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About 460,000 sudden cardiac deaths from a total of 728,743 cardiac-
related deaths were reported in 1999 in the United States [1]. Thirty-six
percent of the sudden deaths were in-hospital cardiac arrest and 64%
were out-of-hospital arrest [1]. About 18% of patients survive to discharge
following in-hospital cardiac arrest [2,3], whereas only 2% to 9% of patients
who experience out-of-hospital cardiac arrest survive to discharge [4—6].
Functional outcomes of survivors are variable, but poor-quality survival
is common [7], with only 3% to 7% able to return to their previous level
of functioning [8]. The prevalence of coma or persistent vegetative state
among survivors represents an enormous burden on patients, their families,
health care personnel, and resources. The economic impact of cardiac arrest
was the subject of a cost-effectiveness study that compared continuing ver-
sus withholding cardiopulmonary resuscitation (CPR) and ventilatory sup-
port after day 3. The estimated incremental cost of the more aggressive care
strategy was $140,000 (1998 dollars) per quality adjusted life year (QALY)
for high-risk patients (three to five risk factors, 93% 2-month mortality) and
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$87,000/QALY for low-risk patients (zero to two risk factors, 49% mortal-
ity) [9]. The economic burden of survivors of anoxic brain injury also is
great, with in-patient rehabilitation lasting a mean of 41.5 days and costing
$44,181 per patient [10].

The devastating neurologic injury that is caused by cardiac arrest has
been recognized since the early development of modern resuscitation tech-
niques. The persistence of unfavorable neurologic outcomes, despite
advances in CPR, led the American Heart Association to recognize brain
injury after cardiac arrest as an important area for clinical research. In its
2000 Guidelines for Cardiopulmonary Resuscitation and Emergency Car-
diovascular Care, the term ‘“‘cardiopulmonary-cerebral resuscitation” was
proposed to emphasize brain injury in relation to cardiac arrest [11]. After
more than 2 decades of clinical trials failed to demonstrate benefit from
a host of putative neuroprotective strategies, two clinical trials that were
published in 2002 showed that induced mild hypothermia can ameliorate
brain injury, improving survival and functional neurologic outcome in co-
matose survivors of out-of-hospital cardiac arrest. Comprehensive reviews
on brain injury and cardiac arrest are available elsewhere [12,13]. This ar-
ticle is an update of a previous publication [14] and provides a focused re-
view on the advances in the care of brain injury after cardiac arrest,
highlighting therapeutic hypothermia as a treatment for global ischemic
brain injury.

Mechanisms of neuronal injury after cardiac arrest

During total circulatory arrest, lack of cerebral oxygenation results in
loss of ATP production and dysfunction of membrane ATP-dependent
Na-K pumps. Subsequent loss of cellular integrity triggers the release of glu-
tamate, which causes excitotoxic injury [15] that is mediated largely through
N-methyl-D-aspartate (NMDA) receptors [16]. Other neurotransmitters
that dampen the excitotoxicity of glutamate, such as glycine and g-aminobu-
tyric acid (GABA), are decreased concomitantly [17]. Activation of NMDA
receptors by glutamate leads to an influx of calcium into the intracellular
space. Elevated intracellular calcium activates a series of second messengers,
which amplifies injury by increasing calcium permeability and glutamate re-
lease [18]. Elevated intracellular calcium also increases oxygen-free radicals
by interfering with the mitochondrial respiratory chain [18,19]. During re-
perfusion, excitotoxicity can be enhanced by providing oxygen as a substrate
for several enzymatic oxidation reactions that produce free radicals in the
setting of mitochondrial dysfunction [20]. These reactive oxygen species
are known to cause damage through lipid peroxidation, protein oxidation,
and DNA fragmentation, all of which contribute to cell death [21]. The com-
plexity of the injury cascade is not limited to the above processes. A more
detailed description of the mechanisms of neuronal injury that are related
to global ischemia is provided in several reviews [22-25]. This injury cascade



BRAIN INJURY AFTER CARDIAC ARREST 489

begins with hypoxia and reperfusion, but it can continue for hours to days
after the initial insult.

Numerous clinical studies have tested therapies that are directed at spe-
cific steps of the injury cascade, and have failed to show an outcome benefit
[12,13]. Conversely, recent randomized trials demonstrate that therapeutic
hypothermia is associated with improved survival and functional outcome
following cardiac arrest. Although the mechanism underlying the neuropro-
tective effect of hypothermia is not fully understood, numerous hypotheses
have been suggested [26]. The ability of hypothermia to affect multiple
points of the injury cascade may contribute significantly to its success as
an intervention. These effects include retarding the initial rate of ATP deple-
tion [27,28], reducing excitotoxic neurotransmitter release [29], altering
intracellular messenger activity [30], limiting breakdown of the blood—brain
barrier [31], reducing inflammatory responses [32], altering gene expression
and protein synthesis [33,34], reducing intracellular calcium, and changing
glutamate receptor regulation [35].

Neurologic injury and clinical manifestations

Global cerebral ischemia during cardiac arrest results in heterogeneous
injury to the brain. Large projection neurons of the cerebral cortex, cerebel-
lar Purkinje cells, and the CA-1 area of the hippocampus are the most vul-
nerable areas [36]. The subcortical areas, such as the brainstem, thalamus,
and hypothalamus, are more resistant to injury than the cortex [37,38]. If
the thalamocortical complex or extensive bilateral cortical regions are in-
jured, dysfunction in arousal and consciousness may result [39]. The impair-
ment in arousal remains the most predominant neurologic problem during
the early post-resuscitative period. A review on neuroanatomic and physio-
logic considerations of coma related to brain injury after cardiac arrest was
recently published by Hoesch and colleagues in 2008 [40]. Other areas that
are prone to ischemic injury include the basal ganglia and cerebellum, which
account for movement disorders and dyscoordination that are seen often
after cardiac arrest. The brainstem can tolerate a greater degree of global
ischemia. This is manifested as preservation of cranial nerve and sensory
motor reflexes. Significant impairment of the cortex and thalamus with rel-
ative preservation of the brainstem results in vegetative and comatose states.

Neurologic evaluation

The clinical evaluation of survivors of cardiac arrest in this article focuses
on patients who remain unresponsive or unable to follow verbal commands
after return of spontaneous circulation (ROSC). With the exception of
a few recent studies, all of these observations were made on patients who
were not subjected to treatment with mild therapeutic hypothermia [41-45].
Because most cardiac arrest survivors do not receive therapeutic



