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REVIEW

Resuscitating the Globally Ischemic Brain: TTM and Beyond

Melika Hosseini1 & Robert H. Wilson1,2
& Christian Crouzet1,2 & Arya Amirhekmat1 & Kevin S. Wei1 & Yama Akbari1,2

# The American Society for Experimental NeuroTherapeutics, Inc. 2020

Abstract
Cardiac arrest (CA) afflicts ~ 550,000 people each year in the USA. A small fraction of CA sufferers survive with a majority of
these survivors emerging in a comatose state. Many CA survivors suffer devastating global brain injury with some remaining
indefinitely in a comatose state. The pathogenesis of global brain injury secondary to CA is complex. Mechanisms of CA-
induced brain injury include ischemia, hypoxia, cytotoxicity, inflammation, and ultimately, irreversible neuronal damage. Due to
this complexity, it is critical for clinicians to have access as early as possible to quantitative metrics for diagnosing injury severity,
accurately predicting outcome, and informing patient care. Current recommendations involve usingmultiple modalities including
clinical exam, electrophysiology, brain imaging, and molecular biomarkers. This multi-faceted approach is designed to improve
prognostication to avoid “self-fulfilling” prophecy and early withdrawal of life-sustaining treatments. Incorporation of emerging
dynamic monitoring tools such as diffuse optical technologies may provide improved diagnosis and early prognostication to
better inform treatment. Currently, targeted temperature management (TTM) is the leading treatment, with the number of patients
needed to treat being ~ 6 in order to improve outcome for one patient. Future avenues of treatment, which may potentially be
combined with TTM, include pharmacotherapy, perfusion/oxygenation targets, and pre/postconditioning. In this review, we
provide a bench to bedside approach to delineate the pathophysiology, prognostication methods, current targeted therapies,
and future directions of research surrounding hypoxic–ischemic brain injury (HIBI) secondary to CA.

Key Words Global brain injury . hypoxic–ischemic brain injury . cardiac arrest . neuroprognostication . diffuse optical
spectroscopy . targeted temperature management
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BP blood pressure
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CBF cerebral blood flow
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LP lactate-to-pyruvate
LPS lipopolysaccharides
MAP mean arterial pressure
MCA middle cerebral artery
MFV mean flow velocity
MCS mental health composite score
MMP matrix metalloproteinase
MMSE mini-mental state exam
MPTP mitochondrial permeability transition pore
MRI magnetic resonance imaging
mRS modified Rankin Scale
MSE myoclonus status epilepticus
NADH nicotinamide adenine dinucleotide
NIRS near-infrared spectroscopy
NMDA N-methyl-D-aspartate
NO nitric oxide
NPi Neurological Pupil index
NSE neuron-specific enolase
NSR nonshockable rhythm
OHCA out-of-hospital cardiac arrest
PCS physical health composite score
PEA pulseless electrical activity
PET positron emission tomography
PHDs prolyl hydroxylase domain proteins
PLR pupillary light reflex
ROS reactive oxygen species
ROSC return of spontaneous circulation
SD spreading depolarization
SSEP somatosensory evoked potential
SUR sulfonylurea receptor
TTM targeted temperature management
VF ventricular fibrillation
VIS–NIR visible to near-infrared
VT ventricular tachycardia
WLST withdrawal of life-sustaining therapy.

Introduction

Roughly 550,000 people in the USA suffer cardiac arrest (CA)
annually [1]. Despite improvements in advanced cardiac life
support (ACLS), basic cardiac life support (BCLS), resuscita-
tion protocols, and training, only 11.5% of out-of-hospital
cardiac arrest (OHCA) patients treated by emergency medical
services (EMS) survive until hospital discharge [1]. Of those
who survive OHCA, fewer than 9% are discharged from the
hospital with a diagnosis of “good functional status” [1].

Poor neurological outcome is common among CA survivors
because CA causes hypoxic–ischemic brain injury (HIBI).
HIBI is a complex pathophysiological mechanism of brain
damage caused by oxygen deprivation, reduction in cerebral
perfusion, and cytotoxicity. It is important to use the term “hyp-
oxic” instead of “anoxic” to describe HIBI because 1) complete

loss of oxygen is not necessary to cause HIBI, and 2) the ische-
mic component of HIBI should not be overlooked [2].

Over the past decade, there have been multiple modifica-
tions to monitoring and treatment guidelines for HIBI second-
ary to CA (Fig. 1). In 2006, the American Academy of
Neurology (AAN) proposed a set of prognostic guidelines
for CA-induced HIBI, consisting of brain stem reflex assess-
ment, myoclonus status epilepticus 24 h after CA, somatosen-
sory evoked potential (SSEP) 24–72 h after CA, and neuron-
specific enolase (NSE) within 24–72 h after CA [3]. In 2015,
the European Resuscitation Council/European Society of
Intensive Care Medicine (ERC/ESICM) also adopted a mul-
timodal approach and expanded its guidelines to include
targeted temperature management (TTM), sedative clearance,
and waiting at least 72 h prior to prognostication to account for
delayed neurological recovery [4]. Despite these revised
guidelines, development of improved treatments for global
cerebral ischemia induced by CA is still identified internation-
ally by experts as a critical area of unmet clinical need [5].

Accurate prognostication of neurological outcome for CA
patients as early as possible is critical for helping clinicians
make the most well-informed treatment and patient care deci-
sions. Indeed, deleterious metabolic changes occur within sec-
onds of injury [6] and hemodynamic dysregulation occurs with-
in minutes [7]. However, despite the rapid dynamics of HIBI,
many current clinical techniques for brain injury assessment
and prognosis are not performed until 24–72 h after CA [3, 8].

Continuous monitoring of cerebral changes during CA-
induced HIBI, beginning immediately after injury, has poten-
tial to improve prognostic accuracy and patient care. For in-
stance, identifying poor prognosis as early as possible could
be vital for informing prompt personalized treatment to im-
prove outcome by ameliorating physiologic insults in real time
as they are developing. In this review, we will discuss molec-
ular markers, imaging techniques, and optical technologies
that, when performed within the first 24 h after return of spon-
taneous circulation (ROSC), may provide the potential to im-
prove short- term and long-term prognosis and open avenues
for novel therapeutic intervention. We will conclude by
discussing the current state of treatment, beginning with
TTM and expanding to include pharmacological therapies
and hemodynamic interventions.

Mechanisms of Brain Injury Following Global
Ischemia and Reperfusion

Causes of CA

Sudden CA can be dichotomized to shockable and
nonshockable presenting rhythms and whether the occurrence
is in-hospital or out-of-the-hospital. Etiologies of shockable
rhythms (ventricular fibrillation (VF) and pulseless ventricular
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tachycardia (VT)) are typically cardiac in origin and consist of
dysrhythmic events that cause the heart to suddenly stop.
Although shockable rhythms have usually been the predominant
cause of CA in adults, their prevalence has recently declined [9,
10]. This trend has been linked to an increase in interventions
such as coronary stents, pacemakers, implanted defibrillators,
anti-platelet medication, and coronary artery bypass graft
(CABG) surgery [9]. Shockable rhythms have been associated
with better survival rates than nonshockable rhythms (pulseless
electrical activity (PEA) and ventricular asystole) [11–13].

Causes of nonshockable CA typically include respiratory
failure (e.g., drowning, drug overdose, choking, suffocation,
hanging). Respiratory failure leading to nonshockable CA is
characterized by a prolonged prearrest period of hypoxia and
hypercapnia contributing to the dysfunction of the cardiopul-
monary system. Progression of such rapid, untreated respira-
tory failure can eventually lead to hypotension, bradycardia,
and typically the development of pulseless electrical activity
or asystole. Meanwhile, death by hanging can induce a state of
respiratory failure by the compression to the airway or fracture
to the hyoid bone but typically is a result of interruption of
venous and/or arterial cerebral blood flow by different degrees
of compression of these vessels [14].

In a canine model, ischemic brain damage was observed to
be greater following 7 min of asphyxial CA than after 10 min
of VF CA [15]. This result suggests that shockable and

nonshockable CA involve different mechanisms of brain in-
jury that may require different types of treatment. More re-
cently, a study comparing shockable (VF) with nonshockable
(asphyxia) CA in rats (n = 25) and humans (n = 1007) found
that VF CAwas associated with less severe brain injury (p <
0.001) and more favorable outcome after ROSC [16]. Among
nonshockable rhythms, a Swedish registry of cardiopulmo-
nary resuscitation reported greater survival rates in patients
with PEA than those with asystole, suggesting that resuscita-
tive care may benefit from differentiating different types of
nonshockable rhythms to better understand and possibly im-
prove neurological outcome in a more patient-specific manner
[17].

