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ABSTRACT

The established benefits of cooling along with
development of sophisticated methods to safely
and precisely induce, maintain, monitor, and
reverse hypothermia have led to the develop-
ment of targeted temperature management
(TTM). Early trials in human subjects showed

A. D. Belur
Division of Cardiology, Department of Medicine,
University of Louisville, Louisville, KY, USA

Y. R. Sedhai

Division of Pulmonary and Critical Care Medicine,
Department of Medicine, University of Kentucky
College of Medicine, Bowling Green, KY, USA

A. G. Truesdell
Virginia Heart/Inova Heart and Vascular Institute,
Falls Church, VA, USA

A. K. Khanna

Section of Critical Care Medicine, Department of
Anesthesiology, Wake Forest School of Medicine,
Winston-Salem, NC, USA

A. K. Khanna
Outcomes Research Consortium, Cleveland, OH,
USA

A. K. Khanna - S. Vallabhajosyula
Perioperative Outcomes and Informatics
Collaborative (POIC), Winston-Salem, NC, USA

that hypothermia conferred better neurological
outcomes when compared to normothermia
among survivors of cardiac arrest, leading to
guidelines recommending targeted hypother-
mia in this patient population. Multiple studies
have sought to explore and compare the benefit
of hypothermia in various subgroups of
patients, such as survivors of out-of-hospital
cardiac arrest versus in-hospital cardiac arrest,
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and survivors of an initial shockable versus non-
shockable rhythm. Larger and more recent trials
have shown no statistically significant differ-
ence in neurological outcomes between patients
with targeted hypothermia and targeted nor-
mothermia; further, aggressive cooling is asso-
ciated with a higher incidence of multiple
systemic complications. Based on this data,
temporal trends have leaned towards using a
lenient temperature target in more recent times.
Current guidelines recommend selecting and
maintaining a constant target temperature
between 32 and 36 °C for those patients in
whom TTM is used (strong recommendation,
moderate-quality evidence), as soon as possible
after return of spontaneous circulation is
achieved and airway, breathing (including
mechanical ventilation), and circulation are
stabilized. The comparative benefit of lower
(32-34 °C) versus higher (36 °C) temperatures
remains unknown, and further research may
help elucidate this. Any survivor of cardiac
arrest who is comatose (defined as unarousable
unresponsiveness to external stimuli) should be
considered as a candidate for TTM regardless of
the initial presenting rthythm, and the decision
to opt for targeted hypothermia versus targeted
normothermia should be made on a case-by-
case basis.

Keywords: Cardiac  arrest; Hypothermia;
Targeted temperature management; Out-of-
hospital cardiac arrest; In-hospital cardiac
arrest; Shockable rhythm; Non-shockable
rhythm; Neuroprotection

Key Summary Points

Survivors of cardiac arrest bear a
substantial risk of neurological injury via
hypoxic ischemic insult and reperfusion
damage.

Any survivor of cardiac arrest who is
comatose should be considered as a
candidate for targeted temperature
management (TTM).

TTM requires a multidisciplinary team and
multiple clinical decisions.

On the basis of current data, there does
not seem to be evidence to pick targeted
hypothermia over targeted
normothermia.

The decision to opt for targeted
hypothermia versus targeted
normothermia should be tailored on the
basis of severity of illness.

INTRODUCTION

The earliest approach to using hypothermia for
the treatment of comatose patients dates to the
early 1900s, when Russian physicians used snow
to cool patients with cardiac arrest to revive
them [1, 2]. With the introduction and more
widespread use of cardiopulmonary bypass in
the mid-to-late-twentieth century, surgeons
observed that patients who had their head
immersed in ice water during bypass had more
favorable neurological outcomes after surgery
when compared to those who did not undergo a
similar cooling process. Further, Williams and
Spencer published a case series of patients who
had better neurological outcomes with thera-
peutic hypothermia after intraoperative cardiac
arrest [3]. Unfortunately, despite advances in
targeted hypothermia and established neuro-
protective benefits of hypothermia in porcine
and canine subjects, this practice failed to have
widespread use until the publication of early
clinical trials that demonstrated benefits of
hypothermia in patients who had suffered car-
diac arrest [4, 5]. The last century saw advances
in more sophisticated and controlled methods
to induce, monitor, and reverse iatrogenic
hypothermia, leading to the development of a
regimented series of guideline-directed steps for
therapeutic cooling known as targeted temper-
ature management (TTM) (Fig. 1). The current
American Heart Association guidelines have a
Class I recommendation for TTM to a core body
temperature between 32 and 36 °C for at least
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1970s to 1990s:
neuroprotective
benefits of TH
demonstrated in
porcine and canine

2013 — the TTM Trial
Among unconscious survivors
of OHCA of presumed cardiac
cause, hypothermia at a

targeted temperature of 33°C
did not confer a benefit
compared to a targeted
temperature of 36°C

2021: the CAPITAL CHILL Trial
Unconscious survivors of cardiac
arrest are randomized to TTM at

31°Cvs 34°C. There is no
significant reduction in the rate
of death or poor neurological
outcome between the two arms,
with a longer median ICU stay in

2002: TH becomes a
Class IA
recommendation for

models

Early 20t
century: snow
is used to cool

survivors of
cardiac arrest

comatose survivors
of cardiac arrest,
especially due to

shockable rhythms

the 31°C group

2019 — the HYPERION Trial
Significantly better neurological
outcomes in unconscious survivors
of cardiac arrest due to a non-
shockable rhythm who were
cooled to 33°C compared to 37°C

2009: representatives
of five international
critical care societies
introduce the concept
of TTM, replacing the
prior concept of TH

