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Abstract

-W. Taylor Kimberly? - Stephan A. Mayer?

For the past two decades, targeted temperature management (TTM) has been a staple in the care of comatose survivors
following cardiac arrest. However, recent clinical trials have failed to replicate the benefit seen in earlier studies, bringing
into question the very existence of such clinical practice. In this review, we explore clinical scenarios within critical care
that appeared to share a similar fate, but in actuality changed the landscape of practice in a modern world. Accordingly,
clinicians may apply these lessons to the utilization of TTM among comatose survivors following cardiac arrest, potentially
paving way for a re-framing of clinical care amidst an environment where current data appears upside down in comparison

to past successes.
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Introduction

It has been 20 years since the publication of two landmark
clinical trials that demonstrated favorable neurological
outcome and reduced mortality among comatose survivors
of cardiac arrest treated with mild induced hypothermia
(32-34 °C) [1, 2]. The global impact of these trials was
substantial, leading to the widespread adoption of induced
hypothermia, now known as targeted temperature manage-
ment (TTM), for cardiac arrest as well as other forms of
acute brain injury. A flurry of single-center before-and-
after reports replicated and supported the findings of these
trials, consistently finding improved outcomes among
cardiac arrest victims after a therapeutic hypothermia
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protocol had been implemented [3]. TTM became an
entirely new therapeutic modality that was unique to neu-
rocritical care, helping it emerge as a legitimate medical
subspecialty.

In recent years, however, two important clinical stud-
ies—the TTM-1 and TTM-2 trials—have failed to rep-
licate the positive results from 2002. At first glance, it
may appear clinicians are faced with clinical equipoise
with regard to the care of this patient population amidst
these conflicting results. However, a glimpse into the past
with respect to similar clinical questions within critical
care may offer an explanation to the discordant results of
the various trials involving TTM following cardiac arrest.
Understanding how breakthrough treatments in critical
care often seem at first to work, before then losing their
singular impact as the overall treatment milieu evolves,
may enable clinicians to re-frame their approach in clinical
practice not only with respect to TTM but also other chal-
lenging areas of critical care as well. Herein, we review
the history of the pre-clinical and clinical studies leading
to our current understanding of TTM following cardiac
arrest. We then look into clinical schemas based on other
critical care interventions in an attempt to reconcile the
current state of evidence for and against TTM.
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The Evolution of Targeted Temperature
Management

Leading to the clinical trials that have impacted our clini-
cal practice of TTM, there were numerous investigations
throughout the twentieth century into the basic science of
hypothermia and how it may benefit the brain following
a period of anoxia. Proposed mechanisms that emerged
included a reduction in overall oxygen consumption [4,
5], early restoration of cerebral adenosine triphosphate
levels [6, 7], reduction of intracellular acidosis [7], and
a decrease in the release of excitatory neurotransmitters
that could facilitate neuronal death following ischemia [8].
Collectively, these alterations potentially reduce delayed
cerebral energy failure by preserving mitochondrial func-
tion [9]. Furthermore, induced hypothermia has been dem-
onstrated to decrease cytotoxic edema and lessen overall
seizure intensity and burden that may lead to secondary
injury after a hypoxic-ischemic insult [9].