Hemodynamic Changes

CA leads to reduced cerebral blood flow (CBF), initiating a
cascade of primary metabolic dysfunction in the neurons and
secondary reperfusion injuries to the brain (Fig. 2) [18].
Cerebral perfusion after CA and resuscitation can be charac-
terized by a gradual, multi-phasic (Table 1) restoration of CBF
and cerebral autoregulation over the first 72 h [19, 20]. The
initial post-resuscitation increase in blood pressure and CBF is
termed reactive hyperemia. During this period, the ratio of
CBF to cerebral metabolic rate of oxygen (CMRO2) will often
exceed its normal range. Post-ischemia/reperfusion rises in

Fig. 1 Recent evolution of guidelines for post-CA patient care. This
timeline compares changes in guidelines from three recent meetings
(AAN, 2006; ERC/ESICM, 2014; AHA, 2015) emphasizing a multimod-
al approach to patient care following CA. Also included are gaps in the
standard of care for CA patients, as identified during a more recent col-
laborative meeting (ANIM, 2018). AAN = American Academy of

Neurology; ERC/ESICM = European Resuscitation Council/European
Society of Intensive Care Medicine; ANIM = Arbeitstagung
NeuroIntensive Medizin; NSE = neuron-specific enolase, PLR = pupil-
lary light reflex; SSEP = somatosensory evoked potential; MRI = mag-
netic resonance imaging, CT = computerized tomography;WLST =with-
drawal of life-sustaining therapy
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CBF to CMRO2, whether acute or delayed, have been referred
to as “luxury perfusion,” which has been linked to a loss in
vascular tone and vasodilation secondary to acidosis [21–23].

Reactive hyperemia is followed by hypoperfusion, a
decrease in CBF that can exacerbate secondary injury.
Hypoperfusion can arise as the result of the no-reflow
phenomenon (incomplete microvascular filling during re-
perfusion) [24–26] and the actions of vasoconstrictors
such as 20-hydroxyeicosatetraenoic acid (20-HETE) and
endothelin-1 [27, 28]. As CBF is restored, the mean flow
velocity in the middle cerebral artery (MFVMCA) in-
creases toward normal in CA survivors, while MFVMCA

is abnormally high in nonsurvivors [29], supporting a link
between “luxury perfusion” and poor outcome. If
vascular-specific markers can be actively monitored fol-
lowing resuscitation, CBF-targeted interventions may be
targeted to ameliorate secondary injury [27].

CA-induced HIBI is linked to the disruption of normal
cerebrovascular autoregulation, which protects the healthy
brain from hemodynamic disturbances. Cerebrovascular auto-
regulation maintains constant CBF over a range of mean arte-
rial pressure (MAP) (usually 50–150 mmHg). Brain injury
after resuscitation has been linked to a right shift (higher
MAP maximum) and narrowing of MAP on the autoregula-
tion curve [30–33]. In pigmodels, hypothermia after hypoxic–
asphyxial CA has been associated with a decrease in the right
shift and a decrease in CBF [32].

Despite the well-known relationship between MAP and
CBF, there is a lack of knowledge about optimal blood pres-
sure targets after resuscitation for CA patients [33, 34].

Current guidelines suggest avoiding hypotension [4, 43,
44]. More recent studies suggest maintaining elevated MAP
following CA to adequately perfuse the brain and maintain
optimal CBF in the setting of cerebral dysregulation
[44–46]. In one recent study, good neurological outcome
(modified Rankin Scale ≤ 3) upon discharge from the hospital
was associated with MAP > 90 mmHg in the first 6 h after
resuscitation [44]. A second recent study, focused on CA pa-
tients with initial shockable rhythms, suggested that MAP
targets should be > 75 mmHg to improve neurological out-
come in that patient population [46].

Understanding cerebral autoregulation is critical for
informing optimal MAP targets for CA patients. For example,
patients with hypertension exhibit a cerebral autoregulation
curve that is shifted to the right, suggesting that hypertensive

Fig. 2 Mechanisms of post-CA neuronal damage. CA causes hypoxic–
ischemic damage, leading to cytotoxicity and ultimately triggering cellu-
lar shutdown and spreading depolarization. Following ROSC, CBF is
restored but mismatches between perfusion and metabolism can lead to
ischemic injury (no-reflow) or luxury perfusion (reperfusion injury)

Table 1 Three hemodynamic stages following resuscitation

Hyperemia
(0–30 min)

Hypoperfusion
(30 min–12 h)

Restoration of blood
flow (12–72 h)

• Hyperemia linked to
cerebral
vasoparalysis [35]

•Vasoparalysis linked to
increasing lactic acid
from anaerobic
respiration [36],
NO [37], and
adenosine [38]

• Loss of vascular tone
is independent of
changes in BP
or reactivity
to CO2, which is
preserved [19, 21]

• CBF decreases
by 50% [39, 40]

• Hypoperfusion linked
to intravascular
stasis (no-reflow
phenomenon) [24]
and vasoconstriction
[27]

• Imbalance of
vasodilators (e.g.,
NO) [41] and
vasoconstrictors (e.g.,
endothelin-1) [28]
contributes to
hypoperfusion

• In survivors, large
vessel blood flow
exhibits gradual
return to
near-baseline,
along with
increased
metabolism [42]

• Increases in large
vessel blood flow
observed in
nonsurvivors [29]

Following resuscitation, three stages of hemodynamic alteration have
been observed in patients and preclinical models. The first stage
(hyperemia) is marked by increased blood flow. The second phase
(hypoperfusion) is characterized by a reduction in blood flow. The third
stage involves the recovery of near-normal CBF. Each box highlights
specific pathophysiologic mechanisms linked to these hemodynamic
changes

NO = nitric oxide, BP = blood pressure, CBF = cerebral blood flow
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patients may particularly benefit from higher blood pressure
targets after CA [30]. Recently, methods for more individual-
ized management of post-CA HIBI have been investigated.
For instance, jugular bulb microdialysis is currently being
used to assess cerebral oxidative metabolism by measuring
lactate-to-pyruvate (LP) ratio, in which a high LP ratio is
associated with anaerobic metabolism, alongside neurological
outcome in a randomized control trial (n=66) comparing low
(63 mmHg) versus high (77 mmHg)MAP following CA [45].

Metabolic Stress

Intracellular metabolic and ionic changes are hallmarks of
ischemic injury that play an important role in homeostasis
and neuronal survival. The cellular mechanisms of post-CA
cerebral damage can be divided into two phases: primary and
secondary injury.

The primary injury phase of HIBI is characterized by cel-
lular excitotoxicity leading to neuronal and glial cell death.
Oxygen is depleted within 15–20 s [6], causing loss of ATP
production within 5 min [47–50], followed by anaerobic gly-
colysis for 4–5 min [51]. Inactivation of ATP dependent chan-
nels leads to cellular swelling (cytotoxic edema), accumula-
tion of lactic acid, and increases in intracellular Ca2+.
Increases in calcium also lead to membrane depolarization
and release of glutamate largely mediated by NMDA recep-
tors, which further increase the concentration of Ca2+. In vivo
studies have shown that the concentration of Ca2+ in the hip-
pocampus is substantially elevated during ischemia, and the
reversal of these alterations during reperfusion has different
dynamics in area CA3 than area CA1 [52]. Calcium activates
apoptotic cascades involving caspases, calpains, proteases,
phospholipases, and oxygen free radicals. Despite NMDA’s
large role in Ca2+ influx and “excitotoxicity”, clinical trials
using NMDA receptor antagonists were considered unsuc-
cessful [53, 54].

