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Neurocognitive disturbances are common among survivors of
cardiac arrest (CA). Although initial management of CA, including
bystander
cardiopulmonary
resuscitation,
optimal
chest
compression, and early deﬁbrillation, has been implemented
continuously over the last years, few therapeutic interventions are
available to minimize or attenuate the extent of brain injury
occurring after the return of spontaneous circulation. In this review, we discuss several promising drugs that could provide some
potential beneﬁts for neurological recovery after CA. Most of these
drugs have been investigated exclusively in experimental CA
models and only limited clinical data are available. Further
research, which also considers combined neuroprotective strategies that target multiple pathways involved in the pathophysiology
of postanoxic brain injury, is certainly needed to demonstrate the
effectiveness of these interventions in this setting. Moreover, the
evaluation of neurological prognosis of comatose patients after CA
remains an important challenge that requires the accurate use of
several tools. As most patients with CA are currently treated with
targeted temperature management (TTM), combined with sedative
drug therapy, especially during the hypothermic phase, the reliability of neurological examination in evaluating these patients is
delayed to 72e96 h after admission. Thus, additional tests,
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including electrophysiological examinations, brain imaging and
biomarkers, have been largely implemented to evaluate earlier the
extent of brain damage in these patients.
© 2015 Elsevier Ltd. All rights reserved.

Introduction
Cardiac arrest (CA) is a common event, affecting >350,000 individuals in the United States and
275,000 in Europe every year [1,2]. Despite improvements in short- and long-term survival rates and
neurological outcomes over the recent years [3,4], sudden CA remains an important cause of morbidity
and mortality, representing the third leading cause of death in the United States [5].
The overall outcome has largely improved over the years due to better emergency care, including
early and correctly administered cardiopulmonary resuscitation (CPR), bystander CPR, early deﬁbrillation for shockable rhythms, and wider implementation of post-resuscitation care bundles [6,7].
Nevertheless, persistent postanoxic coma remains the leading cause of death among those who survived CA [8]. In particular, the occurrence of hypoxiceischemic encephalopathy (HIE) after CA was
recently integrated in the so-called “post-resuscitation syndrome”, which is characterized by postanoxic brain injury, cardiovascular impairment, and a systemic inﬂammatory response following the
ischemia/reperfusion process [9], potentially contributing to enhanced HIE.
Clinicians must consider two important issues when managing a patient with HIE. First, the
pathogenesis of HIE is complex and multifactorial (Fig. 1), making it unlikely that one therapy alone will
effectively prevent or “cure” this complication. Different interventions have been evaluated in experimental models and clinical trials in this setting, although the results have been disappointing or
difﬁcult to interpret. Second, the assessment of neurological recovery in such patients is challenging,
and a reliable and early method for predicting the outcome in those who remain comatose is
warranted.
Thus, the aim of this review is to describe the therapies that can potentially attenuate brain injury
and promote neurological recovery in comatose survivors of CA, in particular different promising drugs
that are currently undergoing early clinical testing. In addition, we discuss how multimodal neurological monitoring should be used to assess the prognosis in this patient population.

Fig. 1. A schematic summary of the main mechanisms implicated in postanoxic brain injury. Ox. Phosp. ¼ oxidative phosphorylation; [Ca]i ¼ intracellular calcium concentrations.
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General neuroprotection
Various insults can aggravate the initial postanoxic brain damage, and preventing or minimizing
such insults represents a form of brain protection. In the setting of HIE, brain injury can be enhanced by
excessive oxygen administration, which may potentially increase the reperfusion injury or signiﬁcantly
reduce the carbon dioxide or arterial pressure levels, resulting in brain hypoperfusion, whereas disturbances in glucose concentrations and seizure occurrence can produce signiﬁcant changes in brain
metabolism and alterations in cell function [10].
Neuroprotective drugs
Over the past few years, there has been increasing interest in alternative strategies that could
promote brain protection immediately after return of spontaneous circulation (ROSC). Among the
tested interventions, inhaled noble gases, nitric oxide, erythropoietin (EPO), magnesium, calcium
antagonists, steroids, and cyclosporine have shown promising applications (Fig. 2).