In 1960, Kenneth Wolfe built off the ideas of Rosomoff
et al. [10], among others, who reported reduced mortality
in canines under hypothermic conditions following sur-
gery. Wolfe’s [11] experiment involved controlled hypo-
thermia to 31 °C for a period of 24 h following induced
ventricular fibrillation (VF) with return of spontaneous
circulation (ROSC). All control subjects died, while all
experimental subjects either had a prolonged lifespan (up
to 192 h post-ROSC) or were without any reported cer-
ebral damage. Closer to the turn of the century, Leonov
et al. [12, 13] published two studies in 1990 that demon-
strated a reduction in the total brain histologic damage
score and an improvement in neurological outcome among
canines when cooled to 34 °C following cardiac arrest with
ROSC. These early animal investigations were further sub-
stantiated by numerous studies in the years that followed,
many of which were conducted during the time period
human trials were performed. For example, Arrich et al.
[14] conducted a systematic review and meta-analysis that
included 45 animal studies with nearly 1000 subjects. The
studies investigated TTM in a range of animals (dogs, pigs,
rabbits, and rats), had a targeted temperature range of
32-36.2 °C in experimental subjects versus 36.5-39.3 °C
in control subjects and had a hypothermia period ranging
from 1 to 24 h. The overall results were notable for a sig-
nificant difference of favorable neurological outcome in
favor of the hypothermia groups, with an increase in effect
size observed with lower target temperatures, shorter dura-
tion of induced hypothermia, and faster cooling rates. With
the ever-increasing evidence of the benefit of TTM among
animal subjects, human trials became the next logical step.
In 1997, a small trial of 22 human subjects underwent
induced hypothermia to 33 °C following out-of-hospital
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cardiac arrest (OHCA) and was compared to historical
controls. There was a statistically significant reduction in
mortality, with no significant difference in adverse effects
[15]. The feasibility of such studies in human subjects con-
tinued to gain traction over the next several years, paving
way for the breakthrough clinical trials that changed the
TTM landscape.

In 2002, the two largest clinical trials at the time were
simultaneously published. The Hypothermia after Cardiac
Arrest (HACA) Study Group randomized 275 patients to
undergo induced hypothermia to a goal of 32-34 °C ver-
sus normothermia (37 °C) among comatose survivors [1].
Nearly all of the arrests were witnessed, had shockable
rhythms and achieved the goal temperature at a median of
8 h post-ROSC, followed by passive re-warming approxi-
mately 24 h later. There was a significant difference among
the groups with regard to the primary outcome of favorable
neurological outcome, defined as a cerebral performance
category (CPC) of 1-2 at 6 months, in favor of the hypother-
mia group. In addition, there was a reduction in mortality
among the hypothermia group as compared to the normo-
thermia group at 6 months, with no statistically significant
difference among adverse effects.

In comparison, the trial by Bernard et al. [2] randomized
only 77 patients who remained comatose post-arrest. All
patients had an initial rhythm of VF, a hypothermia goal
of 33 °C, which was achieved within 2 h post-ROSC and
maintained for 12 h, and utilized “good outcome,” defined as
discharge to home or a rehabilitation facility, as the primary
outcome. At the completion of the study, the hypothermia
group had a more favorable outcome with no significant dif-
ference in adverse events. In combination, these trial results
led to the American Heart Association and the International
Liaison Committee on Resuscitation to formally recommend
TTM among comatose survivors following cardiac arrest,
which remain in effect today [16, 17].

In 2013, the TTM trial investigators published a clinical
trial comparing a hypothermia goal of 33 to 36 °C among
comatose survivors of cardiac arrest in order to help answer
the question as to whether the degree of hypothermia influ-
enced functional outcome and survival. In comparison to the
previous two trials, there were substantially more patients
enrolled (n=939), all of whom were OHCA, with the major-
ity having an initial shockable rhythm [18]. There was no
statistically significant difference between the groups for
the primary outcome of all-cause mortality or any differ-
ence among any of the secondary outcomes of neurological
function at follow-up (CPC score 3-5, modified Rankin scale
[mRS] 4-6) or death at 180 days.

Until this point, there had not been large-scale trials
investigating TTM focusing on patients with an initial non-
shockable rthythm. As such, in 2019, the HYPERION trial
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sought to investigate this question and compared a goal tem-
perature of 33 °C vs. normothermia (37 °C). There were a
total of 584 patients included in the analysis, of which 159
were in-hospital cardiac arrests, with the maintenance of
goal temperature for 24 h followed by slow re-warming [19].
At the conclusion of the trial, there was a significant differ-
ence in favor of the hypothermia group in the primary out-
come, defined as a favorable 90-day neurological outcome.
There was no difference in overall mortality at 90 days or
serious adverse events during the trial. Though this data
seemed to support the trial results from 2002, there were a
number of limitations. Among these included a number of
patients in both groups having temperatures above 38 °C
during and after the TTM period, maintenance of TTM up
to 64 h in the hypothermia group as compared to 48 h in the
normothermia group and a fragility index of 1, suggesting
that a change in the outcome of just one patient would make
the primary outcome non-significant.

