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ABSTRACT

Cardiac arrest (CA) is a critical public health
issue affecting more than half a million Ameri-
cans annually. The main determinant of out-
come post-CA is hypoxic–ischemic brain injury
(HIBI), and temperature control is currently the
only evidence-based, guideline-recommended
intervention targeting secondary brain injury.
Temperature control is a key component of a
post-CA care bundle; however, conflicting evi-
dence challenges its wide implementation
across the vastly heterogeneous population of
CA survivors. Here, we critically appraise the
available literature on temperature control in

HIBI, detail how the evidence has been inte-
grated into clinical practice, and highlight the
complications associated with its use and the
timing of neuroprognostication after CA. Future
clinical trials evaluating different temperature
targets, rates of rewarming, duration of cooling,
and identifying which patient phenotype ben-
efits from different temperature control meth-
ods are needed to address these prevailing
knowledge gaps.
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Key Summary Points

Hypoxic–ischemic brain injury resulting
from cardiac arrest comprise primary and
secondary brain injuries with
multifactorial mechanisms leading to
both types of injury.

Temperature control remains a
cornerstone of post-cardiac arrest care as
mechanistic pathways for secondary brain
injury are temperature dependent.
However, several aspects of this therapy,
including target temperature, duration,
and methods and rate of rewarming are
prevailing knowledge gaps currently being
investigated.

Physiologic complications of hypothermia
can affect nearly every organ system, each
of which exhibit a temperature-dependent
response.

Pharmacologic management in the post-
cardiac arrest patient includes
analgosedation, hemodynamic support,
prevention and suppression of shivering,
and management of the metabolic
aberrations during temperature control.

Neuroprognostication post-CA should be
multimodal and delayed for at least 72 h
after return of spontaneous circulation, or
longer if temperature control was
employed, in order to avoid inappropriate
withdrawal of life-sustaining therapy.

INTRODUCTION

Out-of-hospital cardiac arrest (OHCA) affects
over 600,000 individuals each year in the Uni-
ted States and Europe, while in-hospital cardiac
arrest (IHCA) affects * 300,000 people a year
[1], posing a major public health challenge.
Mortality remains unacceptably high, with
roughly one in ten OHCA and one in four IHCA
patients surviving to hospital discharge [2–5].

Hypoxic–ischemic brain injury (HIBI) is a major
contributor to outcomes after cardiac arrest
(CA) [6]; the burden of HIBI is determined by
both the primary ischemic injury and the sec-
ondary brain injury after reperfusion [7, 8]. To
date, there is only one intervention recom-
mended by the American Heart Association and
the European Resuscitation Council (ERC)
intended to improve neurological outcomes by
targeting HIBI: temperature control [9, 10].
Temperature control involves actively modu-
lating core body temperature to a range of
32–37.5 �C for at least 24 h after CA. It is worth
noting that ‘‘therapeutic hypothermia’’, ‘‘cool-
ing’’ and ‘‘targeted temperature management’’
have been used in the past to reflect the practice
of controlling temperature, passively or
actively, within a certain range, most often
between 32 and 36 �C; these are falling out of
favor given the changing landscape in post-CA
care, where target temperatures may not be in
the hypothermic range and the term ‘‘targeted
temperature management’’ may suggest prac-
tices following the study protocol of specific
clinical trials. The premise of temperature con-
trol is to mitigate HIBI by minimizing mito-
chondrial injury, cerebral metabolism,
formation of free radicals, and neuronal exci-
totoxicity pathways that are temperature
dependent [7, 11–13]. In this scoping review, we
characterize the mechanisms implicated in HIBI
and dissect post-CA care, with a focus on tem-
perature control and its phases, as well as the
implications for neurologic outcome
prediction.

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

METHODS

A literature search in the PubMed database was
performed for research articles published up to
November 2022, and included any of the terms,
Cardiac Arrest, Targeted Temperature Manage-
ment, Post-Cardiac Arrest Syndrome, Heart
Arrest, Temperature Control, and Hypothermia,
were reviewed and included in this scoping
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review. The citations included were analyzed to
determine if any additional articles met the
inclusion criteria. Only peer-reviewed articles
published in the English language were con-
sidered for this scoping review.

Mechanisms of Neurologic Injury
in Cardiac Arrest

HIBI is one of the most feared complications
from CA [14], and encompasses both primary
and secondary neuronal injuries. Along with
shock-like endotheliopathy, secondary brain
injury mechanisms are the cornerstone of the
post-resuscitation syndrome, making them
appealing targets for interventions aimed at
improving neurological outcomes and survival
post-CA.

Primary Brain Injury
Primary brain injury occurs during the ‘‘no-
flow’’ phase of CA when oxygenation to vital
organs becomes compromised. Previous data
have reported that electroencephalographic
(EEG) attenuation or suppression ensues within
30 s of circulatory arrest. However, in rare cases,
EEG activity can continue for several minutes
after blood flow ceases [15]. Neuronal death
may occur within minutes [16]. This ischemic
injury continues until partial reperfusion is
restored during cardiopulmonary resuscitation
(CPR), and is characterized by depletion of ATP
causing dysfunction of ion exchange pumps [6].
The loss of transmembrane ionic gradient leads
to anoxic depolarization, a type of spreading
depolarization characterized by a massive wave
of depolarization, causing cytotoxic edema,
release of glutamate, and excitotoxicity. Anoxic
depolarization leads to cell death unless bioen-
ergetic supply is restored [17, 18]. Additional
mechanisms in primary brain injury include
intracellular acidosis, neuronal excitotoxicity,
and apoptosis [16]. It is imperative to restore
perfusion promptly, as the brain is uniquely
intolerant to ischemia, and animal studies have
shown that signs of cerebral edema begin to
appear on imaging as early as during the initial
‘‘no-flow’’ phase of CA [19].