1958: Williams and
Spencer show
improved
neurological
outcomes after

2002: two landmark
trials published in NEJM
show that hypothermia
to 32 to 34 °C improves

survival to discharge
with good neurological

outcomes

intraoperative cardiac
arrest in a case series

2021: the TTM2 Trial

No difference in survival at 6

months and no difference in

survival with severe disability
in comatose survivors of

cardiac arrest who received

2018 - the FROST- Trial
Patients are randomly assigned
to one of three temperature
groups (32°C, 33°C, or 34°C)
with no statistically significant
differences in survival with good
neurological outcomes at 90-

TTM to 33°C compared to
targeted normothermia

days among all groups

Fig. 1 Evolution of targeted temperature management for cardiac arrest. NEJM New England Journal of Medicine, OHCA
out-of-hospital cardiac arrest, TH therapeutic hypothermia, 77M targeted temperature management

24 h for unresponsive patients after out-of-hos-
pital cardiac arrest (OHCA) and in-hospital car-
diac-arrest (IHCA) [6]. The European
Resuscitation Council also recommends TTM
with a target temperature between 32 and 36 °C
for at least 24 h for adults who remain comatose
or unresponsive after the return of spontaneous
circulation (ROSC) for both OHCA and IHCA
[7]. However, the recently published TTM2
(Hypothermia versus Normothermia after Out-
of-Hospital Cardiac Arrest) trial [8] showed no
reduction of mortality at 6 months and showed
a higher risk of cardiac arrythmia in the targeted
hypothermia group when compared to a nor-
mothermia group. Further comparative benefit
of lower (32-34 °C) versus higher (36 °C) tem-
peratures remains unclear, and future research
may help to elucidate this. In this narrative
review we have sought to fully appraise the
available literature and identify knowledge
gaps. This article is based on previously con-
ducted studies and does not contain any new
studies with human participants or animals
performed by any of the authors.

CARDIAC ARREST
AND THE COMATOSE PATIENT

Epidemiology of Sudden Cardiac Arrest

Cardiac arrest is the cessation of cardiac
mechanical activity, as confirmed by the
absence of signs of circulation [9]. If resuscita-
tion attempts are unsuccessful, this situation is
referred to as sudden cardiac death. Cardiac
arrest may occur from external causes (e.g.,
drowning, trauma, asphyxia, electrocution,
severe hypothermia, and drug overdose) or any
medical causes that result in a metabolic,
hypoxic, or thromboembolic insult that is large
enough to cause cessation of cardiac mechani-
cal activity (severe hypoxia, hypovolemia, sev-
ere acidosis, hyper- or hypokalemia, pulmonary
embolus, coronary artery thrombosis, or ten-
sion pneumothorax) [10].

Per the American Heart Association’s “Heart
and Stroke Statistics — 2022 Update” [11], there
are more than 356,000 OHCA annually in the
USA, which translates to an estimated 1000
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OHCAs a day. Survival to hospital discharge
after emergency medical services (EMS)-treated
cardiac arrest is very low at about 10%. Even
among patients who survive, incidence of post-
arrest symptoms is high, with the most reported
sequelae being severe cognitive deficits (13%),
anxiety and depression (15%), post-traumatic
stress symptoms (28%), and severe fatigue
(52%). These long-term neurocognitive and
functional limitations are associated with
increased dependency, reduced quality of life,
and shortened life span. Incidence of EMS-
assessed OHCA for 2015 in adults was 140.7
individuals per 100,000 population. Incidence
of EMS-treated OHCA in adults for 2015 was
lower at 73.0 individuals per 100,000 popula-
tion. Conversely, the incidence of adult IHCA
was a mean of 10.16 [standard deviation (SD),
26.08] per 1000 hospital admissions and 1.99
(SD, 1.57) per 1000 inpatient days [9, 12-16].
Mean survival for patients who suffer IHCA is
understandably higher when compared to those
who suffer OHCA but is still low at around 25%
[17].

Shockable and Non-shockable Rhythms

Differentiating shockable and non-shockable
rhythms is essential to understanding the clin-
ical trials and the evolution of guidelines for
TTM in post-arrest patients. Aberrant electrical
activity that causes cessation of meaningful
cardiac function is mostly due to non-perfusing
ventricular tachycardia (VT), ventricular fibril-
lation (VF), or pulseless electrical activity (PEA),
and complete cessation of all cardiac electrical
activity (asystole). Of these thythms, VF and VT
should be immediately treated with a defibril-
lation shock [6, 18] that renders cardiomyocytes
refractory to the propagating aberrant wave
fronts, allowing the heart to re-establish normal
sinus rhythm and thus terminating the poten-
tially fatal ventricular arrhythmia. As the prob-
lem in PEA is due to lack of response of
myocardial tissue to electrical impulses, this
rhythm does not respond to defibrillation. Fur-
ther, inappropriately shocking PEA may cause
loss of organized electrical activity and precipi-
tate asystole. Victims of sudden cardiac arrest

who present with asystole as the initial rhythm
have an extremely poor prognosis (10% survive
to admission and 0-2% survive to hospital dis-
charge) [19]. Given the complete cessation of
cardiac electrical activity, delivering defibrilla-
tion shocks is meaningless in asystole as there is
no aberrant electrical activity left to terminate.

Overarching critical care goals of any coma-
tose survivor of cardiac arrest necessitating TTM
should be aimed at minimizing the risk of
neurological injury. Any survivor of cardiac
arrest who is comatose should be considered as
a candidate for TTM regardless of the initial
presenting rhythm [20]. All comatose patients
should have post-arrest care per advanced car-
diac life support guidelines, including intuba-
tion for airway protection and mechanical
ventilation [6]. Hemodynamic support should
be provided with intravenous fluids, inotropes,
vasopressors, and mechanical circulatory sup-
port when appropriate. Prompt revasculariza-
tion should be considered if coronary ischemia
is suspected as the cause of cardiac arrest. Other
disease-specific medical management such as
monitoring of blood glucose, administration of
antibiotics for suspected infection, etc. should
be started as appropriate (Figs. 2, 3).