490 GEOCADIN et al

hypothermia, it is important to review the evaluation of the survivor who is
not treated with hypothermia. A complete neurologic evaluation must be un-
dertaken following ROSC. It is important to exclude factors that may ob-
scure the neurologic examination, such as paralytic and sedative
medications, illicit drugs used before arrest, ongoing cerebral hypoperfusion,
seizures or post-ictal encephalopathy, electrolyte abnormalities, and meta-
bolic derangements. The evaluation should assess mental status by docu-
menting the patient’s ability to arouse and interact meaningfully with the
examiner. Evaluation of the brainstem includes the testing of cranial nerve
function and reflexes, most importantly the pupillary light reflex, corneal re-
flex, grimacing to noxious stimulation, cough and gag reflexes, and the pres-
ence of spontaneous respirations. In a comatose patient, the motor and
sensory examination relies on the evaluation of the patient’s response to
a noxious stimulus, which may be purposeful (warding off the stimulus), re-
flexive (extensor or flexor posturing), or absent. It is also helpful to note
the autonomic responses such as respiratory pattern, temperature lability,
and heart rate and blood pressure variability. Diagnostic tests may be per-
formed to enhance the neurologic assessment of these patients. The diagnos-
tic tests that have been studied best include electroencephalography (EEG),
median nerve somatosensory evoked potentials (SSEPs), serum testing for el-
evated neuron-specific enolase, and neuroimaging [43]. Recently, the Ameri-
can Academy of Neurology published an evidence-based review and
generated practice parameters on the prediction of poor outcome in comatose
survivors of cardiac arrest [43]. The practice parameters defined specific indi-
cators of poor outcome on bedside examination: absent pupillary light re-
sponse and corneal reflexes and extensor or no motor response to pain
after 3 days of observation (level A), and myoclonic status epilepticus (level
B). Based on neuroelectrophysiologic testing, the bilateral absence of cortical
responses (N20 potentials) on somatosensory evoked potential recordings 3
days after CPR also predicted poor outcome (level B). Serum neuron-specific
enolase greater than 33 mg/L also was specific for poor outcome (level B).
Neurologic prognosis cannot be determined by the circumstances of CPR
alone. Although neuroimaging may be helpful in characterizing structural
brain injury, its role in outcome prediction in cardiac arrest survivors remains
uncertain [43]. Outcome prediction data have been shown to influence physi-
cians and families’ decision regarding withdrawal of life support in patients
with poor outcome after resuscitation from cardiac arrest [46].

Neuroprotective trials after cardiac arrest

The landmark controlled clinical trials that primarily targeted brain in-
jury after cardiac arrest span from the Brain Resuscitation Clinical Trial
(BRCT) of barbiturates in 1986 [47] to the more recent trials of therapeutic
hypothermia [48,49]. The barbiturate thiopental was the first agent used in
a controlled clinical trial. Thiopental reduced metabolism, edema formation,
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intracranial pressure (ICP), seizure activity, and damage by focal and
incomplete ischemia [47]. Although successful in a primate model of global
ischemia [50] and successful pilot studies in humans [51], it failed to show
a therapeutic benefit over placebo in the BRCT 1 trial [47]. The BRCT 1 tri-
als also allowed for the addition of glucocorticoid treatment to the study
agent (thiopental or placebo) at the discretion of the treating physician.
The glucocorticoid treatment doses did not show additional benefit [52].
A follow-up study (BRCT 2) found no benefit in the treatment with the cal-
cium channel blocker lidoflazine [53]. Based on the observation that the
nimodipine reduced death or severe ischemic deficits in subarachnoid hem-
orrhage, a clinical trial using nimodipine was conducted [54,55]. This study
found no difference in mortality or other outcomes between nimodipine and
placebo treatment at 1 year [54]. Following the observation by Longstreth
and colleagues [56] that hyperglycemia was associated with poor recovery
after cardiac arrest, a randomized controlled trial performed by the same
group did not find an outcome difference between patients who were resus-
citated with solutions that did (5% glucose) or did not (0.45% NaCl) con-
tain glucose [56]. Another controlled clinical trial found no outcome benefit
with intravenous magnesium, despite its antiarrhythmic effects and ability to
block excitatory neurotransmitters [57]. A subsequent study that combined
magnesium with diazepam, an inhibitor of neuroexcitotoxic injury, also
reported outcomes that were not different from treatment with placebo [58].
Most of these agents showed preclinical benefit in animal models of focal
and global ischemia or clinical benefit in human studies of other neurologic
diseases. With the notable exception of induced hypothermia, none of these
trials demonstrated significant neurologic or functional outcome benefit.

The failed clinical trials did provide critical insight into the epidemiology,
pathophysiology, preclinical modeling, and clinical trial design that may
have contributed to the success of recent trials in hypothermia.

Clinical trials in hypothermia and cardiac arrest

Induced hypothermia as a therapy for acute brain injury was described in
the 1940s by Fay [59]. In 1950, Bigelow and colleagues [60] reported the use-
fulness of hypothermia during cardiac surgery. Over the following decade,
Rosomoff [61] designed the landmark experimental models of therapeutic
hypothermia in brain injury. In the 1980s, researchers in Pittsburgh
[24,25] and Miami [26,62] approached induced hypothermia for brain injury
after cardiac arrest in a more systematic manner. This led to extensive pre-
clinical studies that showed functional and survival benefit in rodent [63,64]
and canine models [65,66]. The first human clinical study on induced hypo-
thermia for survivors of out-of hospital cardiac arrest was performed by
Bernard and colleagues [67] in 1997. In this pilot safety and feasibility study,
hypothermia was induced in 22 patients using surface cooling with ice packs
and maintained for 12 hours in the ICU. In 1998, Yanagawa and colleagues
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[68] reported a study of 13 cardiac arrest survivors who were cooled to a tar-
get temperature of 33°C for 48 hours using cooling blankets and convective
heat loss through alcohol evaporation. Both studies suggested a potential
therapeutic benefit to hypothermia after cardiac arrest and paved the way
for definitive trials.

Australian hypothermia study

The Australian study that was undertaken by Bernard and colleagues [49]
enrolled comatose patients after successful resuscitation with an initial
cardiac rhythm of ventricular fibrillation. This study randomly assigned
77 patients to receive hypothermia or normothermia using an alternating-
day methodology. The hypothermia treatment arm included 43 patients
and the normothermia arm had 34 patients. Paramedics in the field initiated
early hypothermia by applying cold packs to the patients’ head and torso.
Upon arrival at the hospital, vigorous cooling was performed by application
of ice packs around the head, neck, torso, and limbs to reduce the core tem-
perature to 33°C, as monitored by a tympanic or bladder thermometer. The
target temperature was maintained for 12 hours, and patients were sedated
and paralyzed with repeated boluses of midazolam and vecuronium as
needed to prevent shivering. The patients were actively rewarmed with
a heated-air blanket beginning at 18 hours after arrival, with continued
sedation and neuromuscular blockade to suppress shivering. Similar seda-
tion and paralysis protocols were provided to patients assigned to the nor-
mothermic group, but the target core temperature was maintained at 37°C.
Passive rewarming was used in these patients if there was mild spontaneous
hypothermia on arrival. The primary outcome measure was place of
discharge: home, rehabilitation facility, or long-term nursing facility. Dis-
charge to home or to a rchabilitation facility was regarded as a good
outcome, whereas in-hospital mortality or discharge to a long-term nursing
facility was regarded as a poor outcome. Neurologic outcome batteries were
not analyzed as outcome measures. The study found that 21 (49%) of 43 pa-
tients who were treated with hypothermia had good outcomes compared
with 9 (26%) of 34 patients in the normothermia group (relative risk [RR]
of good outcome, 1.85; 95% confidence interval [CI], 0.97-3.49;). Mortality
at discharge was 51% (22 of 43) in the hypothermia group and 68% (23 of
34) in the normothermia group (RR, 0.76; 95% CI, 0.52-1.10;).