In an attempt to clarify many questions of its predeces-
sors, in 2021, the TTM-2 trial randomized 1850 comatose
survivors of cardiac arrest to a target temperature of 33 °C
or normothermia (<37.5 °C) with early treatment of fever
for a period of 28 h followed by slow re-warming and
maintenance of normothermia for 72 h. All patients were
OHCA, and the majority had shockable rhythms, though
approximately 25% in each group had an initial non-shock-
able rhythm [20]. There was no significant difference in
the primary outcome, which was defined as death from any
cause at 6 months. This non-significant difference remained
in all subgroup analyses, which consisted of gender, age
(=65), time to ROSC (>25 min), initial cardiac rhythm,
and whether a shock was administered on admission. As a
secondary outcome, there was no significant difference in
the proportion of patients with a mRS of 4-6 at 6 months. Of
note, there were some potential limitations of the trial, such
as standardized protocols for sedation, paralysis, and ven-
tilation management that may not have been representative
of routine clinical practice. Nonetheless, the robust sample
size and sound trial design have resonated with many in the
critical care world.

While the trials outlined above have strongly driven
clinical guidelines regarding TTM following cardiac arrest,
there have been additional key studies during this same time
period that have investigated the issue. Among these include
two trials by Lopez-de-Sa et al., the first being a small pilot
study of 36 OHCA comatose survivors randomized to
undergo TTM at a temperature of 32 °C or 34 °C [21]. There
was no significant difference among the groups in the pri-
mary outcome of survival free from dependence at 6 months,
but a subgroup analysis among those with an initial shock-
able rhythm favored patients within the 32 °C group. This
pilot study was followed up by the same group in 2018 in the
FROST-I trial, which was a multicenter randomized clinical

trial of 150 OHCA comatose survivors with an initial shock-
able rhythm comparing TTM goals of 32 °C versus 33 °C
versus 34 °C. There was no significant difference among
the different temperature groups with regard to the primary
outcome of mRS <3 at 90 days [22].

There have also been numerous studies investigating the
timing of TTM initiation. For example, Bernard et al. inves-
tigated initiation of TTM in the pre-hospital setting after
ROSC among OHCA comatose survivors with shockable
[23] and non-shockable rhythms [24], as well as initiation
of TTM during cardiac arrest [25], all compared to initia-
tion of TTM within the hospital following arrival. In each of
these trials, there was no significant difference in favorable
neurological outcome among the groups. While these three
trials utilized prehospital administration of cold intravenous
saline for initiation of TTM, Scales et al. [26] used cold
intravenous fluid and ice packs, which decreased the time
to initiate TTM in the hospital, but did not result in more
favorable neurological outcome. Nordberg et al. [27] uti-
lized a prehospital trans-nasal evaporative cooling method to
initiate TTM, which resulted in faster time to achieve target
temperature, but no increase in favorable neurological out-
come as defined as a CPC score of 1-2 at 90 days. A recent
systematic review and meta-analysis by Granfeldt et al. [28]
included many of the aforementioned studies, among others,
to analyze the different temperature goals, timing of TTM
initiation, and method of cooling, but found no significant
difference in favorable neurological outcome or survival
among the various comparisons.