Neuroprotective Effects of Hypothermia

Survivors of cardiac arrest bear a substantial risk
of neurological injury via hypoxic ischemic
insult and reperfusion damage leading to
inflammation, excitotoxicity, apoptosis, free
radical production, blood-brain barrier disrup-
tion, cerebral edema, intraparenchymal hem-
orrhage and thermomoulding, among others
[21]. These adverse effects can be directly miti-
gated by hypothermia. Neural oxygen con-
sumption and glucose metabolism reduces by
5% for each degree Celsius drop in temperature
[22, 23]. This preserves high phosphate sub-
strates such as adenosine triphosphate and
maintains a stable pH in the brain and is
thought to be the main mechanism through
which hypothermia confers neuroprotection.
Furthermore, hypothermia may also positively
influence neurogenesis, gliogenesis, and angio-
genesis after injury [22] via mechanisms that
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* Longer ICU stay
* Delayed awakening
* Ventilator-associated infections
« Arrhythmias
* Electrolyte imbalances
* Hyperglycemia
* Coagulopathy

Mitigation of ischemia-induced neural
damage + possible neurogenesis and
gliogenesis

* Improved neurological outcomes

* Improved functionality post-cardiac
arrest

Fig. 2 Pros and cons of targeted temperature management for cardiac arrest

Neurological effects: mitigates ischemic insult, prevents edema, modulates
gliogenesis and angiogenesis, may cause seizures
Intervention: TTM should be individualized to every patient and tailored to the
severity of their illness. EEG monitoring for seizures

>
% Cardiac effects: conduction Musculoskeletal effects: shivering
‘\ abnormalities, prolonged QTc, Intervention: antipyretics, sedation, IV magnesium, NMB

’ increased SVR, decreased CO,
decreased SVI and higher

* &b
lactate levels Q .
Intervention: supportive care, 0

as most arrhythmias and
hemodynamic effects resolve Hematological effects: impaired
with rewarming by 1-2 °C clotting

Intervention: lenient temperature
goals, monitor for DIC

Pulmonary effects:
pulmonary
vasoconstriction
Intervention: ventilate
to target PCO, 35-45
mm Hg, PO, 60-300
mm Hg and O; sats

Renal effects: kaliuresis, electrolyte )
imbalance
Intervention: monitor and replete
electrolytes as needed )

Monitor for infections and )
culture/treat as needed
with appropriate
antibiotics 2

Endocrine effects: decreased insulin secretion and increased insulin resistance
resulting in hyperglycemia
Intervention: insulin use. Avoid hypoglycemia. Target glucose level remains debated

Fig. 3 Elements of high-quality targeted temperature intravenous, NMB neuromuscular blockade, SVT stroke
management delivery for cardiac arrest in the cardiac volume index, SVR systemic vascular resistance, 77M
intensive care unit. CO cardiac output, DIC disseminated targeted temperature management

intravascular coagulopathy, EEG electroencephalogram, IV
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remain incompletely understood, thereby
decreasing the extent of damage and promoting
recovery from the initial ischemic insult.
Hypothermia also preserves the integrity of the
blood-brain barrier and modulates aquaporins
to preserve the brain’s water balance, reducing
the incidence and extent of edema. Thus,
hypothermia influences multiple aspects of
brain physiology at molecular and cellular
levels that collectively confer neuroprotection
in the acute, subacute, and chronic stages of
ischemia.

Cardioprotective Effects of Hypothermia

There is evidence to suggest that reducing body
temperature by as little as 2-5 °C confers some
cardioprotective benefits via similar mecha-
nisms that confer neuroprotective benefits.
Hypothermia is able to attenuate inflammatory
cell infiltration, apoptosis, and expression of
pro-inflammatory cytokines in cardiomyocytes
that are already injured from an ischemic insult
[24, 25]. Mild hypothermia has also been shown
to reduce free radical production, production of
excitatory amino acids and neutrophil chemo-
taxis in early ischemia, and favorably modulate
apoptotic, necrotic, and inflammatory path-
ways that lead to cell death in the post-reper-
tusion period. All these effects have been shown
to have cardioprotective benefits at a molecular
and cellular level in the short-term as well as
long-term after an initial ischemic insult
[24-26].

Early Clinical Trials Showing Benefit
of Hypothermia in Humans

The benefit of induced hypothermia was first
demonstrated in two landmark randomized
controlled trials that were published in 2002
[4, 5] (Table 1). The Hypothermia After Cardiac
Arrest (HACA) study included 275 patients from
nine centers across Europe and found that
hypothermia with a target temperature of
32-34 °C improved survival to discharge with a
good neurological outcome [55% vs. 39%; rela-
tive risk (RR), 1.40; 95% confidence interval (CI)
1.08-1.81] as well as 6-month mortality (41%

vs. 55%; RR 0.74; 95% CI 0.58-0.95) [4]. A trial
by Bernard et al. showed that the difference
between good neurological outcomes (defined
as no or only moderate disability at discharge)
was better in the hypothermia group when
compared to the normothermia group (49%
and 26% respectively, p =0.046), with an
unadjusted odds ratio for a good outcome in the
hypothermia group as compared to the nor-
mothermia group of 2.65 (95% CI 1.02-6.88;
p = 0.046). When adjusted for age and time to
ROSC, the odds ratio for a good outcome in the
hypothermia group as compared to the nor-
mothermia group was 5.25 (95% CI 1.47-18.76;
p =0.011) [3].

