 63% (range 54% to
70%) for patients with ROSC, 57% (range 56% to 70%) for
patients who arrived in the emergency department with a
pulse, and 50% (range 41% to 62%) for patients admitted to
the hospital.10 In Sweden, the 1-month mortality rate for 3853
patients admitted with a pulse to 21 hospitals after out-of-
hospital cardiac arrest ranged from 58% to 86%.11 In Japan,
1 study reported that patients with ROSC after witnessed
out-of-hospital cardiac arrest of presumed cardiac origin had
an in-hospital mortality rate of 90%.19 Among 170 children
with ROSC after out-of-hospital cardiac arrest, the in-hospital
mortality rate was 70% for those with any ROSC, 69% for
those with ROSC �20 minutes, and 66% for those admitted
to the hospital.20 In a comprehensive review of nontraumatic
out-of-hospital cardiac arrest in children, the overall rate of
ROSC was 22.8%, and the rate of survival to discharge was
6.7%, which resulted in a calculated post-ROSC mortality
rate of 70%.21

The largest published in-hospital cardiac arrest database
(the NRCPR) includes data from �36 000 cardiac arrests.5

Recalculation of the results of this report reveals that the
in-hospital mortality rate was 67% for the 19 819 adults with
any documented ROSC, 62% for the 17 183 adults with
ROSC �20 minutes, 55% for the 524 children with any
documented ROSC, and 49% for the 460 children with ROSC
�20 minutes. It seems intuitive to expect that advances in
critical care over the past 5 decades would result in improve-
ments in rates of hospital discharge after initial ROSC;
however, epidemiological data to date fail to support this
view.

Some variability between individual reports may be attrib-
uted to differences in the numerator and denominator used to
calculate mortality. For example, depending on whether
ROSC is defined as a brief (approximately �30 seconds)
return of pulses or spontaneous circulation sustained for �20
minutes, the denominator used to calculate postresuscitation
mortality rates will differ greatly.15 Other denominators
include sustained ROSC to the emergency department or
hospital/ICU admission. The lack of consistently defined
denominators precludes comparison of mortality among a
majority of the studies. Future studies should use consistent
terminology to assess the extent to which post–cardiac arrest
care is a contributing factor.

The choice of denominator has some relationship to the site
of post–cardiac arrest care. Patients with fleeting ROSC are
affected by interventions that are administered within seconds
or minutes, usually at the site of initial collapse. Patients with
ROSC that is sustained for �20 minutes receive care during
transport or in the emergency department before hospital
admission. Perhaps it is more appropriate to look at mortality
rates for out-of-hospital (or immediate post-ROSC), emer-
gency department, and ICU phases separately. A more
physiological approach would be to define the phases of
post–cardiac arrest care by time rather than location. The
immediate postarrest phase could be defined as the first 20
minutes after ROSC. The early postarrest phase could be
defined as the period between 20 minutes and 6 to 12 hours
after ROSC, when early interventions might be most effec-
tive. An intermediate phase might be between 6 to 12 hours
and 72 hours, when injury pathways are still active and
aggressive treatment is typically instituted. Finally, a period
beyond 3 days could be considered the recovery phase, when
prognostication becomes more reliable and ultimate out-
comes are more predictable (Figure). For both epidemiolog-
ical and interventional studies, the choice of denominator
should reflect the phases of post–cardiac arrest care that are
being studied.

Beyond reporting post–cardiac arrest mortality rates, epi-
demiological data should define the neurological and func-
tional outcomes of survivors. The updated Utstein reporting
guidelines list cerebral performance category (CPC) as a core
data element.15 For example, examination of the latest
NRCPR database report reveals that 68% of 6485 adults and
58% of 236 children who survived to hospital discharge had
a good outcome, defined as CPC 1 (good cerebral perfor-
mance) or CPC 2 (moderate cerebral disability). In one study,
81% of 229 out-of-hospital cardiac arrest survivors were
categorized as CPC 1 to 2, although this varied between 70%
and 90% in the 4 hospital regions.10 In another study, 75% of
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51 children who survived out-of-hospital cardiac arrest had
either pediatric CPC 1 to 2 or returned to their baseline
neurological state.20 The CPC is an important and useful
outcome tool, but it lacks the sensitivity to detect clinically
significant differences in neurological outcome. The report of
the recent Utstein consensus symposium on post–cardiac
arrest care research anticipates more refined assessment tools,
including tools that evaluate quality of life.16

Two other factors related to survival after initial ROSC are
limitations set on subsequent resuscitation efforts and the
timing of withdrawal of therapy. The perception of a likely
adverse outcome (correct or not) may well create a self-
fulfilling prophecy. The timing of withdrawal of therapy is
poorly documented in the resuscitation literature. Data from
the NRCPR on in-hospital cardiac arrest indicate that “do not
attempt resuscitation” (DNAR) orders were given for 63% of
patients after the index event, and in 43% of these, life
support was withdrawn.22 In the same report, the median
survival time of patients who died after ROSC was 1.5 days,
long before futility could be accurately prognosticated in
most cases. Among 24 132 comatose survivors of either in- or
out-of-hospital cardiac arrest who were admitted to critical
care units in the United Kingdom, treatment was withdrawn
in 28.2% at a median of 2.4 days (interquartile range 1.5 to
4.1 days).6 The reported incidence of inpatients with clinical
brain death and sustained ROSC after cardiac arrest ranges

from 8% to 16%.22,23 Although this is clearly a poor outcome,
these patients can and should be considered for organ
donation. A number of studies have reported no difference in
transplant outcomes whether the organs were obtained from
appropriately selected post–cardiac arrest patients or from
other brain-dead donors.23–25 Non–heart-beating organ dona-
tion has also been described after failed resuscitation attempts
after in- and out-of-hospital cardiac arrest,26,27 but these have
generally been cases in which sustained ROSC was never
achieved. The proportion of cardiac arrest patients dying in
the critical care unit and who might be suitable non–heart-
beating donors has not been documented.

Despite variability in reporting techniques, surprisingly
little evidence exists to suggest that the in-hospital mortality
rate of patients who achieve ROSC after cardiac arrest has
changed significantly in the past half-century. To minimize
artifactual variability, epidemiological and interventional
post–cardiac arrest studies should incorporate well-defined
standardized methods to calculate and report mortality rates
at various stages of post–cardiac arrest care, as well as
long-term neurological outcome.16 Overriding these issues is
a growing body of evidence that post–cardiac arrest care
impacts mortality rate and functional outcome.

IV. Pathophysiology of Post–Cardiac
Arrest Syndrome

The high mortality rate of patients who initially achieve
ROSC after cardiac arrest can be attributed to a unique
pathophysiological process that involves multiple organs.
Although prolonged whole-body ischemia initially causes
global tissue and organ injury, additional damage occurs
during and after reperfusion.28,29 The unique features of
post–cardiac arrest pathophysiology are often superimposed
on the disease or injury that caused the cardiac arrest, as well
as underlying comorbidities. Therapies that focus on individ-
ual organs may compromise other injured organ systems. The
4 key components of post–cardiac arrest syndrome are (1)
post–cardiac arrest brain injury, (2) post–cardiac arrest myo-
cardial dysfunction, (3) systemic ischemia/reperfusion re-
sponse, and (4) persistent precipitating pathology (Table 1).
The severity of these disorders after ROSC is not uniform and
will vary in individual patients based on the severity of the
ischemic insult, the cause of cardiac arrest, and the patient’s
prearrest state of health. If ROSC is achieved rapidly after
onset of cardiac arrest, the post–cardiac arrest syndrome will
not occur.

Post–Cardiac Arrest Brain Injury
Post–cardiac arrest brain injury is a common cause of
morbidity and mortality. In 1 study of patients who survived
to ICU admission but subsequently died in the hospital, brain
injury was the cause of death in 68% after out-of-hospital
cardiac arrest and in 23% after in-hospital cardiac arrest.30

The unique vulnerability of the brain is attributed to its
limited tolerance of ischemia and its unique response to
reperfusion. The mechanisms of brain injury triggered by
cardiac arrest and resuscitation are complex and include
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excitotoxicity, disrupted calcium homeostasis, free radical
formation, pathological protease cascades, and activation of
cell-death signaling pathways.31–33 Many of these pathways
are executed over a period of hours to days after ROSC.
Histologically, selectively vulnerable neuron subpopulations
in the hippocampus, cortex, cerebellum, corpus striatum, and
thalamus degenerate over a period of hours to days.34–38 Both
neuronal necrosis and apoptosis have been reported after
cardiac arrest. The relative contribution of each cell-death
pathway remains controversial, however, and is dependent in
part on patient age and the neuronal subpopulation under
examination.39–41 The relatively protracted duration of injury
cascades and histological change suggests a broad therapeutic
window for neuroprotective strategies after cardiac arrest.

Prolonged cardiac arrest can also be followed by fixed or
dynamic failure of cerebral microcirculatory reperfusion de-
spite adequate cerebral perfusion pressure (CPP).42,43 This
impaired reflow can cause persistent ischemia and small
infarctions in some brain regions. The cerebral microvascular
occlusion that causes the no-reflow phenomenon has been
attributed to intravascular thrombosis during cardiac arrest
and has been shown to be responsive to thrombolytic therapy
in preclinical studies.44 The relative contribution of fixed
no-reflow is controversial, however, and appears to be of
limited significance in preclinical models when the duration
of untreated cardiac arrest is �15 minutes.44,45 Serial mea-
surements of regional cerebral blood flow (CBF) by stable
xenon/computed tomography (CT) after 10.0 to 12.5 minutes

Table 1. Post–Cardiac Arrest Syndrome: Pathophysiology, Clinical Manifestations, and Potential Treatments

Syndrome Pathophysiology Clinical Manifestation Potential Treatments

Post–cardiac arrest brain
injury

● Impaired cerebrovascular
autoregulation

● Cerebral edema (limited)
● Postischemic

neurodegeneration

● Coma
● Seizures
● Myoclonus
● Cognitive dysfunction
● Persistent vegetative state
● Secondary Parkinsonism
● Cortical stroke
● Spinal stroke
● Brain death

● Therapeutic hypothermia177

● Early hemodynamic
optimization

● Airway protection and
mechanical ventilation

● Seizure control
● Controlled reoxygenation

(SaO2 94% to 96%)
● Supportive care

Post–cardiac arrest myocardial
dysfunction

● Global hypokinesis
(myocardial stunning)

● ACS

● Reduced cardiac output
● Hypotension
● Dysrhythmias
● Cardiovascular collapse

● Early revascularization of
AMI

171, 373

● Early hemodynamic
optimization

● Intravenous fluid97

● Inotropes97

● IABP13,160

● LVAD161

● ECMO361

Systemic ischemia/reperfusion
response

● Systemic inflammatory
response syndrome

● Impaired vasoregulation
● Increased coagulation
● Adrenal suppression
● Impaired tissue oxygen

delivery and utilization
● Impaired resistance to

infection

● Ongoing tissue hypoxia/ischemia
● Hypotension
● Cardiovascular collapse
● Pyrexia (fever)
● Hyperglycemia
● Multiorgan failure
● Infection

● Early hemodynamic
optimization

● Intravenous fluid
● Vasopressors
● High-volume hemofiltration374

● Temperature control
● Glucose control223,224

● Antibiotics for documented
infection

Persistent precipitating
pathology

● Cardiovascular disease
(AMI/ACS,
cardiomyopathy)

● Pulmonary disease
(COPD, asthma)

● CNS disease (CVA)
● Thromboembolic disease

(PE)
● Toxicological (overdose,

poisoning)
● Infection (sepsis,

pneumonia)
● Hypovolemia

(hemorrhage,
dehydration)

● Specific to cause but complicated
by concomitant PCAS

● Disease-specific interventions
guided by patient condition
and concomitant PCAS

AMI indicates acute myocardial infarction; ACS, acute coronary syndrome; IABP, intra-aortic balloon pump; LVAD, left ventricular assist device; EMCO, extracorporeal
membrane oxygenation; COPD, chronic obstructive pulmonary disease; CNS, central nervous system; CVA, cerebrovascular accident; PE, pulmonary embolism; and
PCAS, post–cardiac arrest syndrome.
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of untreated cardiac arrest in dogs demonstrated dynamic and
migratory hypoperfusion rather than fixed no-reflow.43,46 In
the recent Thrombolysis in Cardiac Arrest (TROICA) trial,
tenecteplase given to patients with out-of-hospital cardiac
arrest of presumed cardiac origin did not increase 30-day
survival compared with placebo (B.J.B., personal communi-
cation, February 26, 2008).

Despite cerebral microcirculatory failure, macroscopic
reperfusion is often hyperemic in the first few minutes after
cardiac arrest because of elevated CPP and impaired cerebro-
vascular autoregulation.47,48 These high initial perfusion pres-
sures can theoretically minimize impaired reflow.49 Yet,
hyperemic reperfusion can potentially exacerbate brain
edema and reperfusion injury. In 1 human study, hyperten-
sion (mean arterial pressure [MAP] �100 mm Hg) in the first
5 minutes after ROSC was not associated with improved
neurological outcome, but MAP during the first 2 hours after
ROSC was positively correlated with neurological outcome.50

Although resumption of oxygen and metabolic substrate
delivery at the microcirculatory level is essential, a growing
body of evidence suggests that too much oxygen during the
initial stages of reperfusion can exacerbate neuronal injury
through production of free radicals and mitochondrial injury
(see section on oxygenation).51,52

Beyond the initial reperfusion phase, several factors can
potentially compromise cerebral oxygen delivery and possi-
bly secondary injury in the hours to days after cardiac arrest.
These include hypotension, hypoxemia, impaired cerebrovas-
cular autoregulation, and brain edema; however, human data
are limited to small case series. Autoregulation of CBF is
impaired for some time after cardiac arrest. During the
subacute period, cerebral perfusion varies with CPP instead
of being linked to neuronal activity.47,48 In humans, in the first
24 to 48 hours after resuscitation from cardiac arrest, in-
creased cerebral vascular resistance, decreased CBF, de-
creased cerebral metabolic rate of oxygen consumption
(CMRO2), and decreased glucose consumption are pres-
ent.53–56 Although the results of animal studies are contradic-
tory in terms of the coupling of CBF and CMRO2 during this
period,57,58 human data indicate that global CBF is adequate
to meet oxidative metabolic demands.53,55 Improvement of
global CBF during secondary delayed hypoperfusion using
the calcium channel blocker nimodipine had no impact on
neurological outcome in humans.56 These results do not rule
out the potential presence of regional microcirculatory reper-
fusion deficits that have been observed in animal studies
despite adequate CPP.43,46 Overall, it is likely that the CPP
necessary to maintain optimal cerebral perfusion will vary
among individual post–cardiac arrest patients at various time
points after ROSC.

Limited evidence is available that brain edema or elevated
intracranial pressure (ICP) directly exacerbates post–cardiac
arrest brain injury. Although transient brain edema is ob-
served early after ROSC, most commonly after asphyxial
cardiac arrest, it is rarely associated with clinically relevant
increases in ICP.59–62 In contrast, delayed brain edema,
occurring days to weeks after cardiac arrest, has been attrib-
uted to delayed hyperemia; this is more likely the conse-
quence rather than the cause of severe ischemic neurodegen-

eration.60–62 No published prospective trials have examined
the value of monitoring and managing ICP in post–cardiac
arrest patients.

Other factors that can impact brain injury after cardiac
arrest are pyrexia, hyperglycemia, and seizures. In a small
case series, patients with temperatures �39°C in the first 72
hours after out-of-hospital cardiac arrest had a significantly
increased risk of brain death.63 When serial temperatures
were monitored in 151 patients for 48 hours after out-of-
hospital cardiac arrest, the risk of unfavorable outcome
increased (odds ratio 2.3, 95% confidence interval [CI] 1.2 to
4.1) for every degree Celsius that the peak temperature
exceeded 37°C.64 A subsequent multicenter retrospective
study of patients admitted after out-of-hospital cardiac arrest
reported that a maximal recorded temperature �37.8°C was
associated with increased in-hospital mortality (odds ratio
2.7, 95% CI 1.2 to 6.3).10 Recent data demonstrating neuro-
protection with therapeutic hypothermia further support the
role of body temperature in the evolution of post–cardiac
arrest brain injury.

Hyperglycemia is common in post–cardiac arrest patients
and is associated with poor neurological outcome after
out-of-hospital cardiac arrest.10,65–70 Animal studies suggest
that elevated postischemic blood glucose concentrations ex-
acerbate ischemic brain injury,71,72 and this effect can be
mitigated by intravenous insulin therapy.73,74 Seizures in the
post–cardiac arrest period are associated with worse progno-
sis and are likely to be caused by, as well as exacerbate,
post–cardiac arrest brain injury.75

Clinical manifestations of post–cardiac arrest brain injury
include coma, seizures, myoclonus, various degrees of neu-
rocognitive dysfunction (ranging from memory deficits to
persistent vegetative state), and brain death (Table 1).75–83 Of
these conditions, coma and related disorders of arousal and
awareness are a very common acute presentation of post–
cardiac arrest brain injury. Coma precipitated by global
brain ischemia is a state of unconsciousness that is
unresponsive to both internal and external stimuli.84,85 This
state represents extensive dysfunction of brain areas re-
sponsible for arousal (ascending reticular formation, pons,
midbrain, diencephalon, and cortex) and awareness (bilat-
eral cortical and subcortical structures).84,86 – 89 The lesser
vulnerability or earlier recovery of the brain stem and
diencephalon90,91 may lead to either a vegetative state, with
arousal and preservation of sleep-wake cycles but with
persistent lack of awareness of self and environment,92 or
a minimally conscious state showing inconsistent but
clearly discernible behavioral evidence of consciousness.93

With heightened vulnerability of cortical areas, many
survivors will regain consciousness but have significant
neuropsychological impairment,94 myoclonus, and sei-
zures. Impairment in movement and coordination may
arise from motor-related centers in the cortex, basal
ganglia, and cerebellum.95 These clinical conditions, which
represent most of the poor functional outcome (CPC 3 and
4), continue to challenge healthcare providers and should
be a major focus of research.
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Post–Cardiac Arrest Myocardial Dysfunction
Post–cardiac arrest myocardial dysfunction also contributes
to the low survival rate after in- and out-of-hospital cardiac
arrest.30,96,97 A significant body of preclinical and clinical
evidence, however, indicates that this phenomenon is both
responsive to therapy and reversible.97–102 Immediately after
ROSC, heart rate and blood pressure are extremely variable.
It is important to recognize that normal or elevated heart rate
and blood pressure immediately after ROSC can be caused by
a transient increase in local and circulating catecholamine
concentrations.103,104 When post–cardiac arrest myocardial
dysfunction occurs, it can be detected within minutes of
ROSC by appropriate monitoring. In swine studies, the
ejection fraction decreases from 55% to 20%, and left
ventricular end-diastolic pressure increases from 8 to
10 mm Hg to 20 to 22 mm Hg as early as 30 minutes after
ROSC.101,102 During the period with significant dysfunction,
coronary blood flow is not reduced, which indicates a true
stunning phenomenon rather than permanent injury or infarc-
tion. In 1 series of 148 patients who underwent coronary
angiography after cardiac arrest, 49% of subjects had myo-
cardial dysfunction manifested by tachycardia and elevated
left ventricular end-diastolic pressure, followed �6 hours
later by hypotension (MAP �75 mm Hg) and low cardiac
output (cardiac index �2.2 L · min�1 · m�2).97

This global dysfunction is transient, and full recovery can
occur. In a swine model with no antecedent coronary or other
left ventricular dysfunction features, the time to recovery
appears to be between 24 and 48 hours.102 Several case series
have described transient myocardial dysfunction after human
cardiac arrest. Cardiac index values reached their nadir at 8
hours after resuscitation, improved substantially by 24 hours,
and almost uniformly returned to normal by 72 hours in
patients who survived out-of-hospital cardiac arrest.97 More
sustained depression of ejection fraction among in- and
out-of-hospital post–cardiac arrest patients has been reported
with continued recovery over weeks to months.99 The respon-
siveness of post–cardiac arrest global myocardial dysfunction
to inotropic drugs is well documented in animal studies.98,101

In swine, dobutamine infusions of 5 to 10 �g · kg�1 · min�1

dramatically improve systolic (left ventricular ejection frac-
tion) and diastolic (isovolumic relaxation of left ventricle)
dysfunction after cardiac arrest.101

Systemic Ischemia/Reperfusion Response
Cardiac arrest represents the most severe shock state, during
which delivery of oxygen and metabolic substrates is abruptly
halted and metabolites are no longer removed. CPR only
partially reverses this process, achieving cardiac output and
systemic oxygen delivery (DO2) that is much less than normal.
During CPR, a compensatory increase in systemic oxygen
extraction occurs, which leads to significantly decreased
central (ScvO2) or mixed venous oxygen saturation.105 Inad-
equate tissue oxygen delivery can persist even after ROSC
because of myocardial dysfunction, pressor-dependent hemo-
dynamic instability, and microcirculatory failure. Oxygen
debt (the difference between predicted oxygen consumption
[normally 120 to 140 mL · kg�1 · min�1] and actual consump-

tion multiplied by time duration) quantifies the magnitude of
exposure to insufficient oxygen delivery. Accumulated oxy-
gen debt leads to endothelial activation and systemic inflam-
mation106 and is predictive of subsequent multiple organ
failure and death.107,108

The whole-body ischemia/reperfusion of cardiac arrest
with associated oxygen debt causes generalized activation of
immunologic and coagulation pathways, which increases the
risk of multiple organ failure and infection.109–111 This
condition has many features in common with sepsis.112,113 As
early as 3 hours after cardiac arrest, blood concentrations of
various cytokines, soluble receptors, and endotoxin increase,
and the magnitude of these changes is associated with
outcome.112 Soluble intercellular adhesion molecule-1, solu-
ble vascular cell adhesion molecule-1, and P- and E-selectins
are increased during and after CPR, which suggests leukocyte
activation or endothelial injury.114,115 Interestingly, hypore-
sponsiveness of circulating leukocytes, as assessed ex vivo,
has been studied extensively in patients with sepsis and is
termed “endotoxin tolerance.” Endotoxin tolerance after car-
diac arrest may protect against an overwhelming proinflam-
matory process, but it may induce immunosuppression with
an increased risk of nosocomial infection.112,116

Activation of blood coagulation without adequate activa-
tion of endogenous fibrinolysis is an important pathophysio-
logical mechanism that may contribute to microcirculatory
reperfusion disorders.117,118 Intravascular fibrin formation and
microthromboses are distributed throughout the entire micro-
circulation, which suggests a potential role for interventions
that focus on hemostasis. Coagulation/anticoagulation and
fibrinolysis/antifibrinolysis systems are activated in patients
who undergo CPR,117 particularly those who recover sponta-
neous circulation.118 Anticoagulant factors such as antithrom-
bin, protein S, and protein C are decreased and are associated
with a very transient increase in endogenous activated protein
C soon after the cardiac arrest-resuscitation event.118 Early
endothelial stimulation and thrombin generation may be
responsible for the tremendous increase in protein C activa-
tion, followed rapidly by a phase of endothelial dysfunction
in which the endothelium may be unable to generate an
adequate amount of activated protein C.

The stress of total-body ischemia/reperfusion affects adre-
nal function. Although an increased plasma cortisol level
occurs in many patients after out-of-hospital cardiac arrest,
relative adrenal insufficiency, defined as failure to respond to
corticotrophin (ie, �9 �g/mL increase in cortisol), is com-
mon.119,120 Furthermore, basal cortisol levels measured from
6 to 36 hours after the onset of cardiac arrest were lower in
patients who subsequently died of early refractory shock
(median 27 �g/dL, interquartile range 15 to 47 �g/dL) than in
patients who died later of neurological causes (median 52
�g/dL, interquartile range 28 to 72 �g/dL).119

Clinical manifestations of systemic ischemic-reperfusion
response include intravascular volume depletion, impaired
vasoregulation, impaired oxygen delivery and utilization, and
increased susceptibility to infection. In most cases, these
pathologies are both responsive to therapy and reversible.
Data from clinical research on sepsis suggest that outcomes
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are optimized when interventions are both goal-directed and
initiated as early as possible.

Persistent Precipitating Pathology
The pathophysiology of post–cardiac arrest syndrome is
commonly complicated by persisting acute pathology that
caused or contributed to the cardiac arrest itself. Diagnosis
and management of persistent precipitating pathologies such
as acute coronary syndrome (ACS), pulmonary diseases,
hemorrhage, sepsis, and various toxidromes can complicate
and be complicated by the simultaneous pathophysiology of
the post–cardiac arrest syndrome.