Adding to the clinical confusion regarding TTM among
human subjects, there have been numerous positive clinical
trials utilizing TTM in neonatal encephalopathy. In 2012, a
systematic review and meta-analysis of seven clinical tri-
als noted therapeutic hypothermia resulted in a significant
reduction in the risk of death and neurodevelopmental dis-
ability and increased survival with normal neurological
function at age 18 months [29]. The included trials initiated
induced hypothermia to 33-35 °C for a period of 72 h for
newborns with moderate to severe encephalopathy within
6 h of birth. A subsequent meta-analysis in 2013 supported
these conclusions [30], and a long-term follow-up of one
trial confirmed functional outcome at 7 years was associated
with neurodevelopmental assessment at 18 months follow-
ing induced hypothermia for neonatal encephalopathy [31].
From an adult perspective, Kirkegaard et al. [32] compared
a target temperature of 33 °C for 24 versus 48 h among
OHCA comatose survivors but found no significant differ-
ence in favorable neurological outcome at 6 months, though
the authors note the study may have been underpowered.
Correlating with these clinical studies are the pathophysi-
ological manifestations of hypoxic-ischemic injury at the
cellular level discussed earlier, with secondary injury begin-
ning after 6 h [33]. A key hallmark of secondary cellular
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injury is delayed onset seizures, which are often refractory to
anti-epileptic medications, emphasizing the narrow window
for initiation of induced hypothermia, especially within the
neonatal population [33]. Taken together, given the conflict-
ing results of the extensive number of TTM investigations,
there has been speculation among clinicians that the era of
utilizing TTM among comatose survivors of cardiac arrest
has come to a close.

Lessons Learned from Other Critical Care
Disease States

Rather than shunning TTM to the medical archives as an
example of an ineffective intervention within the medi-
cal world, reflections on the journey until this point may
prove useful in an attempt to reconcile why the landmark
trials in 2002 were strongly positive, whereas subsequent
trials failed to replicate these findings. To begin, one must
consider the methodology of any clinical trial and how this
evolves with time as new knowledge is discovered. A key
example in history relevant to this discussion is the utility
of intensive insulin therapy (IIT) in critically-ill patients.
A seminal paper published by Van den Berghe et al. [34]
from Leuven in 2001 demonstrated reduced mortality among
surgical critical care patients treated with IIT targeting a
glucose level of 80—110 mg/dL. In later years, additional
trials failed to replicate these results, including another study
by Van den Berghe et al. [35] with an identical glucose tar-
get among patients hospitalized in a medical intensive care
unit (ICU). This culminated with the publication of the
NICE-SUGAR trial, which demonstrated increased mortal-
ity among patients randomized to IIT (goal glucose level
81-108 mg/dL) compared to conventional glucose control
(goal glucose level < 180 mg/dL) [36], leading to sweeping
recommendations that persist today.

The search for answers as to why the results of the Leu-
ven surgical trial were not replicated by others yields some
important lessons with regard to trial methodology. The
Leuven study was a single-center experience, not entirely
blinded, and consisted of only surgical intensive care
patients, raising concerns about the generalizability of the
results. By contrast, the NICE-SUGAR trial enrolled a total
of 6104 patients from multiple centers around the world [37,
38]. In examining the HACA trial, there were similar meth-
odologic concerns, as only 275 patients were enrolled, and
a formal power calculation was absent [1]. With subsequent
TTM trials, the total patient enrollment was substantially
greater and trial methodologies included appropriate power
calculations. In particular, the TTM-2 trial was especially
robust, with a total enrollment nearly equivalent to the
sum total of all previously discussed TTM trials (1850 vs.
1886 patients) and had a power of 90%. Furthermore, other
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potentially advantageous trial methodologies in the TTM-2
trial included high generalizability (large number of patients
across multiple centers), and a more heterogeneous popula-
tion with broader inclusion criteria (e.g., no age limit, shock-
able and non-shockable rhythms, witnessed vs. unwitnessed
cardiac arrest) that may have led to less selection bias [39].

The pioneering work of Van den Berghe et al., despite the
lack of replicability, raised another important question: had
the surrounding environment changed since the publication
of the Leuven surgical study, thereby negating the impact of
IIT in later trials? Recall that in the late 1990s, the standard
of care for managing hyperglycemia in ICUs was to tolerate
extremely high glucose levels (hypoglycemia was thought
to be the enemy), and to treat hyperglycemia with intermit-
tent intravenous push regular insulin every 6 h, which led
to dramatic swings in blood glucose without a sustained
effect. By the time NICE-SUGAR was published in 2009,
much more emphasis was being paid to glycemic control in
general, the potential harms of sustained severe hypergly-
cemia were more generally recognized, and the trial itself
effectively compared insulin drips directed at two different
targets (81-108 mg/dl vs. < 180 mg/dl). In effect, the Leuven
surgical trial had influenced and changed the entire treatment
milieu with regard to stress hyperglycemia.