Secondary Brain Injury
When CPR is initiated and a temporary ‘‘low-
flow’’ state ensues, cerebral blood flow (CBF) is
restored at * 25% of its normal rate [6]. This
suboptimal CBF is insufficient to effectively
perfuse the brain, and subsequent neuronal
damage through complex mechanisms follows.
Immediately after the return of spontaneous
circulation (ROSC), there is a transient state of
‘‘no-reflow’’, which is characterized by micro-
circulatory failure despite restoration of forward
flow [20]. Recently, this ‘‘no-reflow’’ phe-
nomenon has been observed in vivo, and is
hypothesized to be caused by cortical hypoper-
fusion due to reduced capillary red blood cell
velocity. This multifaceted phenomenon occurs
in multifocal areas in the brain parenchyma,
and its effect compound on impaired cerebral
autoregulation, blood–brain barrier dysfunc-
tion, cerebral edema, intracellular Ca2? accu-
mulation, and release of reactive oxygen and
nitrogen species, a cascade which results in
further cell death [6, 16, 21, 22]. These physio-
logical changes may continue over the course of
days post-arrest, leading to secondary brain
injury, and have become the main targets of
interventions aiming to mitigate HIBI.

The Role of Temperature Control in Post-
Cardiac Arrest Care

Hyperthermia following CA is common, with
over 40% CA survivors experiencing elevated
core temperatures within 48 h of ROSC. Post-CA
hyperthermia has been shown to have delete-
rious effects on survival and neurological out-
comes [13, 23–25]. A temperature[37.5 �C
following resuscitation will potentiate neuronal
injury by further disrupting the blood–brain
barrier, increasing cerebral metabolism, intra-
cellular Ca2? influx, and enhancing neuronal
excitotoxicity, ultimately enhancing cell-death
pathways [16]. In addition, hyperthermia post-
CA may further impair cerebral autoregulation
[26]. For this reason, guidelines universally rec-
ommend avoiding hyperthermia ([37.7 �C) for
at least 72 h after ROSC [9, 10].

Temperature control is a standard practice in
post-CA care, and involves actively maintaining
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a temperature between 32 and 37.5 �C for at
least 24 h in patients who remain unresponsive
to verbal commands after ROSC [9, 27]. Cur-
rently, guidelines recommend initiating tem-
perature control as early as possible following
ROSC in patients who do not respond to verbal
commands, regardless of location of arrest and
type of non-perfusing rhythm.

The Scientific Premise of Hypothermia
and Neuroprotection
The neuroprotective effects of modulating
temperature following HIBI are well established
in the literature, and include decreasing cere-
bral metabolic rate (cerebral metabolic rate
decreases by * 6% per every 1 �C the tempera-
ture is decreased), inhibition of the inflamma-
tory cascade, minimizing release of excitatory
neurotransmitters, decreasing neuronal apop-
tosis, and preserving the blood–brain barrier
integrity [9, 28, 29]. This neuroprotection was
first demonstrated in humans in a case series of
four adult and pediatric patients who experi-
enced CA and were cooled to 30–33 �C via a
water-cooled mattress for at least 24 h [30]. At
discharge, three patients had complete neuro-
logical recovery, while one had severe visual
deficits that fully resolved after 1 month. These
findings were later confirmed by a slightly larger
case series comprising 19 patients who suffered
CA; 7 patients did not undergo hypothermia
and the remaining 12 were cooled to 31–32 �C
with a cooling blanket. Of the 12 patients who
were cooled, 50% survived compared to the
14% who survived in the non-treatment group
[31]. Although these initial studies were not
randomized, controlled trials (RCT), the results
were promising; however, research on
hypothermia post-CA was almost halted due to
difficulty managing complications such as
arrhythmias and shivering [32]. In the decades
that followed, preclinical studies consistently
showed improved neurological outcomes post-
CA when hypothermia was implemented dur-
ing, or shortly after, circulatory arrest [32, 33].
This body of evidence prompted the design of
the two landmark trials published in 2002
showing the efficacy of hypothermic tempera-
ture control on improving neurological out-
comes in OHCA survivors with shockable

rhythm who were unresponsive to verbal
commands.

Early Clinical Trials on Hypothermia
The Hypothermia After Cardiac Arrest (HACA)
study enrolled 275 adults who suffered OHCA
with ventricular fibrillation (VF) or pulseless
ventricular tachycardia from cardiac etiology,
and remained unable to follow commands after
ROSC; 55% of the patients who underwent
hypothermia (32–34 �C) for 24 h had achieved
independence at 6 months compared to 39% of
those in the control group [34]. Of note, the
target temperature was not specified in the
control group in this study. Bernard et al. found
similar results in a study that enrolled 77
comatose adults from VF OHCA from any eti-
ology (no definition for coma was provided). Of
the 43 patients who underwent hypothermia
targeting 33 �C for 12 h, 49% had early favor-
able outcomes (discharge to home or rehabili-
tation) as opposed to 26% of the 34 patients in
the normothermia group targeting 37 �C [35].
Both trials used cooling devices without a loop
feedback mechanism, employed no control on
the rate of rewarming, nor maintained nor-
mothermia following the cooling phase. Addi-
tionally, post-CA care and neuroprognosti-
cation were not standardized. After the publi-
cation of these trials, temperature control was
quickly incorporated into guideline recom-
mendations as standard post-CA care for adults
suffering OHCA of shockable rhythms.