Management of HIBI is mainly focused on limiting sec-
ondary injury [55]. Secondary injury involves a physiologic
response to the imbalance of oxygen demand and supply.
Immediately following resuscitation, reperfusion injury
causes microvascular dysfunction, hyperoxia, cytotoxicity, in-
flammatory processes, and cerebral edema. Reperfusion exac-
erbates cellular excitotoxicity by delivering oxygen as a sub-
strate for reactive oxygen species (ROS) and enzymatic reac-
tions [56]. Endothelial dysfunction from ROS is responsible
for impaired vasomotor regulation, decreased endothelial
anticoagulation causing microthrombi [57, 58], and impaired
blood-brain-barrier (BBB) permeability [59, 60]. Activation
of lytic enzymes disrupts mitochondrial function and further
contributes to loss of homeostasis and perpetuates necrosis
[18, 56, 61]. Mitochondria are responsible for buffering cyto-
solic Ca2+ concentrations. Mitochondrial Ca2+ uniporters can
be genetically deleted, leading to some neuroprotection during

ischemia models, suggesting that they may be potential ther-
apeutic targets in global ischemia [62, 63]. Also, we and
others have recently shown that mitochondrial Zn2+ accumu-
lation appears to precede and contribute to this mitochondrial
Ca2+ dysregulation that eventually leads to neurotoxicity in
selective CA1 pyramidal neurons, highlighting the potential
therapeutic benefits of controlling such upstream mitochon-
drial Zn2+ dysregulation [64, 65]. Ischemic changes and re-
perfusion injuries are more deleterious to selective regions of
the brain like the hippocampus (CA1 in particular),
frontoparietal cortex (layers III, V, VI), basal ganglia, and
Purkinje cells of the cerebellum [56]. Activation of lytic en-
zymes, apoptotic signaling cascade, and dysfunctional mito-
chondria all enhance excitotoxicity and lead to further irre-
versible brain damage [56].

Inflammation

The immune response following CA is orchestrated by a num-
ber of different inflammatory cells andmarkers. The process is
complex and discussing it in totality would be beyond the
scope of this review. Here, we summarize recent research into
the role of microglia and briefly discuss inflammatory pro-
cesses involving astrocytes and T lymphocytes. The inflam-
matory response has two major phases: 1) activation of resi-
dent macrophages and endothelial cells [56, 66]; 2) influx of
peripheral inflammatory cells [56, 67].

Microglia, resident macrophages of the central nervous
system (CNS), are activated within minutes of insult and will
persist for days [68]. Microglia have long been thought to
exacerbate ischemic injury, but current research highlights
their “biphasic” or “dual” role after cerebral ischemia [60,
69]. Specifically, microglia not only release ROS and produce
inflammatory cytokines and proteases [60, 70], they also clear
necrotic debris and produce anti-inflammatory cytokines and
growth factors [60, 71]. New therapeutic targets aim to control
the regulatory mechanisms for microglial activation and po-
larization [69]. Clinical trials with stem cells and microRNA
have shown potential for modulating microglia at different
stages of ischemic stroke [60, 69, 72], and may hold promise
for global ischemia.

Microglia, endothelial activation, astrocytes, and matrix
metalloproteinases (MMPs) contribute to the breakdown of
the BBB. Disruption of the BBB is associated with cerebral
vasogenic edema, hemorrhagic transformation, leukocyte in-
filtration, and leakage of toxins [60]. Temporary BBB disrup-
tion during “no-flow” periods has also been observed in ro-
dents via MRI variance imaging, with recovery of BBB 48 h
later [68, 73]. Interestingly, microglia have also been shown to
release progranulin, a growth factor associated with
neurovascular protection and attenuation of BBB disruption
after ischemic stroke [74–77]. In astrocytes, aquaporin 4
(AQP4) is upregulated after ROSC and associated with early
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vasogenic edema following CA [78]. In rodents, AQP4 inhib-
itors such as AER-271 mitigate early edema 3 h after ROSC
[79]. Furthermore, loss of ATP results in impaired function of
Na+/K+ pumps, leading to neuronal and astrocyte swelling due
to loss of the membrane potential. Inability of neurotransmit-
ter reuptake causes an increase in extracellular glutamate,
resulting in excitotoxicity. Lactic acid, free radicals, and ara-
chidonic acid build up much like in sepsis.

Cerebral edema is recognized as a robust factor in prognos-
tication for neurological outcome, and one key goal of
targeted therapy is to minimize edema following CA [56,
80, 81]. Cellular edema compresses surrounding capillaries,
further reducing blood flow, increasing intracranial pressure
and increasing Ca2+ influx. Leaks in the BBB result in the
elevated influx of T-lymphocytes, particularly cytotoxic T
Cells (CD8+), at 3 h after ROSC [68]. In fact, a recent pre-
clinical study showed that mice lacking functional T-cells ex-
hibited significantly reduced ischemic damage to neurons in
the CA1 region of the hippocampus [82]. Recent preclinical
studies have also shownmitigation of post-CA cerebral edema
by SUR1-TRPM4 channel inhibitors, such as glibenclamide
(glyburide), leading to improved outcome [83, 84], warranting
their testing in clinical studies as has been done in large hemi-
spheric stroke.

Temperature

Figure 3 summarizes key effects of temperature on the brain
following CA-induced HIBI. Hyperthermia is associated with
worse neurological outcome following HIBI [18, 85, 86].
Preclinical studies have demonstrated an increase in infarction
size by 43.4% (95% CI, 29.8-56.9%) as a function of elevated
temperature following stroke, and hyperthermia was shown to be

even more harmful if present for over 2 h [87]. Thermotoxicity
has been linked to pathophysiological mechanisms that further
exacerbate ischemic and reperfusion injuries. For example, in-
creased temperature (38–39 °C) is associated with greater BBB
permeability [88], which is associated with cerebral vasogenic
edema and altered intracranial pressure (ICP) [18]. Hyperthermia
has also been linked to increases in glutamate production, which
adds to Ca2+ influx, activation of metabolic pathways, and per-
petuation of this vicious cycle ending in neuronal death [89–91].
Hyperthermia may also be associated with impaired autoregula-
tion in CA patients [18]. Additionally, hyperthermia decreases
the threshold for seizures [18, 55], which are often indicative of
poor neurological recovery [92, 93]. On the other hand, different
degrees of hypothermia seem to have little effect on seizures as
there were no significant difference in the prevalence of seizures,
or the ability of seizures to prognose outcome, in patients whose
temperature was lowered to 33 °C versus 36 °C [93].

Experimental findings have strongly supported immediate
cooling by 3–5 °C following resuscitation and continuing for
approximately 48–72 h for optimal neuroprotection against
secondary injury [94, 95]. Immediate therapeutic hypothermia
in rat models improves cerebral blood flow (CBF) restoration
and maintenance following ROSC and results in better neuro-
logical outcome [96]. Cerebral cooling following global ische-
mia was associated with fewer and shorter seizures in piglets
[97, 98]. Furthermore, hypothermia has been associated with
reductions in cerebral metabolism, excitotoxicity, free radical
production, and BBB permeability [95, 99, 100]. In fact, ce-
rebral metabolism is reduced at a rate of 5-7% for every 1
degree Celsius drop in temperature, emphasizing the impact
of even a small change in temperature [95, 99, 101, 102]. In
rodent models of cerebral ischemia, hypothermia was linked
to reductions in lactate dehydrogenase (LDH) activity [103],

Fig. 3 Effects of temperature on
the post-CA brain. Core tempera-
tures of 37.5 °C and above have
been associated with deleterious
changes in the brain after CA.
However, if core temperature is
temporarily reduced, therapeutic
effects can be achieved. However,
hypothermia also increases risk of
complications such as bradycar-
dia and impaired glycemic con-
trol. CBF = cerebral blood flow,
BBB = blood–brain barrier
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free fatty acid accumulation [104], and excitatory amino acid
(EAA) production [105, 106]. Indeed, for rats maintained at
33 °C and 30 °C, glutamate release was inhibited completely
and dopamine release was reduced [104]. Such reduction of
EAA helps to delay onset of, and damage due to, anoxic cell
depolarization [107]. Moreover, hypothermia was shown to
suppress nitric oxide and superoxide species in hippocampal
slice cultures [108] and during ischemia and reperfusion in
gerbils [109]. Also, the rapidity of temperature change after
CA is important, as shown by one study demonstrating
cooling within 1 h of global ischemia in a rodent model was
associated with reduction in BBB leakiness and brain edema
24 h later [110].

Cooling is also known to be involved with inhibition of
neuro-inflammatory and apoptotic pathways [95, 100, 111].
Furthermore, hypothermia has been associated with decreased
microglial and nuclear NFkB activation [112]. Numerous
studies have demonstrated hypothermic disruption of both
the intrinsic and extrinsic pathways of apoptosis [100]. For
instance, hypothermia has been linked to activation of anti-
apoptotic Bcl-2 and suppression of pro-apoptotic factor BAX
[113]. Reductions in pro-inflammatory cytokines (IL-1b, IL-6,
IL-18, and TNF) [114–116] and increases in anti-
inflammatory cytokines (IL-10) [117] have both been ob-
served with cooling.

