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Abstract

The earliest recorded application of therapeutic hypothermia in medicine spans about 5000 years; however, its use has become
widespread since 2002, following the demonstration of both safety and efficacy of regimens requiring only a mild (32°C-35°C)
degree of cooling after cardiac arrest. We review the mechanisms by which hypothermia confers neuroprotection as well as its
physiological effects by body system and its associated risks. With regard to clinical applications, we present evidence on the role
of hypothermia in traumatic brain injury, intracranial pressure elevation, stroke, subarachnoid hemorrhage, spinal cord injury,
hepatic encephalopathy, and neonatal peripartum encephalopathy. Based on the current knowledge and areas undergoing or in
need of further exploration, we feel that therapeutic hypothermia holds promise in the treatment of patients with various forms
of neurologic injury; however, additional quality studies are needed before its true role is fully known.
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Historical Landmarks of Therapeutic
Hypothermia Over 5000 years:
Nihil Novi Sub Sole

Interest in hypothermia as a therapeutic agent dates back to
several millennia when it was first recommended in the Edwin
Smith Papyrus, an ancient Egyptian treatise on medicine and
surgery written 5000 years ago.! Hippocrates advised snow
and ice packing to reduce hemorrhage in the wounded,” and
total body cooling was used for tetanus treatment in the fourth-
and fifth-century BCE.! Centuries later, the 22-year-old Anne
Greene was hung on a cold day in December 1650; when
brought down half an hour later, she eventually demonstrated
signs of life and progressed to full recovery; she was pardoned
and lived a normal life thereafter, marrying and having
children.® In the late 1700s, Dr James Currie (Figure 1), a
Scottish physician, carried out the first systematic experiments
on humans to determine the effects of various methods of
cooling upon body temperature, pulse, and respiration. He
successfully used body cooling via application of cold water
(hydrotherapy) for the treatment of several clinical disorders
and documented the first records of human temperatures in
health, disease, and experimental conditions.' Around the
same time, a French physician described the case of a lunatic
who escaped from an asylum and wandered naked in a forest

during the winter; subsequently, the person was reported to
have been cured of his mania.' Russians have applied
hypothermia therapeutically since 1803 by covering people
with snow in an attempt to resuscitate them.* Baron de Larrey,
Napoleon’s chief surgeon during the 1812 campaign, packed
limbs in ice prior to amputations to render the procedure pain-
less; he also observed that soldiers who were hypothermic and
placed closer to a fire died faster than those who remained
hypothermic.' In 1892, at Johns Hopkins, Sir William Osler
experimented with hypothermia on patients with typhoid fever
and reported a decline in mortality from 24.2% to 7.1%."

Dr Temple Fay (Figure 2) is credited with reintroducing
therapeutic hypothermia to modern day medicine in a famous
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Figure |. Dr James Currie. Reprinted from Cosby CB. James Currie
and hydrotherapy. | Hist Med Allied Sci. 1950;5(3):280-288, with per-
mission from Oxford University Press.

experiment in 1938 in which he cooled (“refrigeration” as he
described in his publications) a female patient with intractable
pain from metastatic breast cancer to 32°C for 24 hours.>®
This was followed by the application of hypothermia for pain
relief in additional patients with metastatic malignancy; a
reduction in pain symptoms was reported in 95.7% of such
patients.” Dr Temple Fay is noted to have invented one of the
earliest “cooling blankets,” as shown in Figure 3, which is a
special insulated mattress in between the bed and a ““zipper”
blanket containing rubber tubing for continuous circulation of
chilled fluids. The addition of a hood allows full application of
cold to the head."® Dr Fay successfully implanted a metal cap-
sule intracranially to deliver localized hypothermia to a tumor
bed and went on to develop a program to manage various
forms of brain injury.' His data collection, however, was inter-
cepted by the Nazis around the time of World War 11, setting
hypothermia research back by a couple of decades due to neg-
ative associations with Nazi experiments.