Noble gases
Noble gases, particularly xenon and argon, are known to have some neuroprotective effects in vitro
by the attenuation of glutamate-induced cerebral damage and by activating the g-amino butyric acid
(GABA) receptors; further, they have been tested in animal models of CA [11,12]. A combination of
oxygen and xenon as an inhaled mixture has been shown to reduce the extent of neurological damage
after ischemia due to CA [13]. In a porcine model of CA, Fries et al. randomized pigs to receive targeted
temperature management (TTM) or TTM plus inhaled oxygen and xenon (FiXe ¼ 70%, FiO2 ¼ 30%).
Xenon-treated animals had signiﬁcantly improved functional neurological recovery and reduced
myocardial dysfunction [14]. Arola et al. performed a similar comparison in humans, randomizing
patients surviving out-of-hospital CA (OHCA) to receive either TTM (target temperature of 33  C) or
TTM plus inhaled xenon. The authors reported improved cardiovascular function in the xenon group,
with no adverse effects; unfortunately, the neurological outcomes were not assessed in this study [15].
Argon has also been tested as a cheaper alternative to xenon. One hour after successful CPR, Brucken
et al. randomized SpragueeDawley rats to ventilation with 30% oxygen plus 70% argon (n ¼ 7) or 30%
oxygen alone (n ¼ 7). Argon-treated animals showed a signiﬁcant reduction in histopathological
damage of the neocortex and hippocampus, and a marked improvement in functional neurological

Fig. 2. A summary of potential neuroprotective interventions for postanoxic brain injury and their respective targets.
GLUT ¼ glutamate; [Ca] ¼ intracellular calcium; ROS ¼ reactive oxygen species; Mg ¼ magnesium; MB ¼ methylene blue; NAC ¼ Nacetyl cysteine; EPO ¼ erythropoietin.
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recovery [16]. Similarly, in a porcine model of CA due to acute myocardial infarction after occlusion of
the left anterior descending coronary artery [17], animals that received argon and oxygen ventilation
had a better neurological outcome at 72 h (neurological alertness score: 100 vs. 79, p < 0.01; neurological deﬁcit: 0 vs. 29, p < 0.05) than controls did. The serum levels of neuron-speciﬁc enolase (NSE), a
biomarker of postanoxic brain injury, did not increase signiﬁcantly in the argon group and histological
brain injury was less extensive. In another study, Brucken et al. [18] investigated whether a delayed
administration of argon (70% at different time points after ROSC) would still provide some neuroprotective effects in a murine model of CA. The authors found that argon-treated animals showed a
signiﬁcant improvement in the neurological deﬁcit and a reduction in cortical brain damage when
compared with controls, even when argon administration was delayed for 3 h after arrest.
Nitric oxide
Nitric oxide (NO) inhibits reactive oxygen species (ROS)-producing enzymes and directly scavenges
ROS, thus potentially reducing the extent of postanoxic injury. The effects of NO are mediated via the
soluble guanylate cyclase (sGC)ecyclic guanosine monophosphate (cGMP) pathway and other complex
intracellular pathways [19]. Other potentially beneﬁcial effects of NO are direct vasodilation of the
coronary arteries, which could improve cardiac function in this setting. Experimental models have
suggested a protective role of NO in cardiac and neurological function after CA [20,21]. To limit the
systemic hypotension induced by NO, inhaled NO (iNO) at 40 ppm was administered for 23 h after
ROSC in a murine model of CA: treated animals showed improved cardiac and neurological recovery
[22]. Interestingly, TTM may activate NO pathways, especially in the heart, so that a combination of
these two therapeutic strategies may be of greater beneﬁt in treating postanoxic injury [23]. No studies
have tested the effects of NO-donor agents in patients with postanoxic injury [24], while preliminary
data show that low-dose nitrite infusion in CA survivors did not cause hypotension or methemoglobinemia [25], but it was not associated with any improvement in outcome.