European study: hypothermia after cardiac arrest

A larger, multicenter European study was conducted by the Hypother-
mia After Cardiac Arrest (HACA) group [48]. The study screened 3551 po-
tential subjects and included 273. The study randomized patients to induced
hypothermia beginning after arrival at the hospital versus standard normo-
thermia after resuscitation. There were 137 patients in the hypothermia arm
and 138 patients in the normothermia arm. Patients in the hypothermia
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group were cooled to a target temperature of 32°C to 34°C. Hypothermia
was achieved using external cooling by a mattress and blanket that delivers
cold air over the body. The goal was to reach the target temperature within
4 hours of resuscitation. Core temperature was monitored with a bladder
thermometer and maintained within the target range for 24 hours. Patients
were rewarmed passively over a period of 8 hours. Sedation with midazolam
and paralysis with vecuronium were used to prevent temperature increases
due to shivering. Seventy-five (55%) of the 136 patients in the hypothermia
group had a favorable neurologic outcome at 6 months compared with
54 (39%) of 137 in the normothermia group (RR, 1.40; 95% CI, 1.08—
1.81). At 6 months, there were 56 deaths among the 137 participants
(41%) in the hypothermia group and 76 death among the 138 patients
(55%) in the normothermia group (RR, 0.74; 95% CI, 0.58-0.95).

Following these two studies, the International Liaison Committee on
Resuscitation (ILCOR) and the American Heart Association published an
interim scientific statement with recommendations on the use of therapeutic
hypothermia in comatose survivors of cardiac arrest [69]. This was followed,
in 2005, by the American Heart Association Guidelines for CPR and
Emergency Cardiovascular Care, which included the following treatment
recommendations [70,71]: Unconscious adult patients resuscitated after
out-of-hospital cardiac arrest should be cooled to 32°C to 34°C (89.6°F—
93.2°F) for 12 to 24 hours when the initial rhythm was ventricular fibrillation
(Class I1a) Similar therapy may be beneficial for patients with in-hospital
cardiac arrest or out-of-hospital arrest associated with an initial rhythm
other than ventricular fibrillation (Class IIb).

Clinical impact of therapeutic hypothermia

To further assess the impact of hypothermia on neurologic outcomes,
a systematic review of hypothermia for neuroprotection after cardiac arrest
was undertaken by Holzer and colleagues [72]. This review evaluated three
controlled clinical trials of adult cardiac arrest survivors who were treated
with hypothermia within 6 hours of arrival at the emergency department.
In addition to the study by Bernard and colleagues [49] and the HACA trial
[48], a feasibility study by Hachimi-Idrissi and colleagues [73] was included.
This study included 30 comatose cardiac arrest survivors with initial rhythms
of asystole and pulseless electrical activity who were randomized to a target
bladder temperature of 34°C for a maximum of 4 hours using a helmet device
containing an aqueous glycerol solution. The meta-analysis of the three stud-
ies, using an intention-to-treat methodology, determined that favorable neu-
rologic recovery occurred more often in the hypothermia groups (RR, 1.68;
95% CI, 1.29-2.07) [72]. This observation translates into a number needed to
treat of 6 patients, even after controlling for several variables, such as age,
gender, arrest duration, CPR time, and CPR technique. In 2006, a meta-
analysis by Cheung and colleagues [74] added another study to the three
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studies above for a total of 436 patients, with 232 cooled to a core tempera-
ture of 32°C to 34°C. Their analysis showed that mild hypothermia decreased
in-hospital mortality (relative risk [RR] 0.75; 95% CI, 0.62-0.92) and re-
duced the incidence of unfavorable neurologic outcome (RR 0.74; 95% ClI,
0.62-0.84). This shows that the numbers needed to treat were 7 patients to
save 1 life, and 5 patients to improve neurologic outcome. They did not
find evidence of treatment-limiting side effects.

Post-clinical trial experience

After the completion of the therapeutic hypothermia trial in Europe, the
European Resuscitation Council Hypothermia After Cardiac Arrest Regis-
try (ERC HACA-R) was formed to monitor developments in medical prac-
tice after the ILCOR recommendations on hypothermia in cardiac arrest
were published [75]. Data on 650 cardiac arrest patients with successful
restoration of spontancous circulation from 19 sites within Europe were
entered between March 2003 and June 2005. The decision to cool patients
was made by the treating physicians in 462 (79%) of patients. The method
of cooling in 347 (59%) was by an endovascular device, and in 114 (19%)
was by other methods such as ice packs, cooling blankets, and cold fluids.
The beneficial effects of hypothermia in the clinical trials were reflected in
this registry result. Of those that had unfavorable outcome, 55% were in
the hypothermia-treated group compared with 68% of the non—hypother-
mia-treated group (P = .02). Of those who died during the hospital stay,
43% were in the hypothermia-treated group compared with 68% of the
non—hypothermia-treated group (P < .001). The adverse events reported
were minimal with 15 (3%) episodes of hemorrhage and 28 patients (6%)
with 1 episode of arrhythmia within 7 days after cooling. No fatalities as
a result of cooling were reported [75]. This registry data show that therapeu-
tic hypothermia is feasible and can be used safely and effectively outside
a randomized clinical trial.

Timing of cooling and rewarming

The best time to initiate hypothermia after resuscitation and the optimal
duration of hypothermia have not been defined. It is reasonable to believe
that the benefits may be maximized if hypothermia is initiated as soon as
possible after resuscitation. In the European study, the interval between re-
suscitation and attainment of target temperature had an interquartile range
of 4 to 16 hours, with a mean of approximately 8 hours [48,69,76]. Despite
some delay, hypothermia still provided benefit. Rewarming should be
undertaken slowly to avoid worsening neurologic injury, sudden vasodilata-
tion, and shock [77,78]. The European study rewarmed patients passively
over 8 hours after 24 hours of hypothermia, whereas the Australian study
reported active rewarming for 6 hours using a heated-air blanket, beginning
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18 hours after ROSC [48,49]. Preclinical studies have shown that delayed
cooling negates the beneficial effect of hypothermia [79], and its beneficial
effects may be enhanced even if it is initiated during the intra-arrest or resus-
citation period [80,81] or immediately after return of spontaneous circula-
tion [82]. There is a need to translate this preclinical research into human
studies to help determine the optimal onset and duration of therapeutic
hypothermia, and rates of cooling and rewarming.

Complications of hypothermia

Potential complications of mild induced hypothermia include renal insuf-
ficiency, bleeding, sepsis, and pancreatitis; however, these complications
have been seen in control groups. The study by Bernard and colleagues
[49] and the HACA group [48] reported no statistically significant difference
in complications between groups. In the HACA study, there was a trend
toward increased bleeding and sepsis in the hypothermia group, but this
was not statistically significant. In the study by Bernard and colleagues
[49], the hypothermia group had a trend toward lower cardiac index, higher
systemic vascular resistance, and more hyperglycemia. The proportion of
patients with any complication was high in both groups: 70% in the normo-
thermia group and 73% in the hypothermia group. Relative hypokalemia
and metabolic acidosis are other potential metabolic derangements that
are associated with hypothermia [83]. Close monitoring and appropriate
correction of these conditions is important, with the understanding that po-
tassium increases the rewarming phase as it shifts to the extracellular space.
From a neurologic perspective, seizures have been noted in normothermia
and hypothermia-treated patients, and likely are secondary to the global
ischemic injury that was sustained during the cardiac arrest and reperfusion
[84,85]. It is advisable to have a low threshold for performing an electroen-
cephalogram (EEG) on patients who are suspected to be seizing, especially
those who are paralyzed or heavily sedated, because this can mask the
clinical manifestation.