Hypothermia was again “rediscovered” in the 1950s by
Bigelow and colleagues who documented its positive effects
on the brain during cardiac surgery in animals.® Rosomoff
and others demonstrated that hypothermia reduced cerebral
blood flow and oxygen consumption (Figure 4) and had a ben-
eficial effect on intracranial pressure (ICP) in dogs in experi-
mental traumatic brain injury (TBI).° Around the same time,

Figure 2. Dr Temple Fay. Reprinted from Alzaga AG, Salazar GA,
Varon J,° with permission from Elsevier.

hypothermia was successfully applied during intracranial
aneurysm repair.'® By the end of the decade, the use of ther-
apeutic hypothermia in neurosurgery and for neurological
indications became increasingly common'' and continued
into the 1960s.'>'* The first clinical trial of hypothermia in
the treatment of comatose patients following cardiac arrest
was published in 1958, reporting a 50% survival for patients
(6 of 12) managed with hypothermia at 33°C compared to
14% (1 of 7) of patients in the normothermic group.'* In
1964, hypothermia even became a part of the first published
algorithm on heart-lung resuscitation by Dr Peter Safar who
advocated cooling patients within 30 minutes of the return
of spontaneous circulation if there were no signs of central
nervous system recovery.'> Interest in hypothermia then
declined due to the difficulty in managing side effects such
as arrhythmias, coagulopathy, and infection since moderate
hypothermia (28°C-32°C) was used, as such temperature was
thought to be the most beneficial at the time.?

Some continued exploring the neuroprotective use of mod-
erate hypothermia throughout the 1970s and demonstrated
promising results'®!'”; however, true resurgence of interest
in neurologic applications of therapeutic hypothermia did not
take place until the late 1980s, following the reports of its ben-
efits even with a mild degree of cooling.'®?° Thus, in the
1990s, extensive research on the use of mild hypothermia in
animal models ensued: it was shown to confer neuroprotection
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Figure 3. Special insulated mattress between the bed and a “zipper”
blanket containing rubber tubing for continuous circulation of chilled
fluids. Reprinted from Alzaga AG, Salazar GA, Varon |,® with per-
mission from Elsevier.
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Figure 4. Solid circles joined by solid lines represent mean cerebral
blood flows of 4 animals at 35°C, 30°C, and 26°C. Open circles
joined by broken lines represent mean cerebral O, consumption
of the same animals. Vertical lines represent standard error of each
mean. Reprinted from Rosomoff HL, Holaday DA,’ with permission
from the American Physiological Society.

following cardiac arrest,21 cerebral ischemia,22 and even
bacterial meningitis.*®

Mild hypothermia was successfully implemented in the
1990s in patients with severe brain injury** and as a treatment
modality to control traumatic intracranial hypertension®’;
others demonstrated its benefits following successful cardio-
pulmonary resuscitation.”® This lead to the 2 prospective
randomized controlled trials of patients with anoxic brain

injury following out-of-hospital cardiac arrest, which were
published in 2002.2”-*® Bernard et al demonstrated that 49%
of hypothermia-treated patients survived versus 26% of con-
trol patients, with odds ratio (OR) = 5.25 in benefit of
hypothermia.?’” The hypothermia after cardiac arrest study
group®® trial demonstrated better neurological outcomes in the
treated group (55% vs 39% in the control) as well as lower
6-month mortality (41% vs 55%). Following these reports,
therapeutic hypothermia finally took its due place in postre-
suscitation guidelines.”” These 2 randomized studies have
reinvigorated numerous basic science and clinical trials in
hypothermia. However, before venturing into the current use
of hypothermia for neuroprotection and its present day indica-
tions, it is important to understand the mechanisms of its ben-
eficial effects; these vary based on the interval from the initial
insult.>® We therefore will review the effects of therapeutic
hypothermia in the context of time: acutely (minutes to hours),
subacutely (hours to days), and chronically (weeks to months).

Mechanisms of Neuroprotection
Acute Phase

Cerebral metabolic rate is a principal determinant of cerebral
perfusion, whereas ischemia is a state characterized by a
deficiency in oxygen, adenosine triphosphate (ATP), and glu-
cose.’! Cerebral metabolic rate decreases by about 6% to 7%
for every 1°C drop in body temperature,®' thereby reducing
oxygen demand,? preserving phosphate compounds and
energy stores, and preventing lactate production and develop-
ment of acidosis.*®> As shown in Figure 4, Rosomoff and Hola-
day’ described a linear correlation and “coupling” of brain
temperature with cerebral metabolism and cerebral blood
flow. Hypothermia is also thought to improve brain glucose
utilization as shown by a lower lactate—glucose and lactate—
pyruvate ratio in cooled patients with TBI compared to
controls.** Cerebral blood flow decreases in parallel with cere-
bral oxygen consumption during hypothermia, suggesting the
preservation of autoregulation.*> The major protective effect
of hypothermia on cerebral blood flow appears to be a decrease
in hyperemia following reperfusion.*?