A high probability exists of identifying an ACS in the
patient who is resuscitated from cardiac arrest. In out-of-
hospital cardiac arrest studies, acute myocardial infarction
has been documented in �50% of adult patients.13,121,122 An
acute coronary occlusion was found in 40 (48%) of 84
consecutive patients who had no obvious noncardiac cause
but had undergone coronary angiography after resuscitation
from out-of-hospital cardiac arrest.123 Nine of the patients
with acute coronary occlusion did not have chest pain or
ST-segment elevation. Elevations in troponin T measured
during treatment of cardiac arrest suggest that an ACS
precedes out-of-hospital cardiac arrest in 40% of patients.124

Injury to the heart during initial resuscitation reduces the
specificity of cardiac biomarkers for identifying ACS after
ROSC. At 12 hours after ROSC from out-of-hospital cardiac
arrest, troponin T has been reported to be 96% sensitive and
80% specific for diagnosis of acute myocardial infarction,
whereas creatine kinase-MB is 96% sensitive and 73%
specific.125 In the NRCPR registry, only 11% of adult
in-hospital arrests were attributed to myocardial infarction or
acute ischemia.5 The proportion of in-hospital patients who
achieve ROSC and are diagnosed with ACS has not been
reported in this population.

Another thromboembolic disease to consider after cardiac
arrest is pulmonary embolism. Pulmonary emboli have been
reported in 2% to 10% of sudden deaths.5,126–129 No reliable
data are available to estimate the likelihood of pulmonary
embolism among patients who achieve ROSC after either in-
or out-of-hospital cardiac arrest.

Hemorrhagic cardiac arrest has been studied extensively in
the trauma setting. The precipitating causes (multiple trauma
with and without head injury) and methods of resuscitation
(blood volume replacement and surgery) differ sufficiently
from other situations causing cardiac arrest that hemorrhagic
cardiac arrest should be considered a separate clinical
syndrome.

Primary pulmonary disease such as chronic obstructive
pulmonary disease, asthma, or pneumonia can lead to respi-
ratory failure and cardiac arrest. When cardiac arrest is
caused by respiratory failure, pulmonary physiology may be
worse after restoration of circulation. Redistribution of blood
into pulmonary vasculature can lead to frank pulmonary
edema or at least increased alveolar-arterial oxygen gradients
after cardiac arrest.130 Preclinical studies suggest that brain
injury after asphyxiation-induced cardiac arrest is more se-
vere than after sudden circulatory arrest.131 For example,

acute brain edema is more common after cardiac arrest caused
by asphyxia.60 It is possible that perfusion with hypoxemic
blood during asphyxia preceding complete circulatory col-
lapse is harmful.

Sepsis is a cause of cardiac arrest, acute respiratory distress
syndrome, and multiple organ failure. Thus, a predisposition
for exacerbation of post–cardiac arrest syndrome exists when
cardiac arrest occurs in the setting of sepsis. Multiple organ
failure is a more common cause of death in the ICU after
initial resuscitation from in-hospital cardiac arrest than after
out-of-hospital cardiac arrest. This may reflect the greater
contribution of infections to cardiac arrest in the hospital.30

Other precipitating causes of cardiac arrest may require
specific treatment during the post–cardiac arrest period. For
example, drug overdose and intoxication may be treated with
specific antidotes, and environmental causes such as hypo-
thermia may require active temperature control. Specific
treatment of these underlying disturbances must then be
coordinated with specific support for post–cardiac arrest
neurological and cardiovascular dysfunction.

V. Therapeutic Strategies
Care of the post–cardiac arrest patient is time-sensitive,
occurs both in and out of the hospital, and is provided
sequentially by multiple diverse teams of healthcare provid-
ers. Given the complex nature of post–cardiac arrest care, it
is optimal to have a multidisciplinary team develop and
execute a comprehensive clinical pathway tailored to avail-
able resources. Treatment plans for post–cardiac arrest care
must accommodate a spectrum of patients, ranging from the
awake, hemodynamically stable survivor to the unstable
comatose patient with persistent precipitating pathology. In
all cases, treatment must focus on reversing the pathophysi-
ological manifestations of the post–cardiac arrest syndrome
with proper prioritization and timely execution. Such a plan
enables physicians, nurses, and other healthcare professionals
to optimize post–cardiac arrest care and prevents premature
withdrawal of care before long-term prognosis can be estab-
lished. This approach improved outcomes at individual insti-
tutions compared with historical controls.12,13,132

General Measures
The general management of post–cardiac arrest patients
should follow the standards of care for most critically ill
patients in the ICU setting. This statement focuses on the
components of care that specifically impact the post–cardiac
arrest syndrome. The time-sensitive nature of therapeutic
strategies will be highlighted, as well as the differential
impact of therapeutic strategies on individual components of
the syndrome.

Monitoring
Post–cardiac arrest patients generally require intensive care
monitoring. This can be divided into 3 categories (Table
2): general intensive care monitoring, more advanced
hemodynamic monitoring, and cerebral monitoring. Gen-
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eral intensive care monitoring (Table 2) is the minimum
requirement; additional monitoring should be added depend-
ing on the status of the patient and local resources and
experience. The impact of specific monitoring techniques on
post–cardiac arrest outcome, however, has not been validated
prospectively.

Early Hemodynamic Optimization
Early hemodynamic optimization or early goal-directed ther-
apy is an algorithmic approach to restoring and maintaining
the balance between systemic oxygen delivery and demands.
The key to the success of this approach is initiation of
monitoring and therapy as early as possible and achievement
of goals within hours of presentation. This approach focuses
on optimization of preload, arterial oxygen content, afterload,
contractility, and systemic oxygen utilization. Early goal-
directed therapy has been studied in randomized prospective
clinical trials of postoperative patients and patients with
severe sepsis.133–135 The goals in these studies have included
a central venous pressure of 8 to 12 mm Hg, MAP of 65 to
90 mm Hg, ScvO2 �70%, hematocrit �30% or hemoglobin
�8 g/dL, lactate �2 mmol/L, urine output �0.5 mL · kg�1 ·
h�1, and oxygen delivery index �600 mL · min�1 · m�2. The
primary therapeutic tools are intravenous fluids, inotropes,
vasopressors, and blood transfusion. The benefits of early
goal-directed therapy include modulation of inflammation,
reduction of organ dysfunction, and reduction of healthcare
resource consumption.133–135 In severe sepsis, early goal-
directed therapy has also been shown to reduce mortality.133

The systemic ischemia/reperfusion response and myocar-
dial dysfunction of post–cardiac arrest syndrome have many

characteristics in common with sepsis.112 Therefore, it has
been hypothesized that early hemodynamic optimization
might improve the outcome of post–cardiac arrest patients.
The benefit of this approach has not been studied in random-
ized prospective clinical trials, however. Moreover, the opti-
mal goals and the strategies to achieve those goals could be
different in post–cardiac arrest syndrome, given the concom-
itant presence of post–cardiac arrest brain injury, myocardial
dysfunction, and persistent precipitating pathologies.

The optimal MAP for post–cardiac arrest patients has not
been defined by prospective clinical trials. The simultaneous
need to perfuse the postischemic brain adequately without
putting unnecessary strain on the postischemic heart is unique
to the post–cardiac arrest syndrome. The loss of cerebrovas-
cular pressure autoregulation makes cerebral perfusion de-
pendent on CPP (CPP�MAP�ICP). Because sustained ele-
vation of ICP during the early post–cardiac arrest phase is
uncommon, cerebral perfusion is predominantly dependent
on MAP. If fixed or dynamic cerebral microvascular dysfunc-
tion is present, an elevated MAP could theoretically increase
cerebral oxygen delivery. In 1 human study, hypertension
(MAP �100 mm Hg) during the first 5 minutes after ROSC
was not associated with improved neurological outcome50;
however, MAP during the first 2 hours after ROSC was
positively correlated with neurological outcome. Good out-
comes have been achieved in published studies in which the
MAP target was as low as 65 to 75 mm Hg13 or as high as 90
to 100 mm Hg9,12 for patients admitted after out-of-hospital
cardiac arrest. The optimal MAP in the post–cardiac arrest
period might be dependent on the duration of cardiac arrest,
with higher pressures needed to overcome the potential
no-reflow phenomenon observed with �15 minutes of un-
treated cardiac arrest.42,43,136 At the opposite end of the
spectrum, a patient with an evolving acute myocardial infarc-
tion or severe myocardial dysfunction might benefit from the
lowest target MAP that will ensure adequate cerebral oxygen
delivery.

The optimal central venous pressure goal for post–cardiac
arrest patients has not been defined by prospective clinical
trials, but a range of 8 to 12 mm Hg has been used in most
published studies. An important consideration is the potential
for persistent precipitating pathology that could cause ele-
vated central venous pressure independent of volume status,
such as cardiac tamponade, right-sided acute myocardial
infarction, pulmonary embolism, and tension pneumothorax
or any disease that impairs myocardial compliance. A risk
also exists of precipitating pulmonary edema in the presence
of post–cardiac arrest myocardial dysfunction. The post–
cardiac arrest ischemia/reperfusion response causes intravas-
cular volume depletion relatively soon after the heart is
restarted, and volume expansion is usually required. No
evidence is available to indicate an advantage for any specific
type of fluid (crystalloid or colloid) in the post–cardiac arrest
phase. Some animal data are available indicating that hyper-
tonic saline may improve myocardial and cerebral blood flow
when given during CPR,137,138 but no clinical data indicate an
advantage for hypertonic saline in the post–cardiac arrest
phase.

Table 2. Post–Cardiac Arrest Syndrome: Monitoring Options

1. General intensive care monitoring

Arterial catheter

Oxygen saturation by pulse oximetry

Continuous ECG

CVP

ScvO2

Temperature (bladder, esophagus)

Urine output

Arterial blood gases

Serum lactate

Blood glucose, electrolytes, CBC, and general blood sampling

Chest radiograph

2. More advanced hemodynamic monitoring

Echocardiography

Cardiac output monitoring (either noninvasive or PA catheter)

3. Cerebral monitoring

EEG (on indication/continuously): early seizure detection and treatment

CT/MRI

CVP indicates central venous pressure; ScvO2, central venous oxygen saturation;
CBC, complete blood count; PA, pulmonary artery; EEG, electroencephalogram; and
CT/MRI, computed tomography/magnetic resonance imaging.
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The balance between systemic oxygen delivery and
consumption can be monitored indirectly with mixed
venous oxygen saturation (SvO2) or ScvO2. The optimal
ScvO2 goal for post– cardiac arrest patients has not been
defined by prospective clinical trials, and the value of
continuous ScvO2 monitoring remains to be demonstrated.
One important caveat is that a subset of post– cardiac arrest
patients have elevated central or mixed venous oxygen
saturations despite inadequate tissue oxygen delivery, a
phenomenon that is more common in patients given high
doses of epinephrine during CPR.139 This phenomenon,
termed “venous hyperoxia,” can be attributed to impaired
tissue oxygen utilization caused by microcirculatory fail-
ure or mitochondrial failure.

Additional surrogates for oxygen delivery include urine
output and lactate clearance. Two of the randomized prospec-
tive trials of early goal-directed therapy described above used
a urine output target of �0.5 mL · kg�1 · h�1.133,135 A higher
urine output goal of �1 mL · kg�1 · h�1 is reasonable in
postarrest patients treated with therapeutic hypothermia,
given the higher urine production during hypothermia13;
however, urine output could be misleading in the presence of
acute or chronic renal insufficiency. Lactate concentrations
are elevated early after ROSC because of the total-body
ischemia of cardiac arrest. This limits the usefulness of a
single measurement during early hemodynamic optimization.
Lactate clearance has been associated with outcome in
patients with ROSC after out-of-hospital cardiac arrest140,141;
however, lactate clearance can be impaired by convulsive
seizures, excessive motor activity, hepatic insufficiency, and
hypothermia.

The optimal goal for hemoglobin concentration in the
post–cardiac arrest phase has not been defined. The original
study of early goal-directed therapy in sepsis used a transfu-
sion threshold hematocrit of 30%, but relatively few patients
received a transfusion, and the use of this transfusion thresh-
old, even for septic shock, is controversial.133 Subgroup
analysis of patients with a closed head injury enrolled in the
Transfusion Requirements in Critical Care trial showed no
difference in mortality rates when hemoglobin concentration
was maintained at 10 to 12 g/dL compared with 7 to 9
g/dL.142 A post–cardiac arrest care protocol published by a
group from Norway included a hemoglobin target of 9 to 10
g/dL.13

In summary, the value of hemodynamic optimization or
early goal-directed therapy in post–cardiac arrest care has yet
to be demonstrated in randomized prospective clinical trials,
and little evidence is available about the optimal goals in
post–cardiac arrest syndrome. On the basis of the limited
available evidence, reasonable goals for post–cardiac arrest
syndrome include an MAP of 65 to 100 mm Hg (taking into
consideration the patient’s normal blood pressure, cause of
arrest, and severity of any myocardial dysfunction), central
venous pressure of 8 to 12 mm Hg, ScvO2 �70%, urine output
�1 mL · kg�1 · h�1, and a normal or decreasing serum or
blood lactate level. Goals for hemoglobin concentration
during post–cardiac arrest care remain to be defined.

Oxygenation
Existing guidelines emphasize the use of a fraction of
inspired oxygen (FIO2) of 1.0 during CPR, and clinicians will
frequently maintain ventilation with 100% oxygen for vari-
able periods after ROSC. Although it is important to ensure
that patients are not hypoxemic, a growing body of preclinical
evidence suggests that hyperoxia during the early stages of
reperfusion harms postischemic neurons by causing excessive
oxidative stress.51,52,143,144 Most relevant to post–cardiac
arrest care, ventilation with 100% oxygen for the first hour
after ROSC resulted in worse neurological outcome than
immediate adjustment of the FIO2 to produce an arterial
oxygen saturation of 94% to 96%.145

On the basis of preclinical evidence alone, unnecessary
arterial hyperoxia should be avoided, especially during the
initial post–cardiac arrest period. This can be achieved by
adjusting the FIO2 to produce an arterial oxygen saturation of
94% to 96%. However, controlled reoxygenation has yet to
be studied in randomized prospective clinical trials.

Ventilation
Although cerebral autoregulation is either absent or dysfunc-
tional in most patients in the acute phase after cardiac arrest,47

cerebrovascular reactivity to changes in arterial carbon diox-
ide tension appears to be preserved.53,55,146,147 Cerebrovascu-
lar resistance may be elevated for at least 24 hours in
comatose survivors of cardiac arrest.55 No data exist to
support the targeting of a specific PaCO2 after resuscitation
from cardiac arrest; however, extrapolation of data from
studies of other cohorts suggests ventilation to normocarbia is
appropriate. Studies in brain-injured patients have shown that
the cerebral vasoconstriction caused by hyperventilation may
produce potentially harmful cerebral ischemia.148–150 Hyper-
ventilation also increases intrathoracic pressure, which will
decrease cardiac output both during and after CPR.151,152

Hypoventilation may also be harmful, because hypoxia and
hypercarbia could increase ICP or compound metabolic
acidosis, which is common shortly after ROSC.

High tidal volumes cause barotrauma, volutrauma,153 and
biotrauma154 in patients with acute lung injury. The Surviving
Sepsis Campaign recommends the use of a tidal volume of 6
mL/kg (predicted) body weight and a plateau pressure of �30
cm H2O during mechanical ventilation of patients with sepsis-
induced acute lung injury or acute respiratory distress syn-
drome.155 However, no data are available to support the use of
a specific tidal volume during post–cardiac arrest care, and
the use of this protective lung strategy will often result in
hypercapnia, which may be harmful in the post–cardiac arrest
patient. In these patients, it may be necessary to use tidal
volumes �6 mL/kg to prevent hypercapnia. When therapeu-
tic hypothermia is being induced, additional blood gases may
be helpful to adjust tidal volumes, because cooling will
decrease metabolism and the tidal volumes required. Blood
gas values can either be corrected for temperature or left
uncorrected. No evidence exists to suggest that one strategy is
significantly better than the other.

In summary, the preponderance of evidence indicates that
hyperventilation should be avoided in the post–cardiac arrest
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period. Ventilation should be adjusted to achieve normocar-
bia and should be monitored by regular measurement of
arterial blood gas values.

Circulatory Support
Hemodynamic instability is common after cardiac arrest and
manifests as dysrhythmias, hypotension, and low cardiac
index.97 Underlying mechanisms include intravascular vol-
ume depletion, impaired vasoregulation, and myocardial
dysfunction.

Dysrhythmias can be treated by maintenance of normal
electrolyte concentrations and use of standard drug and
electrical therapies. No evidence exists to support the pro-
phylactic use of antiarrhythmic drugs after cardiac arrest.
Dysrhythmias are commonly caused by focal cardiac ische-
mia, and early reperfusion treatment is probably the best
antiarrhythmic therapy. Ultimately, survivors of cardiac ar-
rest attributed to a primary dysrhythmia should be evaluated
for placement of a pacemaker or an implantable
cardioverter-defibrillator.

The first-line intervention for hypotension is to optimize
right-heart filling pressures by use of intravenous fluids. In 1
study, 3.5 to 6.5 L of intravenous crystalloid was required in
the first 24 hours after ROSC after out-of-hospital cardiac
arrest to maintain right atrial pressures in the range of 8 to
13 mm Hg.97 In a separate study, out-of-hospital post–cardiac
arrest patients had a positive fluid balance of 3.5�1.6 L in the
first 24 hours, with a central venous pressure goal of 8 to
12 mm Hg.13

Inotropes and vasopressors should be considered if hemo-
dynamic goals are not achieved despite optimized preload.
Myocardial dysfunction after ROSC is well described in both
animal101,102,156,157 and human97,99,112 studies. Post–cardiac
arrest global myocardial dysfunction is generally reversible
and responsive to inotropes, but the severity and duration of
the myocardial dysfunction may impact survival.97 Early
echocardiography will enable the extent of myocardial dys-
function to be quantified and may guide therapy. Impaired
vasoregulation is also common in post–cardiac arrest pa-
tients; this may require treatment with vasopressors and is
also reversible. Persistence of reversible vasopressor depen-
dency has been reported for up to 72 hours after out-of-
hospital cardiac arrest despite preload optimization and re-
versal of global myocardial dysfunction.97 No individual drug
or combination of drugs has been demonstrated to be superior
in the treatment of post–cardiac arrest cardiovascular dys-
function. Despite improving hemodynamic values, the effect
on survival of inotropes and vasopressors in the post–cardiac
arrest phase has not been studied in humans. Furthermore,
inotropes have the potential to exacerbate or induce focal
ischemia in the setting of ACS and coronary artery disease
(CAD). The choice of inotrope or vasopressor can be guided
by blood pressure, heart rate, echocardiographic estimates of
myocardial dysfunction, and surrogate measures of tissue
oxygen delivery such as ScvO2, lactate clearance, and urine
output. If a pulmonary artery catheter or some form of
noninvasive cardiac output monitor is being used, therapy can
be further guided by cardiac index and systemic vascular

resistance. No evidence exists that the use of a pulmonary
artery catheter or noninvasive cardiac output monitoring
improves outcome after cardiac arrest.

If volume expansion and treatment with vasoactive and
inotropic drugs do not restore adequate organ perfusion,
mechanical circulatory assistance should be considered.158,159

This treatment can support circulation in the period of
transient severe myocardial dysfunction that often occurs for
24 to 48 hours after ROSC.97 The intra-aortic balloon pump
is the most readily available device to augment myocardial
perfusion; it is generally easy to insert with or without
radiological imaging, and its use after cardiac arrest has been
documented recently in some studies.13,160 If additional car-
diac support is needed, more invasive treatments such as
percutaneous cardiopulmonary bypass, extracorporeal mem-
brane oxygenation (ECMO), or transthoracic ventricular as-
sist devices can be considered.161,162 In a recent systematic
review of published case series in which percutaneous car-
diopulmonary bypass was initiated during cardiac arrest and
then gradually weaned after ROSC (n�675), an overall
in-hospital mortality rate of 55% was reported.162 The clinical
value of initiating these interventions after ROSC for cardio-
vascular support has not been determined.

Management of ACS
CAD is present in the majority of out-of-hospital cardiac
arrest patients,163–165 and acute myocardial infarction is the
most common cause of sudden cardiac death.165 One autopsy
study reported coronary artery thrombi in 74 of 100 subjects
who died of ischemic heart disease within 6 hours of
symptom onset and plaque fissuring in 21 of 26 subjects in
the absence of thrombus.166 A more recent review reported
acute changes in coronary plaque morphology in 40% to 86%
of cardiac arrest survivors and in 15% to 64% of autopsy
studies.167

The feasibility and success of early coronary angiography
and subsequent percutaneous coronary intervention (PCI)
after out-of-hospital cardiac arrest are well described in a
number of relatively small case series and studies with
historical controls.13,14,123,160,168–172 A subset of these studies
focuses on early primary PCI in post–cardiac arrest patients
with ST-elevation myocardial infarction.14,168–171 Although
inclusion criteria and the outcomes reported were variable,
average intervals from symptom onset or CPR to balloon
inflation ranged from 2 to 5 hours, angiographic success rates
ranged from 78% to 95%, and overall in-hospital mortality
ranged from 25% to 56%. In several of these studies, PCI was
combined with therapeutic hypothermia. One retrospective
study reported 25% in-hospital mortality among 40 consec-
utive comatose post–cardiac arrest patients with ST-elevation
myocardial infarction who received early coronary angiogra-
phy/PCI and mild therapeutic hypothermia compared with a
66% in-hospital mortality rate for matched historical control
subjects who underwent PCI without therapeutic hypother-
mia.14 In this study, 21 (78%) of 27 hypothermia-treated
6-month survivors had a good neurological outcome (CPC of
1 or 2) compared with only 6 (50%) of 12 non–hypothermia-
treated 6-month survivors.
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Studies with broader inclusion criteria (not limited to
ST-elevation myocardial infarction) have also shown prom-
ising results. In 1 such study, 77% of all survivors of
out-of-hospital cardiac arrest with presumed cardiac origin
underwent immediate coronary angiography, which revealed
CAD in 97%; of these, �80% had total occlusion of a major
coronary artery.13 Nearly half of these patients underwent
reperfusion interventions, with the majority by PCI and a
minority by coronary artery bypass graft. Among patients
admitted after ROSC, the overall in-hospital mortality rate
decreased from 72% before the introduction of a comprehen-
sive post–cardiac arrest care plan (which included this
intensive coronary reperfusion strategy and therapeutic hypo-
thermia) to 44% (P�0.001), and �90% of survivors were
neurologically normal.13

Chest pain and ST elevation may be poor predictors of
acute coronary occlusion in post–cardiac arrest patients.123

Given that acute coronary occlusion is the most common
cause of out-of-hospital cardiac arrest, prospective studies are
needed to determine whether immediate coronary angiogra-
phy should be performed in all patients after ROSC. It is
feasible to initiate cooling before coronary angiography, and
patients can be transported to the angiography laboratory
while cooling continues.13,14,160

If no facilities are available for immediate PCI, in-hospital
thrombolysis is recommended for patients with ST elevation
who have not received prehospital thrombolysis.173,174 Al-
though the efficacy and risk of thrombolytic therapy have
been well characterized in post–cardiac arrest patients,174–176

the potential interaction of mild therapeutic hypothermia and
thrombolytic therapy has not been studied formally. Theoret-
ical considerations include a possible impact on the efficacy
of thrombolysis and the risk of hemorrhage. Coronary artery
bypass graft is indicated in the post–cardiac arrest phase for
patients with left main coronary artery stenosis or 3-vessel
CAD. In addition to acute reperfusion, management of ACS
and CAD should follow standard guidelines.

In summary, patients resuscitated from cardiac arrest who
have electrocardiographic criteria for ST-elevation myocar-
dial infarction should undergo immediate coronary angiogra-
phy, with subsequent PCI if indicated. Furthermore, given the
high incidence of ACS in patients with out-of-hospital car-
diac arrest and limitations of electrocardiography-based di-
agnosis, it is appropriate to consider immediate coronary
angiography in all post–cardiac arrest patients in whom ACS
is suspected. If PCI is not available, thrombolytic therapy is
an appropriate alternative for post–cardiac arrest manage-
ment of ST-elevation myocardial infarction. Standard guide-
lines for management of ACS and CAD should be followed.

Other Persistent Precipitating Pathologies
Other causes of out-of-hospital cardiac arrest include pulmo-
nary embolism, sepsis, hypoxemia, hypovolemia, hypokale-
mia, hyperkalemia, metabolic disorders, accidental hypother-
mia, tension pneumothorax, cardiac tamponade, toxins,
intoxication, and cerebrovascular catastrophes. The incidence
of these causes is potentially higher for in-hospital cardiac

arrest.5 These potential causes of cardiac arrest that persist
after ROSC should be diagnosed promptly and treated.