Erythropoietin
EPO has several cellular effects in addition to its role in the regulation of erythropoiesis. In
particular, because of its antiapoptotic, anti-inﬂammatory, and antioxidant properties, EPO plays a role
in neuroprotection and cardioprotection [26]. High-dose EPO administration during CPR in a swine
model of ventricular ﬁbrillation (VF) reduced post-resuscitation myocardial dysfunction and promoted
hemodynamic stability [27]. However, in a rat model of CA, postischemic EPO administration was not
associated with beneﬁcial effects on selective neuronal damage, but it did signiﬁcantly improve
memory function [28]. Finally, in a rat model of CA, survival to 72 h was signiﬁcantly improved in
animals that received pre-CA EPO compared with those that did not [29]. The effects of EPO administration have been evaluated in two clinical studies. In the ﬁrst, patients received 90,000 UI of EPO
during CPR [30]. The EPO group had higher rates of ROSC (92% vs. 53%, p ¼ 0.006), 24-h survival (83% vs.
47%, p ¼ 0.008), and hospital survival (54% vs. 20%, p ¼ 0.011) than a historical control group. In the
second [31], EPO therapy (ﬁve injections of 40,000 IU intravenously within 48 h) was associated with a
trend towards greater 28-day survival (55% vs. 47%) and full neurological recovery (55% vs. 38%)
compared with a historical cohort. In a randomized clinical trial presented at the 2014 European Society of Intensive Care Medicine (ESICM) Congress (Cariou et al., EPO-ACR 02 study, NCT00999583), the
early administration of EPO did not improve mortality and neurological recovery in a large cohort of
comatose CA survivors.
Statins
Statins inhibit 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase), which is involved
in the synthesis of cholesterol. However, several other effects, including anti-inﬂammatory and antioxidant properties, immunomodulation, antithrombotic effects, and protection of the endothelial
function, have been described [32]. In patients with subarachnoid hemorrhage, the administration of
statins may reduce the incidence of cerebral vasospasm, delayed neurological deﬁcit, and mortality
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[33]. Patients receiving long-term treatment with statins also had a reduced risk of ventricular
tachyarrhythmia or CA, compared with untreated patients [34]. Nevertheless, there are no speciﬁc data
yet on the effects of statins on experimental and/or clinical HIE.

Magnesium and lamotrigine
Magnesium (Mg) exhibits beneﬁcial effects on the brain via different mechanisms, such as inhibition of glutamate release and glutamate N-methyl-D-aspartate (NMDA) receptors, protection of
bloodebrain barrier (BBB) integrity, and reduction of brain edema [35]. Magnesium depletion may
have detrimental effects in patients with HIE. Indeed, low Mg levels were associated with a reduced
ROSC rate and poor outcome in a small cohort of patients with CA [36]. In one retrospective study, CA
patients treated with TTM showed increased renal excretion of Mg [37], even if no particular detrimental effects of hypomagnesemia were observed. Prehospital administration of Mg (2 g) showed
favorable trends toward better neurological recovery in resuscitated patients with CA (47% vs. 37% in
the placebo group) [38]. In addition, no adverse effect of prehospital administration of Mg therapy was
noted. In another study evaluating only in-hospital CA, patients treated with Mg during CPR had a
similar proportion of ROSC (54% vs. 60%, p ¼ 0.44) to the placebo group, as with survival to 24 h (43% vs.
50%, p ¼ 0.41) and hospital discharge (21% vs. 21%, p ¼ 0.98) [39]. Importantly, lamotrigine is alternatively used to reduce glutamate excitotoxicity, which has shown promising neuroprotective effects
in animal models of brain ischemia using bilateral cerebral artery occlusion [40]. Similar neuroprotection was also found in a murine model of CA, where lamotrigine signiﬁcantly improved the
number of viable neurons compared with the placebo group 3 weeks after the anoxic injury [41]. No
clinical data are currently available on comatose patients with CA for this drug.

Calcium antagonists
The role of increased intracellular levels of calcium in neurotoxicity, speciﬁcally in mediating the
process of apoptosis, indicates that calcium antagonist agents may have beneﬁcial effects in acute brain
injury, such as subarachnoid hemorrhage [42]. In a canine model of CA, intravenous nicardipine
maintained constant cerebral blood ﬂow (CBF) at the pre-arrest level, thus preventing the hypoperfusion phase observed in the control group [43]. Lidoﬂazine, another calcium antagonist, could
ameliorate late postischemic neurologic deﬁcits in animal models of prolonged VF [44]. Nevertheless,
in a large randomized clinical trial including OHCA (n ¼ 520), lidoﬂazine therapy did not improve the
mortality rate (82% vs. 83%) or the proportion of survivors with good neurological outcome (15% vs.