The effect of therapeutic hypothermia on cognitive functioning and neu-
rophysiological outcome was also recently studied in a subset of patient in
the HACA study [48,86]. In this cohort, neuropsychological examination
was performed in 45 of the 47 conscious survivors of CA (27 in hypothermia
and 18 in normothermia group) 3 months after the injury. The investigators
found no differences in demographic variables, depression, or delays related
to the resuscitation. They also found no differences in any of the cognitive
functions tested; with 67% of patients in hypothermia and 44% patients
in normothermia group were cognitively intact or had only very mild
impairment. Severe cognitive deficits were found in 15% with hypothermia
and 28% with normothermia [86]. This study shows that that use of thera-
peutic hypothermia was not associated with cognitive decline or neurophys-
iological deficits in this subset of patients studied.
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Management of shivering

Shivering in response to hypothermia may cause significant disruption of
therapy by heat generation leading to an increase in core temperature and
increased oxygen consumption [69,76]. Shivering is most prominent during
induction; therefore, more attention needs to be provided on the use of sed-
atives and paralytics during this period. The European and Australian stud-
ies used vecuronium as a paralytic agent and intravenous midazolam for
sedation [48.,49]. The use of sedation and paralysis requires full mechanical
ventilatory support; however, these patients are comatose and likely require
this level of ventilatory assistance anyway. A detailed neurologic evaluation
is essential before initiation of paralysis and sedation, and it should be re-
peated once the drugs have been discontinued, remembering that patients
will clear these agents in variable timeframes. Although no comparison
studies exist that formally compared the degree of shivering with the differ-
ent methods of inducing hypothermia, more patients have been noted to
shiver with rapid surface cooling systems [87]. Other agents that have
been effective in controlling shivering are meperidine [88-90] and buspirone,
which has synergistic properties with meperidine; however, the side-effect
profile of the latter drug makes it a poor candidate for use in neurologically
impaired patients [91]. In another study the combination of dexmedetomi-
dine and meperidine was also shown to reduce the shivering threshold [92].

Methods of achieving hypothermia

Cooling can be achieved externally or internally, and methods vary from
simple techniques using ice bags and iced lavage, to devices that are designed
specifically to induce, maintain, and reverse hypothermia. The technologies
used to induce therapeutic hypothermia were recently reviewed [93]. The
technologies include various surface cooling devices and intravascular cool-
ing catheters. The surface cooling devices can be divided into selective
regional brain cooling and generalized cooling that involves most of the
body with a systemic temperature response. Some studies have been under-
taken comparing the effectiveness of newer technologies to standard surface
cooling. One prospective study comparing a specialized pad for surface
cooling [94] and another retrospective study using endovascular cooling
catheter [95] found significant stability at maintaining temperature within
therapeutic range. Both studies, however, did not provide definite faster
cooling rate compared with standard surface cooling. In the absence of
definitive studies showing the best method of inducing hypothermia, the de-
cision on the means of cooling is dependent on the treating team. Factors to
consider in relation to the technology are the following: the place where
hypothermia is initiated (in the field, emergency department, or intensive
care unit [ICU]), the capacity of first responders to initiate hypothermia,
the rapidity of induction and stability of temperature during treatment,
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the ability to control rewarming, the portability of the device, specific
adverse effects, whether the device hampers provision of care in the critical
care environment, and cost.

The ability of infused cold intravenous solutions to decrease core temper-
ature provides another opportunity to induce hypothermia. Several studies
have shown the feasibility and safety of cold fluid infusions to reduce core
temperature after resuscitation from cardiac arrest. Bernard and colleagues
[96] infused 30 mL/kg of ice-cold (4°C) Ringer’s lactate solution to cardiac
arrest survivors, with a reduction in median core temperature from 35.5°C
to 33.8°C. The investigators reported no hemodynamic, renal, or acid-
base complications. No patient developed pulmonary edema. Kim and
colleagues [97] showed that an infusion of 2 L of normal saline at 4°C to
17 survivors of out-of-hospital cardiac arrest was safe and effective in
decreasing body temperature rapidly by 1.4°C within 30 minutes after the
initiation of infusion. This rapid infusion did not affect ejection fraction
or increase central venous pressure, pulmonary pressures, or left atrial filling
pressures. Intravenous infusion of cold saline is effective in decreasing core
temperature, but is not as effective in maintaining it over time; thus, a sec-
ondary method to maintain hypothermia is needed. A study of 134 patients
by Polderman and colleagues [98] examined the combined effect of a water-
circulating cooling blanket and intravenous infusion of 2.3 L (mean) of 4°C
saline over 50 minutes. They noted a mean reduction of core temperature
from 36.9°C at baseline to 32.9°C at 1 hour. This study showed that induc-
tion and maintenance of hypothermia by means of combined cold-fluid
infusion and ice-water cooling blankets is quick, safe, and efficacious.

Therapeutic hypothermia and neurologic prognostication

The recent practice parameters that were issued by the American Acad-
emy of Neurology focused on predictors of poor outcome in patients who
were not treated with hypothermia [43]. Although this publication is an im-
portant synthesis clarification, critical aspects in the care of these patients re-
main unresolved. What is the best way to assess brain injury during the early
period when it may still be amenable to treatment with hypothermia? Are
there neurologic parameters that can identify which patients are most likely
to benefit from therapy? Do the prognostic indicators discussed in the prac-
tice parameter apply to patients who are treated with hypothermia? For pa-
tients who were treated with hypothermia, the existing studies of prognostic
indicators have focused on biochemical markers and evoked potentials. A
substudy of the HACA trial compared two serum markers, neuron-specific
enolase (NSE) and S-100b, in 34 hypothermic and 32 normothermic patients
after cardiac arrest [99]. NSE is an enzyme specific to neurons and neuroec-
todermal cells that is not ordinarily found in serum; it has a half-life of
approximately 24 hours. The S-100b protein is a calcium-binding protein
that is found predominantly is astroglia and Schwann cells; it has a serum
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half-life of approximately 0.5 hours. The investigators reported that the NSE
concentration was lower in hypothermia-treated patients, but there was no
difference in S-100b levels. Survival, recovery of consciousness, and good
outcome correlated significantly with decreasing levels of NSE between 24
and 48 hours. Although the investigators identified cut-off values for NSE
concentrations that were predictive of poor outcomes, these values differed
significantly between the hypothermia and normothermia groups [99].

The effects of hypothermia on SSEPs were studied previously in patients
who did not experience cardiac arrest, because SSEP is used often for intra-
operative monitoring of patients who are treated with hypothermia during
neurosurgical procedures [72]. The median nerve cortical (N20) potential
amplitude is unaffected, but the latency is prolonged, in hypothermic patients
compared with normothermic patients. A substudy of the European HACA
trial examined the prognostic accuracy of SSEPs in 57 patients 24 to 28 hours
after cardiac arrest [100]. Thirty patients were treated with hypothermia, and
the N20 latency was prolonged in all of these patients. Eleven patients had
absent N20 responses (3 hypothermic and 8 normothermic patients), none
of which regained consciousness. Despite the small number of patients,
this study suggests that SSEP performed 24 to 28 hours after cardiac arrest
retains specificity for poor outcomes, even in hypothermic patients [100].
The ability to predict poor outcome after therapeutic hypothermia using
SSEPs needs to be confirmed in a larger, prospectively designed study.