Cerebral ischemia and brain injury trigger a release in
excitatory amino acids and glutamate, thereby causing excito-
toxicity.>° Additionally, ATP deficit in ischemia results in the
disruption of ion gradients with calcium influx, leading to
mitochondrial dysfunction and depolarization of neuronal cell
membranes causing the release of glutamate into extracellular
space; prolonged glutamate exposure leads to a permanent
state of neuronal hyperexcitability followed by neuronal
injury and death.®> The extent of glutamate concentration
depends on the severity of trauma and follows a positive feed-
back loop.*® Neuron exposure to excessive levels of excitatory
amino acids leads to the stimulation of non—N-methyl-D-
aspartic acid (NMDA) subtype glutamate receptors, resulting
in a toxic level of extracellular acidosis.>® Excess glutamate
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also leads to acidosis in addition to increased intracellular cal-
cium, potassium, protease activation, and the synthesis of
nitric oxide (NO) and reactive oxygen species (ROS).*’
Hypothermia is known to reduce the release of excitatory
amino acids.*® It also appears to downregulate astrocytic glu-
tamate transporter 1, which mediates the reverse transport of
glutamate and attenuate glutamate receptor expression.’” More-
over, hypothermia prevents glutamate-induced increase in NO
synthesis®' and suppresses NMDA receptor phosphorylation.*®

Subacute Phase

During this time, secondary injury mechanisms such as
reperfusion with ROS generation, inflammation, and cellular
apoptosis take place, leading to the disruption of the blood—
brain barrier and edema formation.*® Ischemia—reperfusion
is known to trigger ROS release, whereby hypothermia
appears to blunt this response via attenuation of oxidative and
nitrosative stress markers with up to a 50-fold decrease in
hydrogen peroxide concentrations, allowing neurons to retain
viability.*> With regard to the effect of timing of cooling on
ischemia—reperfusion injury, animal data showed better out-
comes with intra-arrest head cooling compared to postarrest
surface cooling.’® In the 2 landmark 2002 trials, when
hypothermia was achieved within 2 versus 8 hours, the out-
come data were similar.”’® A subsequent study examining
the effect of time to initiation of cooling (interquartile range
[IQR] 1-1.8 hours) and time to achieving target temperature
(IQR 3-6.7 hours) did not show an association of earlier
cooling with improved neurological outcome.*’ Others inves-
tigated the effect of prehospital cooling as a means to decrease
the time to therapeutic hypothermia; rapid infusion of ice-cold
intravenous fluid did not improve outcomes at hospital dis-
charge compared with cooling that commenced in the hospital
in patients with cardiac arrest due to ventricular fibrillation.*'
However, a study of patients with initial rhythm of asystole or
pulseless electrical activity showed that 17% of those who
received prehospital cooling had a favorable outcome at hos-
pital discharge compared with 7% in the hospital-cooled
group.*

Inflammation following brain injury is a physiologic
response with the goal of repairing the damaged tissue and
defending it from pathogens; however, this response has both
beneficial and deleterious effects, with a predominance of the
latter, especially in subacute and chronic stages.*> Inflamma-
tory response following brain injury is comprised of a cellular
component with the activation of glial cells, microglia, and
astrocytes as well as blood leukocyte infiltration.** Overall,
inflammation exacerbates acute brain injury with the release
of such proinflammatory cytokines as interleukin (IL) 1, IL-6,
IL-18, and tumor necrosis factor o as well as the complement
activation additionally stimulating neutrophil pathways.*’
Hypothermia has been shown to mitigate the inflammatory
response by reducing astrocyte and microglial activation and
decreasing expression of inflammatory cytokines, endothelial

molecules, and neutrophils as well as monocyte infiltration.>'

However, the effect of hypothermia on inflammation is more
complex and appears to involve inhibition of not only proin-
flammatory but also anti-inflammatory factors as has been
shown by decreased levels of IL-10 and transforming growth
factor B.*” Overall, the effect of hypothermia on inflammation
is predominantly suppressive.