13%) when compared with placebo [45]. Similarly, nimodipine administration was associated with
better cerebral oxygenation and neuronal activity in an experimental model of CA [46,47]. In the
clinical setting, nimodipine therapy was associated with a signiﬁcant reduction in intracranial pressure
after CA when compared with untreated patients [48]. In a randomized clinical trial on OHCA (n ¼ 155),
nimodipine injection administered immediately after ROSC did not improve the 1-year survival rate
(40% vs. 36%) compared with the placebo. Subgroup analyses showed that nimodipine could signiﬁcantly reduce the occurrence of recurrent VF, resulting in improved survival among patients who
required prolonged resuscitation attempts (i.e., >10 min; 47% vs. 8%) [49].
Minocycline
Minocycline is a broad-spectrum tetracycline antibiotic with excellent penetration into cerebral
tissues, due to its lipid-soluble structure. This drug has shown anti-inﬂammatory and antiapoptotic
properties, as well as neuroprotective effects on the BBB and white matter [50]. In a mice model of CA,
microglial activation and neuronal death in the hippocampus 24 h after arrest could be signiﬁcantly
decreased by minocycline administration [51]. In addition, minocycline could attenuate neuroinﬂammation, as reﬂected by the brain tissue levels of tumor necrosis factor alpha (TNF-a), after hypothermic CA in rats [52]. However, no human data are available.
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Cyclosporine
The use of Cyclosporine A (CsA) was recently proposed in the early phase after cerebral damage for
its ability to preserve mitochondrial integrity in experimental brain injury models. In particular, cerebral ischemiaereperfusion injury is associated with the opening of the mitochondrial permeability
transition pore (MPTP), which increases the permeability of the mitochondrial membrane to several
molecules, eventually leading to mitochondrial swelling and cell death [53]. Effective therapy of brain
injury with CsA can be achieved by closure of the MPTP, which is mediated by the interaction of CsA
with a protein that regulates the opening of MPTP, called cyclophilin-D. In an animal model of hypothermic circulatory arrest, pigs treated with CsA (5 mg/kg) had a signiﬁcantly lower intracranial
pressure at reperfusion and rewarming, more rapid electroencephalographic recovery, and better
neurological function than in the placebo group [54]. In another experimental model, early CsA
administration (5 mg/kg) signiﬁcantly improved short-term survival and post-resuscitation cardiac
function [55]. Importantly, these effects were observed when CsA was administered at the onset of
resuscitation, whereas no beneﬁt was reported for late therapy (e.g., the reperfusion phase) [56]. In
another study, CsA therapy reduced the number of apoptotic neurons and improved neurological recovery after CA in rats [57]. A randomized clinical trial (Cyclosporine A in Cardiac Arrest; CYRUS,
NCT01595958), which has been recently completed, will provide important data on the potential
effectiveness of CsA administration after OHCA on organ dysfunction after CA due to non-shockable
rhythms.
Free radical scavengers
Methylene blue has been investigated as an antioxidant therapy after postanoxic injury. In a porcine
model of prolonged CA, methylene blue increased short-term survival and decreased plasma inﬂammatory markers (8-isoprostane-prostaglandin F2a and 15-keto-dihydro-prostaglandin F2a) or biomarkers of brain injury (S100-B) [58]. In another animal study, methylene blue infusion administered
during CPR signiﬁcantly prevented the disruption of the BBB observed during the reperfusion phase
[59]. Moreover, administration of methylene blue during resuscitation provided additional short-term
neuroprotective effects on TTM when pigs were exposed to 12 min of untreated CA and 8 min of CPR
[60]. N-acetylcysteine (NAC) prevents depletion of glutathione after experimental reperfusion injury,
providing cellular protection against free radical overload [61]. However, NAC (150 mg/kg) failed to
show any beneﬁts in a canine model of global brain ischemia secondary to 10 min of untreated CA [62].