Evolution of Evidence Surrounding
Temperature Control
Although the results of these two landmark
trials were promising, there were several limi-
tations that dampened the enthusiasm: they
were open-label, their sample size the small
with a high rate of screen failures (thus, raising
concern for non-generalization), and at the
time there were no established protocols for
neuroprognostication post-CA and withdrawal
of life-sustaining therapy (WLST) [36]. These
limitations were subsequently addressed in the
2013 TTM1 trial, a RCT that analyzed 939 adult
OHCA patients who remained unresponsive to
verbal commands, and randomly assigned them
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to either temperature control at 33 �C or 36 �C
for 24 h, followed by controlled active rewarm-
ing at 0.5 �C/h to 37 �C and subsequent nor-
mothermia until 72 h from randomization.
Patients with a presumed cardiac etiology and
any non-perfusing rhythm were eligible,
excluding unwitnessed arrests with asystole as
presenting rhythm. Standardized post-CA care
was performed, including sedation and neuro-
prognostication, by a blinded independent
physician using multimodal prognostication.
The authors found no difference in survival or
neurological outcomes at 6 months [37]. It is
important to mention that the temperature in
both arms was actively managed and no
patient’s temperature was allowed to ‘‘self-reg-
ulate.’’ Unfortunately, within months of publi-
cation of the TTM1 trial, there was an abrupt
drop in temperature control use altogether fol-
lowing CA in the United States, as well as
decreased survival-to-discharge rates [38].
However, this reported decrease in survival rates
could not be fully explained by the decline in
temperature control use given the small num-
ber of hospitals used for the analysis. Post-CA
care guidelines in 2015 started to recommend
temperature control between 32 and 36 �C for
at least 24 h in patients who remained comatose
after OHCA or IHCA despite initial rhythm;
however, data on the potential benefit of tem-
perature control in patients who presented with
an initial non-shockable rhythm (pulseless
electrical activity (PEA) or asystole), or those
who suffered IHCA, were lacking. Subsequently,
a large retrospective study capturing the transi-
tion of target temperature during temperature
control in a high-volume CA center demon-
strated a negative impact on outcomes with
shifting target temperatures from 33 to 36 �C
[39].

In 2019, the HYPERION trial demonstrated
that temperature control at 33 �C for at least
24 h in adults who suffered OHCA and IHCA
with initial non-shockable rhythms increased
favorable neurological outcomes at 90 days
compared to targeted normothermia at 37 �C
(10.2% vs. 5.7%) [40]. The study recruited 584
participants in France, but still had a high fra-
gility index for this outcome. Two years later,
the results of the largest and most rigorous RCT

on temperature control to date, TTM2, chal-
lenged the routine use of target temperatures at
33 �C for OHCA of presumed cardiac etiology.
The TTM2 trial recruited 1861 OHCA patients
with shockable and non-shockable rhythms,
and showed no difference in mortality or inde-
pendence on ambulation at 6 months with tar-
geted hypothermia at 33 �C versus targeted
normothermia at\37.5 �C [41]. Conversely,
clinically significant arrhythmias were more
common in the hypothermic group (24% vs.
16%). Since the publication of TTM2, there has
been a debate on whether temperature control
beyond merely preventing fever (i.e., B 37.8 �C)
during the first 72 h post-CA is enough to
impact survival and neurological recovery
[12, 13]. The TTM2 study had notable strengths,
such as the largest sample size thus far, sound
statistical methodology, blinding of families,
statisticians, and outcome assessors, as well as
established neuroprognostication protocols by
an independent blinded physician only after
96 h post-randomization [12, 42]. Nonetheless,
caution in extrapolating data from this trial to
all CA populations is advised. In TTM2, over 90%
of recruited patients experienced a witnessed
CA and approximately 80% had bystander CPR
[41]. These rates of witnessed CA and bystander
CPR in the TTM2 population are remarkably
higher than what is seen in clinical practice,
with latest global data reporting that only
35–40% of patients who suffer OHCA receive
bystander CPR [43–45]. Patients who do not
receive bystander CPR and have longer ‘‘no-
flow’’ times will generally present with more
severe HIBI, and could potentially benefit the
most from temperature control. However, the
patients included in TTM2 had shorter ‘‘no-
flow’’ times and higher rates of bystander-initi-
ated CPR, potentially blunting the benefits of
targeted hypothermia. Additionally, over 70%
of recruited patients had shockable rhythms,
cardiac or presumed cardiac etiology—with over
40% of ST elevation myocardial infarction—and
only 28% presented with shock on admission;
these facts demonstrate that the cohort is rep-
resentative of a very specific subgroup of CA
patients.

Most recently, the CAPITAL CHILL trial
addressed the question of whether an even
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lower temperature target would be more bene-
ficial for neurological recovery. The trial ran-
domly assigned adult patients to a targeted
temperature of 31 �C or 34 �C for 24 h, and
demonstrated that a lower temperature goal of
31 �C did not improve outcomes compared to
the standard of care targeted temperature of
34 �C. It is important to note that this was a
single-center study and likely underpowered
[46].