It is important to note that therapeutic hypothermia carries
several well documented clinical risks. Hypothermia has been
associated with a decrease in cardiac output of about 25-40%
secondary to temperature induced bradycardia [118, 119].
Hypothermia has also been linked to vasodilation of coronary
arteries in healthy adults, as well as vasoconstriction of coro-
nary arteries in adults with severe atherosclerotic disease
[120]. Other risks of hypothermia include immunosuppres-
sion, risk of infection, electrolyte disturbances, insulin resis-
tance, impaired drug clearance, mild coagulopathy, and cold
diuresis [95].

Techniques for Injury Assessment,
Monitoring, and Prognosis

Accurate assessment of HIBI secondary to CA, continuous
monitoring of CA-induced cerebral alterations, and improved
prognosis of neurological recovery require multimodal ap-
proaches. Clinical guidelines for assessment of HIBI patients
include testing brainstem reflexes and assessing EEG activity.
When possible, it is also recommended to measure somato-
sensory evoked potential (SSEP), the EEG recorded activity
induced by a stimulus (usually electrical activity to the median
nerve). Additional modalities include brain imaging (e.g.,
computed tomography; magnetic resonance imaging; near-
infrared spectroscopy) and biomarker assays (e.g., neuron-
specific enolase).

A retrospective cohort study of 226 unconscious post-
CA patients at a single tertiary care center from 2011–2017
compared the false predictive rate (FPR) of this multimod-
al approach for three different sets of guidelines. The ERC/
ESICM (2014) guidelines proved more predictive of poor
neurological outcome at 6 months (FPR < 0%) than the
American Academy of Neurology (AAN) guidelines
(FPR < 8%) or the American Heart Association (AHA)
guidelines (FPR < 12%) [121]. The most robust predictors
of poor neurological outcome using the ERC/ESICM
guidelines were absence of N20 SSEP and/or absence of
pupillary and corneal reflexes [121].

When using a multimodal approach, it is possible to min-
imize the degree of “self-fulfilling prophecy” and premature
withdrawal of life-sustaining therapy (WLST) since prognos-
tic limitations of relying on any one single approach can be
mitigated [121–124]. However, some of the aforementioned
tools and tests are expensive and require highly-trained per-
sonnel to interpret the results [122, 125].

Clinical Examination

Two landmark studies in 1974 [126] and 1977 [127] demon-
strated the association between with neurological outcome of
comatose CA survivors and parameters measured via initial
clinical examination. In 1985, a multicenter study evaluated
210 comatose patients and established the Levy Criteria, the
first set of guidelines to predict long-term neurological out-
come [128]. Subsequently, these criteria evolved into the cur-
rently used Cerebral Performance Categories (CPC) to mea-
sure neurological outcome. CPC 1 represents the best possible
outcome, with minor cranial nerve abnormalities and other
mild neurological and psychological deficits but overall abil-
ity to lead a normal life. CPC 5 represents death. Prior to 2006,
neurological outcome was dichotomized between “good”
(CPC 1–3) and “poor” (CPC 4–5). In 2015, the Utstein
Recommendations were to include CPC score of 3 and under
as “poor” due to the patient’s limited cognition and severe
neurological deficits [129, 130]. Alternative measurements
include the Glasgow Outcome Scale (GOS) and modified
Rankin Scale (mRS).

An absent pupillary light reflex (PLR) 72 h after CA has been
shown in many studies to be prognostic of poor outcome (CPC
score of 3–5 at discharge) [3, 128, 131]. Although PLR is often
dichotomized as either absent or present, recent studies have
used automated pupillometry to quantify the degree of pupillary
constriction. In one such study employing pupillometry, 55 adult
patients were assessed at the start of TTM, approximately 6 h
after ROSC, and throughout 24 h of TTM, finding that NPi <
0.37 (Neurological Pupil index). By 6 h after ROSC, quantita-
tive pupillometry was highly predictive of neurological outcome
at discharge [131]. Other aspects of the clinical exam are focused
on the brain stem response, including corneal reflex and motor
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response to pain. The main limitation in examining brain re-
flexes is their limited sensitivity in predicting good recovery as
well as suppressive effects of sedation and neuromuscular
blocking drugs [124, 132]. Either completely absent motor re-
sponse or the presence of extensor (decerebrate) posturing to
pain is defined as motor score (M) = 1 or 2, respectively, on
the Glasgow Coma Scale. The ERC-ESICM recommends test-
ing corneal reflex and PLR at 72 h while cautioning the inter-
pretation of a low motor score of 1 or 2 on the Glasgow Coma
Scale due to low specificity [124]. Neverthelesss, motor re-
sponse has a high sensitivity and is best used in conjunction
with other neuroprognosticators. Current research is also inves-
tigating the accuracy of optic nerve sheath diameter in determin-
ing neurological outcome (NCT03195881).

Patients presenting with myoclonic status epilepticus
(MSE) have traditionally been thought to have a poor progno-
sis; however, exceptions to this have also been reported, es-
pecially in the era of TTM [43]. More invasive technologies
that include intracranial monitoring have shown to be useful in
select patients, but these techniques can carry risks, especially
in patients with coagulopathy, and larger studies are needed
for further validation [123].

Brain Imaging

The ratio of gray matter to white matter, measured with com-
puted tomography (CT) within the first 48 h after resuscita-
tion, has been shown to predict outcome following CA
[133–136]. Lower values of the gray/white matter ratio can
indicate increased edema, which reduces the ability of the
gray matter to attenuate the CT source [136]. Combining
CT data measured within 3 days of resuscitation with
Glasgow Coma Scale data acquired 3 days after resuscitation
showed potential for improving prognostication of recovery
6 months after resuscitation, relative to using only the
Glasgow scale [137]. Combining CT data with neuron-
specific enolase (NSE) testing (see Section 3.4) was shown
to improve prognostication of patient recovery from CA, rel-
ative to either method individually [138].

Obtaining quantitative information about changes in gray
matter and white matter independently is critical for assessing
hypoxic–ischemic brain injury, since gray matter is more vul-
nerable to hypoxia than white matter [55] and CA-induced
changes in gray matter in the cortex are different than those
in the subcortex [139]. Recently, advances in MRI data pro-
cessing for magnetic resonance imaging (MRI) have increased
the precision with which hypoxia-related structural alterations
in gray matter can be quantified. This has led to the creation of
multivariate models combining changes in cortical thickness
with alterations in gray matter volume (both measured with
conventional T1-weighted MRI) to predict brain recovery
1 year after CA in patients [139]. Diffusion-weighted MRI
has shown high sensitivity for predicting post-CA recovery,

but it can suffer from poor specificity because patients who are
younger, healthier, or underwent less-severe injury can often
have good long-term prognosis despite initially showing ab-
normalities on MRI [140–142].

Recently, techniques such as diffusion-weighting [143],
phase analysis [144], and connectivity mapping [145] have
been used to obtain additional quantitative information from
MRI to better characterize ischemic damage in the brain. MRI
data has also been used in tandem with CT data to improve
prediction of neurological recovery, showing that the combi-
nation of these two modalities provided better prognostic ac-
curacy than either of the two individually[146]. Furthermore,
positron emission tomography (PET) has been used to mea-
sure CBF and brain oxygen metabolism in a preclinical CA
model, revealing oligemia and reduced oxygen extraction in
the cortex concomitant with excess CBF relative to oxygen
extraction in the cerebellum [147].

Electrophysiological Tools: EEG, SSEP, and BIS

Electroencephalography (EEG) is a technique that measures
the changes in electrical potential from brain activity.
Different EEG waveforms are observed in healthy brains
versus disease states such as coma, seizure, or dementia.
After HIBI, various EEG patterns have been identified as
being benign or malignant. Benign EEG activity includes
theta dominant or frontal rhythmic delta, whereas malignant
activity includes isoelectric (silent), low amplitude delta, al-
pha coma or burst suppression [148]. Malignant EEG patterns
have demonstrated low sensitivity but high specificity for
identifying poor outcome [149]. This result may seem coun-
terintuitive, but the presence of benign EEG is encountered
more commonly than expected in post-CA patients, yielding
low specificity.