Therapeutic Hypothermia
Therapeutic hypothermia should be part of a standardized
treatment strategy for comatose survivors of cardiac ar-
rest.13,177,178 Two randomized clinical trials and a meta-anal-
ysis showed improved outcome in adults who remained
comatose after initial resuscitation from out-of-hospital ven-
tricular fibrillation (VF) cardiac arrest and who were cooled
within minutes to hours after ROSC.8,9,179 Patients in these
studies were cooled to 33°C or the range of 32°C to 34°C for
12 to 24 hours. The Hypothermia After Cardiac Arrest
(HACA) study included a small subset of patients with
in-hospital cardiac arrest.8 Four studies with historical control
groups reported benefit after therapeutic hypothermia in
comatose survivors of out-of-hospital non-VF arrest180 and all
rhythm arrests.12,13,132 Other observational studies provide
evidence of a possible benefit after cardiac arrest from other
initial rhythms and in other settings.181,182 Mild hypothermia
is the only therapy applied in the post–cardiac arrest setting
that has been shown to increase survival rates. The patients
who may benefit from this treatment have not been fully
elucidated, and the ideal induction technique (alone or in
combination), target temperature, duration, and rewarming
rate have yet to be established.

Animal studies demonstrate a benefit of very early cooling
either during CPR or within 15 minutes of ROSC when
cooling is maintained for only a short duration (1 to 2
hours).183,184 When prolonged cooling is used (�24 hours),
however, less is known about the therapeutic window. Equiv-
alent neuroprotection was produced in a rat model of cardiac
arrest when a 24-hour period of cooling was either initiated at
the time of ROSC or delayed by 1 hour.185 In a gerbil
forebrain ischemia model, sustained neuroprotection was
achieved when hypothermia was initiated at 1, 6, or 12 hours
after reperfusion and maintained for 48 hours186; however,
neuroprotection did decrease when the start of therapy was
delayed. The median time to achieve target temperature in the
HACA trial was 8 hours (interquartile range 6 to 26 hours),8

whereas in a study by Bernard et al,9 average core tempera-
ture was reported to be 33.5°C within 2 hours of ROSC.
Clearly, additional clinical studies are needed to optimize this
therapeutic strategy.

The practical approach of therapeutic hypothermia can be
divided into 3 phases: induction, maintenance, and rewarm-
ing. Induction can be instituted easily and inexpensively with
intravenous ice-cold fluids (saline 0.9% or Ringer’s lactate,
30 mL/kg)187–191 or traditional ice packs placed on the groin
and armpits and around the neck and head. In most cases, it
is easy to cool patients initially after ROSC, because their
temperature normally decreases within the first hour.10,64

Initial cooling is facilitated by concomitant neuromuscular
blockade with sedation to prevent shivering. Patients can be
transferred to the angiography laboratory with ongoing cool-
ing by use of these easily applied methods.13,14 Surface or
internal cooling devices (as described below) can also be used
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either alone or in combination with the above measures to
facilitate induction.182,192

In the maintenance phase, effective temperature monitor-
ing is needed to avoid significant temperature fluctuations.
This is best achieved with external or internal cooling devices
that include continuous temperature feedback to achieve a
target temperature. External devices include cooling blankets
or pads with water-filled circulating systems or more ad-
vanced systems in which cold air is circulated through a tent.
Intravascular cooling catheters are internal cooling devices
that are usually inserted into a femoral or subclavian vein.
Less sophisticated methods, such as cold, wet blankets placed
on the torso and around the extremities or ice packs combined
with ice-cold fluids, can also be effective, but these methods
may be more time consuming for nursing staff, result in
greater temperature fluctuations, and do not enable controlled
rewarming.193 Ice-cold fluids alone cannot be used to main-
tain hypothermia.194

The rewarming phase can be regulated with the external or
internal devices used for cooling or by other heating systems.
The optimal rate of rewarming is not known, but current
consensus is to rewarm at approximately 0.25°C to 0.5°C per
hour.181 Particular care should be taken during the cooling
and rewarming phases, because metabolic rate, plasma elec-
trolyte concentrations, and hemodynamic conditions may
change rapidly.

Therapeutic hypothermia is associated with several com-
plications.195 Shivering is common, particularly during the
induction phase.196 Mild hypothermia increases systemic
vascular resistance, which reduces cardiac output. A variety
of arrhythmias may be induced by hypothermia, but brady-
cardia is the most common.182 Hypothermia induces a diure-
sis, and coexisting hypovolemia will compound hemodynam-
ic instability. Diuresis may produce electrolyte abnormalities,
including hypophosphatemia, hypokalemia, hypomag-
nesemia, and hypocalcemia, and these, in turn, may cause
dysrhythmias.195,197 The plasma concentrations of these elec-
trolytes should be measured frequently, and electrolytes
should be replaced to maintain normal values. Hypothermia
decreases insulin sensitivity and insulin secretion, which
results in hyperglycemia.9 This should be treated with insulin
(see “Glucose Control”). Effects on platelet and clotting
function account for impaired coagulation and increased
bleeding. Hypothermia can impair the immune system and
increase infection rates.198 In the HACA study, pneumonia
was more common in the cooled group, but this difference did
not reach statistical significance.8 The serum amylase may
increase during hypothermia, but its significance is unclear.
The clearance of sedative drugs and neuromuscular blockers
is reduced by up to 30% at a temperature of 34°C.199

Magnesium sulfate, a naturally occurring N-methyl-D-
aspartate receptor antagonist, reduces shivering thresholds
and can be given to reduce shivering during cooling.200

Magnesium is also a vasodilator and therefore increases
cooling rates.201 It has antiarrhythmic properties, and some
animal data indicate that magnesium provides added neuro-
protection in combination with hypothermia.202 Magnesium
sulfate (5 g) can be infused over 5 hours, which covers the
period of hypothermia induction. The shivering threshold can

also be reduced by warming the skin; the shivering threshold
is reduced by 1°C for every 4°C increase in skin tempera-
ture.203 Application of a forced-air warming blanket reduces
shivering during intravascular cooling.204

If therapeutic hypothermia is not feasible or contraindi-
cated, then, at a minimum, pyrexia must be prevented.
Pyrexia is common in the first 48 hours after cardiac
arrest.63,205,206 The risk of a poor neurological outcome
increases for each degree of body temperature above 37°C.64

In summary, preclinical and clinical evidence strongly
supports mild therapeutic hypothermia as an effective therapy
for the post–cardiac arrest syndrome. Unconscious adult
patients with spontaneous circulation after out-of-hospital VF
cardiac arrest should be cooled to 32°C to 34°C for at least 12
to 24 hours.177 Most experts currently recommend cooling for
at least 24 hours. Although data support cooling to 32°C to
34°C, the optimal temperature has not been determined.
Induced hypothermia might also benefit unconscious adult
patients with spontaneous circulation after out-of-hospital
cardiac arrest from a nonshockable rhythm or in-hospital
cardiac arrest.177 Although the optimal timing of initiation has
not been defined clinically, current consensus is to initiate
cooling as soon as possible. The therapeutic window, or time
after ROSC at which therapeutic hypothermia is no longer
beneficial, is also not defined. Rapid intravenous infusion of
ice-cold 0.9% saline or Ringer’s lactate (30 mL/kg) is a
simple, effective method for initiating cooling. Shivering
should be treated by ensuring adequate sedation or neuromus-
cular blockade with sedation. Bolus doses of neuromuscular
blocking drugs are usually adequate, but infusions are occa-
sionally necessary. Slow rewarming is recommended (0.25°C
to 0.5°C per hour), although the optimum rate for rewarming
has not been defined clinically. If therapeutic hypothermia is
not undertaken, pyrexia during the first 72 hours after cardiac
arrest should be treated aggressively with antipyretics or
active cooling.

Sedation and Neuromuscular Blockade
If patients do not show adequate signs of awakening within
the first 5 to 10 minutes after ROSC, tracheal intubation (if
not already achieved), mechanical ventilation, and sedation
will be required. Adequate sedation will reduce oxygen
consumption, which is further reduced with therapeutic hy-
pothermia. Use of published sedation scales for monitoring
these patients (eg, the Richmond or Ramsay Scales) may be
helpful.207,208 Both opioids (analgesia) and hypnotics (eg,
propofol or benzodiazepines) should be used. During thera-
peutic hypothermia, optimal sedation can prevent shivering
and achieve target temperature earlier. If shivering occurs
despite deep sedation, neuromuscular-blocking drugs (as an
intravenous bolus or infusion) should be used with close
monitoring of sedation and neurological signs, such as
seizures. Because of the relatively high incidence of seizures
after cardiac arrest, continuous electroencephalographic
(EEG) monitoring is advised for patients during sustained
neuromuscular blockade.209 The duration of action of neuro-
muscular blockers is prolonged during hypothermia.199
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Although it has been common practice to sedate and
ventilate patients for at least 24 hours after ROSC, no secure
data are available to support routines of ventilation, sedation,
or neuromuscular blockade after cardiac arrest. The duration
of sedation and ventilation may be influenced by the use of
therapeutic hypothermia.

In summary, critically ill post–cardiac arrest patients will
require sedation for mechanical ventilation and therapeutic
hypothermia. Use of sedation scales for monitoring may be
helpful. Adequate sedation is particularly important for pre-
vention of shivering during induction of therapeutic hypo-
thermia, maintenance, and rewarming. Neuromuscular block-
ade may facilitate induction of therapeutic hypothermia, but if
continuous infusions of neuromuscular-blocking drugs be-
come necessary, continuous EEG monitoring should be
considered.

Seizure Control and Prevention
Seizures, myoclonus, or both occur in 5% to 15% of adult
patients who achieve ROSC and 10% to 40% of those who
remain comatose.75,76,210,211 Seizures increase cerebral metab-
olism by up to 3-fold.212 No studies directly address the use
of prophylactic anticonvulsant drugs after cardiac arrest in
adults. Anticonvulsants such as thiopental, and especially
phenytoin, are neuroprotective in animal models,213–215 but a
clinical trial of thiopental after cardiac arrest showed no
benefit.216 Myoclonus can be particularly difficult to treat;
phenytoin is often ineffective. Clonazepam is the most
effective antimyoclonic drug, but sodium valproate and
levetiracetam may also be effective.83 Effective treatment of
myoclonus with propofol has been described.217 With thera-
peutic hypothermia, good neurological outcomes have been
reported in patients initially displaying severe postarrest
status epilepticus.218,219

In summary, prolonged seizures may cause cerebral injury
and should be treated promptly and effectively with benzo-
diazepines, phenytoin, sodium valproate, propofol, or a bar-
biturate. Each of these drugs can cause hypotension, and this
must be treated appropriately. Clonazepam is the drug of
choice for the treatment of myoclonus. Maintenance therapy
should be started after the first event once potential precipi-
tating causes (eg, intracranial hemorrhage, electrolyte imbal-
ance) are excluded. Prospective studies are needed to deter-
mine the benefit of continuous EEG monitoring.

Glucose Control
Tight control of blood glucose (4.4 to 6.1 mmol/L or 80 to
110 mg/dL) with insulin reduced hospital mortality rates in
critically ill adults in a surgical ICU220 and appeared to
protect the central and peripheral nervous system.221 When
the same group repeated this study in a medical ICU, the
overall mortality rate was similar in the intensive insulin
therapy and control groups.222 Among the patients with an
ICU stay �3 days, intensive insulin therapy reduced the
mortality rate from 52.5% (control group) to 43% (P�0.009).
Of the 1200 patients in the medical ICU study, 61 had
neurological disease; the mortality rate among these patients

was the same in the control and treatment groups (29% versus
30%).222 Two studies indicate that the median length of ICU
stay for ICU survivors after admission after cardiac arrest is
�3.4 days.6,13

Hyperglycemia is common after cardiac arrest. Blood
glucose concentrations must be monitored frequently in these
patients and hyperglycemia treated with an insulin infusion.
Recent studies indicate that post–cardiac arrest patients may
be treated optimally with a target range for blood glucose
concentration of up to 8 mmol/L (144 mg/dL).13,223,224 In a
recent study, 90 unconscious survivors of out-of-hospital VF
cardiac arrest were cooled and randomized into 2 treatment
groups: a strict glucose control group with a blood glucose
target of 4 to 6 mmol/L (72 to 108 mg/dL) and a moderate
glucose control group with a blood glucose target of 6 to
8 mmol/L (108 to 144 mg/dL).223 Episodes of moderate
hypoglycemia (�3.0 mmol/L or 54 mg/dL) occurred in 18%
of the strict glucose control group and 2% of the moderate
glucose control group (P�0.008); however, no episodes of
severe hypoglycemia (�2.2 mmol/L or 40 mg/dL) occurred.
No difference in mortality was found. A target glucose range
with an upper value of 8.0 mmol/L (144 mg/dL) has been
suggested by others.13,224,225 The lower value of 6.1 mmol/L
(110 mg/dL) may not reduce mortality any further but instead
may expose patients to the potentially harmful effects of
hypoglycemia.223 The incidence of hypoglycemia in another
recent study of intensive insulin therapy exceeded 18%,226

and some have cautioned against its routine use in the
critically ill.227,228 Regardless of the chosen glucose target
range, blood glucose must be measured frequently,13,223

especially when insulin is started and during cooling and
rewarming periods.

Neuroprotective Pharmacology
Over the past 3 decades, investigators have used animal
models of global cerebral ischemia to study numerous neu-
roprotective modalities, including anesthetics, anticonvul-
sants, calcium and sodium channel antagonists, N-methyl-D-
aspartate–receptor antagonists, immunosuppressants, growth
factors, protease inhibitors, magnesium, and �-aminobutyric
acid agonists. Many of these targeted, pharmacological,
neuroprotective strategies that focus on specific injury mech-
anisms have shown benefit in preclinical studies. Yet, none of
the interventions tested thus far in prospective clinical trials
have improved outcomes after out-of-hospital cardiac
arrest.216,229–231

Many negative or neutral studies have been published of
targeted neuroprotective trials in humans with acute ische-
mic stroke. Over the past 10 years, the Stroke Therapy
Academic Industry Roundtable (STAIR) has made recom-
mendations for preclinical evidence of drug efficacy and
enhancement of acute stroke trial design and performance in
studies of neuroprotective therapies in acute stroke.232 De-
spite improved trial design and relatively large human clinical
trials, results from neuroprotective studies remain disappoint-
ing.233–235 In summary, evidence to recommend any pharma-
cological neuroprotective strategies to reduce brain injury in
post–cardiac arrest patients is inadequate.
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Adrenal Dysfunction
Relative adrenal insufficiency occurs frequently after suc-
cessful resuscitation of out-of-hospital cardiac arrest and is
associated with increased mortality (see Section III).119,236

One small study demonstrated increased ROSC when patients
with out-of-hospital cardiac arrest were treated with hydro-
cortisone,237 but the use of steroids has not been studied in the
post–cardiac arrest phase. The use of low-dose steroids, even
in septic shock, for which they are commonly given, remains
controversial.238 Although relative adrenal insufficiency may
exist after ROSC, no evidence is available that treatment with
steroids improves long-term outcomes. Therefore, routine use
of steroids after cardiac arrest is not recommended.

Renal Failure
Renal failure is common in any cohort of critically ill
patients. In a recent study of comatose survivors of out-of-
hospital cardiac arrest, 5 (7%) of 72 received hemodialysis,
and the incidence was the same with or without the use of
therapeutic hypothermia.14 In another study, renal function
was impaired transiently in out-of-hospital post–cardiac ar-
rest patients treated with therapeutic hypothermia, required
no interventions, and returned to normal by 28 days.239 The
indications for starting renal replacement therapy in comatose
cardiac arrest survivors are the same as those used for
critically ill patients in general.240

Infection
Complications inevitably occur during the treatment of post–
cardiac arrest patients as they do during the treatment of any
critically ill patients. Although several studies have shown no
statistical difference in complication rates between patients
with out-of-hospital cardiac arrest who are treated with
hypothermia and those who remain normothermic, these
studies are generally underpowered to show this conclusive-
ly.12,132 Pneumonia caused by aspiration or mechanical ven-
tilation is probably the most important complication in
comatose post–cardiac arrest patients, occurring in up to 50%
of patients after out-of-hospital cardiac arrest.8,13 Compared
with other intubated critically ill patients, post–cardiac arrest
patients are at particularly high risk of developing pneumonia
within the first 48 hours of intubation.241

Placement of Implantable
Cardioverter-Defibrillators
In survivors with good neurological recovery, insertion of an
implantable cardioverter-defibrillator is indicated if subse-
quent cardiac arrests cannot be reliably prevented by other
treatments (such as a pacemaker for atrioventricular block,
transcatheter ablation of a single ectopic pathway, or valve
replacement for critical aortic stenosis).242–250 For patients
with underlying coronary disease, an implantable
cardioverter-defibrillator is strongly recommended if myocar-
dial ischemia was not identified as the single trigger of
sudden cardiac death or if it cannot be treated by coronary
revascularization. Systematic implementation of implantable

cardioverter-defibrillator therapy should be considered for
survivors of sudden cardiac death with persistent low
(�30%) left ventricular ejection fraction. Detection of asyn-
chrony is important, because stimulation at multiple sites may
further improve prognosis when combined with medical
treatment (diuretics, �-blockers, angiotensin-converting en-
zyme inhibitors) in patients with low left ventricular ejection
fraction.250

Long-Term Management
Issues related to long-term management are beyond the scope
of this scientific statement but include cardiac and neurolog-
ical rehabilitation and psychiatric disorders.

VI. Post–Cardiac Arrest Prognostication
With the brain’s heightened susceptibility to global ischemia,
the majority of cardiac arrest patients who are resuscitated
successfully have impaired consciousness, and some remain
in a vegetative state. The need for protracted high-intensity
care of neurologically devastated survivors presents an im-
mense burden to healthcare systems, patients’ families, and
society in general.251,252 To limit this burden, clinical factors
and diagnostic tests are used to prognosticate functional
outcome. With the limitation of care or withdrawal of
life-sustaining therapies as a likely outcome of prognostica-
tion, studies have focused on poor long-term prognosis
(vegetative state or death) based on clinical or test findings
that indicate irreversible brain injury. A recent study showed
that prognostication based on neurological examination and
diagnostic modalities influenced the decision of physicians
and families on the timing of withdrawal of life-sustaining
therapies.253

Recently, several systematic reviews evaluated predictors
of poor outcome, including clinical circumstances of cardiac
arrest and resuscitation, patient characteristics, neurological
examination, electrophysiological studies, biochemical mark-
ers, and neuroimaging.254–256 Despite a large body of research
in this area, the timing and optimal approach to prognostica-
tion of futility are controversial. Most importantly, the impact
of therapeutic hypothermia on the overall accuracy of clinical
prognostication has undergone only limited prospective
evaluation.

This section approaches important prognostic factors as a
manifestation of specific neurological injury in the context of
the overall neurological presentation. Having been the most
studied factor with the widest applicability even in institu-
tions with limited technologies and expertise, the primary
focus is on neurological examination, with the use of adjunc-
tive prognostic factors to enhance the accuracy of predicting
poor outcome. We will present classic factors in patients not
treated with hypothermia, followed by recent studies on the
impact of therapeutic hypothermia on prognostic factors and
clinical outcome.
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Prognostication in Patients Not Treated
With Hypothermia

Pre–Cardiac Arrest Factors
Many studies have identified factors associated with poor
functional outcome after resuscitation, but no studies have
shown a reliable predictor of outcome. Advanced age is
associated with decreased survival after resuscitation,257–259

but at least 1 study suggested that advanced age did not
predict poor neurological outcome in survivors.260 Race261–263

and poor pre–cardiac arrest health, including conditions such
as diabetes mellitus,259,264 sepsis,265 metastatic cancer,266

renal failure,267 homebound lifestyle,266 and stroke,267 were
associated with outcome, although not enough to be reliable
predictors of function. The prearrest Acute Physiology and
Chronic Health Evaluation (APACHE) II and III scores also
were not reliable predictors.266,268

Intra–Cardiac Arrest Factors
Many factors during the resuscitation process have been
associated with functional outcome, but no single factor has
been identified as a reliable predictor. Some association with
poor functional outcome has been found between a long
interval between collapse and the start of CPR and increased
duration of CPR to ROSC,260,269 but high false-positive rates
(FPRs) make this unreliable for predicting poor outcome.254

Furthermore, the quality of CPR is likely to influence
outcome. Lack of adherence to established CPR guide-
lines,270–272 including failure to deliver a shock or achieve
ROSC before transport,273 and long preshock pauses with
extended interruption to assess rhythms and provide ventila-
tion have been associated with poor outcome.270,272 A maxi-
mum end-tidal carbon dioxide (ETCO2) of �10 mm Hg (as a
marker of cardiac output during CPR) is associated with
worse outcomes.274–279 Other arrest-related factors associated
with poor outcome that are unreliable as predictors are
asystole as the initial cardiac rhythm280,281 and noncardiac
causes of arrest.260,282

Post–Cardiac Arrest Factors
The bedside neurological examination remains one of the
most reliable and widely validated predictors of functional
outcome after cardiac arrest.76,254–256 With sudden interrup-
tion of blood flow to the brain, higher cortical functions, such
as consciousness, are lost first, whereas lower brain-stem
functions, such as spontaneous breathing activity, are lost
last.283 Not surprisingly, retention of any neurological func-
tion during or immediately after CPR portends a good
neurological outcome. The absence of neurological function
immediately after ROSC, however, is not a reliable predictor
of poor neurological outcome. The reliability and validity of
neurological examination as a predictor of poor outcome
depends on the presence of neurological deficits at specific
time points after ROSC.255,256 Findings of prognostic value
include the absence of pupillary light reflex, corneal reflex,
facial movements, eye movements, gag, cough, and motor
response to painful stimuli. Of these, the absence of pupillary
light response, corneal reflex, or motor response to painful

stimuli at day 3 provides the most reliable predictor of poor
outcome (vegetative state or death).211,254,256 On the basis of
a systematic review of the literature, it was reported that
absent brain-stem reflexes or a Glasgow Coma Scale motor
score of �2 at 72 hours had an FPR of 0% (95% CI 0% to
3%) for predicting poor outcome.254 In a recent prospective
trial, it was reported that absent pupillary or corneal reflexes
at 72 hours had a 0% FPR (95% CI 0% to 9%), whereas
absent motor response at 72 hours had a 5% FPR (95% CI 2%
to 9%) for poor outcome.211 Poor neurological outcome is
expected with these findings because of the extensive brain
injury involving the upper brain stem (midbrain), which is the
location of the ascending reticular formation (responsible for
arousal) and where the pupillary light response and motor
response to pain are facilitated.284 When the neurological
examination is used as the basis for prognostication, it is
important to consider that physiological and pathological
factors (hypotension, shock, and severe metabolic abnormal-
ities) and interventions (paralytics, sedatives, and hypother-
mia) may influence the findings and lead to errors in
interpretation.254 Therefore, adequate efforts must be under-
taken to stabilize the patient medically before prognosis is
determined. Use of the bedside neurological examination can
also be compromised by complications such as seizures and
myoclonus, which, if prolonged and repetitive, may carry
their own grave prognosis.285 Although status myoclonus has
been regarded as a reliable predictor of poor outcome (FPR
0% [95% CI 0% to 8.8%]),254 it may be misdiagnosed by
nonneurologists.

Combinations of neurological findings have been studied
in an attempt to find a simple summary scale such as the
Glasgow Coma Scale,286 which is based on the patient’s best
verbal, eye, and motor responses. The Glasgow Coma Scale
score—especially a low motor component score—is associ-
ated with poor outcome.287–289 The importance of brain-stem
reflexes in the assessment of brain injury has been incorpo-
rated into a Glasgow Coma Scale–style scale called the Full
Outline of UnResponsiveness (FOUR) scale; the FOUR score
includes the 4 components of eye, motor, and cranial nerve
reflexes (ie, pupillary light response) and respiration.290 Some
of the best predictors of neurological outcome are cranial
nerve findings and motor response to pain. A measure that
combines these findings, such as the FOUR score, may have
better utility. Unfortunately, no studies have been undertaken
to assess the utility of the FOUR score in cardiac arrest
survivors.