Anti-inﬂammatory agents
Glucocorticoids have potent anti-inﬂammatory effects with potential beneﬁts in the early postresuscitation period. Several studies have shown that after an anoxic injury, activation of the hypothalamicepituitaryeadrenal axis, as suggested by the increased levels of circulating cortisol, is followed by an inadequate response of the adrenal gland (e.g., adrenal insufﬁciency), thus resulting in low
cortisol concentrations [63]. This adrenal dysfunction was more important in patients who required
prolonged resuscitation attempts [64]. As low cortisol levels were also associated with an increased
risk of poor outcome, administration of glucocorticoids has been considered as a valuable therapeutic
option in this setting. In a randomized double-blind study (n ¼ 268), patients with in-hospital CA who
received vasopressin and methylprednisolone (40 mg) during CPR followed by hydrocortisone (50 mg
q6h) after ROSC in addition to epinephrine showed improved survival to hospital discharge with
favorable neurological status, when compared with epinephrine alone (p ¼ 0.02) [65]. Glucocorticoids
also have antioxidant and antiapoptotic properties that may contribute to preserving the integrity of
neuron cells after ischemiaereperfusion [66]. However, some clinical studies reported no beneﬁcial
effect of glucocorticoids on neurological recovery following CA [67,68]. These ﬁndings may be
explained by some potential detrimental effects of glucocorticoids on the brain, such as enhanced
hypoxia-induced apoptosis, increased neuronal vulnerability to ischemia, and the alteration of synaptic
transmission [69]. As an alternative to glucocorticoids, estrogens can bind to two nuclear receptors and
provide signiﬁcant neuroprotective effects [70]. In animal models of CA, different dosages of estrogen
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given after ROSC provided some evidence of neuroprotection in the rostral and caudal caudo-putamen
regions, but no effects in the hippocampal CA1 region [71e73].
Adenosine
Adenosine reduces the release of excitotoxic neurotransmitters, induces vasorelaxation, and exerts
some anti-inﬂammatory and antioxidant effects [74]. Apart from some studies that combined adenosine with ischemic preconditioning, only one experimental study evaluated this drug as the sole
neuroprotective intervention in the setting of CA; in a rat model, adenosine therapy (7.2 mg/kg)
administered after ROSC was associated with a transient hypothermia, an increased postischemic brain
blood ﬂow, and reduced brain edema and neuronal loss in the hippocampus when compared with the
control group [75]. As adenosine receptor (AR)-1 inhibition also results in major cardiovascular
complications (e.g., bradycardia and hypotension), which may weaken its beneﬁcial cerebral effects
[76], selective activation of AR-2A and AR-3 may offer a possible treatment for brain disorders with
similar efﬁcacy and reduced adverse events. Future studies should explore the effects of these selective
adenosine ligands in the setting of postanoxic brain injury.
Neuroprognostication after CA
After hospital admission following CA, comorbid diseases and circumstances related to initial
resuscitation (i.e., no-ﬂow time, duration of CPR, initial rhythm, or lactate levels) are strongly related to
short-term survival; however, patients who may subsequently recover an intact neurological function
cannot be accurately identiﬁed [77]. The best tool to evaluate brain recovery in such patients is
repeated neurological examination. Nevertheless, as most patients with CA are currently treated with
TTM, which requires the concomitant administration of sedative drugs, the reliability of neurological
examination may be affected signiﬁcantly [78]. Thus, the optimal approach to examining comatose
patients who survived an anoxic injury is to combine different available tools in a multimodal
approach, including neurological examination, for improving the quality of prognosis prediction.
How is brain function assessed during the ﬁrst day from arrest?
The initial evaluation of these patients should include a complete neurological examination, in
particular to evaluate the motor response and the presence of pupillary and corneal reﬂexes. In patients
not treated with TTM, a persistent poor motor response (e.g., absent or extension to pain) associated
with a bilateral lack of pupillary and/or corneal reﬂexes have been associated with poor prognosis [79].