Another method for prognostication is to apply electrical
current to peripheral nerves to induce EEG patterns, common-
ly referred to as somatosensory evoked potentials (SSEP). For
example, the absence of the N20 cortical wave during median
nerve stimulation has provided 100% specificity for identify-
ing poor outcomes in multiple studies [3]. The explanation for
these findings was that cortical tissue is much more prone to
anoxic brain injury, so by the time brainstem reflexes are ab-
sent, the cortex is irreversibly damaged. A prospective study
[150] examined whether using combinations of 2 or more
variables (e.g., bilaterally absent SSEP, unreactive EEG back-
ground, early myoclonus, incomplete recovery of brainstem
reflexes) predicted survivability following anoxic brain injury.
When 2 or more of the aforementioned variables were used, a
specificity of 1, sensitivity of 0.72 and an unweighted accura-
cy of 0.9 were reported. However, a limitation in this study
was that during post-CA care, administration of antiepileptics
or sedatives could cause exogenous changes to EEGs. Despite
the high specificity of SSEPs in identifying poor outcome, it
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can often be difficult to obtain them in a timely manner in the
intensive care unit setting due to the need for someone expe-
rienced in the technique.

The bispectral index (BIS), a quantity obtained from EEG
that has historically been used to characterize depth of anes-
thesia, is another potential prognostication method for
assessing neurologic function in CA patients during TTM
[151]. In an initial exploratory study, it was discovered that
low BIS scores during therapeutic hypothermia in CA patients
predicted poor neurologic outcome after discharge, and that
decrease in BIS was associated with an increase in the odds of
poor outcome [151]. In a subsequent study measuring CA
patients undergoing TTM, the “good outcome” (cerebral per-
formance category score of 1–2) patient group had a signifi-
cantly higher mean BIS value after ROSC compared to the
“poor outcome” (cerebral performance category score of 3–5)
patient group [152]. Although these studies show promising
uses for BIS, which is far easier to implement in the intensive
care setting compared to SSEPs, several limitations exist with
the usage of BIS. For instance, since BIS only outputs a proc-
essed EEG signal, BIS signal interference from confounding
factors such as extraneous EMG activity or electrical devices
such as pacemakers cannot easily be detected [153]. More
studies concomitantly measuring BIS and EEG signals are
needed to confirm the accuracy of BIS prediction of poor
neurologic outcome. Nevertheless, EEG-based prognostica-
tion techniques show significant promise for predicting poor
post-CA outcomes and thus can be of great use to inform
decisions about withdrawal of care. However, there remains
an unmet need for a reliable positive prognosticator to aid
clinical decisions beyond withdrawal of care.

Molecular Biomarkers

Neuron-specific enolase (NSE) and S100B are neuro-injury
biomarkers that may be used as strong early prognostic indi-
cators of poor neurological outcome [154]. Unlike many
neuro-prognostic markers, these markers are not significantly
influenced by sedatives, neuromuscular relaxants [155, 156],
temperature changes (33 vs 36 °C), or prolonged hypothermia
during standard TTM management [157]. While traditionally,
NSE values above 33 μg/L at 48 h were considered highly
prognostic of death or poor neurological outcome, in the more
recent TTM era, recent studies suggest that a higher cutoff
may be needed to maintain a low false positive rate and that
serial measurements may provide added benefit [155].
Another recent study on TTM patients further supported
stronger prognostication of NSE values at 48 h as compared
to 24 h, whereas minimal difference was found between
values drawn at 48 versus 72 h [158]. NSE is a more robust
prognosticator than S100B for poor outcome (CPC 3–5) at
6 months [155, 156]. However, studies have also shown that
combined S100B and procalcitonin measurements at 24 h

after CA are good neuro-prognosticators of poor neurological
outcome (CPC 3–5). Combining S100B and procalcitonin
biomarkers improved sensitivity from 83.3% and 70.2%
(measuring S100B and procalcitonin alone, respectively) to
85.1% [159]. Currently, in the TTM era, there is no clear
consensus for the optimal threshold that should be placed on
NSE value for best prognostication [132, 154, 155]. However,
numerous studies and recent expert recommendations support
the use of NSE within a multimodal approach in combination
with clinical, imaging, and electrophysiological data, rather
than in isolation, to maximize sensitivity and specificity of
prognostication [43, 155, 158, 160]. More recent studies have
also analyzed miRNA, which are smaller molecules that can
cross the blood–brain barrier and may be detectable earlier
than NSE [161].

Emerging Tools: Diffuse Optical Spectroscopy
and Imaging and Spreading Depolarization

Over the past two decades, techniques involving diffusely
scattered light have become increasingly investigated for char-
acterizing the complex changes in brain tissue resulting from
global cerebral ischemia. These methods, collectively known
as diffuse optical spectroscopy and Imaging (DOS(I)), and
including Near-Infrared Spectroscopy (NIRS), shine visible-
to-near-infrared (VIS-NIR) light onto the tissue and use a
fiber-optic probe or camera to detect the light that is scattered
back to the surface by the tissue [162]. Some of the light is
absorbed by tissue constituents such as oxygenated hemoglo-
bin, deoxygenated hemoglobin, water, and lipid, causing
wavelength-dependent attenuation in the detected signal.
Therefore, by performing DOS(I) at multiple wavelengths,
the absorption coefficient (and thus, the concentration) of each
individual chromophore in the tissue can be measured.

Early uses of DOS(I) techniques to characterize cerebral
ischemia included imaging hemoglobin oxygenation changes
in a neonatal piglet hemorrhage model [163] and identifying
secondary energy failure via NIRS measurements of
Cytochrome aa3 [164].More recently, NIRS oximetry devices
have become more widely incorporated into studies trying to
improve prognostication following CA [165–169]. Some ap-
plications of these devices include examining the effect of
TTM in preclinical models, [170, 171], using NIRS to inform
CPR quality and detect ROSC [172], and testing the potential
of NIRS for initial “prehospital” assessment of traumatic brain
injury severity [173]. However, it is important to note that
tissue oxygenation values measured with commercial NIRS
systems may not strictly represent cerebral oxygen consump-
tion [174], as perturbations to CBF and oxygen extraction will
both impact the measured tissue oxygenation values.
Therefore, it is necessary to incorporate multi-modal ap-
proaches for more accurate quantitative monitoring of tissue
perfusion, oxygenation, and metabolism.
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Over the past decade, numerous hybrid technologies, in-
corporating multiple modalities of diffuse light, have been
investigated for assessing the complex dynamic relationship
between cerebral blood flow changes, alterations in brain ox-
ygenation, and deficits in tissue metabolism in response to
global cerebral ischemia. Typically, one of the technologies
in such a hybrid setup quantifies cerebral blood flow, and the
other measures parameters related to brain oxygenation. Using
these measurements in tandem provides metrics for character-
izing changes in flow-metabolism coupling and cerebral auto-
regulation. For example, NIRS has been combined with dif-
fuse correlation spectroscopy (DCS) in the neonate brain for
quantifying perfusion and metabolism changes associated
with hypothermic interventions during cardiopulmonary by-
pass and encephalopathy [175, 176]. Furthermore, a hybrid
NIRS/laser Doppler approach has been used to quantify limits
of autoregulation in a preclinical model of CA + CPR with
TTM [32]. Also, a combination of laser Doppler and jugular
catheter oxygen measurement has been performed to assess
the relationship between CBF and cerebral oxygen extraction
in the first 72 h after resuscitation [20]. Utilizing a multimodal
approach, NIRS along with mean arterial pressure (MAP)
have been used simultaneously for assessing differences be-
tween cerebral and peripheral perfusion to characterize auto-
regulation [177]. Our group has also examined differences
between cerebral perfusion and peripheral perfusion in a pre-
clinical CA model using multiple optical modalities and have
found a dissociation between the cerebral and peripheral
pulsatility [178]. Moreover, DCS has been used along with
oximetry to monitor the potential for preconditioning due to
repeated occlusion and reperfusion [179]. Camera-based dif-
fuse optical techniques have also been used for measuring
CBF and intrinsic optical signal (IOS; a parameter related to
tissue absorption and scattering) along with a voltage-
sensitive dye to quantify neurovascular coupling in a preclin-
ical CA model [180, 181]. Recently, in neonates that experi-
enced hypoxic–ischemic encephalopathy shortly after birth,
wavelet techniques were employed using NIRS data in com-
bination with blood pressure to quantify autoregulation and
using NIRS in tandem with EEG to assess neurovascular cou-
pling [182].