Another challenge interpreting this body of
evidence is the inclusion of very broad patterns
of brain injury leading to heterogeneity in the
effects of temperature control at different tar-
gets and durations. As multiple authors have
previously discussed, there are likely numerous
brain injury phenotypes after CA, and neuro-
protective interventions should likely be tai-
lored to each individual brain injury target
[47, 48]. If this differentiation of HIBI pheno-
types is not carried out, therapies will likely fail
as they are not being employed in the patient
population most likely to benefit from them.

From Bench to Bedside: Integrating
Temperature Control Evidence
into Clinical Practice

Timing of Initiation
The post hoc analysis of the Continuous Chest
Compressions trial showed that faster door-to-
temperature control times were associated with
better outcomes, particularly if within 122 min
of admission. This trial supported the hypoth-
esis that shorter times to temperature control
initiation in OHCA patients increases the like-
lihood of a favorable neurological outcome [49].
However, given the retrospective nature of the
study, as well as wide variability in temperature
control initiation timing, cautious data inter-
pretation is advised. Two RCTs have shown that
pre-hospital cooling with cold saline infusion,
as opposed to temperature control upon arrival
to the treating hospital, confers no added ben-
efit and, in fact, can cause a higher rate of early
re-arrests [50, 51]. This is likely due to the
decreased coronary perfusion caused by cold
intravenous fluids [52], as well as pulmonary
edema [50, 51]. Intra-arrest temperature control

has been another area of interest, as pre-clinical
studies in animal models showed promising
results and, theoretically, prompt initiation of
temperature control would mitigate even pri-
mary brain injury [32, 53–56]. Both the PRIN-
CESS and RINSE trials showed that intra-arrest
cooling in OHCA patients did not impact
overall either neurological outcomes or survival
rate, compared to temperature control after
hospital admission, and this practice could even
potentially decrease the rate of ROSC in initially
shockable rhythms [52, 57]. However, a pooled
analysis of these trials suggested a potential
benefit of intra-arrest transnasal evaporative
cooling in the subset of patients with shockable
nonperfusing rhythms [58].

In a post hoc study of the TTM2 trial, no
association of faster time to target 33 �C was
noted with outcomes, challenging the critique
that achievement of hypothermia earlier in the
TTM2 trial could have altered the trial results
[59].

Temperature control should be initiated as
soon as possible after ROSC; however, there is
insufficient data to support induction of pre-
hospital cooling [9, 60].

Methods for Temperature Control
There are several pharmacologic and nonphar-
macologic cooling methods employed to
achieve target temperature. The most widely
used are surface cooling devices, such as exter-
nal gel pads containing cold water placed on the
skin, and intravascular devices with a closed-
loop feedback system that allow for more pre-
cise and controlled temperature control [36].
Infusion of cold saline intravenously is no
longer recommended.

Due to their pragmatic nature, clinical trials
in temperature control have been agnostic to
the type of devices for temperature modulation.
Several recent meta-analyses have demon-
strated that intravascular cooling leads to better
neurological outcomes compared to surface
cooling, likely due to the intravascular route
being more precise in maintaining the desired
temperature, causing less temperature variation
and being less associated with shivering
[61, 62]. Several studies that evaluated surface
cooling did not indicate whether temperature
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feedback was utilized [62]. It is also important to
consider the possible complications of each
method. The most common adverse events
associated with surface cooling are skin injuries,
such as tears and decubitus ulcers, whereas
thrombosis, hemorrhage, and infections are
prominent in intravascular cooling, as expected
with central access [63–65]. While patient-
specific factors could influence the selection of
the method for temperature control (e.g., those
with higher risk for thrombotic complications
could benefit from external pads), most com-
monly the decision hinges upon the availability
of the method in each institution.

Temperature Target Selection
Although it is imperative to actively control
temperature and prevent fever in post-CA
patients, the ideal target temperature for each
CA phenotype has yet to be elucidated. It is
quite possible that in the future individual fac-
tors leading to distinct injury phenotypes may
influence the ideal temperature target
[50, 66, 67]. In fact, five distinct phenotypes of
post-CA brain injury were identified in a large
retrospective cohort using unsupervised
machine learning[47]. These phenotypes were
determined based on features of neurological
exam, EEG, and neuroimaging. The hetero-
geneity that exists within this patient popula-
tion is reflective of the need for personalization
of resuscitation efforts, such as temperature
control strategies. However, more research is
needed to better elucidate these findings, and to
support the recommendation of different target
temperatures for specific phenotypes.

While guidelines recommend a target tem-
perature of 32–37.5 �C for at least 24 h after
ROSC, there is no set temperature that has been
proven to show more benefit over another, and
the selection tends to be patient-dependent. A
recent Bayesian meta-analysis determined that
temperature control at 32–34 �C as compared to
temperatures over 36 �C did not lead to more
positive neurological outcomes [68]. Further-
more, a network meta-analysis indicated that
hypothermia at 31–36 �C compared to nor-
mothermia at 37–37.8 �C did not lead to
increased survival rates or better outcomes, and
was associated with a greater risk of developing

arrhythmias [14]. Prior data suggest that a target
temperature * 36 �C might be preferrable in
those with bleeding, intracerebral hemorrhage,
or hemodynamic compromise, all of which
could be exacerbated by lower temperatures [7].
Furthermore, rewarming patients who are
spontaneously hypothermic may have detri-
mental effects, and targeting lower tempera-
tures to avoid rewarming may be
considered[50]. A lower temperature of 33 �C
may be desired in those at risk for worse neu-
rological damage from severe HIBI [4, 50, 67],
but may also be associated with increased risk of
arrhythmias in patients with cardiac etiologies
for CA.