In addition, the presence of status myoclonus in the ﬁrst day from CA was a strong predictor of irreversible brain damage in this setting [80]. In patients treated with TTM, the natural course of neurological recovery is altered; myoclonus is abolished because sedative and neuromuscular blocking
agents are used and >30% of survivors with intact neurological function will awake >72 h after arrest
[81]. As such, early assessment of poor prognosis based only on clinical examination should not be used
when implementing TTM. The exception, however, is a minority of patients with dilated and unreactive
pupils, absent spontaneous breathing, and gag and cough reﬂexes, which may suggest a neuroradiological investigation to detect a neurological cause of CA (e.g., massive subarachnoid hemorrhage) or
brain death [82].
In patients undergoing TTM, an electroencephalogram (EEG) monitoring should be considered
immediately after hospital admission. The following three ﬁndings must be analyzed from the EEG: (a)
presence of seizures, (b) EEG background, and (c) EEG reactivity. Early postanoxic seizures occur in
10e20% of patients and, when detected during TTM and sedatives administration, are associated with
poor outcome [83]. In addition, postanoxic status epilepticus was an independent predictor of poor
neurological outcome in this setting [84]. It remains unclear whether early epileptic patterns in these
patients represent a condition treatable by an antiepileptic drug with improved outcome or whether
they can be regarded as an expression of severe ischemic damage, which cannot be successfully treated
with antiepileptic drugs. An ongoing randomized clinical trial will attempt to estimate the effects of
medical treatment of postanoxic status epilepticus on the neurological outcome of CA (TELSTAR study,
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NCT02056236). The EEG background is currently considered as “malignant” (e.g., burst or generalized
suppression, ﬂat or discontinuous EEG, alpha-coma) or benign (e.g., “continuous”) [85]. The remaining
patterns, including a generalized slowing activity, generalized alphaetheta frequencies, or the presence of epileptiform discharges, are considered to be of unknown outcome. In one study, malignant
EEG patterns reliably predicted unfavorable outcome in 81% of patients; however, patients with
“benign” or “uncertain” EEG ﬁndings had an uncertain prognosis, with >50% of patients eventually
presenting a persistent vegetative state or various degrees of motor or cognitive impairment [86]. More
recently, Rundgren et al. showed that an initial burst suppression EEG pattern was associated with poor
outcome, whereas an initial ﬂat pattern had no prognostic value, as some patients may show EEG
background improvement with neurological recovery in a later phase. A continuous EEG background
was markedly associated with good neurological outcome [87]. Importantly, an early burst suppression
could also be misleading during prognosis as it was observed in 16% of CA survivors, particularly when
some particular sedatives, such as propofol, were used [85]. Dynamic changes of EEG (e.g., “reactive” or
“nonreactive” cerebral reactivity) are deﬁned as the absence/presence of any reproducible change in
EEG amplitude or frequency when the patient is stimulated. Absent EEG reactivity was signiﬁcantly
associated with in-hospital mortality after CA [83]. In addition, the EEG reactivity had a better predictive value of neurological outcome than malignant/benign EEG patterns [88]. Conversely, a reactive
EEG background is often associated with good recovery [83]. Although the use of EEG appears to be
mandatory in this setting, some signiﬁcant concerns need to be considered when monitoring CA patients. First, EEG patterns and reactivity still cannot distinguish patients presenting neurological recovery or persistent brain damage with a small percentage of false-positive rate (FPR; e.g., the
proportion of patients identiﬁed as having a poor outcome and eventually presenting neurological
recovery); the study cohorts were relatively limited and ﬁndings validated only within few study
groups. Moreover, there is no general agreement on patterns/reactivity deﬁnitions among centers,
which would signiﬁcantly reduce the wide generalizability of these results.