In addition to ischemia-reperfusion injury and ensuing
inflammation following a brain insult, cells may recover,
become necrotic, or enter a pathway of programmed cell death
or apoptosis.>’ Immediately following insult, neurons die by
necrosis due to membrane disruption and excitotoxicity,
whereas a subsequent wave of neuronal death occurs via an
apoptotic pathway.*® This process is mediated by mitochon-
drial dysfunction and the release of regulatory proteins that
can either initiate (B-cell lymphoma 2 [Bcl-2] associated X
protein, Fas, caspase 3, cytochrome C) or inhibit (Bcl-2) apop-
totic reactions.***’ Hypothermia attenuates the release of
proapoptotic mediators and activates antiapoptotic pathways
and increases the expression of p53 to promote subsequent
repair.*®

Perhaps one of the most important effects of hypothermia is
the preservation of the blood-brain barrier following the
disruptive effects of ischemia—reperfusion, traumatic injury,
or even mannitol administration.>' Hypothermia primarily
prevents the activation of metalloproteinases that degrade the
extracellular matrix and augments the expression of endogen-
ous metalloproteinase inhibitors.>® Additionally, increased
vascular permeability of brain endothelial cells that occurs via
the release of NO is also attenuated by hypothermia, which
decreases neuronal NO synthase recruitment’'*® and sup-
presses aquaporin 4 expression.>® Hypothermia therefore acts
via several mechanisms that have a protective effect against
brain edema due to the loss of blood—brain barrier integrity,
thereby limiting ICP increase.*”

Chronic Phase

Following initial brain insult and variable recovery, evidence
supporting hypothermia appears less defined. Hypothermia of
4 to 24 hours’ duration has been shown to play a role in post-
ischemic neurogenesis®™>! although the same effect has not
been observed when hypothermia was used for 45 minutes
only.>? Reports on the role of hypothermia in gliogenesis and
angiogenesis have been inconclusive, and it remains an active
area of investigation.*”

Overall, hypothermia exerts a protective effect over a
variety of injurious mechanisms occurring in the brain fol-
lowing ischemia—reperfusion or trauma; earlier, these effects
involve a decrease in cerebral metabolism, mitochondrial
injury, ion pump dysfunction, and excitotoxicity.>’ Subse-
quently, hypothermia attenuates reperfusion injury, ROS
production, inflammation, apoptosis, blood—brain barrier
permeability, and edema formation®'; hypothermia might
also play a role in neuronal cell regeneration and neuronal
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circuit repair.*® However, besides the neuroprotective effects, it
is equally important to understand the overall physiological
effects of this therapeutic modality and the potential risks of its
implementation.

Physiologic Effects of Hypothermia by Organ
Systems and Associated Risks

Temperature, substrate concentration, and pH determine the
rate of all biochemical reactions in nature; reduction in body
temperature therefore affects all biological processes in the
body. Therapeutic hypothermia consists of 3 phases: induc-
tion, maintenance, and rewarming; each is associated with its
own risks®'; however, a detailed description of the physiology
of cooling is beyond the scope of this article. Shivering occurs
with a decrease in core temperature less than 35.5°C and
ceases at temperatures less than 30°C; it increases metabolic
rate and oxygen consumption.*® However, since shiver control
and prevention is a part of the hypothermia care protocol, we
will not review it here. Instead, we will focus on the effects of
hypothermia by organ systems—cardiac, pulmonary, hemato-
logic, renal, liver, endocrine, gastrointestinal—as well as infec-
tious complications and its influence on drug metabolism.

Cardiovascular Effects

A decrease in heart rate parallels that of temperature with
average heart rate of about 40 to 45 beats/min at 32°C.>' This
is a normal physiologic response and does not require an inter-
vention. Hypothermia exerts an overall positive inotropic
effect as a reduction in heart rate improves left ventricular
filling. Augmentation of heart rate during hypothermia is not
recommended as it impairs contractility, increases oxygen
uptake, and promotes arrhythmias.” The risk of arrhythmias
generally does not increase at temperatures more than
30°C*"*%; a landmark trial by Bernard et al did not show a
significant effect on arrhythmias in the group treated with
33°C.?7 Physiologically, hypothermia decreases spontaneous
repolarization of cardiac myocytes and prolongs the duration
of action potential and impulse conduction; most classic elec-
trocardiographic (ECG) abnormalities are J (Osborn) waves as
well as prolonged PR, QRS, and QT intervals; J waves are
rarely seen in mild (32°C-34°C) hypothermia.>' However,
interval prolongation can also be seen in normothermic indi-
viduals with various forms of brain injury and is common in
patients with aneurysmal subarachnoid hemorrhage (aSAH),>*
whereas J waves have also been associated with various
ischemic conditions, brain injury, and aSAH.>> Notably,
Takotsubo cardiomyopathy is an increasingly recognized
complication of a variety of neurologic conditions, with aSAH
being the most common,’® which can also present with
arrhythmias, ECG, and hemodynamic changes, so it is impor-
tant to keep in mind the potential alternative explanations for
any cardiac derangements observed during hypothermia.
Additional cardiovascular changes seen with lowering of body