Neurophysiological Tests
The recording of somatosensory-evoked potentials (SSEPs) is
a neurophysiological test of the integrity of the neuronal
pathways from a peripheral nerve, spinal cord, or brain stem
to the cerebral cortex.291,292 The SSEP is probably the best
and most reliable prognostic test, because it is influenced less
by common drugs and metabolic derangements. The N20
component (which represents the primary cortical response)
of the SSEP with median nerve stimulation is the best studied
evoked-potential waveform in prognostication.211,256,293–295 In
an unresponsive cardiac arrest survivor, the absence of the
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bilateral N20 component of the SSEP with median nerve
stimulation from 24 hours to 1 week after ROSC very reliably
predicts poor outcome (FPR for poor outcome�0.7%, 95%
CI 0.1% to 3.7%).254–256 The presence of the N20 waveform
in comatose survivors, however, did not reliably predict a
good outcome.296 It also has been suggested that the absence
of the N20 waveform is better than the bedside neurological
examination as a predictor of poor outcome.211 Widespread
implementation of the SSEP in postresuscitation care requires
advanced neurological training; this investigation can be
completed and interpreted only in specialized centers. Other
evoked potentials, such as brain-stem auditory and visual and
long-latency evoked-potential tests, have not been thoroughly
tested or widely replicated for their prognostic value in brain
injury after cardiac arrest.296–299

Electroencephalography has been studied extensively as a
tool for evaluating the depth of coma and extent of damage
after cardiac arrest. Many malignant EEG patterns have been
associated with poor functional outcome, the most reliable of
which appear to be generalized suppression to �20 �V,
burst-suppression pattern with generalized epileptiform activ-
ity, and generalized periodic complexes on a flat back-
ground.254 However, the predictive value of individual pat-
terns is poorly understood, because most studies categorize a
panel of patterns as malignant. A meta-analysis of studies
reporting malignant EEG patterns within the first 3 days after
ROSC calculated an FPR of 3% (95% CI 0.9% to 11%).254

The authors concluded that the EEG alone was insufficient to
prognosticate futility. Electroencephalography is noninvasive
and easy to record even in unstable patients, but its wide-
spread application is hampered by the lack of a unified
classification system, lack of consistent study design, the
need for EEG expertise, and its susceptibility to numerous
drugs and metabolic disorders.291,293,294,300–303 Recent ad-
vances in the analysis of electroencephalography and contin-
uous bedside recording have addressed many of these limi-
tations. Quantitative EEG (QEEG) analysis will enable
nonneurologists to use this technology at the bedside.301,302,304

Given the capability of the EEG to monitor brain activity
continuously, future research can focus on developing better
methods to prognosticate early, track the brain’s real-time
response to therapies, help understand the impact of neuro-
logical injury caused by seizures, and develop novel treat-
ment strategies.209

Neuroimaging and Monitoring Modalities
Neuroimaging is performed to define structural brain injury
related to cardiac arrest. The absence of a well-designed study
has limited the use of neuroimaging in the prediction of
outcome after cardiac arrest. The most common type of
neuroimaging studied has been cranial CT. Cranial CT
studies can show widespread injury to the brain with changes
in edema characteristics.61,305 The acquisition of magnetic
resonance imaging studies is challenging in critically ill
patients because of restrictions on the type of equipment that
can be placed in the room; however, this is becoming less
problematic, and magnetic resonance imaging studies in the
critically ill are increasingly being undertaken. Some limited

studies have shown that diffuse cortical abnormalities in
diffusion-weighted imaging or fluid-attenuated inversion re-
covery are associated with poor outcome.306 Metabolic ab-
normalities (ie, increasing lactate) detected in the brain using
functional neuroimaging with magnetic resonance spectros-
copy307 and positron emission tomography have also been
associated with poor outcome.308 Other neurological factors
that define neurological injury but were not reliable predic-
tors of outcome are ICP/CPP,309 brain energy metabolism,310

CBF by xenon CT,311 and jugular bulb venous oxygen
concentrations.312

At this time, the practical utility of neuroimaging, espe-
cially CT scans, is limited to excluding intracranial patholo-
gies such as hemorrhage or stroke. The limited studies
available hinder the effective use of neuroimaging for prog-
nostication. Nonetheless, neuroimaging continues to be use-
ful for understanding the brain’s response to cardiac arrest.
Well-designed prospective studies are needed to fully under-
stand the utility of neuroimaging techniques at key times after
resuscitation. Functional neuroimaging has been used suc-
cessfully to characterize injury in other areas of the brain. The
development of portable imaging devices and improved
functional neuroimaging studies may provide a way to study
the utility of neuroimaging during the acute period, not only
as a prognostic tool but also as a guide for treatment.

Biochemical Markers
Biochemical markers derived initially from cerebrospinal
fluid (creatine phosphokinase–BB)313,314 or peripheral blood
(neuron-specific enolase [NSE] and S100�) have been used
to prognosticate functional outcome after cardiac arrest. The
ease of obtaining samples has favored blood-based biochem-
ical markers over those in cerebrospinal fluid. NSE is a
cytoplasmic glycolytic enzyme found in neurons, cells, and
tumors of neuroendocrine origin; concentrations increase in
serum a few hours after injury. One study showed that an
NSE cutoff of �71.0 �g/L drawn between 24 and 48 hours
after ROSC was required to achieve an FPR of 0% (95% CI
0% to 43%) for predicting poor outcome with a sensitivity of
14%.315 Another study showed that serum NSE concentra-
tions �33 �g/L drawn between 24 and 72 hours after ROSC
predicted poor outcome after 1 month, with an FPR of 0%
(95% CI 0% to 3%).211 Numerous other studies show various
thresholds from 30 to 65 �g/L for poor outcome and
mortality.316–322

The biochemical marker S100� is a calcium-binding pro-
tein from astroglial and Schwann cells. In cardiac arrest
survivors, 1 study showed that an S100� cutoff of �1.2 �g/L
drawn between 24 and 48 hours after ROSC was required to
achieve an FPR of 0% (95% CI 0% to 14%), with a sensitivity
of 45%.315 Other less robust studies show similar high
specificity with low sensitivity.319,320,323–326

Although a recommendation has been made on the use of
biochemical markers, specifically NSE �33 �g/L, as a
predictor of poor outcome,254 care must be taken. This
caution is based on problems such as lack of standardization
in study design and patient treatment, the wide variability of
threshold values to predict poor outcome, and differing
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measurement techniques. These limitations make it difficult
to analyze these studies in aggregate. A well-designed study
to standardize these tests at strategic times after cardiac arrest
is necessary to determine their benefit.

Multimodality Prediction of Neurological Outcome
More accurate prognostication can potentially be achieved by
using several methods to investigate neurological injury.
Some studies have suggested that combining neurological
examination with other adjunctive tests enhances the overall
accuracy and efficiency of prognostication of poor out-
come.255,293,299,327 No clinical decision rule or multimodal
prognostication protocol has been validated prospectively,
however.

Prognostication in Hypothermia-Treated Patients
Therapeutic hypothermia improved survival and functional
outcome for 1 in every 6 comatose cardiac arrest survivors
treated, according to a meta-analysis.179 As a neuroprotective
intervention, hypothermia alters the progression of neurolog-
ical injury; hypothermia alters the evolution of recovery when
patients who received therapeutic hypothermia are compared
with those who did not. Therefore, prognostication strategies
established in patients who were not treated with hypothermia
might not accurately predict the outcome of those treated with
hypothermia. Hypothermia may mask the neurological exam-
ination or delay the clearance of medication, such as sedative
or neuromuscular-blocking drugs, that may mask neurologi-
cal function.199,254,328 Although the incidence of seizures in
the HACA study was similar in the hypothermia and placebo
groups,8 some concern exists that seizures may be masked
when a neuromuscular-blocking drug is used.219

No studies exist that detail the prognostic accuracy of the
neurological examination in cooled post–cardiac arrest pa-
tients. SSEPs and biochemical markers have undergone
limited investigation in this patient population. One study
found bilateral absence of cortical N20 responses at 24 to 28
hours after cardiac arrest in 3 of 4 hypothermia-treated
patients with permanent coma (FPR 0%, 95% CI 0% to
100%; sensitivity 75%, 95% CI 30% to 95%).329 An earlier
study from the same group found that the 48-hour NSE and
S100 values that achieved a 0% FPR for poor outcome were
2 to 3 times higher in patients treated with hypothermia than
in the normothermic control group (NSE �25 versus 8.8
�g/L; S100� 0.23 versus 0.12 �g/L).317

In summary, both theoretical and evidence-based concerns
suggest that the approach to early prognostication might need
to be modified when post–cardiac arrest patients are treated
with therapeutic hypothermia. The relative impact of hypo-
thermia on prognostic accuracy appears to vary among
individual strategies and is inadequately studied. The recov-
ery period after hypothermia therapy has not been defined
clearly, and early withdrawal of life-sustaining therapies may
not be in the best interest of patients and their families. Until
more is known about the impact of therapeutic hypothermia,
prognostication should probably be delayed, but the optimal
time has yet to be determined. Ideally, bedside monitoring

systems need to be developed to enable tracking of evolving
brain injury and the brain’s response to therapy (eg,
hypothermia).

VII. Pediatrics: Special Considerations
Pediatric cardiac arrests are typically caused by respiratory
failure, circulatory shock, or both. In contrast to adults,
children rarely develop sudden arrhythmogenic VF arrests
from CAD. Arrhythmogenic VF/ventricular tachycardia ar-
rests occur in 5% to 20% of out-of-hospital pediatric cardiac
arrests and �10% of in-hospital pediatric arrests.5,20,330–332

Although clinical data are limited, differences in both the
causes of cardiac arrest and developmental status are likely to
contribute to differences between adult and pediatric post–
cardiac arrest syndrome.97,330,333–335 For example, the severity
and duration of post–cardiac arrest myocardial stunning in
pediatric animal models are substantially less than in adult
animals.102,336–338

In terms of treatment, a critical knowledge gap exists for
postarrest interventions in children.339 Therefore, manage-
ment strategies are based primarily on general principles of
intensive care or extrapolation of evidence obtained from
adults, newborns, and animal studies.8,9,12,13,195,333,334,340–346

On the basis of this extrapolation, close attention to
temperature management (avoidance of hyperthermia and
consideration of induction of hypothermia), glucose man-
agement (control of hyperglycemia and avoidance of hypo-
glycemia347–349), blood pressure (avoidance of age-adjusted
hypotension), ventilation (avoidance of hypercarbia or hypo-
carbia and avoidance of overventilation), and hemodynamic
support (maintenance of adequate cardiac output to meet
metabolic demand) is recommended by consensus for chil-
dren after cardiac arrest, but this is not supported by specific
interventional studies in the postarrest setting.

Temperature Management
Mild hypothermia is a promising neuroprotective and cardio-
protective treatment in the postarrest phase177,179,350 and is a
well-established treatment in adult survivors of cardiac ar-
rest.12,13 Studies of hypoxic-ischemic encephalopathy in new-
borns indicate that mild hypothermia is safe and feasible and
may be neuroprotective,340–342,344,351–355 although the patho-
physiology of newborn hypoxic-ischemic encephalopathy
differs from cardiac arrest and the post–cardiac arrest syn-
drome. Furthermore, pyrexia is common after cardiac arrest
in children and is associated with poor neurological out-
come.356 Therefore, post–cardiac arrest pyrexia should be
actively prevented and treated. Although post–cardiac ar-
rest—induced hypothermia is a rational therapeutic approach,
it has not been evaluated adequately in children. Despite this,
several centers treat children after cardiac arrest with thera-
peutic hypothermia based on extrapolation of the adult
data.357 Several physical and pharmacological methods are
available for temperature control, all feasible in the pediatric
intensive care environment, with specific advantages and
disadvantages.187,189,358–360
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Extracorporeal Membrane Oxygenation
Perhaps the ultimate technology to control postresuscitation
temperature and hemodynamic parameters is ECMO. Several
studies have shown that placing children on ECMO during
prolonged CPR can result in good outcomes. In 1 report, over a
7-year period, 66 children were placed on ECMO during
CPR.361 The median duration of CPR before establishment of
ECMO was 50 minutes, and 35% (23 of 66) of these children
survived to hospital discharge. These children had only brief
periods of no flow and excellent CPR during the low-flow
period, as well as excellent hemodynamic support and temper-
ature control during the postresuscitation phase. According to
the Extra-Corporeal Life Support registry, the use of ECMO
during prolonged CPR has become one of the most common
indications for ECMO therapy over the past few years.

Pediatric Cardiac Arrest Centers
High-quality, multimodal postarrest care improves survival
and neurological outcome in adults.13 Pediatric post–cardiac
arrest care requires specifically adapted equipment and train-
ing to deliver critical interventions rapidly and safely to avoid
latent errors and preventable morbidity and mortality. Sur-
vival of children after in-hospital arrest is greater when they
are treated in hospitals that employ specialized pediatric
staff.362 These data suggest that development of regionalized
pediatric cardiac arrest centers may improve outcomes after
pediatric cardiac arrests, similar to improvements seen with
the establishment of trauma centers and regionalized neonatal
intensive care. For now, stabilization and transfer of pediatric
postarrest patients to optimally equipped and staffed special-
ized pediatric facilities should be encouraged.363,364

VIII. Challenges to Implementation
Publication of clinical guidelines alone is frequently inadequate
to change practice. Several barriers to changing clinical practice

are often present, and these will need to be identified and
overcome before changes can be implemented. The purpose of
the following section is to provide insight into the challenges and
barriers to implementation of optimized post–cardiac arrest care.

Existing Studies Showing Poor Implementation
In 2003, the advanced life support task force of the Interna-
tional Liaison Committee on Resuscitation published an
advisory statement on the use of therapeutic hypothermia.177

This statement recommended that comatose survivors of
out-of-hospital VF cardiac arrest should be cooled to 32°C to
34°C for 12 to 24 hours. Despite this recommendation, which
was based on the results of 2 randomized controlled trials,
implementation of therapeutic hypothermia has been slow. A
survey of all ICUs in the United Kingdom showed that by
2006, only 27% of units had ever used mild hypothermia to
treat post–cardiac arrest patients.365 Similar findings were
reported in surveys in the United States366,367 and Germa-
ny.368 Successful implementation has been described by
several centers, however.12–14,132,160,369

Barriers to Implementation
The numerous barriers to implementation of guidelines have
been described recently and may be classified as structural,
personal, or environmental (Table 3).370

Implementation Strategies
Clinical guidelines that are evidence based and strongly
supported by well-recognized and respected professional
organizations are more likely to be adopted by practicing
clinicians. Many strategies to improve implementation have
been described (Table 4).370,371

Monitoring of Implementation
All clinical practices should be audited, especially when
change is implemented. By measuring current performance
against defined standards (eg, time to achieve target temper-
ature when therapeutic hypothermia is used), it is possible to
identify which local protocols and practices need modifica-
tion. Process and clinical factors should be monitored as part
of the quality program. The iterative process of conducting a
reaudit and making further changes as necessary should
enable optimal performance. Ideally, the standards against
which local practice is audited are established at the national

Table 3. Barriers to Implementation

Structural barriers

Resources—human and financial—often perceived as a major problem,
but in reality, it is more frequently a logistical issue

Organizational

Leadership

Scientific: a low level of evidence may make implementation more
difficult

Personal barriers

Intellectual: lack of awareness that guidelines exists

Poor attitude: inherent resistance to change

Motivation: change requires effort

Environmental barriers

Political: a recommendation by one organization may not be adopted by
another

Economic

Cultural: these may impact the extent of treatment deemed appropriate in
the postresuscitation phase

Social

Table 4. Implementation Strategies

Select a local champion; an influential and enthusiastic person should lead
local implementation of guidelines

Develop a simple, pragmatic protocol; a simple local treatment protocol
should be developed with contributions from all relevant disciplines

Identify weak links in the local system

Prioritize interventions

Develop educational materials

Conduct a pilot phase
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or international level. This type of benchmarking exercise is
now common practice throughout many healthcare systems.

Resource Issues
Many of the interventions applied in the postresuscitation period
do not require expensive equipment. The more expensive cool-
ing systems have some advantages but are by no means
essential. Maintenance of an adequate mean arterial blood
pressure and control of blood glucose are also relatively inex-
pensive interventions. In some healthcare systems, the lack of
24-hour interventional cardiology systems makes it difficult to
implement timely PCI, but in most cases, it should still be
possible to achieve reperfusion with thrombolytic therapy.

Practical Problems
Postresuscitation care is delivered by many different groups
of healthcare providers in multiple locations. Prehospital
treatment by emergency medical services may involve both
paramedics and physicians, and continuation of treatment in
the hospital will involve emergency physicians and nurses,
cardiologists, neurologists, critical care physicians and
nurses, and cardiac catheterization laboratory staff. Treatment
guidelines will have to be disseminated across all these
specialty groups. Implementation in all these environments
may also be challenging; for example, maintenance of hypo-
thermia during cardiac catheterization may be problematic.

Therapies such as primary PCI and therapeutic hypother-
mia may not be available 24 hours a day in many hospitals
that admit comatose post–cardiac arrest patients. For this
reason, the concept of “regional cardiac arrest centers”
(similar in concept to level 1 trauma centers) has been
proposed.372 The concentration of post–cardiac arrest patients
in regional centers may improve outcome (this is not yet
proven) and should help to facilitate research.

IX. Critical Knowledge Gaps
In addition to summarizing what is known about the patho-
physiology and management of post–cardiac arrest syn-
drome, a goal of the present statement is to highlight what is
not known. Table 5 outlines the critical knowledge gaps
identified by the writing group. The purpose of this list is to
stimulate preclinical and clinical research that will lead to
evidence-based optimization of post–cardiac arrest care.

Table 5. Critical Knowledge Gaps Related to Post–Cardiac
Arrest Syndrome

Epidemiology

What epidemiological mechanism can be developed to monitor trends in
post–cardiac arrest outcomes?

Pathophysiology

What are the mechanism(s) and time course of post–cardiac arrest coma?

What are the mechanism(s) and time course of post–cardiac arrest
delayed neurodegeneration?

What are the mechanism(s) and time course of post–cardiac arrest
myocardial dysfunction?

What are the mechanism(s) and time course of impaired oxygen delivery
and utilization after cardiac arrest?

What is the role of intravascular coagulation in post–cardiac arrest organ
dysfunction and failure?

What are the mechanism(s), time course, and significance of
post–cardiac arrest adrenal insufficiency?

Therapy

1. What is the optimal application of therapeutic hypothermia in the
post–cardiac arrest patient?

a. Which patients benefit?

b. What are the optimal target temperature, initiation time, duration,
and rewarming rate?

c. What is the most effective cooling technique (external vs
internal)?

d. What are the indications for neuromuscular blockade?

2. Which patients should have early PCI?

3. What is the optimal therapy for post–cardiac arrest myocardial
dysfunction?

a. Pharmacological

b. Mechanical

4. What is the clinical benefit of controlled reoxygenation?

5. What is the clinical benefit of early goal-directed hemodynamic
optimization?

6. What are the optimal goals (parameters and target ranges) for early
hemodynamic optimization?

a. MAP?

b. CVP?

c. Central or mixed venous oxygen saturation?

d. Hemoglobin concentration and transfusion threshold?

e. Lactate level or lactate clearance rate?

f. Urine output?

g. Oxygen delivery?

h. Other?

7. What is the clinical benefit of glucose control, and what is the
optimal target glucose range?

8. What is the clinical benefit of high-volume hemofiltration?

9. What is the clinical benefit of early glucocorticoid therapy?

10. What is the clinical benefit of prophylactic anticonvulsants?

11. What is the clinical benefit of a defined period of sedation and
ventilation?

12. What is the clinical benefit of neuroprotective agents?

Prognosis

1. What is the optimal decision rule for prognostication of futility?

2. What is the impact of therapeutic hypothermia on the reliability of
prognostication of futility?

(Continued)

Table 5. Continued

Pediatrics

1. What is the evidence specific to children for the knowledge gaps
listed above?

2. What is the role of ECMO in pediatric cardiac arrest and postarrest
support?

Barriers

1. What is the most effective approach to implementation of therapeutic
hypothermia and optimization of post–cardiac arrest care?

2. What is the value of regionalization of post–cardiac arrest care to
specialized centers?

CVP indicates central venous pressure; EMCO, extracorporeal membrane
oxygenation.

Neumar et al Post–Cardiac Arrest Syndrome 2471

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


Disclosures

Writing Group Disclosures

Writing
Group
Member Employment Research Grant

Other
Research
Support

Speakers’
Bureau/

Honoraria
Expert

Witness
Ownership

Interest
Consultant/

Advisory Board Other

Robert W.
Neumar

University of
Pennsylvania

NIH grant R01 NS29481
(role: Principal
Investigator,

“Calpain-Mediated
Injury in Post-Ischemic
Neurons”)†; NIH grant
R21 NS054654 (role:
Principal Investigator,

“Optimizing Therapeutic
Hypothermia After
Cardiac Arrest”)†

None None None None Gaymar Industries,
Inc: consultant,

advised on surface
cooling

technology*

None

Jerry P.
Nolan

Royal United
Hospital, Bath,

UK

None None None None None None Speaking fee of
$500 from KCI*

Christophe
Adrie

Massachusetts
General
Hospital

Unrestricted grant for
research on brain death

from the publicly
funded organization

Agence of biomedicine,
which manages organ
donation in France†

None None None None None None

Mayuki
Aibiki

Ehime
University,

Japan

None None None None None None None

Robert A.
Berg

The University
of Arizona
College of
Medicine

Medtronic: “Mediators
of Post-Resuscitation

Myocardial Dysfunction
in Piglet VF Study”†;

Laerdal: Evaluation of a
New Device for
Directing CPR in

Infantile Swine”†;
NIH-NHLBI

R01HL7169403
“Post-Countershock
CPR After Prolonged

VF”†

None None None None None None

Bernd W.
Böttiger

University of
Cologne,
Germany

None None None None None None Support from
Boehringer
Ingelheim

(reimbursement for
executive and

steering committee
meetings of the
Thrombolysis in
Cardiac Arrest

�TROICA� trial only)*

Clifton
Callaway

University of
Pittsburgh

NIH grant: Resuscitation
Outcomes Consortium

(VOI HL077871)†;
Hypothermia and Gene

Expression After
Cardiac Arrest (RO1

N5046073)†

Hypothermia
equipment

donated from
Medivance,

Inc, to
support

laboratory
research*

None None None None Patents: VF
waveform analysis,

licensed to
Medtronic ERS, Inc*

Robert S.B.
Clark

University of
Pittsburgh

NIH grant HD045968:
“Gender-Specific

Treatment of Pediatric
Cardiac Arrest”†

None None None None None None

(Continued )

2472 Circulation December 2, 2008

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


Continued

Writing
Group
Member Employment Research Grant

Other
Research
Support

Speakers’
Bureau/

Honoraria
Expert

Witness
Ownership

Interest
Consultant/

Advisory Board Other

Romergryko
G. Geocadin

Johns Hopkins
University

Medivance, Inc,
Post-Resuscitation

Hypothermia grant*; NIH
grant RO1HL71568:
“Consequences of

Cardiac Arrest: Brain
Injury”†; NIH grant
R44HL070129 on

“Cortical Brain Injury
Monitor”†

None PDL-
Biopharma*

None None None Honoraria: UCB –
Biopharma*

Edward C.
Jauch

Medical
University of

South Carolina

Biosite (2006)*;
NovoNordisk*

None None None None Genentech*;
Johnson &
Johnson*;

NovoNordisk*

None

Karl B. Kern University of
Arizona

Life Recovery Systems –
Hypothermia†;

Medivance*

Laerdal
Foundation
for Acute
Medicine†

None None None Physio Control†;
ZOLL Medical*

None

Ivan
Laurent

Institut
Hospitalier
Jacquest

Cartier, France

None None None None None None None

W.T.
Longstreth,
Jr

Harborview
Medical Center

None None None None None None None

Raina M.
Merchant

University of
Pennsylvania

None None None None None None None

Peter
Morley

Melbourne
Health

None None None None None AHA† None

Laurie J.
Morrison

University of
Toronto

NIH Heart and Stroke
Canada (receives salary
support �$10 000 from

the NIH)†; CIHR†;
DRDC†; Ministry of

Health and Long Term
Care†; ZOLL Medical†;

Aventis Hoffman La
Roche†

Laerdal
Foundation
for Acute
Medicine†

None None None None None

Vinay
Nadkarni

Children’s
Hospital of

Philadelphia

NIH†; NICHD†; Laerdal
Foundation†; AHRQ†

None None None None Volunteer
Scientific Advisory
Board Member for
the AHA National
Registry of CPR*

None

Mary Ann
Peberdy

Virginia
Commonwealth

University
Health System

Medivance: Post
Resuscitation

Hypothermia grant*

None None None None None None

Emanuel P.
Rivers

Henry Ford
Hospital

NIH-Sepsis
Collaborative*

Agennix-
Sepsis
Study*;

Hutchinson
Technologies-

NIRS
Technology*

Merck*;
Edwards

Lifesciences*;
Elan*

None None None None

(Continued )

Neumar et al Post–Cardiac Arrest Syndrome 2473

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


Continued

Writing
Group
Member Employment Research Grant

Other
Research
Support

Speakers’
Bureau/

Honoraria
Expert

Witness
Ownership

Interest
Consultant/

Advisory Board Other

Antonio
Rodriguez-
Nunez

Galicia’s Public
Health System,
Hospital Clinico
Universitario de

Santiago de
Compostela

None None None None None None None

Frank W.
Sellke

Beth Israel
Deaconess

Medical Center

Ikaria†; Orthologic† None Bayer† None None None DSMB Dyax
Pharmaceutical

Steering
Committee*; Novo

Nordisk
Pharmaceutical†;

DSMB Edwards Life
Science*

Christian
Spaulding

Cochin
Hospital, Paris,

France

French government
research grant*

None Cordis*;
Abbott*

None None None None

Kjetil Sunde Institute for
Experimental

Medical
Research,
Ullevaal

University
Hospital

Laerdal Foundation for
Acute Medicine†

None None None None None None

Terry
Vanden
Hoek

University of
Chicago
Hospital

NIH-DOD/Office of Naval
Research*; NIH:
“Preconditioning

Against a Source of
Reperfusion Oxidants”*;

Philips Medical
Systems: “In-Hospital

CPR: Improving Quality
and Survival”*

Medivance,
Inc*

None None None None Patents:
hypothermia

induction patents
(3 issued,

3 pending)*

This table represents the relationships of writing group members that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure
Questionnaire, which all writing group members are required to complete and submit. A relationship is considered to be “significant” if (1) the person receives $10 000 or
more during any 12-month period, or 5% or more of the person’s gross income; or (2) the person owns 5% or more of the voting stock or share of the entity, or owns $10 000
or more of the fair market value of the entity. A relationship is considered to be “modest” if it is less than “significant” under the preceding definition.