Maintenance Phase
Once temperature control is initiated, core
temperature should be measured using either an
esophageal, bladder, or intravascular probe. It is
discouraged to use a rectal, oral, or axillary
probe, as core temperature measurements are
not as accurate. As recommended by guidelines,
the cooling phase (a constant temperature
between 32 and 37.5 �C) should last at least 24 h
after ROSC, with special attention to avoidance
of fever ([37.7 �C) for at least[72 h after
ROSC. In the TH48 trial, extending temperature
control at 33 �C for 48 h conferred no addi-
tional benefit over 24 h [69] on neurological
outcomes at 6 months. The extended duration
arm was associated with increased adverse
events (although most of these appeared to be
mild) as well as longer ICU length of stay. Until
further data from large RCTs are obtained, tar-
get temperatures should be maintained for 24 h.

Rewarming Phase
The rewarming phase should occur at a rate of
0.15–0.25 �C/h, as rapid rewarming could cause
an increased inflammatory response and
potentially worsen outcomes [70, 71]. However,
these rates of rewarming are extrapolated from
study protocols from RCTs in temperature
control evaluating target temperatures, and not
based on large trials comparing different arms
with rates of rewarming. To date, only ISO-
CRATE has explored the potential impact of
slower rewarming rates, in a pilot study that
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failed to demonstrate a change in IL-6 and
neurofilament light chain levels with 0.25 �C/h
compared to 0.5 �C/h [72]. Hence, the ERC/
ESICM guidelines make no recommendations
on a specific rewarming rate [73]. Attention to
fever prevention must be paid for at least 48 h
after finalization of rewarming, and for at least
72 h after ROSC as general practice. However, a
Danish RCT showed that maintaining nor-
mothermia for over 48 h, when compared to
12 h following rewarming from initial temper-
ature control at 36 �C, failed to confer any
benefit in reducing mortality or significant dis-
ability [74]. Temperature fluctuations, if not
actively controlled, can be extremely labile and
ultimately detrimental to outcomes [48].

Complications of TTM and Management
Strategies

The physiologic alterations of temperature
control and its associated adverse effects are
largely dependent on the depth of temperature
control, or how cold the target temperature is
(Fig. 1). This is in conjunction with the patients’
baseline comorbidities, age, organ dysfunction,
and several other factors that may contribute to
the wide array of complications from
hypothermia on nearly every organ system, a
few of which are discussed below.

Shivering
Shivering is one of the most frequent adverse
effects of temperature control, occurring in up
to 40% of patients [75]. Normothermia is a
tightly regulated process in the human body
maintained through central and peripheral
pathways. Thermoregulation starts with the
hypothalamus, which transmits sensory infor-
mation to the peripheral nervous system,
including the skin, tissues, and organs, to elicit
thermoregulatory response [76]. The drop in
core body temperatures below 36 �C stimulates
this innate thermoregulatory response inducing
peripheral vasoconstriction and shivering to
increase heat production [76, 77]. Shivering can
impede the cooling process and negate the
therapeutic benefit of temperature control,
increase cerebral oxygen consumption, raise

intracranial pressure, and decrease brain tissue
oxygen tension [78]. Thus, implementation of
standardized protocols to prevent, and
promptly abort, shivering is critical to ensure
that the benefits of temperature control are
achieved.

The Bedside Shiver Assessment Scale (BSAS)
is the most frequently employed, validated tool
to assess shivering and the impact of therapeu-
tic interventions [79]. This scoring system ran-
ges from 0 to 3 (0 = no shivering to 3 = severe
shivering), grading severity based on evaluation
of muscle movements; the goal BSAS score
is\1.

Shivering management should entail a tiered
approach, including pharmacologic and non-
pharmacologic interventions based on hourly
BSAS scores and patient-specific factors [79, 80].
Skin temperature is estimated to contribute 20%
to the control of shivering, and it has been
shown that, for every 4 �C increase in skin
temperature, a 1 �C decrease in shivering
threshold can be achieved [81, 82]. Non-phar-
macologic interventions focused on this mech-
anism, including cutaneous counter-warming
techniques (in particular to extremities, such as
hands and feet), head wrapping, or humidified
air inhalation, have all been shown to reduce
shivering, oxygen consumption, and resting
energy expenditure [79].

Pharmacologic management of shivering
involves a multimodal, tiered approach with
agents, such as antipyretics, sedation, analgesia,
and neuromuscular blockade, and adjunctive
therapies, such as buspirone and magnesium
[80]. Impaired thermoregulatory responses
associated with brain injury often render
antipyretics ineffective for fever control; how-
ever, initiation of acetaminophen remains
commonly used in practice with an estimated
fever control of 0.2 �C [83]. Magnesium infu-
sions suppress shivering through vasodilation
and direct reduction muscle tone, with an esti-
mated efficacy in reducing the shivering
threshold of 0.3 �C. Sedatives employed for
shivering control include dexmedetomidine,
benzodiazepines, propofol, and buspirone, with
shiver threshold reduction ranging from 0.5 to
2.4 �C [79]. Of analgesics, meperidine appears to
have the greatest advantage of reducing the
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shivering threshold by 1.2–2.4 �C; fentanyl is
also efficacious due to its neutral hemodynamic
effects [79, 80]. Neuromuscular blockade agents
are the most effective strategy, and may be used
in patients with deep sedation if shivering
cannot be promptly controlled with the above
measures. In fact, the liberal, short-term use of
neuromuscular blockade during temperature
control in CA has been associated with a
favorable impact on outcomes in a meta-anal-
ysis of three RCT and nine observational stud-
ies. The Columbia Anti-Shivering protocol
provides a tiered strategy for shivering man-
agement, utilizing a combination of the above
pharmacotherapies in relation to the BSAS [80].