temperature include an increase in mean arterial pressure
despite a drop in heart rate and therefore cardiac output due
to an increase in systemic vascular resistance from
hypothermia-induced peripheral vasoconstriction.*'>* Resul-
tant increase in venous return leads to atrial natriuretic peptide
activation and decreased levels of antidiuretic hormone lead-
ing to “cold diuresis.”>* This effect is even more pronounced
in patients receiving mannitol; therefore, if hypotension
develops during the induction phase of hypothermia, a fluid
challenge may be reasonable.”'

Pulmonary Effects and Infectious Complications

Just like with cardiovascular manifestations, separating the
effects of hypothermia from those triggered by the underlying
neurologic insult might be challenging. As many as one-third
of intubated neurologic patients have been reported to develop
acute respiratory distress syndrome (ARDS),?” and neurologic
pulmonary edema is also common.® Interestingly, the reported
rate of ARDS in patients undergoing even prolonged hypother-
mia is half of that for normothermic population.®® This is not
necessarily surprising, as reduction in metabolic rate with
hypothermia decreases oxygen consumption and CO, produc-
tion.>! Recently, Aslami et al*® compared the respiratory para-
meters in patients with cardiac arrest during hypothermia and
after rewarming and demonstrated a reduction in PaCO, that
was still present following rewarming as well as an increase
in the PaO,-FiO, ratio upon completion of hypothermia. There
has been much controversy in the literature between pH-stat
and o-stat measurement and in the reporting of blood gas data
in patients undergoing hypothermia. The most recent meta-
analysis comparing trials using either protocol concluded that
the choice of the technique appears to be age related: pH-stat
produces better results in pediatric patients and o-stat in the
adults.*® Additionally, due to the inhibition of inflammatory
response by hypothermia, there has been much debate whether
it can increase the rate of infectious complications, most notably
pneumonia. Nonetheless, most studies using hypothermia of 24-
hour duration reported either no or only a small difference in the
rates of infection.’! Studies reviewing outcomes of patients with
severe head injury treated with prolonged hypothermia com-
pared to controls reported no difference in the rates of infec-
tions.®"*%? Recently, an investigation of patients undergoing
prolonged hypothermia who underwent selective digestive tract
decontamination actually demonstrated a significantly lower
rate of infection in the hypothermia group compared to con-
trols.®> Nonetheless, hypothermia may increase the risk of
wound infections; therefore, extra care to prevent bedsores and
close monitoring of any catheter insertion sites is paramount.>’

Hematologic Function

Perhaps one of the most important concerns regarding the
effects of hypothermia in patients with aSAH, TBI, and stroke
is its effect on coagulation. Hypothermia may affect platelet
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count,”® although hemoglobin levels appear unchanged.®***
The coagulation cascade is affected at temperatures less than
33°C, whereas platelet function may be decreased to less than
35°C.3! Some reported significant prolongation of activated
partial thromboplastin time (aPTT),** while others saw no
difference.®® Since these effects may be masked if analyses are
performed on rewarmed blood,*® close aPTT monitoring with
concomitant subcutaneous heparin administration is advisable.
Reassuringly, large clinical trials in patients with aSAH, TBI,
and stroke did not report an increased risk of bleeding with
hypothermia, although persons with heritable bleeding disor-
ders may not have been studied and application of hypothermia
in patients with active bleeding or at high risk of bleeding
would have to be done with caution, with cooling to no lower
than 35°C.>!

Renal, Endocrine, and Gastrointestinal Effects

Electrolyte disorders are common, especially in the induction
phase and therefore require close protocolized monitoring;
magnesium depletion in particular can worsen brain injury.*'
Potassium levels decline with hypothermia®® and are one of the
reasons why slow rewarming is advised, since the converse can
occur if a patient is rewarmed rapidly. Myocardium sensitivity
to potassium is increased in hypothermia; therefore, hypokale-
mia may have a protective effect.®? Serum sodium levels do not
appear to be affected.’*** Hypothermia can also decrease
insulin sensitivity and lead to a reduction in insulin secretion,
resulting in hyperglycemia, particularly during the induction
stage.>' Overall, with close monitoring, no significant differ-
ences in blood glucose levels or insulin requirements were
reported in trials comparing patients undergoing hypothermia
to controls.*>** With regard to bowel function, hypothermia
may promote ileus and delayed gastric emptying.*®