*Modest.
†Significant.

Reviewer Disclosures

Reviewer Employment
Research

Grant
Other Research

Support
Speakers’ Bureau/

Honoraria
Expert

Witness
Ownership

Interest
Consultant/Advisory

Board Other

David Beiser University of Chicago None None None None None None None

Gavin Perkins University of Warwick, UK None None None None None None None

Jasmeet Soar Southmead Hospital,
North Bristol NHS Trust

None None None None None None Editor,
Resuscitation*

Max Harry Weil Weil Institute of Critical
Care Medicine

None None None None None None None

This table represents the relationships of reviewers that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure
Questionnaire, which all reviewers are required to complete and submit.

*Modest.

2474 Circulation December 2, 2008

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


References
1. Negovsky VA. The second step in resuscitation: the treatment of the

“post-resuscitation disease.” Resuscitation. 1972;1:1–7.
2. Negovsky VA. Postresuscitation disease. Crit Care Med. 1988;16:

942–946.
3. Negovsky VA, Gurvitch AM. Post-resuscitation disease: a new noso-

logical entity: its reality and significance. Resuscitation. 1995;30:23–27.
4. Stephenson HE Jr, Reid LC, Hinton JW. Some common denominators in

1200 cases of cardiac arrest. Ann Surg. 1953;137:731–744.
5. Nadkarni VM, Larkin GL, Peberdy MA, Carey SM, Kaye W, Mancini

ME, Nichol G, Lane-Truitt T, Potts J, Ornato JP, Berg RA; National
Registry of Cardiopulmonary Resuscitation Investigators. First docu-
mented rhythm and clinical outcome from in-hospital cardiac arrest
among children and adults. JAMA. 2006;295:50–57.

6. Nolan JP, Laver SR, Welch CA, Harrison DA, Gupta V, Rowan K.
Outcome following admission to UK intensive care units after cardiac
arrest: a secondary analysis of the ICNARC Case Mix Programme
Database. Anaesthesia. 2007;62:1207–1216.

7. Cardiopulmonary resuscitation. JAMA. 1966;198:372–379.
8. Hypothermia After Cardiac Arrest Study Group. Mild therapeutic hypo-

thermia to improve the neurologic outcome after cardiac arrest [pub-
lished correction appears in N Engl J Med. 2002;346:1756]. N Engl
J Med. 2002;346:549–556.

9. Bernard SA, Gray TW, Buist MD, Jones BM, Silvester W, Gutteridge G,
Smith K. Treatment of comatose survivors of out-of-hospital cardiac
arrest with induced hypothermia. N Engl J Med. 2002;346:557–563.

10. Langhelle A, Tyvold SS, Lexow K, Hapnes SA, Sunde K, Steen PA.
In-hospital factors associated with improved outcome after out-of-
hospital cardiac arrest: a comparison between four regions in Norway.
Resuscitation. 2003;56:247–263.

11. Herlitz J, Engdahl J, Svensson L, Angquist KA, Silfverstolpe J, Holmberg
S. Major differences in 1-month survival between hospitals in Sweden
among initial survivors of out-of-hospital cardiac arrest. Resuscitation.
2006;70:404–409.

12. Oddo M, Schaller MD, Feihl F, Ribordy V, Liaudet L. From evidence to
clinical practice: effective implementation of therapeutic hypothermia to
improve patient outcome after cardiac arrest. Crit Care Med. 2006;34:
1865–1873.

13. Sunde K, Pytte M, Jacobsen D, Mangschau A, Jensen LP, Smedsrud C,
Draegni T, Steen PA. Implementation of a standardised treatment
protocol for post resuscitation care after out-of-hospital cardiac arrest.
Resuscitation. 2007;73:29–39.

14. Knafelj R, Radsel P, Ploj T, Noc M. Primary percutaneous coronary
intervention and mild induced hypothermia in comatose survivors of
ventricular fibrillation with ST-elevation acute myocardial infarction.
Resuscitation. 2007;74:227–234.

15. Jacobs I, Nadkarni V, Bahr J, Berg RA, Billi JE, Bossaert L, Cassan P,
Coovadia A, D’Este K, Finn J, Halperin H, Handley A, Herlitz J, Hickey
R, Idris A, Kloeck W, Larkin GL, Mancini ME, Mason P, Mears G,
Monsieurs K, Montgomery W, Morley P, Nichol G, Nolan J, Okada K,
Perlman J, Shuster M, Steen PA, Sterz F, Tibballs J, Timerman S, Truitt
T, Zideman D; International Liaison Committee on Resuscitation.
Cardiac arrest and cardiopulmonary resuscitation outcome reports:
update and simplification of the Utstein templates for resuscitation
registries: a statement for healthcare professionals from a task force of
the International Liaison Committee on Resuscitation (American Heart
Association, European Resuscitation Council, Australian Resuscitation
Council, New Zealand Resuscitation Council, Heart and Stroke Foun-
dation of Canada, InterAmerican Heart Foundation, Resuscitation
Council of Southern Africa). Resuscitation. 2004;63:233–249.

16. Langhelle A, Nolan J, Herlitz J, Castren M, Wenzel V, Soreide E,
Engdahl J, Steen PA; 2003 Utstein Consensus Symposium. Recom-
mended guidelines for reviewing, reporting, and conducting research on
post-resuscitation care: the Utstein style. Resuscitation. 2005;66:
271–283.

17. Stiell IG, Wells GA, Field B, Spaite DW, Nesbitt LP, De Maio VJ,
Nichol G, Cousineau D, Blackburn J, Munkley D, Luinstra-Toohey L,
Campeau T, Dagnone E, Lyver M; Ontario Prehospital Advanced Life
Support Study Group. Advanced cardiac life support in out-of-hospital
cardiac arrest. N Engl J Med. 2004;351:647–656.

18. Keenan SP, Dodek P, Martin C, Priestap F, Norena M, Wong H.
Variation in length of intensive care unit stay after cardiac arrest: where
you are is as important as who you are. Crit Care Med. 2007;35:
836–841.

19. Mashiko K, Otsuka T, Shimazaki S, Kohama A, Kamishima G, Kat-
surada K, Sawada Y, Matsubara I, Yamaguchi K. An outcome study of
out-of-hospital cardiac arrest using the Utstein template: a Japanese
experience. Resuscitation. 2002;55:241–246.

20. Young KD, Gausche-Hill M, McClung CD, Lewis RJ. A prospective,
population-based study of the epidemiology and outcome of out-of-
hospital pediatric cardiopulmonary arrest. Pediatrics. 2004;114:
157–164.

21. Donoghue AJ, Nadkarni V, Berg RA, Osmond MH, Wells G, Nesbitt L,
Stiell IG; CanAm Pediatric Cardiac Arrest Investigators. Out-of-hospital
pediatric cardiac arrest: an epidemiologic review and assessment of
current knowledge. Ann Emerg Med. 2005;46:512–522.

22. Peberdy MA, Kaye W, Ornato JP, Larkin GL, Nadkarni V, Mancini ME,
Berg RA, Nichol G, Lane-Truitt T. Cardiopulmonary resuscitation of
adults in the hospital: a report of 14720 cardiac arrests from the National
Registry of Cardiopulmonary Resuscitation. Resuscitation. 2003;58:
297–308.

23. Adrie C, Haouache H, Saleh M, Memain N, Laurent I, Thuong M,
Darques L, Guerrini P, Monchi M. An underrecognized source of organ
donors: patients with brain death after successfully resuscitated cardiac
arrest. Intensive Care Med. 2008;34:132–137.

24. Wilson DJ, Fisher A, Das K, Goerlitz F, Holland BK, De La Torre AN,
Merchant A, Seguel J, Samanta AK, Koneru B. Donors with cardiac
arrest: improved organ recovery but no preconditioning benefit in liver
allografts. Transplantation. 2003;75:1683–1687.

25. Ali AA, Lim E, Thanikachalam M, Sudarshan C, White P, Parameshwar
J, Dhital K, Large SR. Cardiac arrest in the organ donor does not
negatively influence recipient survival after heart transplantation. Eur
J Cardiothorac Surg. 2007;31:929–933.

26. Sánchez-Fructuoso AI, Marques M, Prats D, Conesa J, Calvo N, Pérez-
Contín MJ, Blazquez J, Fernández C, Corral E, Del Río F, Núñez JR,
Barrientos A. Victims of cardiac arrest occurring outside the hospital: a
source of transplantable kidneys. Ann Intern Med. 2006;145:157–164.

27. Moers C, Leuvenink HG, Ploeg RJ. Non-heart beating organ donation:
overview and future perspectives. Transpl Int. 2007;20:567–575.

28. Opie LH. Reperfusion injury and its pharmacologic modification.
Circulation. 1989;80:1049 –1062.

29. White BC, Grossman LI, Krause GS. Brain injury by global ischemia
and reperfusion: a theoretical perspective on membrane damage and
repair. Neurology. 1993;43:1656–1665.

30. Laver S, Farrow C, Turner D, Nolan J. Mode of death after admission to
an intensive care unit following cardiac arrest. Intensive Care Med.
2004;30:2126–2128.

31. Neumar RW. Molecular mechanisms of ischemic neuronal injury. Ann
Emerg Med. 2000;36:483–506.

32. Lipton P. Ischemic cell death in brain neurons. Physiol Rev. 1999;79:
1431–1568.

33. Bano D, Nicotera P. Ca2	 signals and neuronal death in brain ischemia.
Stroke. 2007;38(suppl):674–676.

34. Pulsinelli WA. Selective neuronal vulnerability: morphological and
molecular characteristics. Prog Brain Res. 1985;63:29–37.

35. Brierley JB, Meldrum BS, Brown AW. The threshold and neuropa-
thology of cerebral “anoxic-ischemic” cell change. Arch Neurol. 1973;
29:367–374.

36. Blomqvist P, Wieloch T. Ischemic brain damage in rats following
cardiac arrest using a long-term recovery model. J Cereb Blood Flow
Metab. 1985;5:420–431.

37. Hossmann KA, Oschlies U, Schwindt W, Krep H. Electron microscopic
investigation of rat brain after brief cardiac arrest. Acta Neuropathol
(Berl). 2001;101:101–113.

38. Taraszewska A, Zelman IB, Ogonowska W, Chrzanowska H. The
pattern of irreversible brain changes after cardiac arrest in humans. Folia
Neuropathol. 2002;40:133–141.

39. Martin LJ, Al-Abdulla NA, Brambrink AM, Kirsch JR, Sieber FE,
Portera-Cailliau C. Neurodegeneration in excitotoxicity, global cerebral
ischemia, and target deprivation: a perspective on the contributions of
apoptosis and necrosis. Brain Res Bull. 1998;46:281–309.

40. Zhang C, Siman R, Xu YA, Mills AM, Frederick JR, Neumar RW.
Comparison of calpain and caspase activities in the adult rat brain after
transient forebrain ischemia. Neurobiol Dis. 2002;10:289–305.

41. Blomgren K, Zhu C, Hallin U, Hagberg H. Mitochondria and ischemic
reperfusion damage in the adult and in the developing brain. Biochem
Biophys Res Commun. 2003;304:551–559.

Neumar et al Post–Cardiac Arrest Syndrome 2475

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


42. Ames A III, Wright RL, Kowada M, Thurston JM, Majno G. Cerebral
ischemia, II: the no-reflow phenomenon. Am J Pathol. 1968;52:
437–453.

43. Wolfson SK Jr, Safar P, Reich H, Clark JM, Gur D, Stezoski W, Cook
EE, Krupper MA. Dynamic heterogeneity of cerebral hypoperfusion
after prolonged cardiac arrest in dogs measured by the stable xenon/CT
technique: a preliminary study. Resuscitation. 1992;23:1–20.

44. Fischer M, Böttiger BW, Popov-Cenic S, Hossmann KA. Thrombolysis
using plasminogen activator and heparin reduces cerebral no-reflow
after resuscitation from cardiac arrest: an experimental study in the cat.
Intensive Care Med. 1996;22:1214–1223.

45. Böttiger BW, Krumnikl JJ, Gass P, Schmitz B, Motsch J, Martin E. The
cerebral “no-reflow” phenomenon after cardiac arrest in rats: influence
of low-flow reperfusion. Resuscitation. 1997;34:79–87.

46. Sterz F, Leonov Y, Safar P, Johnson D, Oku KI, Tisherman SA,
Latchaw R, Obrist W, Stezoski SW, Hecht S, Tarr R, Janosky JE.
Multifocal cerebral blood flow by Xe-CT and global cerebral metabo-
lism after prolonged cardiac arrest in dogs: reperfusion with open-chest
CPR or cardiopulmonary bypass. Resuscitation. 1992;24:27–47.

47. Sundgreen C, Larsen FS, Herzog TM, Knudsen GM, Boesgaard S,
Aldershvile J. Autoregulation of cerebral blood flow in patients resus-
citated from cardiac arrest. Stroke. 2001;32:128–132.

48. Nishizawa H, Kudoh I. Cerebral autoregulation is impaired in patients
resuscitated after cardiac arrest. Acta Anaesthesiol Scand. 1996;40:
1149–1153.

49. Leonov Y, Sterz F, Safar P, Johnson DW, Tisherman SA, Oku K.
Hypertension with hemodilution prevents multifocal cerebral hypoper-
fusion after cardiac arrest in dogs. Stroke. 1992;23:45–53.

50. Müllner M, Sterz F, Binder M, Hellwagner K, Meron G, Herkner H,
Laggner AN. Arterial blood pressure after human cardiac arrest and
neurological recovery. Stroke. 1996;27:59–62.

51. Vereczki V, Martin E, Rosenthal RE, Hof PR, Hoffman GE, Fiskum G.
Normoxic resuscitation after cardiac arrest protects against hippocampal
oxidative stress, metabolic dysfunction, and neuronal death. J Cereb
Blood Flow Metab. 2006;26:821–835.

52. Richards EM, Fiskum G, Rosenthal RE, Hopkins I, McKenna MC.
Hyperoxic reperfusion after global ischemia decreases hippocampal
energy metabolism. Stroke. 2007;38:1578–1584.

53. Beckstead JE, Tweed WA, Lee J, MacKeen WL. Cerebral blood flow
and metabolism in man following cardiac arrest. Stroke. 1978;9:
569–573.

54. Schaafsma A, de Jong BM, Bams JL, Haaxma-Reiche H, Pruim J,
Zijlstra JG. Cerebral perfusion and metabolism in resuscitated patients
with severe post-hypoxic encephalopathy. J Neurol Sci. 2003;210:
23–30.

55. Buunk G, van der Hoeven JG, Frölich M, Meinders AE. Cerebral
vasoconstriction in comatose patients resuscitated from a cardiac arrest?
Intensive Care Med. 1996;22:1191–1196.

56. Forsman M, Aarseth HP, Nordby HK, Skulberg A, Steen PA. Effects of
nimodipine on cerebral blood flow and cerebrospinal fluid pressure after
cardiac arrest: correlation with neurologic outcome. Anesth Analg. 1989;
68:436–443.

57. Michenfelder JD, Milde JH. Postischemic canine cerebral blood flow
appears to be determined by cerebral metabolic needs. J Cereb Blood
Flow Metab. 1990;10:71–76.

58. Oku K, Kuboyama K, Safar P, Obrist W, Sterz F, Leonov Y, Tisherman
SA. Cerebral and systemic arteriovenous oxygen monitoring after
cardiac arrest: inadequate cerebral oxygen delivery. Resuscitation. 1994;
27:141–152.

59. Sakabe T, Tateishi A, Miyauchi Y, Maekawa T, Matsumoto M, Tsutsui
T, Takeshita H. Intracranial pressure following cardiopulmonary resus-
citation. Intensive Care Med. 1987;13:256–259.

60. Morimoto Y, Kemmotsu O, Kitami K, Matsubara I, Tedo I. Acute brain
swelling after out-of-hospital cardiac arrest: pathogenesis and outcome.
Crit Care Med. 1993;21:104–110.

61. Torbey MT, Selim M, Knorr J, Bigelow C, Recht L. Quantitative
analysis of the loss of distinction between gray and white matter in
comatose patients after cardiac arrest. Stroke. 2000;31:2163–2167.

62. Iida K, Satoh H, Arita K, Nakahara T, Kurisu K, Ohtani M. Delayed
hyperemia causing intracranial hypertension after cardiopulmonary
resuscitation. Crit Care Med. 1997;25:971–976.

63. Takasu A, Saitoh D, Kaneko N, Sakamoto T, Okada Y. Hyperthermia:
is it an ominous sign after cardiac arrest? Resuscitation. 2001;49:
273–277.

64. Zeiner A, Holzer M, Sterz F, Schörkhuber W, Eisenburger P, Havel C,
Kliegel A, Laggner AN. Hyperthermia after cardiac arrest is associated
with an unfavorable neurologic outcome. Arch Intern Med. 2001;161:
2007–2012.

65. Longstreth WT Jr, Inui TS. High blood glucose level on hospital
admission and poor neurological recovery after cardiac arrest. Ann
Neurol. 1984;15:59–63.

66. Müllner M, Sterz F, Binder M, Schreiber W, Deimel A, Laggner AN.
Blood glucose concentration after cardiopulmonary resuscitation
influences functional neurological recovery in human cardiac arrest
survivors. J Cereb Blood Flow Metab. 1997;17:430–436.

67. Skrifvars MB, Pettilä V, Rosenberg PH, Castrén M. A multiple logistic
regression analysis of in-hospital factors related to survival at six months
in patients resuscitated from out-of-hospital ventricular fibrillation.
Resuscitation. 2003;59:319–328.

68. Longstreth WT Jr, Diehr P, Inui TS. Prediction of awakening after
out-of-hospital cardiac arrest. N Engl J Med. 1983;308:1378–1382.

69. Longstreth WT Jr, Copass MK, Dennis LK, Rauch-Matthews ME, Stark
MS, Cobb LA. Intravenous glucose after out-of-hospital cardiopulmo-
nary arrest: a community-based randomized trial. Neurology. 1993;43:
2534–2541.

70. Calle PA, Buylaert WA, Vanhaute OA; the Cerebral Resuscitation Study
Group. Glycemia in the post-resuscitation period. Resuscitation. 1989;
17(suppl):S181–S188.

71. Pulsinelli WA, Waldman S, Rawlinson D, Plum F. Moderate hyper-
glycemia augments ischemic brain damage: a neuropathologic study in
the rat. Neurology. 1982;32:1239–1246.

72. Auer RN. Insulin, blood glucose levels, and ischemic brain damage.
Neurology. 1998;51(suppl 3):S39–S43.

73. Katz LM, Wang Y, Ebmeyer U, Radovsky A, Safar P. Glucose plus
insulin infusion improves cerebral outcome after asphyxial cardiac
arrest. Neuroreport. 1998;9:3363–3367.

74. Wass CT, Scheithauer BW, Bronk JT, Wilson RM, Lanier WL. Insulin
treatment of corticosteroid-associated hyperglycemia and its effect on
outcome after forebrain ischemia in rats. Anesthesiology. 1996;84:
644–651.

75. Krumholz A, Stern BJ, Weiss HD. Outcome from coma after cardiopul-
monary resuscitation: relation to seizures and myoclonus. Neurology.
1988;38:401–405.

76. Levy DE, Caronna JJ, Singer BH, Lapinski RH, Frydman H, Plum F.
Predicting outcome from hypoxic-ischemic coma. JAMA. 1985;253:
1420–1426.

77. Pusswald G, Fertl E, Faltl M, Auff E. Neurological rehabilitation of
severely disabled cardiac arrest survivors, part II: life situation of
patients and families after treatment. Resuscitation. 2000;47:241–248.

78. de Vos R, de Haes HC, Koster RW, de Haan RJ. Quality of survival after
cardiopulmonary resuscitation. Arch Intern Med. 1999;159:249–254.

79. van Alem AP, de Vos R, Schmand B, Koster RW. Cognitive impairment
in survivors of out-of-hospital cardiac arrest. Am Heart J. 2004;148:
416–421.

80. Bass E. Cardiopulmonary arrest: pathophysiology and neurologic com-
plications. Ann Intern Med. 1985;103(pt 1):920–927.

81. Groswasser Z, Cohen M, Costeff H. Rehabilitation outcome after anoxic
brain damage. Arch Phys Med Rehabil. 1989;70:186–188.

82. Fertl E, Vass K, Sterz F, Gabriel H, Auff E. Neurological rehabilitation
of severely disabled cardiac arrest survivors, part I: course of post-acute
inpatient treatment. Resuscitation. 2000;47:231–239.

83. Caviness JN, Brown P. Myoclonus: current concepts and recent
advances. Lancet Neurol. 2004;3:598–607.

84. Schiff ND, Plum F. The role of arousal and “gating” systems in the
neurology of impaired consciousness. J Clin Neurophysiol. 2000;17:
438–452.

85. Plum F, Posner JB. The Diagnosis of Coma and Stupor. 3rd ed. Phila-
delphia, Pa: Davis; 1980.

86. Moruzzi G, Magoun HW. Brain stem reticular formation and activation
of the EEG: 1949. J Neuropsychiatry Clin Neurosci. 1995;7:251–267.

87. Parvizi J, Damasio AR. Neuroanatomical correlates of brainstem coma.
Brain. 2003;126(pt 7):1524–1536.

88. Stevens RD, Bhardwaj A. Approach to the comatose patient. Crit Care
Med. 2006;34:31–41.

89. Young GB, Pigott SE. Neurobiological basis of consciousness. Arch
Neurol. 1999;56:153–157.

90. Bricolo A, Turazzi S, Feriotti G. Prolonged posttraumatic uncon-
sciousness: therapeutic assets and liabilities. J Neurosurg. 1980;52:
625–634.

2476 Circulation December 2, 2008

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


91. Levy DE, Knill-Jones RP, Plum F. The vegetative state and its prognosis
following nontraumatic coma. Ann N Y Acad Sci. 1978;315:293–306.

92. The Multi-Society Task Force on PVS. Medical aspects of the persistent
vegetative state: first of two parts. N Engl J Med. 1994;330:1499–1508.

93. Giacino JT, Ashwal S, Childs N, Cranford R, Jennett B, Katz DI, Kelly
JP, Rosenberg JH, Whyte J, Zafonte RD, Zasler ND. The minimally
conscious state: definition and diagnostic criteria. Neurology. 2002;58:
349–353.

94. Roine RO, Kajaste S, Kaste M. Neuropsychological sequelae of cardiac
arrest. JAMA. 1993;269:237–242.

95. Khot S, Tirschwell DL. Long-term neurological complications after
hypoxic-ischemic encephalopathy. Semin Neurol. 2006;26:422–431.