Together with the initial clinical examination and EEG monitoring, the measurement of biomarkers
of brain injury may be beneﬁcial and should be initiated after hospital admission. NSE is the most
studied biomarker for prognostication of neurological outcome after CA; although values above 33 ng/
ml were highly predictive of poor outcome in comatose patients not treated with TTM [79,80], the
relevance of these cutoff values has been recently questioned due to the lack of a standardized
methodology and uncertainties about the inﬂuence of TTM [89,90]. In a large prospective cohort, NSE
was higher in non-survivors than survivors [91]. With regard to the ﬁrst days after CA, the NSE cutoff
value with an FPR of 2% to predict poor outcome was 66 ng/ml 24 h after arrest. An alternative to NSE is
the S-100B protein, which is produced by glial cells. High concentrations of S-100B have also been
found in patients remaining comatose after CA; however, the cutoff values for predicting poor outcome
ranged from 0.2 to 1.5 mg/l [92,93]. Some studies have compared the predictive values of NSE and S100B, yielding conﬂicting results [94,95]. Even if S-100B has a shorter half-life and could be potentially
more sensitive in detecting extended brain damage in the early phase after a hypoxic injury, most of the
existing data are related to NSE, which remains the “gold-standard” biomarkers in this setting.
Some authors also showed that early brain computed tomography (CT) scan was an useful tool to
assess the prognosis of comatose CA survivors; in particular, a loss of distinction between gray and
white matter, indicating cerebral edema, was associated with a high risk of poor neurological outcome
in this setting [96,97]. Importantly, the number of cerebral areas and the different indices for calculating the severity of edema (such as the ratio between the density on CT between the gray and white
matter, GWR) need to be standardized, as the data from different studies cannot be easily compared.
How is prognosis assessed in the following days?
When sedation is discontinued, a recovery of the motor response to pain is a sign of favorable
prognosis [98]; most of these patients would also have a continuous and reactive EEG pattern, and no
further diagnostic tests are necessary if the patient's condition continues to improve in the following
days. For patients who remain comatose, clinical examination remains the cornerstone for prognosis
assessment. Absent motor response or posturing on days 2e3 after CA is associated with poor
outcome; however, the FPR is unacceptably high (>20%) [99]. Similarly, myoclonus, especially if subtle
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and not generalized, was observed in 10% of patients who eventually present a full neurological recovery, which should not be considered as a sign of irreversible brain damage [100]. Thus, neurological
examination should always be completed by assessing the brain-stem reﬂexes; absent pupillary and
corneal reﬂexes in combination with absent motor response or posturing reduced the FPR predicting
poor outcome to <4% [101]. As the reactivity of constricted pupils or to corneal stimulation could be
altered by drugs or preexisting diseases (e.g., diabetes and glaucoma), additional tests remain
mandatory to provide useful information on the prognosis of patients. EEG monitoring is still indicated
for detecting persistent “malignant” background and unreactive EEG patterns. Furthermore, seizures
occurring in the rewarming phase, particularly in association with a continuous EEG background, could
still be controlled with aggressive antiepileptic therapy, which sometimes results in good neurological
outcome [102].
At that point in time (e.g., 48e72 h after CA), short-latency cortical responses (N20) to somatosensory evoked potentials (SSEPs) have been shown to be strong predictors of poor outcome. This
cortical response can only be reliable when peripheral responses are present and are not inﬂuenced by
moderate sedation or metabolic disturbances. When cortical responses are absent bilaterally in a
technically well-performed test, the prediction of poor outcome had an FPR of 0.5% [103]. Unfortunately, only a small proportion of patients with a poor outcome after resuscitation have absent N20
bilaterally, which resulted in a low sensitivity of assessing the prognosis; in addition, preservation of
the N20 response does not imply a favorable outcome, as almost half of patients with normal N20 will
have poor outcomes [103].
The measurement of NSE levels on days 2e3 after CA was still associated with poor outcome, but
with an FPR close to 20% [99] and no optimal cutoff value identiﬁed yet [103]. In a recent study, NSE
values above 48 ng/ml on day 2 after arrest had an FPR of only 2%; further, 48 and 72 h after arrest, NSE
predicted neurological outcomes with areas under the receiver-operating curve of 0.85 and 0.86,
respectively [91]. In all patients with “uncertain” prognosis (e.g., still comatose in the absence of all
possible predictors of poor outcome), cerebral magnetic resonance imaging (MRI) may be a better
means of identifying brain damage using apparent diffusion coefﬁcient (ADC) maps [104]. In particular,
bilateral hippocampal hyperintense signals on diffusion-weighted imaging (DWI) and ﬂuid-attenuated

Fig. 3. Multimodal prognostication of coma after cardiac arrest and targeted temperature management (TTM). The ﬁgure summarizes the timing for using all available tools to predict poor outcome or neurological recovery from coma.