Liver Function and Drug Metabolism

Although no difference in albumin levels has been observed
among patients requiring hypothermia over 48 hours’ duration
compared to controls,* the effect of hypothermia on drug meta-
bolism depends on the route of elimination.®> Hypothermia
affects the rates of tubular secretion and reabsorption with over-
all reductions in enzymatic activity; cytochrome p450 functional
activity is also reduced.®® Reductions in drug clearance have
been demonstrated in commonly used medications such as
vasopressors, opiates, sedatives, volatile anesthetics, neuromus-
cular blocking drugs, and phenytoin.*' Since this can increase
drug potency, adding a bolus as opposed to increasing the drip
rate may be advised in cases that require more sedation.”’

Clinical Applications of Therapeutic
Hypothermia

In 2011, 5 international critical care societies issued a joint
report regarding evidence-based recommendations for the use

of therapeutic hypothermia; they recommended replacing the
term “therapeutic hypothermia” with “targeted temperature
management (TTM)” to emphasize the importance of defin-
ing a complete temperature profile.** The jury strongly recom-
mended the use of TTM for out-of-hospital cardiac arrest
survivors with ECG rhythm of ventricular tachycardia or
fibrillation, who remain unconscious following the return of
spontaneous circulation, and weakly recommended its use in
newborns following sustained asphyxia with acidosis and/or
encephalopathy.*® The jury did not recommend either for or
against the use of TTM in other cardiac rhythms or in-
hospital cardiac arrest as well as in the management of TBI,
ICP, acute ischemic stroke, aSAH, spinal cord injury (SCI),
and acute liver failure encephalopathy due to insufficient evi-
dence of its benefit.** Previously published guidelines for the
management of TBI in 2007 contained a level III recommen-
dation stating “greater decrease in mortality risk is observed
when target temperatures are maintained for more than 48
hours. Prophylactic hypothermia is associated with signifi-
cantly higher Glasgow Outcome Scale scores when compared
to scores for normothermic controls.”®® Although a detailed
description of the use of TTM in cardiac arrest survivors is
beyond the scope of this article, we will review the evidence
of its implementation in various forms of neurologic injury
with emphasis on most recent works and ongoing trials.

Traumatic Brain Injury and ICP Elevation

Intracranial pressure elevation is common following TBI due
to either mechanical forces or a blood—brain barrier disruption
and inflammation leading to interstitial fluid volume expan-
sion and cellular swelling.*® Therefore, ICP management is
an integral part of TBI therapies. Since the publication of
available evidence by the TTM study group, researchers in
Europe started recruitment for the largest study of its kind
(1800 patients) aimed at evaluating the effect of therapeutic
hypothermia (32°C-35°C) on ICP reduction following TBI,
that is, the Eurotherm3235Trial.%” Authors reviewed evidence
from 29 clinical studies on hypothermia in TBI; of those, 17
had control groups but only 1 study reported outcome data
at 3 months, where there was no significant difference.®’ The
major difficulty in interpretation of that trial data lied in the
variability of injuries and treatment protocols, prompting the
much needed randomized controlled trial across 70 hospitals.
In parallel, investigators in Australia and New Zealand started
the “POLAR-RCT: Prophylactic Hypothermia Trial to Lessen
Traumatic Brain Injury—Randomized Controlled Trial.”®®
At the same time, results of the National Acute Brain Injury
Study: Hypothermia IT (NABIS: H II) trial were published.®*
In that randomized controlled study of 97 patients, authors
instituted hypothermia of 33°C for 48 hours within 4 hours
of severe brain injury. No improvement in primary outcome
defined as Glasgow outcome scale score at 6 months was
observed, and the study was terminated prematurely. Contrast-
ing previous studies, authors reported higher ICP in the
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intervention group, attributing it to aggressive methods of
blood pressure control. Notably, subgroup analyses showed
worse results in cases of diffuse brain injury but significantly
better outcomes among patients with surgically removed
hematomas managed with hypothermia.®* The NABIS: H II
trial investigators only provided measurements of ICP for the
first 4 days of study in reply to an inquiry of whether ICPs
documented during rewarming might have influenced
obtained values in the hypothermia group®; it is therefore
unclear what the ICP values were over the remainder of the
hospital course and how it might have influenced the outcome.
Stein et al prospectively examined ICP in 191 patients with
TBI over 7 days (180 hours) and reported that the median ICP
was significantly higher in the 84- to 180-hour than the 0 to
84-hour time period.”® Although there was no significant
effect of ICP on functional outcomes in the first 84 hours,
every 5% increase in ICP over time in the subsequent period
was independently associated with a 21% higher chance of
having a poor functional outcome (adjusted OR = 1.21,
95% confidence interval [CI] 1.02-1.42; P = .03).”°