In the future, it may be possible to enhance contrast in
diffuse optical hemodynamic measurements by incorporating
techniques such as photoacoustic tomography [183] and im-
prove localized detection of cerebral hemodynamic changes
using diffuse optical tomography [184] or “whole-head”
NIRS with multiple source-detector separations and principal
component analysis to separate contributions from different
regions of the brain [185]. Additionally, characterizing the
biophysical meaning of the tissue scattering changes during
cerebral ischemia and reperfusion shows significant potential
as a new marker of cytotoxic edema, metabolic compromise,
and neuronal injury [186–188]. In fact, our group has recently

found in a preclinical model that changes in CBF, tissue ox-
ygenation, cerebral metabolism, and tissue scattering precede,
and may be predictive of, EEG recovery in the ultra-early
period (first 1–5 min) after reperfusion [187, 189].
Furthermore, we show that the flow–metabolism ratio
(CBF/CMRO2) in the brain at ultra-early time points (1–
2 min after ROSC) may be diagnostic of CA severity
(duration) and predict bursting, and this metric appears robust
across different ischemia durations [190]. Additionally, we
recently demonstrated that combining CBF and tissue oxy-
genation data shows promise for continuously measuring
CMRO2 on an absolute scale (e.g., μM O2/min), which has
traditionally been more challenging to measure but potential-
ly very important [191]. Absolute CMRO2 measurement en-
ables direct quantitative comparison between cerebral metab-
olism of multiple subjects or a single subject on multiple
days, without the need for baseline measurements or pertur-
bations such as hypercapnia.

One area of rapidly growing interest for both prognostica-
tion and potential targeted intervention is the spreading depo-
larization (SD) theory of neuronal injury from various insults
including global ischemia. SD occurs when an insult (e.g.,
anoxia) causes neurons to depolarize in a wave that propagates
and is followed by severe suppression of neuronal electrical
activity [192–194]. The extremely energy-demanding strain
placed on individual cells during this phenomenon induces
physical changes (cell swelling, beading, energy store deple-
tions, and loss of local blood flow) to brain tissue that accom-
pany the electrical alterations. The area surrounding the brain
necrosis, known as the penumbra, experiences the SD in
waves emanating from the core [195]. Spreading depolariza-
tions occur in conjunction with cytotoxic edema [196, 197].
SD has recently become the topic of intense preclinical and
clinical research due to its interest as a potential target for
therapeutic intervention [197–200]. Our group has recently
shown that analysis of SD and repolarization during CA
may play a potential role in very early prognostication of
neurological outcome [188].

Targeted Temperature Management

In 2002, significant improvement in post-CA survival and
neurologic function after shockable rhythm was reported in
patients treated with induced hypothermia from 32 to 34 °C, a
method that became widely adopted in hospitals [201–203].
However, there has been disagreement about the underlying
therapeutic mechanisms associated with this temperature
range. For example, there has been debate over whether the
improved clinical outcomes were associated with the temper-
ature being dropped to 32–34 °C or whether the effect was
simply due to the prevention of fever, since fever has been
associated with poorer post-CA outcomes [204–206]. In
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2013, a landmark trial researched the differences in all-cause
mortality and neurologic function between patients randomly
assigned to TTM at 33 °C versus 36 °C, showing that hypo-
thermia at 33 °C did not demonstrate a benefit compared to
36 °C [207]. The primary outcome, all-cause mortality at the
end of this TTM trial, did not differ significantly between the
two temperature groups, and the secondary outcomes, poor
neurologic function or death at 180 days, also did not show
a significant difference.

Further sub-studies stemming from this TTM trial have
compared the 33 °C and 36 °C treatment groups within dif-
ferent subpopulations, including patientswith nonshockable
rhythm (NSR). Current guidelines recommend hypothermia
for all resuscitated patients regardless of initial rhythm, but
evidence for TTM in patients with NSR is limited, and man-
agement remains controversial [94, 208, 209]. In 2019, an-
other landmark multicenter study was reported showing that
TTM targeting 33 °C after nonshockable rhythm leads to
improved neurological outcome in survivors by 90days after
CA [210]. Prior to this, a recent retrospective cohort study
had linkedTTM(32–34 °Cwithin 6 h ofROSC) to decreased
mortality and improved neurological outcomes in patients
with NSR [209]. Moreover, another recent study found that
therewasnodifferencebetweenpatient outcomes forTTMat
33 °C versus TTM at 36 °C for NSR patients [211]. Thus,
evidence for TTM’s benefit in nonshockable rhythm has
been significantly strengthened in recent years.

The effects of bradycardia on mortality and neurologic
outcome in CA patients were also studied in the patients
from the 2013 TTM trial [212]. A subset analysis of the
33 °C group showed that bradycardia less than 50 beats/
min was independently associated with lower 180-day
mortality and lower odds of unfavorable neurologic out-
come, and that the 33 °C group of patients experienced a
more pronounced heart rate-lowering effect from the TTM
as compared to the 36 °C group. This effect corroborated
the previously known trend that core temperatures lower
than 35.5 °C may lead to the development of sinus bra-
dycardia [95]. However, these independent associations
do not definitively prove that TTM at 33 °C can decrease
mortality and improve neurologic outcome as compared
to at 36 °C. Two possible confounding factors, including
sedation and differences in medication use, were not con-
trolled for in this study. Therefore, further investigation is
needed to research the interactions between sedation,
medication regimens, and heart rate in CA patients treated
with TTM.

The optimal duration of cooling and rewarming is also a
controversial topic in TTM. A recent randomized clinical trial
compared 24 h versus 48 h of 33 °C TTM in CA patients
suffering from shockable versus nonshockable rhythms.
Better neurological outcome (CPC 1–2) was observed in the
48-h group than in the 24-h group. However, study results

were not statistically significant, requiring larger randomized
trials [213]. Furthermore, adverse events were also more com-
mon in the 48-h group [214]. Following TTM, slow
rewarming is recommended [43, 94, 215] to avoid the risk
of rebound fever over the initial 24 h following rewarming
[216]. However, a recent retrospective observational study
compared rewarming at 0.15 °C/h versus 0.25 °C/h and did
not find significant differences in neurological outcome [215].
A current clinical trial (NCT02555254) is further investigating
optimal rates of rewarming.

Current standards and guidelines for TTM do not rec-
ommend a particular method for modifying core temper-
ature, and research comparing different TTM methods is
limited [217, 218]. One recent retrospective study found
endovascular cooling to be more precise than surface
cooling, but the neurological outcomes in the two groups
were similar [218], while endovascular cooling also re-
quires placing central venous catheters and thus carries
its associated risks [94]. Recently, esophageal cooling
catheters have been safely implemented during TTM and
are increasingly being used [219]. More innovative
methods of targeted temperature management are current-
ly being tested. For instance, the PRINCESS Clinical
Trial (n=677) randomized patients to either trans-nasal
evaporative intra-arrest cooling or to standard of care.
Both groups received systemic therapeutic hypothermia
(32 °C or 34 °C) for 24 h. The results showed that
trans-nasal cooling did not significantly improve 90-day
neurological outcome [220]. Furthermore, patients receiv-
ing TTM must be carefully monitored to minimize com-
plications related to ventilation, oxygenation, carbon di-
oxide, bradycardia, hypotension, insulin resistance, infec-
tion, fever, acute respiratory disease, shivering, and over-
sedation [94].

In a study focusing on quality of life and cognitive func-
tion after CA, patients from the 2013 TTM trial were in-
vited to complete a follow-up assessment 6 months after
discharge from the hospital [221]. Quality of life and cog-
nitive function were assessed via four outcome measures:
clinician-reported, performance, observer-reported, and
patient-reported. No significant difference was found be-
tween the 33 °C and 36 °C groups on MMSE, IQCODE,
Two Simple Questions, MCS, and PCS scores (all tests for
cognitive function, level of daily function and mental re-
covery, and overall measures of health). The finding that
cognitive function did not differ between the two TTM
groups was confirmed by a second study [222]. Current
research is ongoing to further investigate TTM mecha-
nisms and their effects on quality of life, mortality, and
neurological function. For instance, the TTM2 trial is an
international multicenter randomized superiority trial,
comparing 33 °C after CA to early treatment of tempera-
tures greater than 37.8 °C (NCT02908308).
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Emerging Treatments

Pharmacotherapy

Pharmacotherapies in cerebral ischemia continue to be ex-
plored and the current research has grown extensively. Here,
we will introduce several pharmacotherapies and their accom-
panying pathways, including SUR1/glyburide, orexin, eicos-
anoids, prolyl hydroxylase, and ROS inhibitors.