This “change the world” dynamic is also illustrated with a
parallel clinical conundrum: the utility of early goal-directed
therapy (EGDT) for sepsis prior to admission to an ICU.
Rivers et al. [40] published their groundbreaking EGDT trial
in 2001, which utilized monitoring of mean arterial pressure,
central venous pressure and central venous oxygen saturation
(ScvO2) to guide resuscitation and treatment decisions (anti-
biotics, ionotropic agents, vasopressors, transfusion, fluid
administration) in the emergency department. At the con-
clusion of the trial, in-hospital mortality was significantly
reduced in the interventional arm of the study (30.5% vs.
46.5%, p=0.009), leading to widespread practice changes
as the importance of early hemodynamic resuscitation was
increasingly recognized. In the years that followed, there
were three additional trials (ProCESS, ARISE, ProMISe)
[41-43], in addition to a meta-analysis of these same trials
(PRISM) [44], that failed to demonstrate any mortality ben-
efit of EGDT among patients with sepsis. Thus, similar to
the Leuven study, subsequent EGDT investigations seemed
to negate what appeared to be a significant and highly influ-
ential advancement in patient care.

However, analysis of the above studies suggests that the
landscape of sepsis treatment changed since the publication
of the Rivers study, resulting in a “less ill” population being
treated in the trials that followed as a result of an evolv-
ing and improved standard of care. For example, patients
in the Rivers trial had a higher average lactate level, more
use of mechanical ventilation, less intravenous fluid and
antibiotic administration prior to randomization and lower
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ScvO2 values compared to patients enrolled in the ProCESS,
ARISE, and ProMISe trials [45]. There were no standard pro-
tocols for sepsis identification prior to the Rivers trial, con-
ducted at Henry Ford Hospital in Detroit, while subsequent
trials had “enhanced” usual care in the setting of established
sepsis screening and treatment protocols (largely influenced
by the Surviving Sepsis Campaign, first published in 2004),
and new government-mandated hospital-wide initiatives that
promoted early diagnosis and treatment of sepsis [46]. The
environment of sepsis recognition and treatment changed in
the intervening years since the Rivers et al. trial, as the EGDT
concept profoundly influenced the overall standard of care,
despite the negative trials that formally re-evaluated the util-
ity of EGDT in the years that followed.

While understandably there is often more focus on the inter-
ventional arm within clinical trials, re-evaluation of the char-
acteristics of the control arm can occasionally lead to impor-
tant insights. An example of this can be seen following the
publication of the landmark trial by the acute respiratory dis-
tress (ARDS) Net research group [47], which demonstrated a
decrease in mortality among patients when a low tidal volume
ventilation strategy was employed for the treatment of ARDS.
Though this effect has withstood the test of time, with three
prior negative studies [48—51], additional factors to explain
the mortality benefit were sought. In particular, it was noted
the plateau pressure within the control arm of the ARDSNet
trial was above a theorized threshold value of 32 cm H,O that
could lead to lung injury and increased mortality [52]. This
catalyzed further trials investigating the effect of higher versus
lower positive-end-expiration pressure (PEEP) levels, which
were also negative [53, 54], until finally elevated driving pres-
sure (plateau pressure minus PEEP) was determined to be an
important factor that negatively influences survival among
patients with ARDS [55].