96. Herlitz J, Ekström L, Wennerblom B, Axelsson A, Bång A, Holmberg
S. Hospital mortality after out-of-hospital cardiac arrest among patients
found in ventricular fibrillation. Resuscitation. 1995;29:11–21.

97. Laurent I, Monchi M, Chiche JD, Joly LM, Spaulding C, Bourgeois B,
Cariou A, Rozenberg A, Carli P, Weber S, Dhainaut JF. Reversible
myocardial dysfunction in survivors of out-of-hospital cardiac arrest.
J Am Coll Cardiol. 2002;40:2110–2116.

98. Huang L, Weil MH, Tang W, Sun S, Wang J. Comparison between
dobutamine and levosimendan for management of postresuscitation
myocardial dysfunction. Crit Care Med. 2005;33:487–491.

99. Ruiz-Bailén M, Aguayo de Hoyos E, Ruiz-Navarro S, Díaz-Castellanos
MA, Rucabado-Aguilar L, Gómez-Jiménez FJ, Martínez-Escobar S,
Moreno RM, Fierro-Rosón J. Reversible myocardial dysfunction after
cardiopulmonary resuscitation. Resuscitation. 2005;66:175–181.

100. Cerchiari EL, Safar P, Klein E, Cantadore R, Pinsky M. Cardiovascular
function and neurologic outcome after cardiac arrest in dogs: the car-
diovascular post-resuscitation syndrome. Resuscitation. 1993;25:9–33.

101. Kern KB, Hilwig RW, Berg RA, Rhee KH, Sanders AB, Otto CW, Ewy
GA. Postresuscitation left ventricular systolic and diastolic dysfunction:
treatment with dobutamine. Circulation. 1997;95:2610–2613.

102. Kern KB, Hilwig RW, Rhee KH, Berg RA. Myocardial dysfunction
after resuscitation from cardiac arrest: an example of global myocardial
stunning. J Am Coll Cardiol. 1996;28:232–240.

103. Rivers EP, Wortsman J, Rady MY, Blake HC, McGeorge FT, Buderer
NM. The effect of the total cumulative epinephrine dose administered
during human CPR on hemodynamic, oxygen transport, and utilization
variables in the postresuscitation period. Chest. 1994;106:1499–1507.

104. Prengel AW, Lindner KH, Ensinger H, Grünert A. Plasma catechol-
amine concentrations after successful resuscitation in patients. Crit Care
Med. 1992;20:609–614.

105. Rivers EP, Martin GB, Smithline H, Rady MY, Schultz CH, Goetting
MG, Appleton TJ, Nowak RM. The clinical implications of continuous
central venous oxygen saturation during human CPR. Ann Emerg Med.
1992;21:1094–1101.

106. Karimova A, Pinsky DJ. The endothelial response to oxygen depriva-
tion: biology and clinical implications. Intensive Care Med. 2001;27:
19–31.

107. Shoemaker WC, Appel PL, Kram HB. Role of oxygen debt in the
development of organ failure sepsis, and death in high-risk surgical
patients. Chest. 1992;102:208–215.

108. Shoemaker WC, Appel PL, Kram HB. Tissue oxygen debt as a deter-
minant of lethal and nonlethal postoperative organ failure. Crit Care
Med. 1988;16:1117–1120.

109. Cerchiari EL, Safar P, Klein E, Diven W. Visceral, hematologic and
bacteriologic changes and neurologic outcome after cardiac arrest in
dogs: the visceral post-resuscitation syndrome. Resuscitation. 1993;25:
119–136.

110. Adams JA. Endothelium and cardiopulmonary resuscitation. Crit Care
Med. 2006;34(12 suppl):S458–S465.

111. Esmon CT. Coagulation and inflammation. J Endotoxin Res. 2003;9:
192–198.

112. Adrie C, Adib-Conquy M, Laurent I, Monchi M, Vinsonneau C, Fitting
C, Fraisse F, Dinh-Xuan AT, Carli P, Spaulding C, Dhainaut JF,
Cavaillon JM. Successful cardiopulmonary resuscitation after cardiac
arrest as a “sepsis-like” syndrome. Circulation. 2002;106:562–568.

113. Adrie C, Laurent I, Monchi M, Cariou A, Dhainaou JF, Spaulding C.
Postresuscitation disease after cardiac arrest: a sepsis-like syndrome?
Curr Opin Crit Care. 2004;10:208–212.

114. Gando S, Nanzaki S, Morimoto Y, Kobayashi S, Kemmotsu O. Out-of-
hospital cardiac arrest increases soluble vascular endothelial adhesion
molecules and neutrophil elastase associated with endothelial injury.
Intensive Care Med. 2000;26:38–44.

115. Geppert A, Zorn G, Karth GD, Haumer M, Gwechenberger M, Koller-
Strametz J, Heinz G, Huber K, Siostrzonek P. Soluble selectins and the
systemic inflammatory response syndrome after successful cardiopul-
monary resuscitation. Crit Care Med. 2000;28:2360–2365.

116. Cavaillon JM, Adrie C, Fitting C, Adib-Conquy M. Endotoxin tolerance:
is there a clinical relevance? J Endotoxin Res. 2003;9:101–107.

117. Böttiger BW, Motsch J, Böhrer H, Böker T, Aulmann M, Nawroth
PP, Martin E. Activation of blood coagulation after cardiac arrest is
not balanced adequately by activation of endogenous fibrinolysis.
Circulation. 1995;92:2572–2578.

118. Adrie C, Monchi M, Laurent I, Um S, Yan SB, Thuong M, Cariou A,
Charpentier J, Dhainaut JF. Coagulopathy after successful cardiopulmo-
nary resuscitation following cardiac arrest: implication of the protein C
anticoagulant pathway. J Am Coll Cardiol. 2005;46:21–28.

119. Hékimian G, Baugnon T, Thuong M, Monchi M, Dabbane H, Jaby D,
Rhaoui A, Laurent I, Moret G, Fraisse F, Adrie C. Cortisol levels and
adrenal reserve after successful cardiac arrest resuscitation. Shock. 2004;
22:116–119.

120. Schultz CH, Rivers EP, Feldkamp CS, Goad EG, Smithline HA, Martin
GB, Fath JJ, Wortsman J, Nowak RM. A characterization of
hypothalamic-pituitary-adrenal axis function during and after human
cardiac arrest. Crit Care Med. 1993;21:1339–1347.

121. Bulut S, Aengevaeren WR, Luijten HJ, Verheugt FW. Successful out-
of-hospital cardiopulmonary resuscitation: what is the optimal
in-hospital treatment strategy? Resuscitation. 2000;47:155–161.

122. Engdahl J, Abrahamsson P, Bång A, Lindqvist J, Karlsson T, Herlitz J.
Is hospital care of major importance for outcome after out-of-hospital
cardiac arrest? Experience acquired from patients with out-of-hospital
cardiac arrest resuscitated by the same Emergency Medical Service and
admitted to one of two hospitals over a 16-year period in the munici-
pality of Göteborg. Resuscitation. 2000;43:201–211.

123. Spaulding CM, Joly LM, Rosenberg A, Monchi M, Weber SN, Dhainaut
JF, Carli P. Immediate coronary angiography in survivors of out-of-
hospital cardiac arrest. N Engl J Med. 1997;336:1629–1633.

124. Lai CS, Hostler D, D’Cruz BJ, Callaway CW. Prevalence of troponin-T
elevation during out-of-hospital cardiac arrest. Am J Cardiol. 2004;93:
754–756.

125. Müllner M, Hirschl MM, Herkner H, Sterz F, Leitha T, Exner M, Binder
M, Laggner AN. Creatine kinase-MB fraction and cardiac troponin T to
diagnose acute myocardial infarction after cardiopulmonary resusci-
tation. J Am Coll Cardiol. 1996;28:1220–1225.

126. Sandler DA, Martin JF. Autopsy proven pulmonary embolism in
hospital patients: are we detecting enough deep vein thrombosis? J R
Soc Med. 1989;82:203–205.

127. Courtney DM, Kline JA. Prospective use of a clinical decision rule to
identify pulmonary embolism as likely cause of outpatient cardiac arrest.
Resuscitation. 2005;65:57–64.

128. Kuisma M, Alaspää A. Out-of-hospital cardiac arrests of non-cardiac
origin: epidemiology and outcome. Eur Heart J. 1997;18:1122–1128.

129. Kürkciyan I, Meron G, Sterz F, Janata K, Domanovits H, Holzer M,
Berzlanovich A, Bankl HC, Laggner AN. Pulmonary embolism as a
cause of cardiac arrest: presentation and outcome. Arch Intern Med.
2000;160:1529–1535.

130. Ornato JP, Ryschon TW, Gonzalez ER, Bredthauer JL. Rapid change in
pulmonary vascular hemodynamics with pulmonary edema during car-
diopulmonary resuscitation. Am J Emerg Med. 1985;3:137–142.

131. Vaagenes P, Safar P, Moossy J, Rao G, Diven W, Ravi C, Arfors K.
Asphyxiation versus ventricular fibrillation cardiac arrest in dogs: dif-
ferences in cerebral resuscitation effects: a preliminary study. Resuscitation.
1997;35:41–52.

132. Busch M, Soreide E, Lossius HM, Lexow K, Dickstein K. Rapid imple-
mentation of therapeutic hypothermia in comatose out-of-hospital
cardiac arrest survivors. Acta Anaesthesiol Scand. 2006;50:1277–1283.

133. Rivers E, Nguyen B, Havstad S, Ressler J, Muzzin A, Knoblich B,
Peterson E, Tomlanovich M; Early Goal-Directed Therapy Collabo-
rative Group. Early goal-directed therapy in the treatment of severe
sepsis and septic shock. N Engl J Med. 2001;345:1368–1377.

134. Pölönen P, Ruokonen E, Hippeläinen M, Pöyhönen M, Takala J. A
prospective, randomized study of goal-oriented hemodynamic therapy in
cardiac surgical patients. Anesth Analg. 2000;90:1052–1059.

135. Pearse R, Dawson D, Fawcett J, Rhodes A, Grounds RM, Bennett ED.
Early goal-directed therapy after major surgery reduces complications
and duration of hospital stay: a randomised, controlled trial
[ISRCTN38797445]. Crit Care. 2005;9:R687–R693.

Neumar et al Post–Cardiac Arrest Syndrome 2477

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


136. Shaffner DH, Eleff SM, Brambrink AM, Sugimoto H, Izuta M, Koehler
RC, Traystman RJ. Effect of arrest time and cerebral perfusion pressure
during cardiopulmonary resuscitation on cerebral blood flow, metabo-
lism, adenosine triphosphate recovery, and pH in dogs. Crit Care Med.
1999;27:1335–1342.

137. Krep H, Breil M, Sinn D, Hagendorff A, Hoeft A, Fischer M. Effects of
hypertonic versus isotonic infusion therapy on regional cerebral blood
flow after experimental cardiac arrest cardiopulmonary resuscitation in
pigs. Resuscitation. 2004;63:73–83.

138. Breil M, Krep H, Sinn D, Hagendorff A, Dahmen A, Eichelkraut W,
Hoeft A, Fischer M. Hypertonic saline improves myocardial blood flow
during CPR, but is not enhanced further by the addition of hydroxy ethyl
starch. Resuscitation. 2003;56:307–317.

139. Rivers EP, Rady MY, Martin GB, Fenn NM, Smithline HA, Alexander
ME, Nowak RM. Venous hyperoxia after cardiac arrest: characterization
of a defect in systemic oxygen utilization. Chest. 1992;102:1787–1793.

140. Kliegel A, Losert H, Sterz F, Holzer M, Zeiner A, Havel C, Laggner AN.
Serial lactate determinations for prediction of outcome after cardiac
arrest. Medicine (Baltimore). 2004;83:274–279.

141. Donnino MW, Miller J, Goyal N, Loomba M, Sankey SS, Dolcourt B,
Sherwin R, Otero R, Wira C. Effective lactate clearance is associated
with improved outcome in post-cardiac arrest patients. Resuscitation.
2007;75:229–234.

142. McIntyre LA, Fergusson DA, Hutchison JS, Pagliarello G, Marshall JC,
Yetisir E, Hare GM, Hébert PC. Effect of a liberal versus restrictive
transfusion strategy on mortality in patients with moderate to severe
head injury. Neurocrit Care. 2006;5:4–9.

143. Zwemer CF, Whitesall SE, D’Alecy LG. Cardiopulmonary-cerebral
resuscitation with 100% oxygen exacerbates neurological dysfunction
following nine minutes of normothermic cardiac arrest in dogs [pub-
lished correction appears in Resuscitation. 1994;27:267]. Resuscitation.
1994;27:159–170.

144. Liu Y, Rosenthal RE, Haywood Y, Miljkovic-Lolic M, Vanderhoek JY,
Fiskum G. Normoxic ventilation after cardiac arrest reduces oxidation of
brain lipids and improves neurological outcome. Stroke. 1998;29:
1679–1686.

145. Balan IS, Fiskum G, Hazelton J, Cotto-Cumba C, Rosenthal RE.
Oximetry-guided reoxygenation improves neurological outcome after
experimental cardiac arrest. Stroke. 2006;37:3008–3013.

146. Roine RO, Launes J, Nikkinen P, Lindroth L, Kaste M. Regional
cerebral blood flow after human cardiac arrest: a hexamethylpropylene-
amine oxime single photon emission computed tomographic study. Arch
Neurol. 1991;48:625–629.

147. Buunk G, van der Hoeven JG, Meinders AE. Cerebrovascular reactivity
in comatose patients resuscitated from a cardiac arrest. Stroke. 1997;28:
1569–1573.

148. Muizelaar JP, Marmarou A, Ward JD, Kontos HA, Choi SC, Becker DP,
Gruemer H, Young HF. Adverse effects of prolonged hyperventilation
in patients with severe head injury: a randomized clinical trial. J Neu-
rosurg. 1991;75:731–739.

149. Steiner LA, Balestreri M, Johnston AJ, Czosnyka M, Coles JP, Chatfield
DA, Smielewski P, Pickard JD, Menon DK. Sustained moderate
reductions in arterial CO2 after brain trauma time-course of cerebral
blood flow velocity and intracranial pressure. Intensive Care Med.
2004;30:2180–2187.

150. Coles JP, Fryer TD, Coleman MR, Smielewski P, Gupta AK, Minhas
PS, Aigbirhio F, Chatfield DA, Williams GB, Boniface S, Carpenter TA,
Clark JC, Pickard JD, Menon DK. Hyperventilation following head
injury: effect on ischemic burden and cerebral oxidative metabolism.
Crit Care Med. 2007;35:568–578.

151. Aufderheide TP, Sigurdsson G, Pirrallo RG, Yannopoulos D, McKnite
S, von Briesen C, Sparks CW, Conrad CJ, Provo TA, Lurie KG.
Hyperventilation-induced hypotension during cardiopulmonary resusci-
tation. Circulation. 2004;109:1960–1965.

152. Aufderheide TP, Lurie KG. Death by hyperventilation: a common and
life-threatening problem during cardiopulmonary resuscitation. Crit
Care Med. 2004;32(suppl):S345–S351.

153. The Acute Respiratory Distress Syndrome Network. Ventilation with
lower tidal volumes as compared with traditional tidal volumes for acute
lung injury and the acute respiratory distress syndrome. N Engl J Med.
2000;342:1301–1308.

154. Plötz FB, Slutsky AS, van Vught AJ, Heijnen CJ. Ventilator-induced
lung injury and multiple system organ failure: a critical review of facts
and hypotheses. Intensive Care Med. 2004;30:1865–1872.

155. Dellinger RP, Levy MM, Carlet JM, Bion J, Parker MM, Jaeschke R,
Reinhart K, Angus DC, Brun-Buisson C, Beale R, Calandra T, Dhainaut
JF, Gerlach H, Harvey M, Marini JJ, Marshall J, Ranieri M, Ramsay G,
Sevransky J, Thompson BT, Townsend S, Vender JS, Zimmerman JL,
Vincent JL; International Surviving Sepsis Campaign Guidelines Com-
mittee; American Association of Critical-Care Nurses; American
College of Chest Physicians; American College of Emergency Phy-
sicians; Canadian Critical Care Society; European Society of Clinical
Microbiology and Infectious Diseases; European Society of Intensive Care
Medicine; European Respiratory Society; International Sepsis Forum;
Japanese Association for Acute Medicine; Japanese Society of Intensive
Care Medicine; Society of Critical Care Medicine; Society of Hospital
Medicine; Surgical Infection Society; World Federation of Societies of
Intensive and Critical Care Medicine. Surviving Sepsis Campaign: inter-
national guidelines for management of severe sepsis and septic shock:
2008 [published correction appears in Crit Care Med. 2008;36:
1394–1396]. Crit Care Med. 2008;36:296–327.

156. Gazmuri RJ, Weil MH, Bisera J, Tang W, Fukui M, McKee D. Myo-
cardial dysfunction after successful resuscitation from cardiac arrest.
Crit Care Med. 1996;24:992–1000.

157. Vasquez A, Kern KB, Hilwig RW, Heidenreich J, Berg RA, Ewy GA.
Optimal dosing of dobutamine for treating post-resuscitation left ven-
tricular dysfunction. Resuscitation. 2004;61:199–207.

158. Massetti M, Tasle M, Le Page O, Deredec R, Babatasi G, Buklas D,
Thuaudet S, Charbonneau P, Hamon M, Grollier G, Gerard JL, Khayat
A. Back from irreversibility: extracorporeal life support for prolonged
cardiac arrest. Ann Thorac Surg. 2005;79:178–183.

159. Kurusz M, Zwischenberger JB. Percutaneous cardiopulmonary bypass
for cardiac emergencies. Perfusion. 2002;17:269–277.

160. Hovdenes J, Laake JH, Aaberge L, Haugaa H, Bugge JF. Therapeutic
hypothermia after out-of-hospital cardiac arrest: experiences with
patients treated with percutaneous coronary intervention and cardiogenic
shock. Acta Anaesthesiol Scand. 2007;51:137–142.

161. Sung K, Lee YT, Park PW, Park KH, Jun TG, Yang JH, Ha YK.
Improved survival after cardiac arrest using emergent autopriming per-
cutaneous cardiopulmonary support. Ann Thorac Surg. 2006;82:
651–656.

162. Nichol G, Karmy-Jones R, Salerno C, Cantore L, Becker L. Systematic
review of percutaneous cardiopulmonary bypass for cardiac arrest or
cardiogenic shock states. Resuscitation. 2006;70:381–394.

163. Zheng ZJ, Croft JB, Giles WH, Mensah GA. Sudden cardiac death in the
United States, 1989 to 1998. Circulation. 2001;104:2158–2163.

164. Pell JP, Sirel JM, Marsden AK, Ford I, Walker NL, Cobbe SM. Pre-
sentation, management, and outcome of out of hospital cardiopulmonary
arrest: comparison by underlying aetiology. Heart. 2003;89:839–842.

165. Huikuri HV, Castellanos A, Myerburg RJ. Sudden death due to cardiac
arrhythmias. N Engl J Med. 2001;345:1473–1482.

166. Davies MJ, Thomas A. Thrombosis and acute coronary-artery lesions in
sudden cardiac ischemic death. N Engl J Med. 1984;310:1137–1140.

167. Zipes DP, Wellens HJJ. Sudden cardiac death. Circulation. 1998;98:
2334–2351.

168. Bendz B, Eritsland J, Nakstad AR, Brekke M, Klow NE, Steen PA,
Mangschau A. Long-term prognosis after out-of-hospital cardiac arrest
and primary percutaneous coronary intervention. Resuscitation. 2004;
63:49–53.

169. Keelan PC, Bunch TJ, White RD, Packer DL, Holmes DR Jr. Early
direct coronary angioplasty in survivors of out-of-hospital cardiac arrest.
Am J Cardiol. 2003;91:1461–1463, A6.

170. Quintero-Moran B, Moreno R, Villarreal S, Perez-Vizcayno MJ, Her-
nandez R, Conde C, Vazquez P, Alfonso F, Bañuelos C, Escaned J,
Fernandez-Ortiz A, Azcona L, Macaya C. Percutaneous coronary inter-
vention for cardiac arrest secondary to ST-elevation acute myocardial
infarction: influence of immediate paramedical/medical assistance on
clinical outcome. J Invasive Cardiol. 2006;18:269–272.

171. Garot P, Lefevre T, Eltchaninoff H, Morice MC, Tamion F, Abry B,
Lesault PF, Le Tarnec JY, Pouges C, Margenet A, Monchi M, Laurent
I, Dumas P, Garot J, Louvard Y. Six-month outcome of emergency
percutaneous coronary intervention in resuscitated patients after cardiac
arrest complicating ST-elevation myocardial infarction. Circulation.
2007;115:1354–1362.

172. Nagao K, Hayashi N, Kanmatsuse K, Arima K, Ohtsuki J, Kikushima K,
Watanabe I. Cardiopulmonary cerebral resuscitation using emergency
cardiopulmonary bypass, coronary reperfusion therapy and mild hypo-
thermia in patients with cardiac arrest outside the hospital. J Am Coll
Cardiol. 2000;36:776–783.

2478 Circulation December 2, 2008

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


173. Antman EM, Anbe DT, Armstrong PW, Bates ER, Green LA, Hand M,
Hochman JS, Krumholz HM, Kushner FG, Lamas GA, Mullany CJ,
Ornato JP, Pearle DL, Sloan MA, Smith SC Jr; American College of
Cardiology; American Heart Association; Canadian Cardiovascular
Society. ACC/AHA guidelines for the management of patients with
ST-elevation myocardial infarction: executive summary: a report of the
American College of Cardiology/American Heart Association Task
Force on Practice Guidelines (Writing Committee to revise the 1999
guidelines for the management of patients with acute myocardial
infarction) [published correction appears in J Am Coll Cardiol. 2005;
45:1376]. J Am Coll Cardiol. 2004;44:671–719.

174. Richling N, Herkner H, Holzer M, Riedmueller E, Sterz F, Schreiber W.
Thrombolytic therapy vs primary percutaneous intervention after ven-
tricular fibrillation cardiac arrest due to acute ST-segment elevation
myocardial infarction and its effect on outcome. Am J Emerg Med.
2007;25:545–550.

175. Schreiber W, Gabriel D, Sterz F, Muellner M, Kuerkciyan I, Holzer M,
Laggner AN. Thrombolytic therapy after cardiac arrest and its effect on
neurological outcome. Resuscitation. 2002;52:63–69.

176. Kurkciyan I, Meron G, Sterz F, Müllner M, Tobler K, Domanovits H,
Schreiber W, Bankl HC, Laggner AN. Major bleeding complications
after cardiopulmonary resuscitation: impact of thrombolytic treatment.
J Intern Med. 2003;253:128–135.

177. Nolan JP, Morley PT, Vanden Hoek TL, Hickey RW; Advancement Life
Support Task Force of the International Liaison Committee on Resus-
citation. Therapeutic hypothermia after cardiac arrest: an advisory
statement by the Advanced Life Support Task Force of the International
Liaison Committee on Resuscitation. Resuscitation. 2003;57:231–235.

178. Soar J, Nolan JP. Mild hypothermia for post cardiac arrest syndrome.
BMJ. 2007;335:459–460.

179. Holzer M, Bernard SA, Hachimi-Idrissi S, Roine RO, Sterz F, Müllner
M; Collaborative Group on Induced Hypothermia for Neuroprotection
After Cardiac Arrest. Hypothermia for neuroprotection after cardiac
arrest: systematic review and individual patient data meta-analysis. Crit
Care Med. 2005;33:414–418.

180. Bernard SA, Jones BM, Horne MK. Clinical trial of induced hypo-
thermia in comatose survivors of out-of-hospital cardiac arrest. Ann
Emerg Med. 1997;30:146–153.

181. Arrich J; European Resuscitation Council Hypothermia After Cardiac
Arrest Registry Study Group. Clinical application of mild therapeutic
hypothermia after cardiac arrest. Crit Care Med. 2007;35:1041–1047.

182. Holzer M, Müllner M, Sterz F, Robak O, Kliegel A, Losert H, Sodeck
G, Uray T, Zeiner A, Laggner AN. Efficacy and safety of endovascular
cooling after cardiac arrest: cohort study and Bayesian approach. Stroke.
2006;37:1792–1797.

183. Kuboyama K, Safar P, Radovsky A, Tisherman SA, Stezoski SW,
Alexander H. Delay in cooling negates the beneficial effect of mild
resuscitative cerebral hypothermia after cardiac arrest in dogs: a pro-
spective, randomized study. Crit Care Med. 1993;21:1348–1358.