EEG ¼ electroencephalography; NSE ¼ neuron-speciﬁc enolase; CT scan ¼ computed tomography; GWR ¼ ratio of the density of gray
to white matter; SE ¼ status epilepticus; MRI ¼ magnetic resonance imaging; MR ¼ motor response; CR ¼ corneal reﬂexes;
PR ¼ pupillary reﬂexes; M1-2 ¼ absent motor response or posturing; M5-6 ¼ localize pain or execute orders; N20 ¼ cortical responses to somatosensory evoked potentials.
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inversion recovery (FLAIR) sequences were reported as a speciﬁc imaging indicator of poor prognosis in
patients who suffer global hypoxiceischemic injury [105].
Multimodal approach
The combination of several prognostic tools with clinical examination should be used to improve
the accuracy of outcome prediction after postanoxic injury (Fig. 3). Although several proposals have
already been published [106,107] and still need to be validated in large prospective trials, previous
studies have already shown that a multimodal approach can increase the predictive value for neurological recovery after CA. As an example, the addition of NSE values to clinical examination and SSEPs
can increase the predictability of poor neurological function from 64% to 76% [108]. In one study, all
available tools were combined to assess the prognosis in 111 patients resuscitated from CA [109]; 15 of
34 patients who were comatose on day 3 had clinical generalized myoclonus and all died. Of the
remaining 19 patients, seven had a “continuous EEG” and six regained normal consciousness. All patients with status epilepticus and burst suppression or ﬂat EEG also died. One patient, however,
awakened and presented continuous EEG background, normal MRI and low NSE levels, preserved
brain-stem reﬂexes, and bilateral presence of N20 on SSEPs. Finally, in a recent study (n ¼ 134), the
combination of clinical examination, EEG reactivity, and NSE values yielded the best predictive performance (receiving operator characteristic areas under the curve of 0.89 for mortality and 0.88 for
poor neurological outcome) [110].
Summary
Postanoxic brain injury remains a signiﬁcant source of morbidity and mortality in patients who
survive CA. Establishing therapeutic options after ROSC to decrease the burden of brain damage are
warranted. Several therapeutic interventions, including noble gases, nitric oxide, EPO, statins, or glucocorticoids, are still under evaluation and clinical data are still scarce or inconclusive.
Accurate prognostication of comatose patients suffering from postanoxic injury, especially if
treated with TTM, can only occur 72e96 h after CA, requiring a multimodal approach. Neurological
examination remains the ﬁrst step; the addition of EEG and NSE in a very early phase could better
identify patients with a greater extent of brain injury. In particular, the presence of an early
unreactive EEG background or burst-suppressed EEG pattern is associated with poor outcome. After
sedative discontinuation (e.g., from days 2e3 after arrest), the bilateral absence of N20 h is invariably
associated with a poor prognosis, thus conﬁrming irreversible coma. Serum biomarkers of brain
damage (NSE and S-100b) may be useful in assessing the severity of acute brain damage, which when
combined with MRI ﬁndings can help identify patients with extended brain damage who remain
comatose thereafter.

Practice points
- Neuroprotection strategies after CA are limited. Some promising drugs are currently under
evaluation, and they may potentially be considered for future large clinical trials.
- Assessment of neurological prognosis after CA is a clinical challenge; neurological examination alone presents several pitfalls, and a multimodal approach should be implemented in
these comatose patients.
- The presence of absent motor response or posturing in combination with absent pupillary
and/or corneal reflexes and a “malignant” or unreactive EEG pattern or bilateral absence of
cortical responses to SSEPs will predict poor outcome.
- A reactive EEG background and very low levels of NSE may be found in patients eventually
presenting an intact neurological recovery.
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Research agenda
- Limited clinical data are available on the effects of statins, antioxidants, minocycline, and
adenosine in the treatment of HIE.
- Large prospective studies should validate models that combine neurological examination
with additional tools (e.g., EEG, SSEPs, NSE, and MRI) and demonstrate their high accuracy of
predicting outcome in comatose survivors after CA.
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