In addition to hyperthermia being associated
with less favorable neurological outcomes [28],
the promising results of the aforementioned
trials rapidly led to adoption of a strategy of
induced hypothermia rather than prevention of
hyperthermia as a Class I indication in survivors
of cardiac arrest, especially in victims of OHCA
due to a shockable rhythm [29, 30].

Limitations of Early Studies
and Subsequent Trials

Both the early trials [4, 5] had several limita-
tions. In addition to being small studies, treat-
ing physicians were unblinded without any
standardized neuroprognostication and with-
drawal of care protocols, raising concerns
regarding premature withdrawal of care in
patients treated with normothermia. Further, in
the HACA study, the mean temperature in the
normothermia arm was 37.5°C, which raises
questions regarding whether difference in out-
comes was potentially driven by increased
neurological injury from hyperthermia in the
control arm. Finally, it remained unclear whe-
ther the benefit of hypothermia could be
extrapolated to patients with non-shockable
rhythms or IHCA as they were excluded.
Given that there was now an established
benefit of hypothermia among survivors of
cardiac arrest with an initial shockable rhythm,
the TTM trial was designed to study the optimal
target temperature during cooling protocol [31].
This trial also partially addressed the
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Table 1 Summary of the landmark trials for targeted temperature management for cardiac arrest

Authors Study Study Year Study Intervention vs. control ~ Primary outcome Major findings
size design population
The 275 RCT 2002 OHCA due to TTM 33 °C versus Favorable neurologic ~ Significantly lower
Hypothermia a shockable normothermia (37 °C) outcome at 90 days ~ death rate and
after Cardiac thythm favorable
Arrest Study neurological
Group [4] outcome in
hypothermia
group
Bernard et al. [S] 77 RCT 2002 OHCA dueto TTM at 33 °C versus Survival to hospital ~ Hypothermia group
VF cardiac 37 °C discharge with had higher rates
arrest sufficient of survival with
neurologic favorable
function to be neurological
discharged to outcome
home or to a
rehabilitation
facility
Bernard et al. 234 RCT 2010 OHCA due to Cool IV fluids en route to  Survival to discharge  No significant
(RICH trial) VF cardiac hospital versus standard difference in
[39] arrest of care survival to
discharge
Nielsen et al. 939 RCT 2013 OHCA witha TTM at 33 °C versus All-cause mortality No significant
(TTM trial) presumed 36 °C through the end of  differences
[31] cardiac the trial (mean between the
cause period of 256 days) groups
Kim et al. [40] 1359 RCT 2014 OHCA with  Prchospital cooling with Survival to hospital ~ No improvement in
cither VF or 2 L of 4 °C normal discharge and survival or
non- saline versus standard neurological status neurological
shockable care at discharge outcomes
rthythms
Deye et al. 400 RCT 2015 OHCA with a TTM with endovascular ~ 28-day survival with  No significant
(ICEREA presumed versus “basic” external favorable difference
trial) [27] cardiac cooling methods neurologic
cause outcome
Kirkegaard et al. 355 RCT 2017 OHCA witha TTM at33°C for24h  6-month neurologic ~ No significant
[62] presumed versus 48 h outcome differences
cardiac between the
cause groups
Lopez-de-Saetal. 150 RCT 2018 Witnessed TTM at 32 °C, 33 °C, Favorable neurologic  No significant
(FROST-I OHCA and 34 °C outcome at 90 days difference
trial) [32] with between study
shockable groups
rthythms
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Table 1 continued

Authors Study Study Year Study Intervention vs. control ~ Primary outcome Major findings
size design population
Lascarrou et al. 581 RCT 2019 OHCA and TTM at 33 °C versus Survival with a Significantly
(HYPERION IHCA with normothermia 37.5 °C Cerebral improved
trial) [36] non- Performance outcomes of
shockable Category of 1 or 2 hypothermia
rhythms at 90 days group versus
normothermia
group (10.2% vs.
5.7%)
Dankiewicz et al. 1850 ~ RCT 2021 OHCA ofa  TTM at 33 °C versus Death from any cause No statistically
(TTM2 trial) presumed targeted normothermia at 6 months significant
(8] cardiac or with early treatment of difference in
unknown fever (body both groups
cause, temperature > 37.8 °C)
irrespective
of the initial
thythm
Le May et al. 389 RCT 2021 Any comatose TTM at 31 °C versus All-cause mortality or  No statistically
(CAPITAL survivor of 34 °C for a period of poor neurologic significant
CHILL trial) OHCA 24 h outcome at difference in
(41] irrespective 180 days both groups;

of the initial

rhythm

however, longer
duration of ICU
stay in the 31 °C
group

RCT randomized control trial, OHCA out-of-hospital cardiac arrest, 77M targeted temperature management, /'F ventricular fibrillation,

1V intravenous, L liters, IHCA in-hospital cardiac arrest

shortcomings of the early trials described above.
The TTM trial was a large, international trial
wherein 950 unconscious adults after OHCA of
presumed cardiac cause were randomized to
TTM at either 33 °C or 36 °C. The primary out-
come was all-cause mortality through the end of
the trial. Secondary outcomes included a com-
posite of poor neurologic function or death at
180 days, as evaluated with the Cerebral Per-
formance Category scale and the modified
Rankin scale. Although the representation of
non-shockable OHCA in the TTM trial was only
20%, an important strength of this trial was that
neuroprognostication was standardized across

both treatment arms. Early withdrawal of care
was strongly discouraged for at least 72 h after
return of normothermia in both groups. The
authors found that in unconscious survivors of
OHCA of presumed cardiac cause, hypothermia
at a targeted temperature of 33 °C did not con-
fer a benefit as compared with a targeted tem-
perature of 36°C. A more recent trial that
sought to study an optimal target temperature
after cardiac arrest was the FROST-1 (A Pilot
Multicenter Randomized Trial on the Effective-
ness of Different Levels of Cooling in Comatose
Survivors of Out-of-hospital Cardiac Arrest) trial
[32]. In this trial, 150 patients were randomly
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assigned to one of three temperature groups—
32°C, 33°C, or 34°C. There were no statisti-
cally significant differences in the primary end
point of survival with good neurological out-
comes at 90 days in patients with OHCA and a
shockable rhythm. Given the relatively low
number of subjects, it is possible that the trial
may be underpowered. However, taken toge-
ther, both the TTM and FROST-1 trials showed
that a lower temperature target is not superior
to a more lenient temperature that still main-
tains hypothermia.