184. Abella BS, Zhao D, Alvarado J, Hamann K, Vanden Hoek TL, Becker
LB. Intra-arrest cooling improves outcomes in a murine cardiac arrest
model. Circulation. 2004;109:2786–2791.

185. Hicks SD, DeFranco DB, Callaway CW. Hypothermia during reper-
fusion after asphyxial cardiac arrest improves functional recovery and
selectively alters stress-induced protein expression. J Cereb Blood Flow
Metab. 2000;20:520–530.

186. Colbourne F, Sutherland GR, Auer RN. Electron microscopic evidence
against apoptosis as the mechanism of neuronal death in global ische-
mia. J Neurosci. 1999;19:4200–4210.

187. Kliegel A, Losert H, Sterz F, Kliegel M, Holzer M, Uray T, Domanovits
H. Cold simple intravenous infusions preceding special endovascular
cooling for faster induction of mild hypothermia after cardiac arrest: a
feasibility study. Resuscitation. 2005;64:347–351.

188. Bernard S, Buist M, Monteiro O, Smith K. Induced hypothermia using
large volume, ice-cold intravenous fluid in comatose survivors of out-
of-hospital cardiac arrest: a preliminary report. Resuscitation. 2003;
56:9–13.

189. Virkkunen I, Yli-Hankala A, Silfvast T. Induction of therapeutic hypo-
thermia after cardiac arrest in prehospital patients using ice-cold
Ringer’s solution: a pilot study. Resuscitation. 2004;62:299–302.

190. Kim F, Olsufka M, Longstreth WT Jr, Maynard C, Carlbom D, Deem S,
Kudenchuk P, Copass MK, Cobb LA. Pilot randomized clinical trial of
prehospital induction of mild hypothermia in out-of-hospital cardiac
arrest patients with a rapid infusion of 4°C normal saline. Circulation.
2007;115:3064–3070.

191. Polderman KH, Rijnsburger ER, Peerdeman SM, Girbes AR. Induction
of hypothermia in patients with various types of neurologic injury with
use of large volumes of ice-cold intravenous fluid. Crit Care Med.
2005;33:2744–2751.

192. Haugk M, Sterz F, Grassberger M, Uray T, Kliegel A, Janata A,
Richling N, Herkner H, Laggner AN. Feasibility and efficacy of a new
non-invasive surface cooling device in post-resuscitation intensive care
medicine. Resuscitation. 2007;75:76–81.

193. Merchant RM, Abella BS, Peberdy MA, Soar J, Ong ME, Schmidt GA,
Becker LB, Vanden Hoek TL. Therapeutic hypothermia after cardiac
arrest: unintentional overcooling is common using ice packs and con-
ventional cooling blankets. Crit Care Med. 2006;34(suppl):S490–S494.

194. Kliegel A, Janata A, Wandaller C, Uray T, Spiel A, Losert H, Kliegel M,
Holzer M, Haugk M, Sterz F, Laggner AN. Cold infusions alone are
effective for induction of therapeutic hypothermia but do not keep
patients cool after cardiac arrest. Resuscitation. 2007;73:46–53.

195. Polderman KH. Application of therapeutic hypothermia in the intensive
care unit: opportunities and pitfalls of a promising treatment modality,
part 2: practical aspects and side effects. Intensive Care Med. 2004;30:
757–769.

196. Mahmood MA, Zweifler RM. Progress in shivering control. J Neurol
Sci. 2007;261:47–54.

197. Polderman KH, Peerdeman SM, Girbes AR. Hypophosphatemia and
hypomagnesemia induced by cooling in patients with severe head injury.
J Neurosurg. 2001;94:697–705.

198. Sessler DI. Complications and treatment of mild hypothermia.
Anesthesiology. 2001;95:531–543.

199. Tortorici MA, Kochanek PM, Poloyac SM. Effects of hypothermia on
drug disposition, metabolism, and response: a focus of hypothermia-
mediated alterations on the cytochrome P450 enzyme system. Crit Care
Med. 2007;35:2196–2204.

200. Wadhwa A, Sengupta P, Durrani J, Akca O, Lenhardt R, Sessler DI,
Doufas AG. Magnesium sulphate only slightly reduces the shivering
threshold in humans. Br J Anaesth. 2005;94:756–762.

201. Zweifler RM, Voorhees ME, Mahmood MA, Parnell M. Magnesium
sulfate increases the rate of hypothermia via surface cooling and
improves comfort. Stroke. 2004;35:2331–2334.

202. Zhu H, Meloni BP, Moore SR, Majda BT, Knuckey NW. Intravenous
administration of magnesium is only neuroprotective following transient
global ischemia when present with post-ischemic mild hypothermia.
Brain Res. 2004;1014:53–60.

203. Cheng C, Matsukawa T, Sessler DI, Ozaki M, Kurz A, Merrifield B, Lin
H, Olofsson P. Increasing mean skin temperature linearly reduces the
core-temperature thresholds for vasoconstriction and shivering in
humans. Anesthesiology. 1995;82:1160–1168.

204. Guluma KZ, Hemmen TM, Olsen SE, Rapp KS, Lyden PD. A trial of
therapeutic hypothermia via endovascular approach in awake patients
with acute ischemic stroke: methodology. Acad Emerg Med. 2006;13:
820–827.

205. Takino M, Okada Y. Hyperthermia following cardiopulmonary resusci-
tation. Intensive Care Med. 1991;17:419–420.

206. Hickey RW, Kochanek PM, Ferimer H, Alexander HL, Garman RH,
Graham SH. Induced hyperthermia exacerbates neurologic neuronal
histologic damage after asphyxial cardiac arrest in rats. Crit Care Med.
2003;31:531–535.

207. Ely EW, Truman B, Shintani A, Thomason JW, Wheeler AP, Gordon S,
Francis J, Speroff T, Gautam S, Margolin R, Sessler CN, Dittus RS,
Bernard GR. Monitoring sedation status over time in ICU patients:
reliability and validity of the Richmond Agitation-Sedation Scale
(RASS). JAMA. 2003;289:2983–2991.

208. De Jonghe B, Cook D, Appere-De-Vecchi C, Guyatt G, Meade M, Outin
H. Using and understanding sedation scoring systems: a systematic
review. Intensive Care Med. 2000;26:275–285.

209. Rundgren M, Rosén I, Friberg H. Amplitude-integrated EEG (aEEG)
predicts outcome after cardiac arrest and induced hypothermia. Intensive
Care Med. 2006;32:836–842.

210. Snyder BD, Hauser WA, Loewenson RB, Leppik IE, Ramirez-Lassepas
M, Gumnit RJ. Neurologic prognosis after cardiopulmonary arrest, III:
seizure activity. Neurology. 1980;30:1292–1297.

211. Zandbergen EG, Hijdra A, Koelman JH, Hart AA, Vos PE, Verbeek
MM, de Haan RJ; PROPAC Study Group. Prediction of poor outcome
within the first 3 days of postanoxic coma [published correction appears
in Neurology. 2006;66:1133]. Neurology. 2006;66:62–68.

Neumar et al Post–Cardiac Arrest Syndrome 2479

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


212. Ingvar M. Cerebral blood flow and metabolic rate during seizures:
relationship to epileptic brain damage. Ann N Y Acad Sci. 1986;462:
194–206.

213. Ebmeyer U, Safar P, Radovsky A, Xiao F, Capone A, Tanigawa K,
Stezoski SW. Thiopental combination treatments for cerebral resusci-
tation after prolonged cardiac arrest in dogs: exploratory outcome study.
Resuscitation. 2000;45:119–131.

214. Imaizumi S, Kurosawa K, Kinouchi H, Yoshimoto T. Effect of phe-
nytoin on cortical Na(	)-K(	)-ATPase activity in global ischemic rat
brain. J Neurotrauma. 1995;12:231–234.

215. Taft WC, Clifton GL, Blair RE, DeLorenzo RJ. Phenytoin protects
against ischemia-produced neuronal cell death. Brain Res. 1989;483:
143–148.

216. Brain Resuscitation Clinical Trial I Study Group. Randomized clinical
study of thiopental loading in comatose survivors of cardiac arrest.
N Engl J Med. 1986;314:397–403.

217. Wijdicks EF. Propofol in myoclonus status epilepticus in comatose
patients following cardiac resuscitation. J Neurol Neurosurg Psychiatry.
2002;73:94–95.

218. Sunde K, Dunlop O, Rostrup M, Sandberg M, Sjøholm H, Jacobsen D.
Determination of prognosis after cardiac arrest may be more difficult
after introduction of therapeutic hypothermia. Resuscitation. 2006;69:
29–32.

219. Hovland A, Nielsen EW, Klüver J, Salvesen R. EEG should be per-
formed during induced hypothermia. Resuscitation. 2006;68:143–146.

220. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F,
Schetz M, Vlasselaers D, Ferdinande P, Lauwers P, Bouillon R.
Intensive insulin therapy in the critically ill patients. N Engl J Med.
2001;345:1359–1367.

221. Van den Berghe G, Schoonheydt K, Becx P, Bruyninckx F, Wouters
PJ. Insulin therapy protects the central and peripheral nervous system of
intensive care patients. Neurology. 2005;64:1348–1353.

222. Van den Berghe G, Wilmer A, Hermans G, Meersseman W, Wouters PJ,
Milants I, Van Wijngaerden E, Bobbaers H, Bouillon R. Intensive
insulin therapy in the medical ICU. N Engl J Med. 2006;354:449–461.

223. Oksanen T, Skrifvars MB, Varpula T, Kuitunen A, Pettilä V, Nurmi J,
Castrén M. Strict versus moderate glucose control after resuscitation
from ventricular fibrillation. Intensive Care Med. 2007;33:2093–2100.

224. Losert H, Sterz F, Roine RO, Holzer M, Martens P, Cerchiari E, Tiainen
M, Müllner M, Laggner AN, Herkner H, Bischof MG. Strict normogly-
caemic blood glucose levels in the therapeutic management of patients
within 12h after cardiac arrest might not be necessary. Resuscitation.
2008;76:214–220.

225. Finney SJ, Zekveld C, Elia A, Evans TW. Glucose control and mortality
in critically ill patients. JAMA. 2003;290:2041–2047.

226. Brunkhorst FM, Engel C, Bloos F, Meier-Hellmann A, Ragaller M,
Weiler N, Moerer O, Gruendling M, Oppert M, Grond S, Olthoff D,
Jaschinski U, John S, Rossaint R, Welte T, Schaefer M, Kern P, Kuhnt
E, Kiehntopf M, Hartog C, Natanson C, Loeffler M, Reinhart K; German
Competence Network Sepsis (SepNet). Intensive insulin therapy and
pentastarch resuscitation in severe sepsis. N Engl J Med. 2008;358:
125–139.

227. Marik PE, Varon J. Intensive insulin therapy in the ICU: is it now time
to jump off the bandwagon? Resuscitation. 2007;74:191–193.

228. Watkinson P, Barber VS, Young JD. Strict glucose control in the
critically ill. BMJ. 2006;332:865–866.

229. Brain Resuscitation Clinical Trial II Study Group. A randomized clinical
study of a calcium-entry blocker (lidoflazine) in the treatment of
comatose survivors of cardiac arrest. N Engl J Med. 1991;324:
1225–1231.

230. Longstreth WT Jr, Fahrenbruch CE, Olsufka M, Walsh TR, Copass MK,
Cobb LA. Randomized clinical trial of magnesium, diazepam, or both
after out-of-hospital cardiac arrest. Neurology. 2002;59:506–514.

231. Roine RO, Kaste M, Kinnunen A, Nikki P, Sarna S, Kajaste S. Nimo-
dipine after resuscitation from out-of-hospital ventricular fibrillation: a
placebo-controlled, double-blind, randomized trial. JAMA. 1990;264:
3171–3177.

232. Fisher M, Hanley DF, Howard G, Jauch EC, Warach S; STAIR Group.
Recommendations from the STAIR V meeting on acute stroke trials,
technology and outcomes. Stroke. 2007;38:245–248.

233. Lees KR, Zivin JA, Ashwood T, Davalos A, Davis SM, Diener HC,
Grotta J, Lyden P, Shuaib A, Hårdemark HG, Wasiewski WW;
Stroke-Acute Ischemic NXY Treatment (SAINT I) Trial Investigators.
NXY-059 for acute ischemic stroke. N Engl J Med. 2006;354:588–600.

234. Warach S, Kaufman D, Chiu D, Devlin T, Luby M, Rashid A, Clayton
L, Kaste M, Lees KR, Sacco R, Fisher M. Effect of the glycine antag-
onist gavestinel on cerebral infarcts in acute stroke patients, a ran-
domized placebo-controlled trial: the GAIN MRI Substudy. Cere-
brovasc Dis. 2006;21:106–111.

235. Clark WM, Williams BJ, Selzer KA, Zweifler RM, Sabounjian LA,
Gammans RE. A randomized efficacy trial of citicoline in patients with
acute ischemic stroke. Stroke. 1999;30:2592–2597.

236. Pene F, Hyvernat H, Mallet V, Cariou A, Carli P, Spaulding C, Dugue
MA, Mira JP. Prognostic value of relative adrenal insufficiency after
out-of-hospital cardiac arrest. Intensive Care Med. 2005;31:627–633.

237. Tsai MS, Huang CH, Chang WT, Chen WJ, Hsu CY, Hsieh CC, Yang
CW, Chiang WC, Ma MH, Chen SC. The effect of hydrocortisone on the
outcome of out-of-hospital cardiac arrest patients: a pilot study.
Am J Emerg Med. 2007;25:318–325.

238. Meyer NJ, Hall JB. Relative adrenal insufficiency in the ICU: can we at
least make the diagnosis? Am J Respir Crit Care Med. 2006;174:
1282–1284.

239. Zeiner A, Sunder-Plassmann G, Sterz F, Holzer M, Losert H, Laggner
AN, Müllner M. The effect of mild therapeutic hypothermia on renal
function after cardiopulmonary resuscitation in men. Resuscitation.
2004;60:253–261.

240. Lameire N, Van Biesen W, Vanholder R. Acute renal failure. Lancet.
2005;365:417–430.

241. Rello J, Diaz E, Roque M, Vallés J. Risk factors for developing
pneumonia within 48 hours of intubation. Am J Respir Crit Care Med.
1999;159:1742–1746.

242. Antiarrhythmics Versus Implantable Defibrillators (AVID) Investi-
gators. A comparison of antiarrhythmic-drug therapy with implantable
defibrillators in patients resuscitated from near-fatal ventricular arrhyth-
mias. N Engl J Med. 1997;337:1576–1583.

243. Connolly SJ, Gent M, Roberts RS, Dorian P, Roy D, Sheldon RS,
Mitchell LB, Green MS, Klein GJ, O’Brien B. Canadian Implantable
Defibrillator Study (CIDS): a randomized trial of the implantable car-
dioverter defibrillator against amiodarone. Circulation. 2000;101:
1297–1302.

244. Connolly SJ, Hallstrom AP, Cappato R, Schron EB, Kuck KH, Zipes
DP, Greene HL, Boczor S, Domanski M, Follmann D, Gent M, Roberts
RS. Meta-analysis of the implantable cardioverter defibrillator sec-
ondary prevention trials: AVID, CASH and CIDS studies: Antiar-
rhythmics vs Implantable Defibrillator study; Cardiac Arrest Study
Hamburg; Canadian Implantable Defibrillator Study. Eur Heart J. 2000;
21:2071–2078.

245. Kuck KH, Cappato R, Siebels J, Rüppel R. Randomized comparison of
antiarrhythmic drug therapy with implantable defibrillators in patients
resuscitated from cardiac arrest: the Cardiac Arrest Study Hamburg
(CASH). Circulation. 2000;102:748–754.

246. Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS, Daubert
JP, Higgins SL, Brown MW, Andrews ML; Multicenter Automatic
Defibrillator Implantation Trial II Investigators. Prophylactic implan-
tation of a defibrillator in patients with myocardial infarction and
reduced ejection fraction. N Engl J Med. 2002;346:877–883.

247. Zipes DP, Camm AJ, Borggrefe M, Buxton AE, Chaitman B, Fromer M,
Gregoratos G, Klein G, Moss AJ, Myerburg RJ, Priori SG, Quinones
MA, Roden DM, Silka MJ, Tracy C, Smith SC Jr, Jacobs AK, Adams
CD, Antman EM, Anderson JL, Hunt SA, Halperin JL, Nishimura R,
Ornato JP, Page RL, Riegel B, Priori SG, Blanc JJ, Budaj A, Dean V,
Deckers JW, Despres C, Dickstein K, Lekakis J, McGregor K, Metra M,
Morais J, Osterspey A, Tamargo JL, Zamorano JL; American College of
Cardiology; American Heart Association Task Force; European Society
of Cardiology Committee for Practice Guidelines. ACC/AHA/ESC 2006
guidelines for management of patients with ventricular arrhythmias and
the prevention of sudden cardiac death: a report of the American College
of Cardiology/American Heart Association Task Force and the
European Society of Cardiology Committee for Practice Guidelines
(Writing Committee to Develop Guidelines for Management of Patients
With Ventricular Arrhythmias and the Prevention of Sudden Cardiac
Death). J Am Coll Cardiol. 2006;48:e247–e346.

248. Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R,
Domanski M, Troutman C, Anderson J, Johnson G, McNulty SE, Clapp-
Channing N, Davidson-Ray LD, Fraulo ES, Fishbein DP, Luceri RM, Ip
JH; Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT) Investi-
gators. Amiodarone or an implantable cardioverter-defibrillator for con-
gestive heart failure [published correction appears in N Engl J Med.
2005;352:2146]. N Engl J Med. 2005;352:225–237.

2480 Circulation December 2, 2008

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


249. Ezekowitz JA, Armstrong PW, McAlister FA. Implantable cardioverter
defibrillators in primary and secondary prevention: a systematic review
of randomized, controlled trials. Ann Intern Med. 2003;138:445–452.

250. Goldberger Z, Lampert R. Implantable cardioverter-defibrillators:
expanding indications and technologies. JAMA. 2006;295:809–818.

251. Gray WA, Capone RJ, Most AS. Unsuccessful emergency medical
resuscitation: are continued efforts in the emergency department jus-
tified? N Engl J Med. 1991;325:1393–1398.

252. Hamel MB, Phillips R, Teno J, Davis RB, Goldman L, Lynn J, Desbiens
N, Connors AF Jr, Tsevat J. Cost effectiveness of aggressive care for
patients with nontraumatic coma. Crit Care Med. 2002;30:1191–1196.

253. Geocadin RG, Buitrago MM, Torbey MT, Chandra-Strobos N, Williams
MA, Kaplan PW. Neurologic prognosis and withdrawal of life support
after resuscitation from cardiac arrest. Neurology. 2006;67:105–108.

254. Wijdicks EF, Hijdra A, Young GB, Bassetti CL, Wiebe S; Quality
Standards Subcommittee of the American Academy of Neurology.
Practice parameter: prediction of outcome in comatose survivors after
cardiopulmonary resuscitation (an evidence-based review): report of the
Quality Standards Subcommittee of the American Academy of Neu-
rology. Neurology. 2006;67:203–210.

255. Booth CM, Boone RH, Tomlinson G, Detsky AS. Is this patient dead,
vegetative, or severely neurologically impaired? Assessing outcome for
comatose survivors of cardiac arrest. JAMA. 2004;291:870–879.

256. Zandbergen EG, de Haan RJ, Stoutenbeek CP, Koelman JH, Hijdra A.
Systematic review of early prediction of poor outcome in anoxic-
ischaemic coma. Lancet. 1998;352:1808–1812.

257. Sandroni C, Nolan J, Cavallaro F, Antonelli M. In-hospital cardiac
arrest: incidence, prognosis and possible measures to improve survival.
Intensive Care Med. 2007;33:237–245.

258. Skogvoll E, Isern E, Sangolt GK, Gisvold SE. In-hospital cardiopulmo-
nary resuscitation: 5 years’ incidence and survival according to the
Utstein template. Acta Anaesthesiol Scand. 1999;43:177–184.

259. Skrifvars MB, Castrén M, Aune S, Thoren AB, Nurmi J, Herlitz J.
Variability in survival after in-hospital cardiac arrest depending on the
hospital level of care. Resuscitation. 2007;73:73–81.

260. Rogove HJ, Safar P, Sutton-Tyrrell K, Abramson NS; Brain Resusci-
tation Clinical Trial I and II Study Groups. Old age does not negate good
cerebral outcome after cardiopulmonary resuscitation: analyses from the
brain resuscitation clinical trials. Crit Care Med. 1995;23:18–25.

261. Chu K, Swor R, Jackson R, Domeier R, Sadler E, Basse E, Zaleznak H,
Gitlin J. Race and survival after out-of-hospital cardiac arrest in a
suburban community. Ann Emerg Med. 1998;31:478–482.

262. Ebell MH, Smith M, Kruse JA, Drader-Wilcox J, Novak J. Effect of race
on survival following in-hospital cardiopulmonary resuscitation. J Fam
Pract. 1995;40:571–577.

263. Becker LB, Han BH, Meyer PM, Wright FA, Rhodes KV, Smith DW,
Barrett J. Racial differences in the incidence of cardiac arrest and
subsequent survival: the CPR Chicago Project. N Engl J Med. 1993;
329:600–606.

264. De Groote P, Lamblin N, Mouquet F, Plichon D, McFadden E, Van
Belle E, Bauters C. Impact of diabetes mellitus on long-term survival in
patients with congestive heart failure. Eur Heart J. 2004;25:656–662.

265. Ballew KA, Philbrick JT, Caven DE, Schorling JB. Predictors of
survival following in-hospital cardiopulmonary resuscitation: a moving
target. Arch Intern Med. 1994;154:2426–2432.

266. Ebell MH. Prearrest predictors of survival following in-hospital cardio-
pulmonary resuscitation: a meta-analysis. J Fam Pract. 1992;34:
551–558.

267. de Vos R, Koster RW, De Haan RJ, Oosting H, van der Wouw PA,
Lampe-Schoenmaeckers AJ. In-hospital cardiopulmonary resuscitation:
prearrest morbidity and outcome. Arch Intern Med. 1999;159:845–850.

268. Ebell MH, Preston PS. The effect of the APACHE II score and selected
clinical variables on survival following cardiopulmonary resuscitation.
Fam Med. 1993;25:191–196.

269. Berek K, Jeschow M, Aichner F. The prognostication of cerebral hyp-
oxia after out-of-hospital cardiac arrest in adults. Eur Neurol. 1997;37:
135–145.

270. Abella BS, Alvarado JP, Myklebust H, Edelson DP, Barry A, O’Hearn
N, Vanden Hoek TL, Becker LB. Quality of cardiopulmonary resusci-
tation during in-hospital cardiac arrest. JAMA. 2005;293:305–310.

271. Ko PC, Ma MH, Yen ZS, Shih CL, Chen WJ, Lin FY. Impact of
community-wide deployment of biphasic waveform automated external
defibrillators on out-of-hospital cardiac arrest in Taipei. Resuscitation.
2004;63:167–174.

272. Wik L, Kramer-Johansen J, Myklebust H, Sørebø H, Svensson L,
Fellows B, Steen PA. Quality of cardiopulmonary resuscitation during
out-of-hospital cardiac arrest. JAMA. 2005;293:299–304.

273. Morrison LJ, Visentin LM, Kiss A, Theriault R, Eby D, Vermeulen M,
Sherbino J, Verbeek PR; TOR Investigators. Validation of a rule for
termination of resuscitation in out-of-hospital cardiac arrest. N Engl
J Med. 2006;355:478–487.

274. Ahrens T, Schallom L, Bettorf K, Ellner S, Hurt G, O’Mara V, Ludwig
J, George W, Marino T, Shannon W. End-tidal carbon dioxide mea-
surements as a prognostic indicator of outcome in cardiac arrest. Am J
Crit Care. 2001;10:391–398.

275. Cantineau JP, Lambert Y, Merckx P, Reynaud P, Porte F, Bertrand C,
Duvaldestin P. End-tidal carbon dioxide during cardiopulmonary resus-
citation in humans presenting mostly with asystole: a predictor of
outcome. Crit Care Med. 1996;24:791–796.

276. Grmec S, Klemen P. Does the end-tidal carbon dioxide (EtCO2) con-
centration have prognostic value during out-of-hospital cardiac arrest?
Eur J Emerg Med. 2001;8:263–269.

277. Grmec S, Kupnik D. Does the Mainz Emergency Evaluation Scoring
(MEES) in combination with capnometry (MEESc) help in the
prognosis of outcome from cardiopulmonary resuscitation in a pre-
hospital setting? Resuscitation. 2003;58:89–96.