SUR1 is a subunit that regulates intracellular Ca2+-activat-
ed nonselective cation channels that are opened by ATP de-
pletion [223]. Typically, SUR1-regulated ion channels are not
constitutively expressed in the CNS and are only activated
during nerve damage caused by events such as ischemia, trau-
ma, and hemorrhage. Sustained channel opening leads to so-
dium rushing into the cell, causing water to follow in, precip-
itating cell swelling and cell death. Glyburide, which has his-
torically been used to treat diabetes mellitus type 2, is current-
ly undergoing clinical trials (NCT02864953) to treat stroke
patients by its mechanism of targeting the SUR1-TRPM4
channel complex and inhibiting its overactivity, thus decreas-
ing edema formation [224, 225]. Indeed, glyburide has been
shown to reduce post-CA cerebral edema and improve out-
come in animal models [83, 84], suggesting its possible ben-
efit in humans also. The completion of ongoing clinical trials
is warranted to investigate this exciting possibility.

Orexin, a hypothalamic excitatory neuropeptide responsi-
ble for arousal, also plays an important role in neurological
recovery after CA [226, 227]. Using a rodent model, our
group has demonstrated a decline in orexin-A 4 h after resus-
citation with a gradual increase to normal levels that tempo-
rally coincides with arousal [226]. An intranasal orexin-A
treatment administered to rats 30-min after resuscitation was
linked to significant reductions in neuroinflammatory markers
(IL1b, iNOS, TNF-a, GFAP, CD11b) and accelerated neuro-
logical recovery [227]. In further support of a likely important
role for orexin in post-CA recovery, our group showed that
inhibition of orexin in rats after resuscitation is linked to worse
neurological outcome, underscoring a causal relationship be-
tween orexinergic activity and arousal level after CA [226].

Eicosanoids, metabolites of arachidonic acid, are produced
by cytochrome P450 (CYP) and play a role in vasodilation
and vasoconstriction. 20-hydroxyeicosatetraenoic acid (20-
HETE), an eicosanoid producing CYP enzyme, is an impor-
tant vasoconstrictor. Inhibition of 20-HETE in a preclinical
CA model was associated with improved cortical perfusion
and better short-term outcomes [228].

Prolyl hydroxylase domain proteins (PHDs) hydroxyl-
ate targets such as hypoxia-inducible transcription factors
(HIF). These proteins are upregulated in the presence of
oxygen, marking HIF for proteasome degradation. In a
murine model, HD1 inhibition was protective against cere-
bral ischemia [229].

Animal models have played a vital role in improving our
understanding of the pathophysiology, prognosis, and poten-
tial treatments for HIBI after CA. A recent groundbreaking
swine experiment [230] has questioned our understanding of
death [231]. Irreversible cellular injury is the ultimate end-
point of HIBI and brain death. Interestingly, Vrsejla et al. have
demonstrated a pig brain’s ability to resume microcirculation
and molecular and cellular activity up to 4 h postmortem (after
decapitation) and to maintain such activity up to 10 h post-
mortem during their tests. The cocktail of pharmacologic
agents used in their perfusate that was injected in the pig
brains to restore brain activity could potentially be key com-
ponents that provide neuroprotective benefits following CA.
These animal experiments have major implications for
humans, both in advancement of treatments and prognostica-
tion as well as the fundamental definitions we carry for death.

More clinical trials are needed to test proven preclinical
pharmacotherapies in humans. Indeed, ongoing clinical trials
are investigating gas therapy, including Xenon versus oxygen
(NCT0317618), as well as repurposing of compounds such as
vitamin C (NCT03509662) following CA. In short, the future
of treatment for the globally ischemic brain holds promise as
more pharmacologic approaches are tested in the clinical
setting.

ROS Inhibitors

Reactive oxygen species (ROS), the byproducts of metabolic
enzymatic reactions, are involved in apoptosis, cell signaling,
the immune response, and protein expression [232, 233].
Under normal conditions, the ROS produced in the brain are
cleared by antioxidative enzymes to prevent an over-
proliferation of ROS. However, during ischemic conditions,
antioxidative enzymes are unable to clear the ROS as fast as
they are produced, due to increased mitochondrial metabolism
of succinate and increased activity of NADH oxidase and
xanthine oxidase, among other enzymes. This overproduction
of ROS can lead to brain tissue damage, protein degradation
or aggregation, lipid peroxidation, DNA damage, and inacti-
vation of key metabolic enzymes.

Therefore, therapies either targeting the generation of ROS
or mitigating the effects of formed ROS have been developed
to combat excessive ROS proliferation after ischemia.
Treatments preventing the formation of ROS include mito-
chondrial electron transport chain uncouplers, NADPH oxi-
dase inhibitors, and xanthine oxidase inhibitors, whereas treat-
ments mitigating the effects of formed ROS involve ROS
scavengers and ROS degradation. Vitamins A, C, and E and
lipoic acid are antioxidants used as ROS scavengers, but clin-
ical trials have shown no definitive benefit of using vitamins
or supplements to treat ischemic stroke [232, 234, 235]. Use
of other free radical scavengers such as NXY-059 and
citicoline have not shown demonstrative benefit for patients
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[232, 236, 237]. These findings of ROS scavengers may be
attributable to the fact that blanket scavenging may disrupt the
physiological effects of ROS, causing a host of other issues
[233]. Therefore, more focused scavenging may prove effec-
tive at limiting the damage from ROS. Preliminary studies
have shown that the other side of the equation, preventing
excessive ROS production, may prove beneficial [233, 238],
but more studies are needed to confirm the efficacy of
inhibiting the generation of ROS.

Perfusion and Oxygenation Targets

Over the past 10-15 years, a number of studies [7, 34, 44,
239–243] have investigated the ideal targets for blood pres-
sure, CBF, and brain oxygenation during and immediately
after CPR. Hyperoxia has long been the standard of care dur-
ing resuscitation from CA, but this practice is currently a topic
of significant debate, as the clinical literature is not consistent
on whether hyperoxia or normoxia is better for improving
neurological recovery following CA [241]. In a recent cohort
study [34], a link was shown between hyperoxia in the first 6 h
after resuscitation and impaired neurological recovery upon
discharge from the hospital. Additionally, multiple preclinical
studies going back several decades [239, 244, 245] have sug-
gested that normoxia may facilitate better neurological recov-
ery than hyperoxia. However, to properly interpret the effect
of inspired oxygen on neurological recovery, it is critical to
also understand the relationship between brain oxygenation
and other crucial hemodynamic parameters such as MAP
and CO2, as was done in a recently completed randomized
control trial [242, 246]. This study, known as the
COMACARE trial, showed that although elevated target
values of oxygen and CO2 produced an increase in brain ox-
ygenation (as measured by NIRS), these interventions did not
ultimately lead to a significant change in neuron-specific eno-
lase (NSE) concentration measured 48 h after resuscitation.
Therefore, the optimization of target oxygen level during
and immediately after ROSC continues to be an area of active,
crucial research. Recently, our group has demonstrated in a
preclinical model that it may be critical to target not just oxy-
genation, but the ratio of cerebral perfusion to oxygen metab-
olism (CBF/CMRO2), and that the window for optimizing
this value may be quite transient (e.g., within the first several
min after ROSC) [190]. We anticipate that future work in this
area will continue to emphasize multimodal monitoring and
multivariate optimization of cerebral hemodynamic parame-
ters to facilitate improved outcome following CA and CPR.

Recently, several groups (including our own) have inves-
tigated the impact of peripheral blood pressure, perfusion,
and pulsatility on neurological recovery following global ce-
rebral ischemia. In the cohort study described in [34], it was
also found that raising blood pressure within the first 6 h after
ROSC may help improve neurological outcome after CA

[44]. However, it has also been shown that the optimal levels
of perfusion to target can vary from patient-to-patient, be-
cause these values are dependent on the MAP-CBF autoreg-
ulation curve, which can differ among patients [243]. This
result emphasizes the need for a personalized-medicine ap-
proach to treatment, guided by continuous multimodal mon-
itoring of cerebral autoregulation. New techniques, such as
stimulating the vagus nerve [247] may be possible to employ
in this context to optimize perfusion as needed for individual
patients. Furthermore, targeting specific values of perfusion
pressure [248] or even inducing variations in blood pressure
[7] may help to facilitate improved neurological recovery.
Additionally, our group has shown that in a preclinical model
of asphyxial CA and resuscitation, increased peripheral blood
pressure pulsatility (e.g., pulse pressure) after resuscitation is
associated with worse short-term neurological recovery
[178]. This finding, in conjunction with other studies, sug-
gests that monitoring and targeting specific mean arterial
pressure as well as the pulse pressure in the periphery and
the brain may play an important role in post-resuscitation
neurological recovery in patients.