Therefore, although there does not appear to be sufficient
data to support the use of hypothermia for neuroprotective
indications in early phases of TBI at present, it remains
unclear whether hypothermia might improve outcomes if used
in later stages of a hospital course for ICP management. Euro-
therm3235Trial protocol involves the use of hypothermia for
at least 48 hours, which was continued for as long as necessary
to maintain ICP less than 20 mm Hg®’; the obtained results
will help to advance our understanding on the role and conse-
quences of hypothermia in the management of TBI. In the
meantime, the most recent review of 18 publications using
hypothermia for ICP management in TBI, including 13 rando-
mized controlled trials, concluded that, pending results from
multicenter studies, hypothermia should be included as a ther-
apeugilc option for ICP management in patients with severe
TBI.

Stroke

The application of hypothermia in patients with stroke can be
challenging, as most are awake and not intubated. Despite the
widespread use of alteplase, the narrow treatment window
limits patient eligibility, and only a third of patients are free
from disability following recovery.”> Several small clinical
trials investigating the use of hypothermia in ischemic stroke
have been published.”? Most recently, researchers in the Intra-
venous Thrombolysis Plus Hypothermia for Acute Treatment
of Ischemic Stroke (ICTuS-L) trial randomized 58 patients
with acute stroke to 24 hours of hypothermia versus nor-
mothermia in addition to standard therapy; no differences in
mortality or 90-day outcomes were apparent.”> Following
these results, a new trial commenced: Intravascular Cooling
in the Treatment of Stroke 2/3 Trial (ICTuS2/3) with a
planned enrollment of 1600 patients with ischemic stroke
eligible to receive alteplase followed by randomization to

standard therapy versus hypothermia of 33°C across 10 cen-
ters in the United States and 1 in Austria.”>’* Another trial
is currently underway in Europe: “EuroHYP-1: A European,
multicentre, randomised, phase III, clinical trial of hypother-
mia plus medical treatment versus best medical treatment
alone for acute ischaemic stroke.””® Investigators plan to
enroll 1500 awake patients presenting within 6 hours of stroke
and cooled to 34°C to 35°C for 24 hours across over 60 hos-
pitals.” It therefore remains to be seen whether those trials
will validate the use of hypothermia in this group of patients.

Aneurysmal Subarachnoid Hemorrhage and
Intracerebral Hemorrhage

Current aSAH management guidelines do not address the use
of hypothermia, but that it may be reasonable during aneurysm
surgery (Class III; Level of Evidence B).”® Nonetheless, these
patients may develop subsequent global cerebral edema that
portends a poor outcome and is associated with 50% to 60%
of 30-day mortality.”” Gasser et al evaluated 21 patients with
aSAH having severe brain edema with ICP > 15 mm Hg and
reported good functional outcomes in 48% of the patients
treated with a combination of prolonged hypothermia and
barbiturate coma.”® A study of 100 patients with intracranial
hypertension or cerebral vasospasm reported favorable treat-
ment outcomes with prolonged hypothermia alone (n = 13)
or a combination of hypothermia and barbiturate coma (n =
87); however, of the patients undergoing hypothermia for
refractory ICP, the reported 1-year mortality was 61% com-
pared to 29% among patients receiving therapy for vasos-
pasm.”® Most recently, Staykov et al reported no increase in
cerebral edema in the prolonged hypothermia as opposed to
the historical control group of patients with intracerebral
hemorrhage (ICH) selected on a basis of hemorrhage volume
>25 mL; moreover, there was no ICP increase in the treatment
group compared to an increase in 44% of controls; mortality
was half of that for controls.”® Given that no bleeding compli-
cations were reported in those trials, in populations with aSAH
and ICH having refractory ICP, hypothermia might be a rea-
sonable adjunct to conventional therapy and decompressive
hemicraniectomy.