Enhancing neuromonitoring in cardiac arrest survivors

Therapeutic hypothermia demonstrates that brain injury after cardiac
arrest can be ameliorated. The implementation of hypothermia as a brain-
directed therapy might be slowed by the unavailability of a readily interpret-
able bedside real-time brain function monitor. The temperature reduction
provided empirically is monitored from the bladder or the heart; the actual
effect on the brain as the target organ is not monitored directly. This is
a stark contrast to the availability and ease of interpretation of cardiac func-
tion using ECG, or pulmonary function using the pulse oximetry in
the ICU. While available, bedside neurologic tests, such as the EEG and
SSEP, are limited to centers with specialized neuroelectrophysiologic exper-
tise. The importance of brain injury and the need to interpret these tests
properly necessitates a closed collaboration with a neurointensivist or neu-
rologists. To truly advance the care of these patients, technologies need to be
developed to allow the non-neurologists and other health workers to evalu-
ate the evolution of brain injury. Therefore, SSEP and EEG technologies
need to be simplified, automated, and quantified in a manner that is easily
interpretable. Recently, the ability of quantitative EEG to track the brain
recovery with hypothermia therapy has been investigated in animal studies
[101,102] and in humans [103-105]. Continued research is required to deter-
mine whether other prognostic indicators retain accuracy in patients who
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are treated with hypothermia. Recently, much interest has centered on
SSEPs to prognosticate in normothermia- and hypothermia-treated patients
after cardiac arrest, and suggest the need to adapt and simplify this technol-
ogy for wider application.

Other neuroprotective measures in the ICU
Cerebral perfusion

Hypotension after ROSC can worsen cerebral ischemia, and it should be
avoided [70]. Microvascular dysfunction and autoregulatory failure are the
two main factors that impair cerebral perfusion after cardiac arrest. The
identification of cerebral microvascular thrombi following cardiac arrest
has suggested the possibility of benefit from thrombolytic therapy, and
this has been tested in clinical trials [106,107]. Cerebral perfusion can be
compromised further by altered autoregulation of the cerebral vasculature,
which has been described as absent or right-shifted in the acute phase in
many survivors of cardiac arrest [108]. The clinical implication of this find-
ing is that a patient’s mean arterial blood pressure (MAP) may need to be
maintained at higher levels to ensure adequate cerebral blood flow [108].
Notwithstanding, there are little data to suggest an optimal blood pressure
goal to maintain cerebral perfusion following cardiac arrest. One study in-
dicated that a MAP of greater than 65 mm Hg, which may support adequate
coronary perfusion, probably is not sufficient to provide adequate blood
supply to the brain, unless other therapies that are designed to decrease ce-
rebral metabolic demand are implemented (eg, sedation, hypothermia) [108].
A MAP of 80 to 100 mm Hg has been suggested to be beneficial, at least for
the first 24 hours after arrest [109].

Cerebral edema and increased intracranial pressure

Usually, ICP is not elevated after cardiac arrest [110], but high ICP can
compromise cerebral blood flow, and cerebral herniation can cause structural
brain damage and death. In comatose patients with evidence of increased
ICP, such as clinical signs of herniation or cerebral edema on CT scan, ICP
monitoring may be helpful to guide therapies for optimization of ICP and ce-
rebral perfusion pressure [111]. Hypoxia, hypotension, and hypercapnia can
worsen brain damage and should be avoided [70]. In the absence of ongoing
ICP elevation, prophylactic and long-standing hyperventilation aggravated
a wide range of brain injury [70,112]. Therefore, it is suggested that comatose
patients be mechanically ventilated to achieve normocapnia [70].

Fever management

Fever may worsen secondary brain damage after cardiac arrest. Each de-
gree over 37°C was correlated with an increased risk for severe disability,
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coma, or persistent vegetative state [113]. Evidence that temperature eleva-
tion worsens outcome makes the need to provide therapeutic hypothermia
after cardiac arrest even more significant. In patients who are not deemed
candidates for therapeutic hypothermia as a cerebral protective mechanism,
antipyretics and surface or invasive cooling measures should be used aggres-
sively to ensure that the body temperature is less than 38°C.

Hyperglycemia management

Hyperglycemia after ischemic brain injury has been associated with worse
outcome [56,114]. Recent studies have shown that tight glucose control in
critically ill patients can lead to better outcome [115]. A recent study found
a strong association between blood glucose levels at 12 hours after restora-
tion of spontaneous circulation and neurologic recovery over 6 months
(Losert and colleagues, 2008 [116]). The favorable neurologic outcome
was noted not only in the glucose range of 67 to 115 mg/dL, but also in
those with blood glucose levels from 116 to 143 mg/dL [116]. As more clin-
ical trials are needed to clarify the impact of glucose control, it is important
to recognize the detrimental effect of hypoglycemia as we control blood
glucose levels in cardiac arrest survivors.

Seizure control

Seizures and myoclonus are common after cardiac arrest [117] and the
occurrence of status epilepticus is a strong predictor of death [118]. Seizures
can be detrimental to recovering brain because of the increased cerebral
metabolic demand and elevated ICP. Seizures also can slow recovery of con-
sciousness after resuscitation. Prophylactic antiepileptic drugs are not used
commonly; however, if a patient develops seizure activity, it should be
treated with standard antiepileptic medications [117]. An EEG should
be performed on any patient who is suspected of having seizures, and it
should be considered if the patient fails to regain consciousness after resus-
citation to rule out nonconvulsive status epilepticus.

Summary

Brain injury continues to be the leading cause of disability after cardiac
arrest, despite seminal advances in intensive care and cardiovascular therapy
over the past several decades. Care of these patients can be challenging,
and it requires a great deal of medical resources and expense. In addition,
dozens of clinical trials of neuroprotective strategies that showed promise
in preclinical studies have yielded disappointing results in clinical trials.
The emergence of therapeutic hypothermia as a successful neuroprotective
measure in comatose survivors of ventricular fibrillation arrest demonstrat-
ing benefit in survival and functional outcome measures has created renewed
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enthusiasm for the amelioration of brain injury in these patients. Several
challenges and uncertainties persist about therapeutic hypothermia, includ-
ing basic understanding of mechanisms of benefit, the optimal depth of
hypothermia, timing of initiation of therapy, treatment duration, the best
mechanism for achieving hypothermia (internal or external cooling), and
the availability of a bedside indicator of brain response to hypothermia.
These questions need to be answered by larger series of clinical trials and
registry-reported data. Implementation of the American Heart Association
and ILCOR recommendations to initiate hypothermia as soon as possible
after resuscitation from out-of-hospital ventricular fibrillation arrest has
been slow, even in academic medical centers. With a number needed to treat
of around six to achieve survival and functional benefits, hypothermia is
proving to be an extremely robust and important therapy for cardiac arrest
survivors. Hospitals must prioritize establishing hypothermia protocols and
systems to improve compliance with treatment recommendations.

References

[1] Centers for Disease Control and Prevention. State-specific mortality from sudden cardiac
death—United States, 1999. MMWR Morb Mortal Wkly Rep 2002;51:123-6.

[2] Nadkarni VM, Larkin GL, Peberdy MA, et al. First documented rhythm and clinical
outcome from in-hospital cardiac arrest among children and adults. JAMA 2006;295:50-7.

[3] Peberdy MA, Kaye W, Ornato JP, et al. 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.

[4] Herlitz J, Andersson E, Bang A, et al. Experiences from treatment of out-of-hospital
cardiac arrest during 17 years in Goteborg. Eur Heart J 2000;21:1251-8.

[5] Nichol G, Laupacis A, Stiell IG, et al. Cost-effectiveness analysis of potential improvements
to emergency medical services for victims of out-of-hospital cardiac arrest. Ann Emerg Med
1996;27:711-20.

[6] Eckstein M, Stratton SJ, Chan LS. Cardiac arrest resuscitation evaluation in Los Angeles:
CARE-LA. Ann Emerg Med 2005;45:504-9.

[7] Nichol G, Stiell IG, Hebert P, et al. What is the quality of life for survivors of cardiac arrest?
A prospective study. Acad Emerg Med 1999;6:95-102.