Role of TTM in Non-shockable Rhythms

Of all EMS-treated adult OHCAs in 2019, nearly
20% were due to an initial non-perfusing VT or
VF arrest (detected as a shockable thythm by an
automated external defibrillator) [9]. Further, it
is estimated that more than 80% of in patients
with IHCA in the USA have an initial non-
shockable rhythm at the time of cardiac arrest
[33]. This clearly identifies the magnitude of
cardiac arrest due to initial non-shockable
rhythms, which was unfortunately either
excluded or underrepresented in the trials
described above. A few retrospective studies
explored this problem and showed that TTM is
associated with favorable neurologic outcome
and survival in patients resuscitated after car-
diac arrest due to non-shockable rhythms
[34, 35]. The first trial to explore the role of TTM
in non-shockable rhythms was the HYPERION
(Targeted Temperature Management for Cardiac
Arrest with Non-shockable Rhythm) trial. This
trial randomized 584 comatose survivors of
OHCA or IHCA due to an initial non-shockable
rhythm to undergo targeted hypothermia to
33 °C versus normothermia at 37 °C. The pri-
mary end point of this trial was survival with a
favorable neurological outcome at 90 days, and
this was significantly higher in patients who
received hypothermia when compared to the
normothermia arm (95% CI 0.1-8.9, p = 0.04).
However, there was no statistically significant
difference in mortality between both arms.
Major drawbacks of the trial were a fragility
index of 1, and systematic differences between
the treatment and control groups about

neuroprognostication that may have impacted
the incidence of the primary end point [36].

TTM in IHCA

In general, patients with [HCA have more
favorable neurological as well as mortality out-
comes when compared to victims of OHCA.
This is probably due to rapid detection of IHCA
in a closely monitored setting and immediate
response by highly trained medical profession-
als in the hospital when compared to OHCAs,
wherein patients may have unwitnessed arrest
with prolonged downtime prior to detection
and response from bystanders who may not
always be medically trained. The only trial
dedicated to studying the role of TTM in this
patient population was conducted in children
and found that hypothermia did not confer a
significant benefit in survival with a favorable
functional outcome at 1 year when compared to
normothermia in comatose children who had
survived IHCA [37]. Among adults, a multicen-
ter observational cohort study by Chan et al.
within the national Get With the Guidelines-
Resuscitation registry identified 26,183 patients
with IHCA and shockable as well as non-
shockable rhythm and found that hypothermia
was associated with a lower likelihood of sur-
vival to hospital discharge and a lower likeli-
hood of favorable neurological survival [38].
However, this was an observational study; in
the subsequently published HYPERION trial
discussed above, approximately 25% patients
with an initial non-shockable rhythm had suf-
fered IHCA and in fact had better outcomes
when compared to patients with OHCA. The
benefit of TTM in IHCA compared to OHCA was
not statistically significant, likely due to the
small size of the trial.

NOVEL APPROACHES
TO TARGETED TEMPERATURE
MANAGEMENT

The recently published TIM2 (Hypothermia
versus Normothermia after Out-of-Hospital
Cardiac Arrest) trial [8] randomly assigned 1850
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adults with coma who had an OHCA of pre-
sumed cardiac or unknown cause to undergo
targeted hypothermia at 33 °C followed by
controlled rewarming, or targeted normother-
mia with early treatment of fever (defined as
body temperature > 37.8 °C). The trial was
conducted at 61 sites across Australia, Europe,
and the USA which adds to the generalizability
of the data. Overall, there was no difference in
survival at 6 months (50% vs. 48%, p = 0.37)
and no difference in survival with severe dis-
ability on the modified Rankin scale (55% vs.
55%; RR 1.00; 95% CI 0.92-1.09) in both
groups. There was also no difference in health-
related quality of life between the two groups.
The TTM2 trial has several strengths. It is the
largest trial to date to study TTM. Apart from
the randomized intervention, both the groups
received similar treatment including mechani-
cal ventilator support, sedation, and neuro-
muscular blockade. Neurological
prognostication was assessed using a standard-
ized protocol. Withdrawal of care before 96 h
was discouraged unless further treatment was
deemed unethical or if there was evidence of
brain death. The physicians were not blinded
but the outcome assessors were blinded, thereby
reducing bias. Follow-up rate was close to 100%
and there were minimal protocol deviations.
The TTM2 trial had a few limitations. More
than 90% of the patients had a witnessed car-
diac arrest and 80% received bystander CPR. A
high proportion (72% in the hypothermia arm
and 75% in the normothermia arm) had an
initial shockable rhythm, suggesting that the
findings may not be generalizable to patients
with OHCA and an initial non-shockable
rhythm. Further, since only patients with
OHCA were included, findings may not be
generalizable to patients with IHCA. Active
cooling was used among 46% of the patients in
the normothermia group and underlines the
high prevalence of fever and highlights the
importance of temperature management in the
post cardiac arrest setting. The median duration
to achieve a target temperature of 34 °C was 3 h
after randomization. The mean duration from
point of contact to randomization was 136 min.
Thus, the average time to achieve the target
temperature was approximately 5h and the

timeframe resembles the real-world clinical
experience. It remains to be seen if more rapid
cooling would be of clinical benefit although
prior studies on prehospital cooling have failed
to show a clinical benefit in terms of neuro-
protection [39, 40].