Cardiovascular Effects
At the initiation of temperature control, tachy-
cardia and hypertension occur in response to

cutaneous vasoconstriction and shivering to
preserve core body temperature. Hypothermia-
induced vasoconstriction can increase central
venous pressure and systemic vascular resis-
tance, with an estimated increased systolic
blood pressure by 10 mmHg. As temperatures
continue to decline, cardiac output can decrease
by 25–40% at 32–34 �C, primarily due to a
reduction in heart rate and cardiac contractility
[84]. When body temperature declines below
35 �C, sinus bradycardia can occur due to
decreased sinoatrial node depolarization. Elec-
trolyte imbalances resulting in hypokalemia,
hypomagnesemia, hypocalcemia, and pH alter-
ations during temperature control may further
contribute to the arrhythmogenic state. The
resultant electrocardiographic findings may
include prolonged PR, QT, and QRS intervals
[85]. QTc prolongation has also been seen

Fig. 1 Complications of temperature control by organ system at each temperature target
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during hypothermia; however, no data suggest
an increased risk of torsade de pointes [86].
More severe or even fatal arrythmias, including
atrial fibrillation, ventricular fibrillation, and
ventricular tachycardia, remain rare when core
body temperature remains[30 �C [84].
Hypotension can develop due to cardiac dys-
function or intravascular volume depletion
from hypothermia-induced cold diuresis.
Hypotension is also common during the
rewarming phase due to the reversal of
hypothermia-induced vasoconstriction.

Management of cardiovascular complica-
tions during hypothermia is critical to mitigate
the risk of cerebral hypoperfusion. Medical
interventions with vasopressor and inotropic
support along with fluid resuscitation remain
standard measures in the management of
hypotension. Bradycardia in the setting of
hypothermia often does not require treatment
unless complicated by hemodynamic instabil-
ity. Atropine is ineffective for hypothermia-in-
duced bradycardia and transcutaneous pacing,
or a pacemaker may need to be considered
[84, 86]. In the event of a dysrhythmia, it is
important to note that hypothermia may
impair the efficacy of anti-arrhythmic agents,
therefore consideration to increase the target
temperature may be necessary in the setting of
arrhythmias.

Coagulation
Hypothermia-induced coagulopathy is charac-
terized by increasing bleeding time secondary to
a decrease in the function and production of
platelets, endothelial dysfunction, and
impaired kinetics of coagulation factors and
enzymes involved in the coagulation cascade.
Temperatures\35 �C have the greatest effect
on platelet function and coagulation parame-
ters, resulting in prolongation of the pro-
thrombin time and partial thromboplastin time
[84, 87]. Platelet function is not only suppressed
but may also be sequestered in the spleen and
liver during the rewarming process [88].
Although coagulation parameters are altered
during hypothermia, data from RCTs of tem-
perature control, including in those with
intracranial hemorrhage and traumatic brain
injury, have not suggested an increased rate of

significant bleeding [79, 89, 90]. Thromboelas-
tography is suggested as the optimal method to
characterize coagulopathy during hypothermia
[79, 90]. The susceptibility to bleeding during
the induction and maintenance phase, how-
ever, should be considered in those at high risk,
and non-essential procedures and/or interven-
tions that may heighten this risk should be
deferred, if possible.

Infection
Inhibition of the inflammatory response is one
of the proposed mechanisms of the neuropro-
tective benefit of temperature control; however,
untoward consequences on the immune system
may heighten the risk of infection. Defense
mechanisms of the innate immune system are
impaired during hypothermia, with data illus-
trating attenuated chemotactic, phagocytic,
and apoptotic activity of leukocytes at 33 �C
compared to 37 �C [91]. Hypothermia also
impairs production of proinflammatory cytoki-
nes, resulting in decreased leukocyte migration
and phagocytosis [91]. Hyperglycemia and
electrolyte derangements during hypothermia
only further heighten the infection risk [87].

The estimated risk of infectious complica-
tions has been reported as high as 67%, with the
duration of hypothermia as a critical factor
increasing this risk [87, 92]. A systematic review
and meta-analysis of controlled trials of tem-
perature control found a higher prevalence of
pneumonia (RR 1.44, CI 1.1–1.9) and sepsis (RR
1.8, CI 1.4–3.1) among the hypothermia cohort
compared to control [93]. Staphylococcus aureus
has been identified as the main causative
pathogen among CA survivors [92]. Accurate
and prompt detection of infection during
hypothermia remains an important challenge,
as febrile episodes are suppressed and biomark-
ers such as procalcitonin and C-reactive protein
have limited utility after CA [94]. Although
prophylactic antibiotics have been shown to
reduce the incidence of ventilator-associated
pneumonia in patients cooled to 32–34 �C, no
significant differences in mortality or ventila-
tor-free days have been observed [95]. The lack
of benefit in patient-centered clinical outcomes
and concern for drug resistance and adverse
effects of antimicrobial therapy limit the
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implementation of prophylactic antibiotics in
clinical practice.