Spinal Cord Injury

Spinal cord injury is a devastating neurological event with less
than 1% of discharged patients being neurologically normal.®
The first case series on the use of systemic hypothermia of
33°C in SCI consisted of a retrospective analysis of American
Spinal Injury Association and International Medical Society
of Paraplegia Impairment Scale (AIS) scores and complica-
tions in 14 patients with a complete cervical SCI (AIS A) com-
pared to 14 age- and injury-matched patients treated at the
same institution.®’ There was no increase in complications
during hospital stay and no statistically significant difference
between the final AIS grade in the control and the hypothermia
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groups, but more patients converted to AIS B and C in the
hypothermia group (5 patients) when compared with the control
group (2 patients).®' The same authors had just reported their
extended experience with 35 patients with cervical SCI receiv-
ing hypothermia for 48 hours, with improvement in 43% by at
least 1 grade at follow-up®?; this was better than the previously
reported rate of spontaneous recovery.®’ At present, no rando-
mized controlled trials investigated hypothermia for SCI. The
Department of Neurological Surgery at the University of Miami
Miller School of Medicine in collaboration with the Neurologi-
cal Emergency Treatment Trials Group is in the process of
finalizing a randomized 17-center trial of 200 patients to pro-
vide more definitive evidence on the usefulness of modest
hypothermia in acute SCI (www.themiamiproject.org).5

Hepatic Encephalopathy/Acute Liver Failure

Acute liver failure (ALF) with hepatic encephalopathy
frequently leads to the development of cerebral edema and
intracranial hypertension: high ICP was observed in 80% to
95% of patients with stage III-IV hepatic encephalopathy and
is a major contributor to mortality and neurocognitive compli-
cations in survivors.®®> The main mechanisms are alterations of
brain glucose metabolism, leading to glucolysis and synthesis
of lactate and hyperammonemia with an increase in intracellu-
lar osmolality of cortical astrocytes and accumulation of glu-
tamine, which in addition to osmotic effect leads to further
mitochondrial dysfunction affecting oxidative metabolism
and lactate accumulation.®® Decrease in body temperature
lowers brain ammonia uptake and concentration with a larger
reduction in cerebral metabolic glucose than oxygen, suggest-
ing improvement in oxidative metabolism; it also attenuates
liver injury.®® Case reports and series suggest a very favorable
effect.®*” Most recent work evaluated the outcomes of 14
patients with ALF having refractory ICP awaiting orthotopic
liver transplantation, who were successfully bridged to trans-
plantation following initiation of 32°C to 33°C hypothermia
without significant cooling-relating complications at any time
and had a complete neurologic recovery.®” Authors reported
significant increase in mean arterial pressure and cerebral per-
fusion pressure with decrease in the need for inotropes;
hypothermia resulted in a significant reduction in arterial
ammonia concentration and its brain metabolism, cerebral
blood flow, brain cytokine production, and markers of oxida-
tive stress.®” Nonetheless, no recommendations regarding the
use of hypothermia for this indication exist, primarily due to
the lack of randomized controlled trials.*®

Neonatal Encephalopathy Due to Intrapartum Asphyxia

The 2010 guidelines in neonatal resuscitation include a recom-
mendation to induce hypothermia (33.5°C-34.5°C) within
6 hours after birth for birth asphyxia in term or near-term
infants.®® The 2011 joint report regarding evidence-based rec-
ommendations for the use of therapeutic hypothermia issued a

weak recommendation for the use of hypothermia in manage-
ment of perinatal asphyxia, with evidence suggesting a
mortality reduction in infants with objective evidence of ence-
phalopathy and signs of perinatal distress, although the ideal
temperature profile remains to be determined.*® Most
recently, a trial of 116 neonates randomized to 72 hours of
hypothermia (33°C to 34°C) reported a lower risk of subse-
quent developmental deficit in the treatment group.® Overall,
compared to less than a decade ago, hypothermia has become
the standard of practice for management of neonatal encepha-
lopathy in the United States.”®

Conclusions

Despite several millennia of reported sporadic use, the “dark
ages” of hypothermia appear to have ended, and it has now
entered a period of renaissance where recognition of its med-
ical benefits and applications is expanding rapidly, once mild
cooling was shown to be beneficial without many of the
feared side effects. Nonetheless, body cooling requires an
intensive care unit setting with protocolized implementation
and close monitoring. Understanding the mechanisms by
which hypothermia affects body systems, particularly the
brain, is paramount to the advancement of its application into
the promising novel areas especially in areas those where
treatment options are limited. Therapeutic hypothermia
holds promise in the treatment of patients with various forms
of neurologic injury; however, additional quality studies are
needed before its true role is fully known.
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