Similar results were reported in the CAPITAL
CHILL (Effect of Moderate vs Mild Therapeutic
Hypothermia on Mortality and Neurologic
Outcomes in Comatose Survivors of Out-of-
Hospital Cardiac Arrest: The CAPITAL CHILL
Randomized Clinical Trial) trial [41], published
shortly after the TTM2 trial. This was a single-
center, double-blinded, randomized, clinical
superiority trial carried out in a tertiary cardiac
care center in eastern Ontario, Canada. A total
of 389 patients with OHCA were enrolled and
randomly assigned to temperature management
with a target body temperature of 31°C
(n =193) or 34 °C (n = 196) for a period of 24 h.
The primary outcome was all-cause mortality or
poor neurologic outcome at 180 days, which
was assessed using the Disability Rating Scale.
Poor neurologic outcome was defined as a score
greater than 5 [range 0-29, with 29 being the
worst outcome (vegetative state)]. The primary
outcome occurred in 89 of 184 patients (48.4%)
in the 31°C group and in 83 of 183 patients
(45.4%) in the 34 °C group [risk difference 3.0%
95% CI  7.2-13.2%); RR 1.07 (95%CI
0.86-1.33); p = 0.56]. Furthermore, the median
length of stay in the intensive care unit was
longer in the 31°C group (10 vs. 7 days;
p = 0.004); this was the only one of 19 reported
secondary outcomes that was statistically sig-
nificant. The authors concluded that there was
no significant reduction in the rate of death or
poor neurological outcome between the two
arms of the study. However, this was a small
study and likely underpowered in its ability to
detect a significant difference between both
groups.

HIGH-QUALITY TTM

In 2009, representatives of five international
critical care societies introduced the concept of
TTM, replacing the prior concept of TH [42].
The recommendation highlights the
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importance of the phases of induction,
rewarming, and normothermia. The Cool It
protocol designed in 2011 has established
hypothermia as the standard of care for OHCA
across a regional network of hospitals transfer-
ring patients to a central TH-capable hospital
[43]. Data on the optimal time to initiate TTM,
ideal method, duration of cooling, and the
rewarming rate is varied. Herein we will sum-
marize the current evidence on the components
of high-quality TTM.

Timing of Initiation

TTM should be initiated as early as possible to
minimize reperfusion injury after achieving
ROSC in cardiac arrest [44-47]. Two contem-
porary randomized trials studied prehospital
cooling using cold intravenous fluids [39, 40].
Both trials showed a higher incidence of early
re-arrests and pulmonary edema in the prehos-
pital cooling group. Randomized trials studying
intra-arrest TTM by administering cold fluids
during CPR did not show a superior outcome
with an early initiation of TTM during CPR
[48, 49]. Intra-arrest TTM using a transnasal
cooling device to locally reduce brain tempera-
ture without reducing systemic temperature has
shown some potential benefit among patients
with OHCA who had an initial shockable
rhythm [50, 51]. Although evidence of intra-
nasal cooling devices is limited, it does suggest
that early lowering of local brain temperature
after cardiac arrest may aid in neuroprotection,
opening potential avenues for future research.

Target Temperature

Prior randomized controlled trials discussed
above have studied various target temperatures
ranging from 32 to 36 °C. In a study by Casa-
mento et al., TTM was strictly maintained at the
target values using surface cooling and temper-
ature feedback mechanisms, and there was no
difference in outcomes between the two targets
of 33 °C and 36 °C [52]. Similar results were seen
in a single-center retrospective cohort study by
Johnson et al. [53], and a Swedish national
registry study [54]. In the recent TTM2 trial,

among patients with coma after OHCA, TTM
did not reduce death at 6 months compared to
targeted normothermia [8], discussed below.

Cooling Techniques

Currently available cooling techniques include
(a) conventional cooling techniques, (b) surface
cooling systems, and (c) intravascular cooling
techniques.

(a) Conventional cooling techniques: cold
saline, ice bags, and crushed ice have been
used as conventional techniques to induce
hypothermia. Although these techniques
are effective in inducing hypothermia,
they are not as effective in maintaining
target temperature like surface cooling sys-
tems and intravascular cooling techniques
described below [55, 56].

(b) Surface cooling systems: surface cooling
systems work by circulating cold fluid or
cold air in a blanket or cooling pads that
are applied externally to the patient. Sur-
face cooling offers the advantages of ease
of application and rapid initiation of treat-
ment. However, it carries the risk of skin
burns and dermal irritation [57]. Shivering
is more common with this cooling tech-
nique and maintenance of temperature is
challenging with surface cooling systems
[58].

(¢) Intravascular cooling techniques: intravas-
cular cooling techniques include place-
ment of a central venous catheter into an
internal jugular, subclavian, or femoral
vein. Temperature is maintained by circu-
lating cold saline through a closed loop of
the catheter’s balloon [59]. Intravascular
devices offer several advantages over other
methods including better temperature con-
trol during rewarming and less shivering
[60]. Despite these advantages, there is no
difference in clinical outcomes when com-
pared to surface cooling devices [61].
Intravascular catheter placement also car-
ries the risk of catheter-related bloodstream
infection, and catheter-related thrombosis.
A combination of core-cooling and surface-
cooling methods is generally used.
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Duration of Cooling

After achieving target temperature, the cooling
phase should last for at least 20 h. In a ran-
domized controlled trial of 355 patients, there
was a small improvement in neurological out-
comes at 6 months with TTM to 33 °C for 48 h
when compared to 24 h, but this difference was
not statistically significant. Further, there was
increased incidence of adverse outcomes related
to hypothermia in the 48-h arm of the study.
The study was small and may have had limited
power to detect clinically important differences,
and put together, data from this trial suggests
no benefit from prolonged cooling in adults
[62]. Improved survival and neurodevelopmen-
tal outcomes are seen among neonates with
moderate to severe hypoxic ischemic
encephalopathy who receive TTM for 72 h [63].
However, data on prolonged TTM among adults
is limited and should be avoided.