Routine assessment of blood and sputum
cultures during the hypothermia phase has
been suggested, with initiation of antimicro-
bials in those with positive cultures or radio-
graphic findings concerning for infection.
Other features of infection may include
increased requirements from the cooling device
to maintain hypothermia, which may indicate
fever generation in the presence of an infection.
Hypothermia-induced vasoconstriction can also
heighten the risk of wound infections, and the
development of bedsores from immobilization
can ensue. Careful attention and precautionary
measures to minimize the risk of wound com-
plications, and special attention and care to
catheters and central lines, should be
implemented.

Metabolic and Electrolyte Derangements
Severe electrolyte disturbances, including
hypokalemia, hypomagnesemia, hypophos-
phatemia, and hypocalcemia, may occur during
the cooling phase, which may lead to severe
physiologic complications, such as cardiac
arrythmias, diaphragmatic weakness, and
impaired coagulation. The mechanisms of
electrolyte imbalances during hypothermia
include intracellular shift and cold-induced
diuresis, which subsequently result in renal
excretion of potassium, magnesium, and phos-
phate [96]. During the rewarming phase, how-
ever, these processes reverse, and subsequent
extracellular shifts of these electrolytes ensue.
Serum levels of magnesium, phosphate, and
calcium should remain within normal ranges.
Potassium should be closely monitored, and
supplementation is suggested to maintain a
serum potassium of 3.0–3.5 mEq/L during the
induction and maintenance phase when tar-
geting lower temperatures to mitigate the risk of
rebound hyperkalemia during rewarming [79].

Suppression of the cerebral metabolic rate
with hypothermia subsequently affects all other
organ systems and their associated physiologic
functions. Pancreatic insulin production and
secretion is impaired during hypothermia, pos-
ing a risk of hyperglycemia [97]. Hyperglycemia
is harmful to the injured brain, and tight blood

glucose is essential to mitigate harmful neuro-
logic sequalae, infection risk, and other com-
plications. During the rewarming phase, as the
body restores its metabolic functions, hypo-
glycemia can occur that, if severe, can result in
seizures, coma, and even death. Tight blood
glucose control utilizing insulin infusions
should be employed to target a serum blood
glucose of 140–180 mEq/L, minimizing the risk
of hypo- and hyperglycemia. Other metabolic
disturbances can include metabolic acidosis,
secondary to increased production of ketones,
lactate, and glycerol.

Respiratory Effects
Minute ventilation requirements may fluctuate
drastically during temperature control, given
changes in metabolic rate and carbon dioxide
production with different core temperatures;
thus, attention must be paid to serial arterial
blood gas values during induction, mainte-
nance, and rewarming. Blood gas values, how-
ever, are affected by blood temperature, and
therefore it is critical to ensure that arterial
blood gas measurements are temperature-cor-
rected prior to analysis [79]. This is important,
as hypocarbia has been associated with wors-
ened brain injury [98], and serial adjustment of
minute ventilation to match the target of nor-
mocarbia (PaCO2 * 40 mmHg) is key.

Emerging evidence supports potential bene-
fit of hypercarbia in post-CA, as demonstrated
by the augmentation of cerebral blood flow,
decrease in oxidative brain injury, and down-
regulation of apoptosis and autophagy in mural
models of asphyxia CA subjected to inhaled
carbon dioxide [99]. The Targeted Therapeutic
Mild Hypercapnia after Resuscitated Cardiac
Arrest (TAME) trial is currently ongoing and set
to randomly allocate 1700 subjects to permis-
sive hypercarbia (PaCO2 50–55 mmHg) or to
standard care (PaCO2 35–45 mmHg); the results
of this trial will be highly informative and guide
the ideal ventilatory targets in the post-CA
period.
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Drug Pharmacokinetics
and Pharmacodynamics
Consideration of the impact of therapeutic
hypothermia on the pharmacokinetics (PK) and
pharmacodynamics (PD) of drugs administered
in the intensive care unit is critical in the care of
patients undergoing temperature control.
Hepatic drug metabolism is significantly
reduced during hypothermia, resulting in
accumulation of medications metabolized via
cytochrome P450 (CYP450) enzymes and a
potential for drug toxicity. For example, mida-
zolam and fentanyl, commonly employed for
sedation and analgesia during temperature
control, undergo extensive metabolism via
CYP3A4. A pharmacokinetic study of mice
administered midazolam and fentanyl as a
continuous infusion demonstrated 17.5% and
20.5% reductions in systemic clearance,
respectively, when cooled to 33 �C compared to
normothermia [100]. In a study of 14 patients
undergoing mild hypothermia treated with
phenytoin demonstrated a 180% increase in the
area under the curve, with a corresponding 67%
reduction in systemic clearance [101]. Notably,
supratherapeutic phenytoin concentrations
remained even after the rewarming phase,
making it critical to monitor concentrations of
narrow therapeutic index medications during
temperature control, and in the post-rewarming
phase, to ensure adequate dose adjustments to
minimize toxic exposures.