278. Levine RL, Wayne MA, Miller CC. End-tidal carbon dioxide and
outcome of out-of-hospital cardiac arrest. N Engl J Med. 1997;337:
301–306.

279. Wayne MA, Levine RL, Miller CC. Use of end-tidal carbon dioxide to
predict outcome in prehospital cardiac arrest. Ann Emerg Med. 1995;
25:762–767.

280. Pepe PE, Levine RL, Fromm RE Jr, Curka PA, Clark PS, Zachariah BS.
Cardiac arrest presenting with rhythms other than ventricular fibril-
lation: contribution of resuscitative efforts toward total survivorship.
Crit Care Med. 1993;21:1838–1843.

281. Wright D, Bannister J, Ryder M, Mackintosh AF. Resuscitation of
patients with cardiac arrest by ambulance staff with extended training in
West Yorkshire. BMJ. 1990;301:600–602.

282. Van Hoeyweghen R, Mullie A, Bossaert L; Cerebral Resuscitation
Study Group. Decision making to cease or to continue cardiopulmonary
resuscitation (CPR). Resuscitation. 1989;17(suppl):S137–S147.

283. Jørgensen EO. Course of neurological recovery and cerebral prognostic
signs during cardio-pulmonary resuscitation. Resuscitation. 1997;
35:9–16.

284. Auer R, Sutherland G. Hypoxia and related conditions. In: Graham DI,
Lantos PL, eds. Greenfield’s Neuropathology. London, England:
Arnold; 2002.

285. Wijdicks EF, Parisi JE, Sharbrough FW. Prognostic value of myoclonus
status in comatose survivors of cardiac arrest. Ann Neurol. 1994;35:
239–243.

286. Teasdale G, Jennett B. Assessment of coma and impaired consciousness:
a practical scale. Lancet. 1974;2:81–84.

287. Sacco RL, VanGool R, Mohr JP, Hauser WA. Nontraumatic coma:
Glasgow coma score and coma etiology as predictors of 2-week
outcome. Arch Neurol. 1990;47:1181–1184.

288. Urban P, Cereda JM. Glasgow coma score 1 hour after cardiac arrest.
Lancet. 1985;2:1012.

289. Mullie A, Buylaert W, Michem N, Verbruggen H, Corne L, De Cock R,
Mennes J, Quets A, Verstringe P, Houbrechts H, Delooz H, Van den
Broeck L, Lauwaert D, Weeghmans M, Bossaert L, Lewi P. Predictive
value of Glasgow coma score for awakening after out-of-hospital
cardiac arrest: Cerebral Resuscitation Study Group of the Belgian
Society for Intensive Care. Lancet. 1988;1:137–140.

290. Wijdicks EF, Bamlet WR, Maramattom BV, Manno EM, McClelland
RL. Validation of a new coma scale: the FOUR score. Ann Neurol.
2005;58:585–593.

291. Young GB. The EEG in coma. J Clin Neurophysiol. 2000;17:473–485.
292. Rothstein TL. The role of evoked potentials in anoxic-ischemic coma

and severe brain trauma. J Clin Neurophysiol. 2000;17:486–497.
293. Bassetti C, Bomio F, Mathis J, Hess CW. Early prognosis in coma after

cardiac arrest: a prospective clinical, electrophysiological, and bio-
chemical study of 60 patients. J Neurol Neurosurg Psychiatry. 1996;61:
610–615.

294. Rothstein TL, Thomas EM, Sumi SM. Predicting outcome in hypoxic-
ischemic coma: a prospective clinical and electrophysiologic study.
Electroencephalogr Clin Neurophysiol. 1991;79:101–107.

Neumar et al Post–Cardiac Arrest Syndrome 2481

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


295. Zandbergen EG, de Haan RJ, Hijdra A. Systematic review of prediction
of poor outcome in anoxic-ischaemic coma with biochemical markers of
brain damage. Intensive Care Med. 2001;27:1661–1667.

296. Zandbergen EG, Koelman JH, de Haan RJ, Hijdra A; PROPAC Study
Group. SSEPs and prognosis in postanoxic coma: only short or also long
latency responses? Neurology. 2006;67:583–586.

297. Sohmer H, Freeman S, Gafni M, Goitein K. The depression of the
auditory nerve-brain-stem evoked response in hypoxaemia: mechanism
and site of effect. Electroencephalogr Clin Neurophysiol. 1986;64:
334–338.

298. Fischer C, Luauté J, Némoz C, Morlet D, Kirkorian G, Mauguière F.
Improved prediction of awakening or nonawakening from severe anoxic
coma using tree-based classification analysis. Crit Care Med. 2006;34:
1520–1524.

299. Madl C, Kramer L, Domanovits H, Woolard RH, Gervais H, Gendo A,
Eisenhuber E, Grimm G, Sterz F. Improved outcome prediction in
unconscious cardiac arrest survivors with sensory evoked potentials
compared with clinical assessment. Crit Care Med. 2000;28:721–726.

300. Chen R, Bolton CF, Young B. Prediction of outcome in patients with
anoxic coma: a clinical and electrophysiologic study [published cor-
rection appears in Crit Care Med. 1996;24:1277]. Crit Care Med.
1996;24:672–678.

301. Scollo-Lavizzari G, Bassetti C. Prognostic value of EEG in post-anoxic
coma after cardiac arrest. Eur Neurol. 1987;26:161–170.

302. Synek VM. Value of a revised EEG coma scale for prognosis after
cerebral anoxia and diffuse head injury. Clin Electroencephalogr. 1990;
21:25–30.

303. Edgren E, Hedstrand U, Nordin M, Rydin E, Ronquist G. Prediction of
outcome after cardiac arrest. Crit Care Med. 1987;15:820–825.

304. Koenig MA, Kaplan PW, Thakor NV. Clinical neurophysiologic mon-
itoring and brain injury from cardiac arrest. Neurol Clin. 2006;24:
89–106.

305. Torbey MT, Geocadin R, Bhardwaj A. Brain arrest neurological
outcome scale (BrANOS): predicting mortality and severe disability
following cardiac arrest. Resuscitation. 2004;63:55–63.

306. Wijdicks EF, Campeau NG, Miller GM. MR imaging in comatose
survivors of cardiac resuscitation. AJNR Am J Neuroradiol. 2001;22:
1561–1565.

307. Martin GB, Paradis NA, Helpern JA, Nowak RM, Welch KM. Nuclear
magnetic resonance spectroscopy study of human brain after cardiac
resuscitation. Stroke. 1991;22:462–468.

308. Kano H, Houkin K, Harada K, Koyanagi I, Nara S, Itou Y, Imaizumi H,
Asai Y, Saitou M. Neuronal cell injury in patients after cardiopulmonary
resuscitation: evaluation by diffusion-weighted imaging and magnetic
resonance spectroscopy. Neurosurg Rev. 2006;29:88–92.

309. Gueugniaud PY, Garcia-Darennes F, Gaussorgues P, Bancalari G, Petit
P, Robert D. Prognostic significance of early intracranial and cerebral
perfusion pressures in post-cardiac arrest anoxic coma. Intensive Care
Med. 1991;17:392–398.

310. Ducassé JL, Marc-Vergnes JP, Cathala B, Genestal M, Lareng L. Early
cerebral prognosis of anoxic encephalopathy using brain energy metab-
olism. Crit Care Med. 1984;12:897–900.

311. Inoue Y, Shiozaki T, Irisawa T, Mohri T, Yoshiya K, Ikegawa H, Tasaki
O, Tanaka H, Shimazu T, Sugimoto H. Acute cerebral blood flow
variations after human cardiac arrest assessed by stable xenon enhanced
computed tomography. Curr Neurovasc Res. 2007;4:49–54.

312. Buunk G, van der Hoeven JG, Meinders AE. Prognostic significance of
the difference between mixed venous and jugular bulb oxygen saturation
in comatose patients resuscitated from a cardiac arrest. Resuscitation.
1999;41:257–262.

313. Tirschwell DL, Longstreth WT Jr, Rauch-Matthews ME, Chandler WL,
Rothstein T, Wray L, Eng LJ, Fine J, Copass MK. Cerebrospinal fluid
creatine kinase BB isoenzyme activity and neurologic prognosis after
cardiac arrest. Neurology. 1997;48:352–357.

314. Longstreth WT Jr, Clayson KJ, Sumi SM. Cerebrospinal fluid and serum
creatine kinase BB activity after out-of-hospital cardiac arrest. Neu-
rology. 1981;31:455–458.

315. Grubb NR, Simpson C, Sherwood R, Abraha H, Cobbe SM, O’Carroll
RE, Deary I, Fox KA. Prediction of cognitive dysfunction after resus-
citation from out-of-hospital cardiac arrest using serum neuron-specific
enolase and protein S-100. Heart. 2007;93:1268–1273.

316. Usui A, Kato K, Murase M, Hotta T, Tanaka M, Takeuchi E, Abe T.
Neural tissue-related proteins (NSE, G0 alpha, 28-kDa calbindin-D,
S100b and CK-BB) in serum and cerebrospinal fluid after cardiac arrest.
J Neurol Sci. 1994;123:134–139.

317. Tiainen M, Roine RO, Pettilä V, Takkunen O. Serum neuron-specific
enolase and S-100B protein in cardiac arrest patients treated with hypo-
thermia. Stroke. 2003;34:2881–2886.

318. Roine RO, Somer H, Kaste M, Viinikka L, Karonen SL. Neurological
outcome after out-of-hospital cardiac arrest: prediction by cerebrospinal
fluid enzyme analysis. Arch Neurol. 1989;46:753–756.

319. Prohl J, Röther J, Kluge S, de Heer G, Liepert J, Bodenburg S, Pawlik
K, Kreymann G. Prediction of short-term and long-term outcomes after
cardiac arrest: a prospective multivariate approach combining bio-
chemical, clinical, electrophysiological, and neuropsychological inves-
tigations. Crit Care Med. 2007;35:1230–1237.

320. Martens P, Raabe A, Johnsson P. Serum S-100 and neuron-specific
enolase for prediction of regaining consciousness after global cerebral
ischemia. Stroke. 1998;29:2363–2366.

321. Martens P. Serum neuron-specific enolase as a prognostic marker for
irreversible brain damage in comatose cardiac arrest survivors. Acad
Emerg Med. 1996;3:126–131.

322. Kärkelä J, Bock E, Kaukinen S. CSF and serum brain-specific creatine
kinase isoenzyme (CK-BB), neuron-specific enolase (NSE) and neural
cell adhesion molecule (NCAM) as prognostic markers for hypoxic
brain injury after cardiac arrest in man. J Neurol Sci. 1993;116:100–109.

323. Hachimi-Idrissi S, Van der Auwera M, Schiettecatte J, Ebinger G,
Michotte Y, Huyghens L. S-100 protein as early predictor of regaining
consciousness after out of hospital cardiac arrest. Resuscitation. 2002;
53:251–257.

324. Mussack T, Biberthaler P, Kanz KG, Wiedemann E, Gippner-Steppert
C, Mutschler W, Jochum M. Serum S-100B and interleukin-8 as pre-
dictive markers for comparative neurologic outcome analysis of patients
after cardiac arrest and severe traumatic brain injury. Crit Care Med.
2002;30:2669–2674.

325. Pfeifer R, Börner A, Krack A, Sigusch HH, Surber R, Figulla HR.
Outcome after cardiac arrest: predictive values and limitations of the
neuroproteins neuron-specific enolase and protein S-100 and the
Glasgow Coma Scale. Resuscitation. 2005;65:49–55.

326. Piazza O, Cotena S, Esposito G, De Robertis E, Tufano R. S100B is a
sensitive but not specific prognostic index in comatose patients after
cardiac arrest. Minerva Chir. 2005;60:477–480.

327. Zandbergen EG, Hijdra A, de Haan RJ, van Dijk JG, Ongerboer de
Visser BW, Spaans F, Tavy DL, Koelman JH. Interobserver variation in
the interpretation of SSEPs in anoxic-ischaemic coma. Clin Neuro-
physiol. 2006;117:1529–1535.

328. Fukuoka N, Aibiki M, Tsukamoto T, Seki K, Morita S. Biphasic
concentration change during continuous midazolam administration in
brain-injured patients undergoing therapeutic moderate hypothermia.
Resuscitation. 2004;60:225–230.

329. Tiainen M, Kovala TT, Takkunen OS, Roine RO. Somatosensory and
brainstem auditory evoked potentials in cardiac arrest patients treated
with hypothermia. Crit Care Med. 2005;33:1736–1740.

330. Samson RA, Nadkarni VM, Meaney PA, Carey SM, Berg MD, Berg
RA; American Heart Association National Registry of CPR Investi-
gators. Outcomes of in-hospital ventricular fibrillation in children.
N Engl J Med. 2006;354:2328–2339.

331. Herlitz J, Engdahl J, Svensson L, Young M, Angquist KA, Holmberg S.
Characteristics and outcome among children suffering from out of
hospital cardiac arrest in Sweden. Resuscitation. 2005;64:37–40.

332. Tibballs J, Kinney S. A prospective study of outcome of in-patient
paediatric cardiopulmonary arrest. Resuscitation. 2006;71:310–318.

333. Morris MC, Nadkarni VM. Pediatric cardiopulmonary-cerebral resusci-
tation: an overview and future directions. Crit Care Clin. 2003;19:
337–364.

334. Hickey RW, Painter MJ. Brain injury from cardiac arrest in children.
Neurol Clin. 2006;24:147–158, viii.

335. Rodríguez-Núñez A, López-Herce J, García C, Domínguez P, Carrillo
A, Bellón JM; Spanish Study Group of Cardiopulmonary Arrest in
Children. Pediatric defibrillation after cardiac arrest: initial response and
outcome. Crit Care. 2006;10:R113.

336. Berg RA, Samson RA, Berg MD, Chapman FW, Hilwig RW, Banville
I, Walker RG, Nova RC, Anavy N, Kern KB. Better outcome after
pediatric defibrillation dosage than adult dosage in a swine model of
pediatric ventricular fibrillation. J Am Coll Cardiol. 2005;45:786–789.

337. Killingsworth CR, Melnick SB, Chapman FW, Walker RG, Smith WM,
Ideker RE, Walcott GP. Defibrillation threshold and cardiac responses
using an external biphasic defibrillator with pediatric and adult adhesive
patches in pediatric-sized piglets. Resuscitation. 2002;55:177–185.

2482 Circulation December 2, 2008

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


338. Berg RA, Chapman FW, Berg MD, Hilwig RW, Banville I, Walker RG,
Nova RC, Sherrill D, Kern KB. Attenuated adult biphasic shocks
compared with weight-based monophasic shocks in a swine model of
prolonged pediatric ventricular fibrillation. Resuscitation. 2004;61:
189–197.

339. Gazmuri RJ, Nolan JP, Nadkarni VM, Arntz HR, Billi JE, Bossaert L,
Deakin CD, Finn J, Hammill WW, Handley AJ, Hazinski MF, Hickey
RW, Jacobs I, Jauch EC, Kloeck WG, Mattes MH, Montgomery WH,
Morley P, Morrison LJ, Nichol G, O’Connor RE, Perlman J, Richmond
S, Sayre M, Shuster M, Timerman S, Weil MH, Weisfeldt ML, Zaritsky
A, Zideman DA. Scientific knowledge gaps and clinical research pri-
orities for cardiopulmonary resuscitation and emergency cardiovascular
care identified during the 2005 International Consensus Conference on
ECC and CPR Science with Treatment Recommendations: a consensus
statement from the International Liaison Committee on Resuscitation;
the American Heart Association Emergency Cardiovascular Care Com-
mittee; the Stroke Council; and the Cardiovascular Nursing Council.
Resuscitation. 2007;75:400–411.

340. Azzopardi D, Robertson NJ, Cowan FM, Rutherford MA, Rampling M,
Edwards AD. Pilot study of treatment with whole body hypothermia for
neonatal encephalopathy. Pediatrics. 2000;106:684–694.

341. Gluckman PD, Wyatt JS, Azzopardi D, Ballard R, Edwards AD, Ferriero
DM, Polin RA, Robertson CM, Thoresen M, Whitelaw A, Gunn AJ.
Selective head cooling with mild systemic hypothermia after neonatal
encephalopathy: multicentre randomised trial. Lancet. 2005;365:
663–670.

342. Wyatt JS, Gluckman PD, Liu PY, Azzopardi D, Ballard R, Edwards AD,
Ferriero DM, Polin RA, Robertson CM, Thoresen M, Whitelaw A, Gunn
AJ; CoolCap Study Group. Determinants of outcomes after head cooling
for neonatal encephalopathy. Pediatrics. 2007;119:912–921.

343. Wiklund L, Sharma HS, Basu S. Circulatory arrest as a model for studies
of global ischemic injury and neuroprotection. Ann N Y Acad Sci. 2005;
1053:205–219.

344. Gunn AJ, Gluckman PD, Gunn TR. Selective head cooling in
newborn infants after perinatal asphyxia: a safety study. Pediatrics.
1998;102(pt 1):885– 892.

345. Fink EL, Marco CD, Donovan HA, Alexander H, Dixon CE, Jenkins
LW, Stange CJ, Kochanek PM, Clark RS. Brief induced hypothermia
improves outcome after asphyxial cardiopulmonary arrest in juvenile
rats. Dev Neurosci. 2005;27:191–199.

346. Nozari A, Safar P, Stezoski SW, Wu X, Henchir J, Radovsky A, Hanson
K, Klein E, Kochanek PM, Tisherman SA. Mild hypothermia during
prolonged cardiopulmonary cerebral resuscitation increases conscious
survival in dogs. Crit Care Med. 2004;32:2110–2116.

347. Srinivasan V, Spinella PC, Drott HR, Roth CL, Helfaer MA, Nadkarni
V. Association of timing, duration, and intensity of hyperglycemia with
intensive care unit mortality in critically ill children. Pediatr Crit Care
Med. 2004;5:329–336.

348. Wintergerst KA, Buckingham B, Gandrud L, Wong BJ, Kache S,
Wilson DM. Association of hypoglycemia, hyperglycemia, and glucose
variability with morbidity and death in the pediatric intensive care unit.
Pediatrics. 2006;118:173–179.

349. Faustino EV, Apkon M. Persistent hyperglycemia in critically ill
children. J Pediatr. 2005;146:30–34.

350. Bernard SA, Buist M. Induced hypothermia in critical care medicine: a
review. Crit Care Med. 2003;31:2041–2051.

351. Simbruner G, Haberl C, Harrison V, Linley L, Willeitner AE. Induced
brain hypothermia in asphyxiated human newborn infants: a retro-
spective chart analysis of physiological and adverse effects. Intensive
Care Med. 1999;25:1111–1117.

352. Compagnoni G, Pogliani L, Lista G, Castoldi F, Fontana P, Mosca F.
Hypothermia reduces neurological damage in asphyxiated newborn
infants. Biol Neonate. 2002;82:222–227.

353. Battin MR, Penrice J, Gunn TR, Gunn AJ. Treatment of term infants
with head cooling and mild systemic hypothermia (35.0°C and 34.5°C)
after perinatal asphyxia. Pediatrics. 2003;111:244–251.

354. Eicher DJ, Wagner CL, Katikaneni LP, Hulsey TC, Bass WT, Kaufman
DA, Horgan MJ, Languani S, Bhatia JJ, Givelichian LM, Sankaran K,
Yager JY. Moderate hypothermia in neonatal encephalopathy: safety
outcomes. Pediatr Neurol. 2005;32:18–24.

355. Lin ZL, Yu HM, Lin J, Chen SQ, Liang ZQ, Zhang ZY. Mild hypo-
thermia via selective head cooling as neuroprotective therapy in term

neonates with perinatal asphyxia: an experience from a single neonatal
intensive care unit. J Perinatol. 2006;26:180–184.

356. Hickey RW, Kochanek PM, Ferimer H, Graham SH, Safar P. Hypo-
thermia and hyperthermia in children after resuscitation from cardiac
arrest. Pediatrics. 2000;106(pt 1):118–122.

357. Haque IU, Latour MC, Zaritsky AL. Pediatric critical care community
survey of knowledge and attitudes toward therapeutic hypothermia in
comatose children after cardiac arrest. Pediatr Crit Care Med. 2006;
7:7–14.

358. Al-Senani FM, Graffagnino C, Grotta JC, Saiki R, Wood D, Chung W,
Palmer G, Collins KA. A prospective, multicenter pilot study to evaluate
the feasibility and safety of using the CoolGard System and Icy catheter
following cardiac arrest. Resuscitation. 2004;62:143–150.

359. De Georgia MA, Krieger DW, Abou-Chebl A, Devlin TG, Jauss M,
Davis SM, Koroshetz WJ, Rordorf G, Warach S. Cooling for Acute
Ischemic Brain Damage (COOL AID): a feasibility trial of endovascular
cooling. Neurology. 2004;63:312–317.

360. Wang H, Olivero W, Lanzino G, Elkins W, Rose J, Honings D, Rodde
M, Burnham J, Wang D. Rapid and selective cerebral hypothermia
achieved using a cooling helmet. J Neurosurg. 2004;100:272–277.

361. Morris MC, Wernovsky G, Nadkarni VM. Survival outcomes after
extracorporeal cardiopulmonary resuscitation instituted during active
chest compressions following refractory in-hospital pediatric cardiac
arrest. Pediatr Crit Care Med. 2004;5:440–446.

362. Donoghue AJ, Nadkarni VM, Elliott M, Durbin D; American Heart
Association National Registry of Cardiopulmonary Resuscitation Inves-
tigators. Effect of hospital characteristics on outcomes from pediatric
cardiopulmonary resuscitation: a report from the national registry of
cardiopulmonary resuscitation. Pediatrics. 2006;118:995–1001.

363. Cray SH, Heard CM. Transport for paediatric intensive care: measuring
the performance of a specialist transport service. Paediatr Anaesth.
1995;5:287–292.

364. Goh AY, Mok Q. Centralization of paediatric intensive care: are crit-
ically ill children appropriately referred to a regional centre? Intensive
Care Med. 2001;27:730–735.

365. Laver SR, Padkin A, Atalla A, Nolan JP. Therapeutic hypothermia after
cardiac arrest: a survey of practice in intensive care units in the United
Kingdom. Anaesthesia. 2006;61:873–877.

366. Abella BS, Rhee JW, Huang KN, Vanden Hoek TL, Becker LB. Induced
hypothermia is underused after resuscitation from cardiac arrest: a
current practice survey. Resuscitation. 2005;64:181–186.

367. Merchant RM, Soar J, Skrifvars MB, Silfvast T, Edelson DP, Ahmad F,
Huang KN, Khan M, Vanden Hoek TL, Becker LB, Abella BS. Ther-
apeutic hypothermia utilization among physicians after resuscitation
from cardiac arrest. Crit Care Med. 2006;34:1935–1940.

368. Wolfrum S, Radke PW, Pischon T, Willich SN, Schunkert H, Kurowski
V. Mild therapeutic hypothermia after cardiac arrest: a nationwide
survey on the implementation of the ILCOR guidelines in German
intensive care units. Resuscitation. 2007;72:207–213.

369. Scott BD, Hogue T, Fixley MS, Adamson PB. Induced hypothermia
following out-of-hospital cardiac arrest: initial experience in a com-
munity hospital. Clin Cardiol. 2006;29:525–529.

370. Bosse G, Breuer JP, Spies C. The resistance to changing guidelines:
what are the challenges and how to meet them. Best Pract Res Clin
Anaesthesiol. 2006;20:379–395.

371. Grol R, Grimshaw J. From best evidence to best practice: effective
implementation of change in patients’ care. Lancet. 2003;362:
1225–1230.

372. Lurie KG, Idris A, Holcomb JB. Level 1 cardiac arrest centers: learning
from the trauma surgeons. Acad Emerg Med. 2005;12:79–80.

373. Gorjup V, Radsel P, Kocjancic ST, Erzen D, Noc M. Acute ST-elevation
myocardial infarction after successful cardiopulmonary resuscitation.
Resuscitation. 2007;72:379–385.

374. Laurent I, Adrie C, Vinsonneau C, Cariou A, Chiche JD, Ohanessian A,
Spaulding C, Carli P, Dhainaut JF, Monchi M. High-volume hemofil-
tration after out-of-hospital cardiac arrest: a randomized study. J Am
Coll Cardiol. 2005;46:432–437.

KEY WORDS: AHA Scientific Statements � emergency care � cardiac
arrest

Neumar et al Post–Cardiac Arrest Syndrome 2483

 by on December 5, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org