Duration of Rewarming

Rewarming should be slow, at a rate of
0.15-0.25 °C/h controlled by rewarming devices
as spontaneous rewarming is unpredictable and
adds the risk of post-TTM hyperthermia
[20, 64]. It is important to control body tem-
perature and prevent post-TTM fever, especially
in the first 48 h after rewarming, as fever and
high temperature are associated with detri-
mental clinical outcomes [64-66]. A shorter
rewarming strategy may be used in patients
with shorter duration of CPR and immediate
ROSC, and a prolonged rewarming strategy
should be considered in patients with moderate
to severe cerebral ischemia.

Supportive Clinical Care to Achieve High-
Quality TTM

Sedation, Analgesia, and Prevention

of Shivering

All patients undergoing TTM should receive
appropriate sedation and analgesia [67]. Studies
have not compared superiority of a particular
sedative regimen; however, clinicians should
use short-acting agents like propofol and

remifentanil to avoid accumulation of sedative
drugs and their metabolites, which may delay
awakening [68, 69]. Sedatives and antipyretics
should be started at the time of initiating TTM
and should be stopped only after achieving
normothermia, i.e., temperature of 37 °C [70].
Shivering is commonly encountered as a phys-
iological response to cooling. It can lead to heat
generation which may result in a delay in
achieving target temperature, temperature
variation during the maintenance phase and
faster rewarming, and must be treated aggres-
sively for these reasons [71, 72]. Shivering can
be treated with antipyretics, low dose sedative,
and op-agonists such as dexmedetomidine. A
bolus of intravenous magnesium can help to
raise shivering threshold [70]. If these measures
are not effective, neuromuscular blockers
(NMBs) may be considered [73]. There are con-
flicting opinions on the role of NMBs in
improvement of clinical outcomes. NMBs have
altered pharmacokinetic and pharmacody-
namic responses at lower body temperatures,
and monitoring can be unreliable. Dosing and
administration strategy remains unclear. Several
studies have been conducted to study the use of
NMBs to prevent shivering in patients post
cardiac arrest undergoing TTM; however, given
the lack of conclusive evidence, it remains an
off-label use [74-77].

Seizure Prophylaxis

Detection and management of seizures is a
critical component of post cardiac arrest neu-
rologic care because 25-50% have electroen-
cephalographic (EEG) activity on the ictal-
interictal continuum suggestive of non-con-
vulsive seizures [78]. This is related to ischemic
brain injury and is a potential contributor to
secondary brain injury. EEG findings have
prognostic value, and detection of EEG abnor-
malities can alter clinical care [79]. Based on
these findings, consensus clinical guidelines
recommend frequent or continuous EEG mon-
itoring for comatose patients after cardiac arrest
[80].
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Ventilation

Ventilation should be targeted to maintain a
partial pressure of carbon dioxide of 35—
45 mmHg, as hypocapnia has been associated
with decreased cerebral perfusion and worse
clinical outcomes [81, 82]. Oxygenation should
be targeted to avoid hypoxia (partial pressure of
oxygen < 60 mmHg) or hyperoxia (partial
pressure of oxygen > 300 mmHg). Current rec-
ommendations suggest titrating FiO2 to main-
tain oxygen saturation at greater than 94% [80].

Glycemic Control

Hypothermia decreases pancreatic insulin
secretion and increases insulin resistance,
resulting in hyperglycemia [83]. The optimal
glycemic target during hypothermia remains
debated, and avoidance of hypoglycemia is the
key as it can exacerbate neurological damage
[84].

Hypokalemia

Hypokalemia commonly occurs during the
cooling phase of TTM as a result of intracellular
potassium shift and kaliuresis [85]. Electrolytes
should be monitored every 4-6 h and should be
repleted appropriately. Potassium repletion
should be held 4 h prior to rewarming because
reversal of cellular shift may result in hyper-
kalemia [86].

Infection

Infections frequently occur among patients post
cardiac arrest as a result of a combination of
exposure from aspiration, emergent intubation,
mechanical ventilation, and catheter-related
bloodstream infections. Gram-negative patho-
gens are most common causes of nosocomial
infections after cardiac arrest, and TTM does not
impact the microbiological profile [87, 88].

Cardiac Electrophysiological Effects

TTM is associated with conduction abnormali-
ties, and sinus bradycardia is the most common
arrythmia. PR-interval prolongation and junc-
tional rhythm is occasionally seen during the
cooling phase. Hypothermia can also prolong
QTc although there is no reported association
with torsades de pointes. Osborn or J-waves may

be present in up to 20% of patients in a tem-
perature-dependent fashion. No specific inter-
vention is required for  conduction
abnormalities as most will resolve after
rewarming by 1-2 °C [89].