In contrast, medications that are prodrugs
and require metabolism via CYP450s to their
active metabolite to exert their therapeutic
effect (e.g., clopidogrel) may have reduced
pharmacodynamic efficacy during temperature
control. In a study of CA patients secondary to
acute coronary syndrome undergoing tempera-
ture control treated with clopidogrel (n = 25),
whole blood samples measuring platelet reac-
tivity of clopidogrel demonstrated a 0%
response rate after a 300-mg loading dose, and a
mere 5% on day 3 after initiation of mainte-
nance dosing [102]. Other important PK/PD
alterations during temperature control may
include altered drug absorption, increased
clearance of hydrophilic drugs secondary to
cold-induced diuresis, and changes in drug
transport and altered volume of distribution,

which may vary depending on the phase of
therapy, highlighting the critical importance of
drug dosing and monitoring in patients under-
going temperature control [103].

Multimodal Prognostication and Timing
Around Temperature Control

Neuroprognostication after CA is a challenging
and complex process with many variables
affecting its optimal timing. Current guidelines
recommend delayed and multimodal prognos-
tication; that is, using multiple ancillary tests in
addition to clinical examination to get a better
picture of neurological function and possible
recovery [9]. The reason behind multimodal
prognostication is the dire need to avoid self-
fulfilling prophecy bias. This happens when the
treating physician is aware of the results of
neuroprognostic tests being investigated, and
bases further management, including WLST, on
these results [104–106], with consequent over-
inflation of their prediction performance.
Around 80% of patients who survive CA will
remain comatose, and most of them will die
from WLST [6, 107]. Predicting neurological
outcome in HIBI through a multimodal
approach gives surrogate decision-makers real-
istic expectations, aids in identifying which
critical care resources should be mobilized, and
prevents early WLST due to perceived poor
neurological prognosis (WLST-N) [107, 108].
One-third of WLST-N occurs\72 h after ROSC,
suggesting that * 1500 people a year in the
United States could have potentially recovered
if premature WLST-N had not occurred [108].

Neuroprognostication should be delayed for
at least 72 h after ROSC, and, if temperature
control was employed, it is sometimes necessary
to delay it for several days after active temper-
ature control has ended. Drug metabolism
decreases during targeted hypothermia, and
sedatives along with neuromuscular blockade
may not be cleared, yet allow for an uncon-
founded neurological exam [105, 107, 109].
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Future Trials

Despite robust efforts in the published trials to
establish the efficacy of temperature control
post-CA, uncertainty remains on the optimal
temperature that would result in the greatest
improvement in neurologic outcomes. Ongoing
preclinical and clinical research in therapeutic
hypothermia is aimed at evaluating the efficacy
of hypothermia, the ideal temperature, dura-
tion, method of cooling, potential adjuncts for
neuroprotection, neuroprognostication, and
more. Given the degree of heterogeneity in
current trials investigating temperature control,
the goal of ongoing trials is on precision care
and how to best tailor hypothermia interven-
tion to the specific patient characteristics. The
Influence of Cooling Duration on Efficacy in
Cardiac Arrest Patients (ICECAP trial) [110] is an
ongoing multi-center, response-adaptative
dose-finding trial investigating the optimal
duration of induced hypothermia, ranging from
6 to 72 h, that is associated with neuroprotec-
tion among survivors of CA. This study is
actively recruiting in tandem with the Precision
Care in Cardiac Arrest: Influence of Cooling
duration on Efficacy in Cardiac Arrest Patients
[110] trial, designed using machine learning to
discover novel biomarkers to predict the dura-
tion of hypothermia and associated functional
outcomes [110]. ICECAP, which has an esti-
mated completion date of 2025, aims to create a
dose–response curve for the duration of tem-
perature control using frequently collected,
multimodality data points. This trial has the
potential to identify the patient populations
that will benefit the most and least from longer
and shorter durations of temperature control,
but will not address which temperature should
be targeted. Research focused on personalized
care will allow for adjustments of therapy based
on individualized needs and therapeutic
response. In pre-clinical data, several promising
novel brain injury biomarkers to predict clinical
outcomes after CA continue to be investigated,
including neurofilament light, ubiquitin car-
boxy-terminal hydro-lase L1, glial fibrillary
acidic protein, and tau protein. Selective brain
cooling has emerged as a promising strategy to
attain the neuroprotective benefits of

hypothermia while minimizing the myriad of
system complications from whole body cooling
[111]. Several adjunctive agents for neuropro-
tection remain in active research and include
high-dose erythropoietin, melatonin, inhaled
gases such as xenon, insulin-like growth factor,
and magnesium [112]. While these agents have
demonstrated neuroprotective benefits, the role
in conjunction with hypothermia remains to be
explored.

CONCLUSIONS

Though temperature control to 32–37.5 �C is
the current standard of care, the quality of the
data is low–moderate and does not show benefit
in improving neurological outcomes or survival
rates. Because of this, several centers will likely
abandon temperature control altogether or shift
their practice to a more lenient temperature
control [48], possibly focusing on fever pre-
vention with less reliable strategies (i.e.,
antipyretics and intermittent temperature
readings). It is important to acknowledge that
the TTM2 trial incorporated a rigorous bundle
of post-CA care with strict temperature control,
which required use of cooling devices in nearly
half of recruited patients to the fever-preven-
tion arm. Moreover, the implementation of
high-quality temperature control is paramount,
as deficiencies in so much as one element (i.e.,
timing of initiation, temperature selection,
fluctuation in temperature, use of analgoseda-
tion, shivering suppression, hemodynamic
support, among others) can affect outcomes
and cloud results. Future RCTs will likely focus
on high-quality active targeted normothermia
and its benefits on outcomes, compared to tar-
geted hypothermia.
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