Preconditioning and Postconditioning

Preconditioning and postconditioning are defined as exposing
an organ to sub-lethal injuries before, during, or after a hyp-
oxic insult to build tolerance and mitigate damage. Ischemic
tolerance from these procedures has been thoroughly de-
scribed in other organs such as the heart and kidneys. TTM
can be thought of as preconditioning and postconditioning for
the brain. This section does not aim to provide a comprehen-
sive review but rather to make the reader aware of the breadth
of work in this area and where temperature control may fit into
the picture.

Neuroprotective potential is dependent on the type, sever-
ity, and duration of the insult. A stimulus that is too great will
permanently damage brain tissue, while a stimulus that is too
small will result in no neuroprotective effect. This invokes a
continuum of the same insult at different intensities: no effect,
protective, apoptogenic, and neurogenic. Preconditioning
stimuli that are neuroprotective for global ischemia can be
produced via a variety of insults. These sublethal conditions
include, for example, hypoxia, ischemia, NMDA agonists,
ethanol, thrombin, LPS, hyperbaric oxygen, anesthetics, and
opioid receptor antagonists. Also, insults can be either global
or regional/remote (i.e. induction of a milder ischemia to a
peripheral limb) and still provide neuroprotection [249, 250].
All of these mechanisms utilize a few common pathways de-
scribed below. All of their effects repeatedly have been shown
to reduce (at different timepoints and effect) the loss of neu-
rons during an ischemic event. Clinical trials for precondition-
ing in CA have been initiated to evaluate therapeutic benefit in
humans (NCT03093948).
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Preconditioning and postconditioning both induce a short-
term weak response and a long-term robust response. The
short-term response is experienced within minutes and may
last around 2 h. The short-term response relies on membrane
receptors, adenosine receptors, and electrical potentials and
their effects on KATP channels [251, 252]. Another mechanism
of short-term ischemic preconditioning may include the ex-
pression ofmiRNA that targets mRNA responsible for inflam-
mation, ionic balance, oxidative stress, and transcription, as
shown in an animal study [253].

The long-term robust response peaks around 3 days (with a
protective window of ~ 1–7 days) and has a greater protective
effect than the short-term response. This response takes time
and results in greater protection because of changes in protein
expression. These changes fall into the broad categories of
inflammatory signaling, heat–shock proteins, nitrous oxide,
free radical sensors, adenosine and BCL/caspase, Nf-KB,
and various other cell survival pathways. Many studies have
described these protective mechanisms via signal transduction
in greater length and detail. Most of these previous reports
describe a general downstream effect of reducing cell death
through mechanisms related to KATP channels described
above as well as by inhibition of the mitochondrial permeabil-
ity transition pore (MPTP) and thereby blocking apoptosis or
necrosis [254]. It has also been shown that mitigation of
excitotoxicity can occur via NMDA regulation [255].

A commonly cited problem in ischemic preconditioning is
the lack of clinical application due to the random nature of
events such as focal stroke or CA. Therefore, while precondi-
tioning may be a useful preventative measure, its practicality
is clearly a challenge. Postconditioning, however, does not

suffer from this limitation. Ischemic postconditioning also en-
tails inducing sublethal injuries to the brain parenchyma, but it
takes place after the initial insult. Ischemic postconditioning
can also be categorized as either classic or remote, where
classic is intermittent occlusion of the same vessels that
caused the injury and remote is intermittent occlusion of ves-
sels on an extremity. The underlying molecular mechanisms
for postconditioning appear to have some similarities to those
for preconditioning. One preclinical study showed the possi-
ble utility of intermittent ischemic postconditioning in reduc-
tion of infarct size [256]. The group performed three cycles of
30-s occlusion/10-s release of the bilateral CCA after reperfu-
sion in rats, robustly reducing infarct size in focal ischemia. In
2009, this group used the same focal ischemic model, but
rather than classic postconditioning, they used remote (on a
limb) postconditioning to show a similar effect [257] via many
of the same pathways described above. Recently, a clinical
study showed a decrease in stroke incidence in intracerebral
artery stenosis patients using remote ischemic preconditioning
by inflating a pneumatic cuff around patients’ arms [258]. In
this study, the incidence of recurrent stroke at 300 days was
26.7% in the control while the preconditioned group demon-
strated a reduction in the incidence of recurrent stroke to 7.9%
at 300 days.

Other methods of preconditioning are being investigated to
mitigate ischemic brain injury without the use of ischemia
itself as the preconditioning insult. Indeed, hypothermia itself
has been shown in an animal model to provide a precondition-
ing type of neuroprotection [259]. Moreover, multiple preclin-
ical studies have shown that partial caloric restriction or keto-
genic diet appears to also induce a preconditioning-type of

Fig. 4 Targeted therapies for post-CA patient care. The base of the pyr-
amid highlights the currently used treatment for CA patients (TTM), with
bullet points identifying TTM parameters that remain topics of debate,
interest, or investigation. Upon this foundation, new treatment mecha-
nisms (upper levels of the pyramid) are being introduced. 20-HETE =

20-hydroxyeicosatetraenoic acid; AQP4 = aquaporin 4; ROS = reactive
oxygen species; NMDA = LPS = lipopolysaccharide; MAP = mean arte-
rial pressure; CBF = cerebral blood flow; CMRO2 = cerebral metabolic
rate of oxygen; StO2 = tissue oxygenation
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neuroprotection from ischemic injury [260, 261]. In fact, our
group has recently shown in an animal model that ultrashort
(overnight) caloric restriction before asphyxial CA induces
mild ketosis and provides significant neuroprotection that
may signify a preconditioning-type of effect [262].

Conclusion

HIBI caused by CA is a complex mechanism of brain dam-
age caused by insults including oxygen deprivation, reduc-
tion in cerebral perfusion, and cytotoxicity [2, 263]. For de-
cades the clinical exam was the principal method for deter-
mining injury severity and predicting neurological outcome.
Electrophysiology, brain imaging, and molecular biomarkers
are beginning to be integrated together to increase diagnostic
and prognostic accuracy. Clinicians are often conflicted
about when to discuss early predictions of outcome for neu-
rologically impaired and comatose patients with family
members to elucidate treatment plans [264]. Therefore, mul-
timodal monitoring approaches are highly recommended as
potential means of minimizing “self-fulfilling prophecy” and
avoiding premature withdrawal of life-sustaining therapy
[121, 130]. Emerging monitoring tools such as diffuse opti-
cal technologies, which can provide continuous monitoring
of HIBI-related perturbations to the brain, may provide ear-
lier diagnosis/prognosis, more accurate assessment of injury,
lower false predictive rates, and better-informed patient treat-
ment. Identifying poor prognosis early on with novel moni-
toring tools could be vital to either provide prompt treatment
or improve outcome by ameliorating physiologic insults as
they are occurring or having critical discussions with family
members about goals of care.

There have been few recent therapeutic advancements in
CA patient treatment, and while existing therapies (e.g.,
TTM) provide some benefit, there is an urgent need to further
reduce devastating outcomes for patients and their families
[5, 68]. For TTM, the number of patients needed to treat in
order to improve recovery for one patient is ~ 6, making us
turn toward the investigation of other potential treatments to
further reduce morbidity and mortality [265]. Emerging ther-
apies targeting metabolic factors, pharmacologic therapies,
ROS scavengers, preconditioning, and optimizing peripheral
blood pressure, CBF, and brain oxygenation may be integrat-
ed with the current standards of treatment early on to improve
patient outcomes (Fig. 4). Our group anticipates that future
therapies will potentially incorporate advanced monitoring
tools to collect continuous, quantitative cerebral hemodynam-
ic information at the bedside that may provide real-time feed-
back to inform dynamic, patient-specific, brain-centered treat-
ment plans and address physiologic changes within minutes
of cardiac arrest.
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