The Increasing Sophistication of Care
for Cardiac Arrest

The survival rate of OHCA has been increasing globally
since the publication of the HACA trial, with survival to dis-
charge rates reported to be 8.6% in 1976-1999 compared to
9.9% in 2010-2019, and a 1-month survival rate of 9.0% in
2000-2009 compared to 13.3% in 2010-2019 [56]. Has the
setting of post-cardiac arrest care changed, independent of
TTM, to account for these differences? Similar to the revolu-
tion that took place in the recognition and early management
of sepsis in the early 2000s, care of the cardiac arrest survi-
vor has evolved substantially during the same time period.
Chief among these changes is the recognition that not all
cases of hypoxic-ischemic coma are hopeless: neurological
recovery is possible in some cases. In addition, the constel-
lation of pathophysiological organ dysfunction that occurs

with hypoxia and reperfusion (myocardial dysfunction, vaso-
motor paralysis, lactic acidosis, acute kidney, and hepatic
injury) has collectively been conceptualized as post-cardiac
arrest syndrome, which is now widely viewed as reversible
and recoverable, as opposed to the beginning of the end [57].
Within these broad categories, advancements in therapeutics
have likely contributed to the improved survival rates, with
the establishment of standardized recognition and treatment
protocols, similar to that seen in sepsis [58]. Compounding
this effect has been a deeper understanding of coma and
return of consciousness, as well as improved methods of
prognostication after cardiac arrest, that has evolved since
the original TTM trials, thereby postponing withdrawal of
life-sustaining treatment, as the literature continues to sug-
gest more delayed awakening in this population [59-61].

What can we learn from the control arm of the TTM tri-
als that may re-frame our thinking? In the TTM-2 trial, 46%
of the patients underwent active temperature management
with a device [20]. Furthermore, the temperature spread
in the control arm of the HACA trial illustrates that many
patients were actually febrile, as there was no active tem-
perature management in this arm of the study [1]. Fever has
been associated with worse neurological outcomes among
stroke and traumatic brain injury patients, with the proposed
pathophysiological mechanisms involving increased levels
of excitatory amino acids, breakdown of the blood—brain
barrier, and decreased enzymatic function [59], as well as
increased cerebral edema and seizures leading to secondary
injury [9]. Additionally, fever in cardiac arrest survivors has
likewise been associated with worse functional outcomes
in retrospective studies [60, 62]. While the focus has been
on mild hypothermic temperatures following cardiac arrest,
perhaps maintenance of normothermia is the driving factor,
which simply re-frames our thinking rather than abandoning
the science behind it. This point may be of particular impor-
tance, as more advanced methods for temperature manage-
ment have been developed, such as intravascular catheters
and surface temperature devices, compared to the external
cooling mattress and ice packs utilized in the TTM trials
from 2002. As such, more meticulous control of potentially
deleterious effects of pyrexia with devices employing real-
time biofeedback in control groups may have contributed to
the obliteration of any perceived benefit of induced hypo-
thermia seen in the earlier trials.

While the emphasis on neurological recovery following
cardiac arrest has been on temperature management, it is
worth mentioning there are several other aspects of post-
cardiac arrest care that are highly relevant to the discus-
sion, with the precise role of each yet to be determined.
Among the many physiological parameters being studied
among post-cardiac arrest survivors include optimal oxy-
gen and carbon dioxide levels, ideal mean arterial pressure,
and administration of various medications for control of
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intracranial pressure [63]. As an example, a recent rand-
omized controlled trial investigated different blood pressure
goals among comatose survivors of OHCA. Patients were
randomized to a mean arterial pressure goal of 63 mmHg
versus 77 mmHg, with the primary outcome being a com-
posite of death from any cause or a CPC score of 3—4 within
90 days [64]. At the conclusion of the trial, there was no
statistically significant difference in the primary outcome,
and there was a similar number of adverse events among the
groups. Important limitations of the trial included a lower-
than-expected difference in mean arterial pressure between
the groups, in addition to lower-than-expected follow-up
among patients, highlighting the need for further investiga-
tions. Each of these physiological parameters has important
implications for cerebral perfusion during the immediate
post-cardiac arrest state, particularly when cerebral auto-
regulation may be impaired [65], and represent a subset
of additional factors that could influence patient progno-
sis. While fever control has been a constant in neurocriti-
cal care, a recent meta-analysis investigating fever control
among critically ill patients, suffering from a wide range of
clinical conditions, did not seem to increase the risk of death
or adverse events [66], leading many clinicians to question
whether a TTM trial with the control arm having no active
temperature management may be warranted. No matter the
fate of TTM, clinicians must be mindful that other inten-
sive, neurologically-focused critical care exists and may
be equally important in leading to favorable neurological
outcomes.