[8] Edgren E, Kelsey S, Sutton K, et al. The presenting ECG pattern in survivors of cardiac
arrest and its relation to the subsequent long-term survival. Brain Resuscitation Clinical
Trial I Study Group. Acta Anaesthesiol Scand 1989;33:265-71.

[9] Hamel MB, Phillips R, Teno J, et al. Cost effectiveness of aggressive care for patients with
nontraumatic coma. Crit Care Med 2002;30:1191-6.

[10] Burke DT, Shah MK, Dorvlo AS, et al. Rehabilitation outcomes of cardiac and noncardiac
anoxic brain injury: a single institution experience. Brain Inj 2005;19:675-80.

[11] ECG Guidelines, Part I: introduction to the International Guidelines 2000 for CPR and
ECC: a consensus on science. Circulation 2000;102(8 Suppl):1-179.

[12] Geocadin RG, editor. Brain injury and cardiac arrest. Neurol Clin 2006;24(1):369-459

[13] Geocadin RG, editor. Hypoxic-ischemic encephalopathy. Semin Neurol 2006;26:367-452.

[14] Geocadin RG, Koenig MA, Stevens RD, et al. Intensive care for brain injury after cardiac
arrest: therapeutic hypothermia and related neuroprotective strategies. Crit Care Clin 2006;
22(4):619-36.

[15] Vaagenes P, Ginsberg M, Ebmeyer U, et al. Cerebral resuscitation from cardiac arrest:
pathophysiologic mechanisms. Crit Care Med 1996;24:S57-68.



502 GEOCADIN et al

[16] Lipton SA, Rosenberg PA. Excitatory amino acids as a final common pathway for neuro-
logic disorders. N Engl J Med 1994;330:613-22.

[17] Globus MY, Ginsberg MD, Busto R. Excitotoxic indexda biochemical marker of selective
vulnerability. Neurosci Lett 1991;127:39-42.

[18] Choi DW. Excitotoxic cell death. J Neurobiol 1992;23:1261-76.

[19] Traystman RJ, Kirsch JR, Koehler RC. Oxygen radical mechanisms of brain injury follow-
ing ischemia and reperfusion. J Appl Physiol 1991;71:1185-95.

[20] Chan PH. Role of oxidants in ischemic brain damage. Stroke 1996;27:1124-9.

[21] Chan PH. Reactive oxygen radicals in signaling and damage in the ischemic brain. J Cereb
Blood Flow Metab 2001;21:2—-14.

[22] Greer DM. Mechanisms of injury in hypoxic-ischemic encephalopathy: implications to
therapy. Semin Neurol 2006;26:373-9.

[23] Harukuni I, Bhardwaj A. Mechanisms of brain injury after global cerebral ischemia.
Neurol Clin 2006;24:1-21.

[24] Safar P. Cerebral resuscitation after cardiac arrest: a review. Circulation 1986;74:1V138-53.

[25] Safar P, Behringer W, Bottiger BW, et al. Cerebral resuscitation potentials for cardiac
arrest. Crit Care Med 2002;30:S140-4.

[26] Ginsberg M, Belayev L. The effects of hypothermia and hyperthermia in global cerebral
ischemia. In: Maier C, Steinberg G, editors. Hypothermia and cerebral ischemia. Totowa
(NJ): Humana Press; 2004. p. 17-38.

[27] Kramer RS, Sanders AP, Lesage AM, et al. The effect of profound hypothermia on pres-
ervation of cerebral ATP content during circulatory arrest. J Thorac Cardiovasc Surg
1968;56:699-709.

[28] Welsh FA, Sims RE, Harris VA. Mild hypothermia prevents ischemic injury in gerbil
hippocampus. J Cereb Blood Flow Metab 1990;10:557-63.

[29] Busto R, Globus MY, Dietrich WD, et al. Effect of mild hypothermia on ischemia-induced
release of neurotransmitters and free fatty acids in rat brain. Stroke 1989;20:904-10.

[30] Cardell M, Boris-Moller F, Wieloch T. Hypothermia prevents the ischemia-induced trans-
location and inhibition of protein kinaseCin the rat striatum. J Neurochem 1991;57:1814-7.

[31] Dempsey RJ, Combs DJ, Maley ME, et al. Moderate hypothermia reduces postischemic
edema development and leukotriene production. Neurosurgery 1987;21:177-81.

[32] Toyoda T, Suzuki S, Kassell NF, et al. Intraischemic hypothermia attenuates neutrophil
infiltration in the rat neocortex after focal ischemia-reperfusion injury. Neurosurgery
1996;39:1200-5.

[33] Kumar K, Wu X, Evans AT, et al. The effect of hypothermia on induction of heat shock
protein (HSP)-72 in ischemic brain. Metab Brain Dis 1995;10:283-91.

[34] Kumar K, Wu X, Evans AT. Expression of c-fos and fos-B proteins following transient
forebrain ischemia: effect of hypothermia. Brain Res Mol Brain Res 1996;42:337-43.

[35] Colbourne F, Grooms SY, Zukin RS, et al. Hypothermia rescues hippocampal CAl
neurons and attenuates down-regulation of the AMPAreceptor GluR2 subunit after fore-
brain ischemia. Proc Natl Acad Sci U S A 2003;100:2906-10.

[36] Wijdicks EF, Campeau NG, Miller GM. MR imaging in comatose survivors of cardiac
resuscitation. AJNR Am J Neuroradiol 2001;22:1561-5.

[37] Fujioka M, Okuchi K, Sakaki T, et al. Specific changes in human brain following reperfu-
sion after cardiac arrest. Stroke 1994;25:2091-5.

[38] Wijdicks EF. The diagnosis of brain death. N Engl J Med 2001;344:1215-21.

[39] Steriade M. Corticothalamic resonance, states of vigilance and mentation. Neuroscience
2000;101:243-76.

[40] Hoesch RE, Koenig MA, Geocadin RG. Coma after global ischemic brain injury: patho-
physiology and emerging therapies. Crit Care Clin 2008;24(1):25-44.

[41] Edgren E, Hedstrand U, Nordin M, et al. Prediction of outcome after cardiac arrest. Crit
Care Med 1987;15:820-5.



BRAIN INJURY AFTER CARDIAC ARREST 503

[42] Levy DE, Caronna JJ, Singer BH, et al. Predicting outcome from hypoxic-ischemic coma.
JAMA 1985;253:1420-6.

[43] Wijdicks EF, Hijdra A, Young GB, et al. 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 Neurology.
Neurology 2006;67:203-10.

[44] 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;27:1661-7.

[45] Zandbergen EG, Hijdra A, Koelman JH, et al. Prediction of poor outcome within the first
3 days of postanoxic coma. Neurology 2006;66:62-8.

[46] Geocadin RG, Buitrago MM, Torbey MT, et al. Neurologic prognosis and withdrawal of
life support after resuscitation from cardiac arrest. Neurology 2006;67:105-8.

[47] 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.

[48] Hypothermia after Cardiac Arrest Study Group. Mild therapeutic hypothermia to improve
the neurologic outcome after cardiac arrest. N Engl J Med 2002;346:549-56.

[49] Bernard SA, Gray TW, Buist MD, et al. Treatment of comatose survivors of out-
of-hospital cardiac arrest with induced hypothermia. N Engl J Med 2002;346:557-63.

[50] Bleyaert AL, Nemoto EM, Safar P, et al. Thiopental amelioration of brain damage after
global ischemia in monkeys. Anesthesiology 1978;49:390-8.