Hemodynamic Effect

A post hoc analysis of the TTM trial studied the
hemodynamic effects of hypothermia using
data from serial right heart catheterization and
transthoracic echocardiography. Primary end
point was systemic vascular resistance index
after 24 h of cooling and secondary end points
included mean systemic vascular resistance
index, cardiac index, systolic function, and
lactate levels. Patients cooled to 33 °C had a
significant increase in systemic vascular resis-
tance index compared with those cooled to

36°C [2595 (95% confidence interval,
2422-2767) versus 1960 (95% confidence
interval, 1787-2134) dynes m?/s/cm?;

p <0.0001, respectively] after 24 h of cooling
with an overall difference of 556 dynes m?/s/
cm® [p(group) < 0.0001]. Further, cooling to
33 °C was associated with decreased cardiac
index [— 0.4 L/min/m? p(group) < 0.0001],
decreased heart rate [p(group)=0.01], and
stroke volume index [p(group) = 0.004] com-
pared with cooling to 36 °C. Left ventricular
ejection fraction (p =0.39) and peak systolic
myocardial velocity (p =0.62) did not differ
between TTM groups. Lactate levels were sig-
nificantly higher in patients cooled to 33 °C
(p = 0.0008) [90].

CURRENT GUIDELINES

The 2021 European Resuscitation Council and
European Society of Intensive Care Medicine
guidelines for post-resuscitation care [7] and the
International Liaison Committee on Resuscita-
tion Advanced Life Support Task Force [91]
recommend selecting and maintaining a con-
stant target temperature between 32 and 36 °C
for those patients in whom TTM is used (strong
recommendation, moderate-quality evidence),
as soon as possible after ROSC is achieved and
airway, breathing (including mechanical venti-
lation), and circulation are stabilized. The
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comparative benefit of lower (32-34 °C) versus
higher (36 °C) temperatures remains unknown,
and further research may help elucidate this.
On the basis of the above trials, there is a rec-
ommendation for TTM in survivors of OHCA
due to initial shockable rhythms (strong rec-
ommendation, low-quality evidence) as well as
non-shockable rhythms (weak recommenda-
tion, very-low-quality evidence). TIM for
comatose survivors of IHCA is recommended
regardless of initial rhythm (weak recommen-
dation, very-low-quality evidence). If TTM is
used, duration should be at least 24 h (weak
recommendation, very-low-quality evidence),
and there are recommendations against routine
use of prehospital cooling with rapid infusion of
large volumes of cold intravenous fluid imme-
diately after ROSC (strong recommendation,
moderate-quality evidence). Fever should be
prevented in all patients after rewarming to
normothermia.

Anecdotal data suggest that TTM to 36 °C for
24 h should be used in uncomplicated patients
with evidence of mild to moderate brain injury
(coma with preservation of some motor
response, no malignant EEG patterns, and no
evidence of cerebral edema on CT scan). Special
precautions should be taken while caring for
patients with active non-compressible bleeding,
who should generally be managed with targeted
normothermia rather than a lower target as
hypothermia causes coagulopathy. If tolerated,
patients with evidence of severe brain injury
(loss of motor response or brainstem reflexes,
malignant EEG patterns, or early changes on CT
suggesting the development of cerebral edema)
should undergo TTM to 33 °C. Although there is
no data on benefit of one temperature over the
other, lower temperature may theoretically
reduce cerebral edema, seizure activity, and
metabolic demand, thereby benefitting patients
with these complications [8, 31, 36, 92].

MULTIDISCIPLINARY APPROACH

Post-resuscitation care and TTM require a coor-
dinated multidisciplinary approach with par-
ticipation of practitioners from multiple
specialties, nurses, technicians, and other

support staff. Effective coordination of care can
be achieved by developing institutional proto-
cols designating different roles and incorporat-
ing bundled approaches to facilitate effective
administration of a time-sensitive intervention
such as TTM. Participation of multidisciplinary
teams can also facilitate standardized neuro-
prognostication, consistent decision-making
regarding patient selection for TTM initiation,
withdrawal of care and end-of-life decisions
when appropriate per local practice patterns
and institutional protocols.

FUTURE DIRECTIONS

There are several knowledge gaps in the existing
literature. Future studies should focus on the
occurrence of acute Kidney injury, gastroin-
testinal complications, hypotension, throm-
boembolic events, and impact on the duration
of mechanical ventilation. In the TTM2 trial,
the mean duration from the initial contact to
randomization was 136 min. The median time
to achieve the target temperature of 34 °C was
3h after randomization. Collectively, this
amounted to a total duration of 5 h to achieve
the target temperature. This delay in achieving
target temperature likely represents a real-world
scenario of cardiac arrest survivors. Future trials
should investigate if more rapid cooling offers a
clinical benefit although prior studies on pre-
hospital cooling have failed to show a mortality
benefit [39, 40]. Apart from the time to achieve
targeted temperature, several other factors
including cooling duration and use of an anti-
shivering protocol may affect clinical outcomes.
The influence of cooling duration on efficacy in
cardiac arrest patients (ICECAP trial, Clini-
calTrials.gov Identifier NCT04217551) is cur-
rently underway. Similarly, effect of anti-
shivering protocol with neuromuscular block-
ade is currently being studied using a before-
after-retrospective design (ClinicalTrials.gov
Identifier NCT05264246). We eagerly await the
results of these studies.
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CONCLUSION

TTM is a complex intervention that requires a
multidisciplinary team and multiple clinical
decisions. Homogeneity in practice and mini-
mization of errors can be achieved by using
standardized institutional protocols that can
effectively guide a multidisciplinary team in
rendering high-quality care to achieve neuro-
protection after cardiac arrest with rigorous
quality control and quality assurance measures
to assess internal adherence to the above mea-
sures. On the basis of current data, there does
not seem to be evidence to pick TTM over tar-
geted normothermia, and temporal trends have
leaned towards using a lenient temperature
target especially since the publication of TTM
trial [93]. TTM should be considered as a tool for
neuroprotection in all comatose survivors of
cardiac arrest, and the decision to opt for tar-
geted hypothermia versus targeted normother-
mia should be tailored on the basis of severity of
illness on a case-by-case basis.
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