Clinical Implications and Conclusion

Although TTM has been ubiquitous following cardiac arrest
among comatose survivors during the last two decades, a cross-
roads has been reached. Since the original groundbreaking clini-
cal trials led to its inception, a multitude of studies have failed to
support the therapeutic benefits of mild-to-moderate hypother-
mia within this patient population. On the surface, the negative
TTM-1 and TTM-2 trials might appear to seal the fate of thera-
peutic hypothermia within the medical community, suggesting
that intensivists can safely abandon TTM after cardiac arrest
if taken at face value. Drawing from parallel clinical scenarios
within critical care, we have highlighted several plausible expla-
nations which support the concept that TTM was foundational
for creating an entirely new therapeutic milieu for cardiac arrest,
mostly by embodying the concept that global hypoxic-ischemic
brain injury is treatable. For this reason alone, it is well justified
to continue to routinely use TTM as the cornerstone of neuro-
protection after cardiac arrest. We have shown this to be the case
by demonstrating treatment effects seen in single-center stud-
ies are often large, with a substantially smaller effect in larger,
multi-center trials. Second, the background care of cardiac arrest
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survivors has improved significantly throughout the years, lead-
ing to enhanced care of the control group within trials, thereby
diminishing the treatment effect of induced hypothermia. Lastly,
increased vigilance and treatment of the variable of interest—
whether it be fever, glycemic control, early volume resuscitation
and antibiotic administration, or plateau pressure—has led to a
reduction in the differences between control and interventional
groups, leading to a trend towards neutral results in the most
recent clinical trials.

Given the heterogeneity among individuals suffering from
cardiac arrest, there likely are specific sub-populations of
patients that may or may not benefit from TTM, which war-
rant further investigation prior to erasing TTM from post-
cardiac arrest care. For example, a cohort study of 1319
survivors of cardiac arrest investigated TTM of 33 °C versus
36 °C stratified based on illness severity, which was meas-
ured by the presence of severe cerebral edema, identification
of malignant electroencephalogram (EEG) patterns, coma
grade and organ failure scores. In the absence of severe cer-
ebral edema or malignant EEG patterns, patients with more
severe coma had higher survival to hospital discharge within
the 33 °C group, while those with mild to moderate coma
and no cardiovascular shock had higher survival to hospi-
tal discharge in the 36 °C group [67]. In similar fashion, a
post hoc analysis of a cohort study investigated functional
outcome among survivors undergoing TTM to either 33 °C
or 36 °C stratified by severity of encephalopathy based on
EEG patterns at 12 and 24-h post-cardiac arrest. There was a
higher proportion of patients with moderate encephalopathy
with good functional outcome in favor of the 33 °C group,
while among patients with mild encephalopathy there was
no significant difference [68]. These studies serve as just
two examples of patient characteristics that could serve as a
framework for future large-scale TTM clinical trials, which
may couple such variables with varying temperature goals,
delivery method, duration of induced hypothermia, and
specialized systemic post-cardiac arrest care. While these
clinical questions are considered, clinicians should proceed
with caution in abandoning TTM. There was a trend of lower
compliance with target temperature, increased incidence of
fever and less favorable neurological outcomes when many
centers around the world altered the TTM goal from 33 °C to
36 °C following the publication of the TTM trial, illustrating
translation of clinical trial methodology to real-world prac-
tice may have unintended effects [69-71]. Being mindful
of these many nuances will be vital in this age of precision
medicine that strives to deliver individualized therapeutic
plans. In doing so, we must continue to acknowledge the
many interventions that have appeared to mature as incon-
sequential, but in actuality altered the landscape of treatment
and improved the lives of the patients we encounter each
day. Similar to its predecessors within critical care, TTM
changed the world.
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