[51] Mullie A, Lust P, Penninckx J, et al. Monitoring of cerebrospinal fluid enzyme levels in
postischemic encephalopathy after cardiac arrest. Crit Care Med 1981;9:399—400.

[52] Jastremski M, Sutton-Tyrrell K, Vaagenes P, et al. Glucocorticoid treatment does not
improve neurological recovery following cardiac arrest. Brain Resuscitation Clinical Trial
I Study Group. JAMA 1989;262:3427-30.

[53] Brain Resuscitation Clinical Trial IT Study Group. A randomized clinical study of a cal-
cium-entry blocker (lidoflazine) in the treatment of comatose survivors of cardiac arrest.
N Engl J Med 1991;324:1225-31.

[54] Roine RO, Kaste M, Kinnunen A, et al. Nimodipine after resuscitation from out-of-
hospital ventricular fibrillation. A placebo-controlled, double-blind, randomized trial.
JAMA 1990;264:3171-7.

[55] Allen GS, Ahn HS, Preziosi TJ, et al. Cerebral arterial spasmda controlled trial of nimodi-
pine in patients with subarachnoid hemorrhage. N Engl J Med 1983;308:619-24.

[56] Longstreth WT Jr, Diehr P, Cobb LA, et al. Neurologic outcome and blood glucose levels
during out-of-hospital cardiopulmonary resuscitation. Neurology 1986;36:1186-91.

[57] Thel MC, Armstrong AL, McNulty SE, et al. Randomised trial of magnesiumin in-hospital
cardiac arrest. Duke Internal Medicine Housestaff. Lancet 1997;350:1272-6.

[58] Longstreth WT Jr, Fahrenbruch CE, Olsufka M, et al. Randomized clinical trial of magne-
sium, diazepam, or both after out-of-hospital cardiac arrest. Neurology 2002;59:506—14.

[59] Fay T. Observations on generalized refrigeration in cases of severe cerebral trauma. Assoc
Res Nerv Ment Dis Proc 1943;24:611-9.

[60] Bigelow WG, Lindsay WK, Greenwood WF. Hypothermia; its possible role in cardiac
surgery: an investigation of factors governing survival in dogs at low body temperatures.
Ann Surg 1950;132:849-66.

[61] Rosomoff HL. Protective effects of hypothermia against pathological processes of the
nervous system. Ann N Y Acad Sci 1959;80:475-86.

[62] Ginsberg MD, Sternau LL, Globus MY, et al. Therapeutic modulation of brain tempera-
ture: relevance to ischemic brain injury. Cerebrovasc Brain Metab Rev 1992;4:189-225.

[63] Hicks SD, DeFranco DB, Callaway CW. Hypothermia during reperfusion after asphyxial
cardiac arrest improves functional recovery and selectively alters stress-induced protein
expression. J Cereb Blood Flow Metab 2000;20:520-30.



504 GEOCADIN et al

[64] Xiao F, Safar P, Radovsky A. Mild protective and resuscitative hypothermia for asphyxial
cardiac arrest in rats. Am J Emerg Med 1998;16:17-25.

[65] Sterz F, Safar P, Tisherman S, et al. Mild hypothermic cardiopulmonary resuscitation
improves outcome after prolonged cardiac arrest in dogs. Crit Care Med 1991;19:379-89.

[66] Safar P. Mild resuscitative hypothermia and outcome after cardiopulmonary resuscitation.
J Neurosurg Anesthesiol 1996;8:88-96.

[67] Bernard SA, Jones BM, Horne MK. Clinical trial of induced hypothermia in comatose
survivors of out-of-hospital cardiac arrest. Ann Emerg Med 1997;30:146-53.

[68] Yanagawa Y, Ishihara S, Norio H, et al. Preliminary clinical outcome study of mild resus-
citative hypothermia after out-of-hospital cardiopulmonary arrest. Resuscitation 1998;39:
61-6.

[69] Nolan JP, Morley PT, Vanden Hoek TL, et al. Therapeutic hypothermia after cardiac
arrest: an advisory statement by the advanced life support task force of the International
Liaison Committee on Resuscitation. Circulation 2003;108:118-21.

[70] Emergency Cardiovascular Care (ECC) Committee. American Heart Association Guide-
lines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Part 7.5:
Postresuscitation Support. Circulation 2005;112:1V84-8.

[71] Emergency Cardiovascular Care (ECC) Committee. 2005 American Heart Association
Guidelines for Cardiopulmonary Resuscitation and Emergency Cardiovascular Care. Cir-
culation 2005;112:1V1-203.

[72] Holzer M, Bernard SA, Hachimi-Idrissi S, et al. Hypothermia for neuroprotection after
cardiac arrest: systematic review and individual patient data meta-analysis. Crit Care
Med 2005;33:414-8.

[73] Hachimi-Idrissi S, Corne L, Ebinger G, et al. Mild hypothermia induced by a helmet device:
a clinical feasibility study. Resuscitation 2001;51:275-81.

[74] Cheung KW, Green RS, Magee KD. Systematic review of randomized controlled trials of
therapeutic hypothermia as a neuroprotectant in post cardiac arrest patients. CJEM 2006;
8(5):329-37.

[75] 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(4):1041-7.

[76] Nolan JP, Morley PT, Hoek TL, et al. Therapeutic hypothermia after cardiac arrest. An
advisory statement by the Advancement Life Support Task Force of the International
Liaison Committee on Resuscitation. Resuscitation 2003;57:231-5.

[77] Schwab S, Schwarz S, Spranger M, et al. Moderate hypothermia in the treatment of patients
with severe middle cerebral artery infarction. Stroke 1998;29:2461-6.

[78] Felberg RA, Krieger DW, Chuang R, et al. Hypothermia after cardiac arrest: feasibility and
safety of an external cooling protocol. Circulation 2001;104:1799-804.

[79] Kuboyama K, Safar P, Radovsky A, et al. Delay in cooling negates the beneficial effect of
mild resuscitative cerebral hypothermia after cardiac arrest in dogs: a prospective, random-
ized study. Crit Care Med 1993;21:1348-58.

[80] Abella BS, Alvarado JP, Myklebust H, et al. Quality of cardiopulmonary resuscitation
during in-hospital cardiac arrest. JAMA 2005;293:305-10.

[81] Zhao D, Abella BS, Beiser DG, et al. Intra-arrest cooling with delayed reperfusion yields
higher survival than earlier normothermic resuscitation in a mouse model of cardiac arrest.
Resuscitation 2008;77(2):252-9, [epub ahead of print].

[82] Jia X, Koenig MA, Shin HC, et al. Improving neurological outcomes post-cardiac arrest in
a rat model: immediate hypothermia and quantitative EEG monitoring. Resuscitation
2008;76(3):431-42, Epub 2007 Oct 23.

[83] Boelhouwer RU, Bruining HA, Ong GL. Correlations of serum potassium fluctuations
with body temperature after major surgery. Crit Care Med 1987;15:310-2.

[84] Krumholz A, Stern BJ, Weiss HD. Outcome from coma after cardiopulmonary resuscita-
tion: relation to seizures and myoclonus. Neurology 1988;38:401-5.



BRAIN INJURY AFTER CARDIAC ARREST 505

[85] Sunde K, Dunlop O, Rostrup M, et al. Determination of prognosis after cardiac arrest may
be more difficult after introduction of therapeutic hypothermia. Resuscitation 2006;69:
29-32.

[86] Tiainen M, Poutiainen E, Kovala T, et al. Cognitive and neurophysiological outcome of
cardiac arrest survivors treated with therapeutic hypothermia. Stroke 2007;38(8):2303-8,
Epub 2007 Jun 21.

[87] Mayer SA, Kowalski RG, Presciutti M, et al. Clinical trial of a novel surface cooling system
for fever control in neurocritical care patients. Crit Care Med 2004;32:2508-15.

[88] Sessler DI. Treatment: meperidine, clonidine, doxapram, ketanserin, or alfentanil abolishes
short-term postoperative shivering. Can J Anaesth 2003;50:635-7.

[89] Carhuapoma JR, Gupta K, Coplin WM, et al. Treatment of refractory fever in the neuro-
sciences critical care unit using a novel, water-circulating cooling device. A single-center
pilot experience. J Neurosurg Anesthesiol 2003;15:313-8.

[90] Kranke P, Eberhart LH, Roewer N, et al. Pharmacological treatment of postoperative
shivering: a quantitative systematic review of randomized controlled trials. Anesth Analg
2002;94:453-60.

[91] Mokhtarani M, Mahgoub AN, Morioka N, et al. Buspirone and meperidine synergistically
reduce the shivering threshold. Anesth Analg 2001;93:1233-9.

[92] Doufas AG, Lin CM, Suleman MI, et al. Dexmedetomidine and meperidine additively
reduce the shivering threshold in humans. Stroke 2003;34(5):1218-23, Epub 2003 Apr 10.

[93] Jordan JD, Carhuapoma JR. Hypothermia: comparing technology. J Neurol Sci 2007;
261(1-2):35-8, Epub 2007 May 29.

[94] Heard K, Peberdy MA, Sayre M, et al. A randomized, controlled trial comparing the Arc-
tic Sun to standard cooling for hypothermia after cardiac arrest. Platform Presentation.
American Heart Association Scientifc Sessions 2007. Orlando, FL, USA, November
3-7, 2007.

[95] Flint AC, Hemphill JC, Bonovich DC. Therapeutic hypothermia after cardiac arrest:
performance characteristics and safety of surface cooling with or without endovascular
cooling. Neurocrit Care 2007;7(2):109-18.

[96] Bernard S, Buist M, Monteiro O, et al. 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.

[97] Kim F, Olsufka M, Carlbom D, et al. Pilot study of rapid infusion of 2 L of 4 degrees
C normal saline for induction of mild hypothermia in hospitalized, comatose survivors
of out-of-hospital cardiac arrest. Circulation 2005;112:715-9.

[98] Polderman KH, Rijnsburger ER, Peerdeman SM, et al. Induction of hypothermia in
patients with various types of neurologic injury with use of large volumes of ice-cold intra-
venous fluid. Crit Care Med 2005;33:2744-51.

[99] Tiainen M, Roine RO, Pettila V, et al. Serum neuron-specific enolase and S-100B protein in
cardiac arrest patients treated with hypothermia. Stroke 2003;34:2881-6.

[100] Tiainen M, Kovala TT, Takkunen OS, et al. Somatosensory and brainstem auditory
evoked potentials in cardiac arrest patients treated with hypothermia. Crit Care Med
2005;33:1736-40.

[101] Jia X, Koenig MA, Shin HC, et al. Quantitative EEG and neurological recovery with
therapeutic hypothermia after asphyxial cardiac arrest in rats. Brain Res 2006;1111:166-75.

[102] Shin HC, Tong S, Yamashita S, et al. Quantitative EEG and effect of hypothermia on brain
recovery after cardiac arrest. [IEEE Trans Biomed Eng 2006;53:1016-23.

[103] Rundgren M, Rosen I, Friberg H. Amplitude-integrated EEG (aEEG) predicts outcome
after cardiac arrest and induced hypothermia. Intensive Care Med 2006;32:836—42.

[104] Schulman SP, Hartmann TK, Geocadin RG. Intensive care after resuscitation from cardiac
arrest: a focus on heart and brain injury. Neurol Clin 2006;24:41-59.

[105] Wright WL, Geocadin RG. Postresuscitative intensive care: neuroprotective strategies after
cardiac arrest. Semin Neurol 2006;26:396-402.



506 GEOCADIN et al

[106] Bottiger BW, Bode C, Kern S, et al. Efficacy and safety of thrombolytic therapy after
initially unsuccessful cardiopulmonary resuscitation: a prospective clinical trial. Lancet
2001;357:1583-5.

[107] Popp E, Bottiger BW. Cerebral resuscitation: state of the art, experimental approaches and
clinical perspectives. Neurol Clin 2006;24:73-87.

[108] Sundgreen C, Larsen FS, Herzog TM, et al. Autoregulation of cerebral blood flow in
patients resuscitated from cardiac arrest. Stroke 2001;32:128-32.

[109] Bell DD, Brindley PG, Forrest D, et al. Management following resuscitation from cardiac
arrest: recommendations from the 2003 Rocky Mountain Critical Care Conference. Can
J Anaesth 2005;52:309-22.

[110] Sakabe T, Tateishi A, Miyauchi Y, et al. Intracranial pressure following cardiopulmonary
resuscitation. Intensive Care Med 1987;13:256-9.

[111] Qureshi Al, Geocadin RG, Suarez JI, et al. Long-term outcome after medical reversal of
transtentorial herniation in patients with supratentorial mass lesions. Crit Care Med
2000;28:1556-64.

[112] Safar P, Xiao F, Radovsky A, et al. Improved cerebral resuscitation from cardiac arrest in
dogs with mild hypothermia plus blood flow promotion. Stroke 1996;27:105-13.

[113] Zeiner A, Holzer M, Sterz F, et al. Hyperthermia after cardiac arrest is associated with an
unfavorable neurologic outcome. Arch Intern Med 2001;161:2007—12.

[114] Longstreth WT, Inui TS, Cobb LA, et al. Neurologic recovery after out-of-hospital cardiac
arrest. Ann Intern Med 1983;98:121-32.

[115] van den Berghe G, Wouters P, Weekers F, et al. Intensive insulin therapy in the critically ill
patients. N Engl J Med 2001;345:1359-67.

[116] Losert H, Sterz F, Roine RO, et al. Strict normoglycaemic blood glucose levels in the
therapeutic management of patients within 12h after cardiac arrest might not be necessary.
Resuscitation 2008;76(2):214-20, Epub 2007 Sep 17.

[117] Koenig M, Geocadin R. Global hypoxia-ischemia and critical care seizures. In: Varelas P,
editor. Seizures in critical care. Totowa (NJ): Humana Press; 2005. p. 119-38.

[118] Rossetti AO, Logroscino G, Liaudet L, et al. Status epilepticus: an independent outcome
predictor after cerebral anoxia. Neurology 2007;69(3):255-60.



	Management of Brain Injury After Resuscitation From Cardiac Arrest
	Mechanisms of neuronal injury after cardiac arrest
	Neurologic injury and clinical manifestations
	Neurologic evaluation
	Neuroprotective trials after cardiac arrest
	Clinical trials in hypothermia and cardiac arrest
	Australian hypothermia study
	European study: hypothermia after cardiac arrest
	Clinical impact of therapeutic hypothermia
	Post-clinical trial experience

	Timing of cooling and rewarming
	Complications of hypothermia
	Management of shivering
	Methods of achieving hypothermia
	Therapeutic hypothermia and neurologic prognostication
	Enhancing neuromonitoring in cardiac arrest survivors
	Other neuroprotective measures in the ICU
	Cerebral perfusion
	Cerebral edema and increased intracranial pressure
	Fever management
	Hyperglycemia management
	Seizure control

	Summary
	References


