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Summary: This article reviews published experimental and
clinical evidence for the benefits of modest hypothermia in the
treatment of traumatic brain injury (TBI). Therapeutic hypo-
thermia has been reported to improve outcome in several ani-
mal models of CNS injury and has been successfully translated
to specific patient populations. A PubMed search for hypother-
mia and TBI was conducted, and important papers were se-
lected for review. The research summarized was conducted at
major academic institutions throughout the world. Experimen-
tal studies have emphasized that hypothermia can affect mul-
tiple pathophysiological mechanisms thought to participate in
the detrimental consequences of TBI. Published data from sev-

eral relevant clinical trials on the use of hypothermia in se-
verely injured TBI patients are also reviewed. The conse-
quences of mild to moderate levels of hypothermia introduced
by different strategies to the head-injured patient for variable
periods of time are discussed. Both experimental and clinical
data support the beneficial effects of modest hypothermia fol-
lowing TBI in specific patient populations. Following on such
single-institution studies, positive findings from multicenter
TBI trials will be required before this experimental treatment
can be considered standard of care. Key Words: Head trauma,
hypothermia, hyperthermia, sex, pathomechanisms, pediatrics,
rewarming phase, clinical trials.

INTRODUCTION

During the last 20 years, positive results have been
reported in animal models of traumatic brain injury
(TBI) demonstrating that modest levels of hypothermia
introduced after the traumatic insult significantly im-
prove behavioral and histological outcomes in a number
of laboratory settings.1–9 Notably, some clinical studies
have also reported the beneficial effects of mild to mod-
est cooling in the head-injured patient.10–20 These posi-
tive results from multiple laboratories using different
experimental models and patient populations suggest that
hypothermic therapy may have a benefit in the standard
care of severely head-injured patients. Nevertheless, a
number of controversies remain, regarding both hypo-
thermic efficacy and the mechanisms by which mild
hypothermia may protect the brain after trauma.21 There
is thus a need to continue investigation of the potentially

beneficial effects of hypothermia, both in experimental
animal models and in patients with severe TBI.
Published experimental data on the use of cooling to

protect the post-injury brain show that mild variations in
brain temperature can significantly alter the pathological
responses of the brain to injury.22–31 Laboratory investi-
gations have demonstrated that brain cooling affects
multiple injury cascades, including cellular and molecu-
lar events important in trauma-induced cell death and
long-term functional deficits. Indeed, one of the advan-
tages of hypothermia is that reduced temperature reduces
several of the dominant injury mechanisms thought to be
important in the pathophysiology of TBI.
In addition to the beneficial effects of mild reductions

in temperature on traumatic outcome, recent experimen-
tal and clinical investigations have also highlighted the
detrimental effects of mild hyperthermia on traumatic
outcome.32–39 Experimental trauma studies first demon-
strated the detrimental effects of mild hyperthermia in
models of TBI, pointing to the importance of maintaining
normothermia in the head-injured patient.32,40 Recently,
clinical studies have also reported that patients experi-
encing periods of hyperthermia in the intensive care unit
also demonstrate worse outcome after neurological inju-
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ries.35,36,38,39 At present, no therapeutic interventions
have been successfully translated to the head-injured pa-
tient that significantly improve outcome.41,42 Thus, it is
important to discuss experimental treatment strategies,
including therapeutic hypothermia, and to evaluate them
in clinically relevant experimental models and in the
clinical TBI literature.

EXPERIMENTAL BRAIN TRAUMA

Interest in the application of mild to moderate levels of
brain hypothermia (30–33°C) in experimental models of
TBI (Table 1) occurred as a result of data in the cerebral
ischemia literature showing that relatively small varia-
tions in brain temperature could critically determine the
vulnerability of hippocampal neurons to a transient isch-
emic insult.22 In 1991, Clifton et al.3 reported that pre-
and post-traumatic hypothermia improved beam walking
in a rat model of fluid percussion brain injury. In that
study, hypothermia of 30°C was reported to reduce over-
all mortality rates and to attenuate deficits in beam bal-
ance and body weight loss, compared with normothermic
treatment. In another early TBI investigation, Lyeth et
al.7 evaluated the effect of 1 hour of post-injury hypo-
thermia (30°C) on behavioral outcome and reported ev-
idence of improved behavioral outcome.
Whether post-traumatic hypothermia is neuroprotec-

tive in a reproducible model of TBI was first investigated
by Dietrich et al.,4 who in 1994 reported that post-trau-
matic hypothermia (30°C), initiated 5 min after parasag-
ittal fluid percussion brain injury, significantly reduced
overall contusion volume and preserved neuronal sur-

vival in pericontusional cortical areas.4 Post-traumatic
hypothermia has also been tested in other models of
brain injury, including controlled cortical impact injury
and diffuse injury models.5,9 In a study by Dixon et al.,5

post-traumatic hypothermia reduced overall contusion
volume following controlled cortical impact injury. Ad-
ditional animal studies have shown that post-traumatic
hypothermia reduces sensorimotor and cognitive deficits,
compared with normothermic animals.1,7 Because cog-
nitive deficits are a common long-term consequence of
moderate and severe TBI, this specific treatment strategy
appears to improve clinically relevant outcome mea-
sures.
One of the potential limitations of any therapeutic

treatment strategy being successfully translated to the
clinical arena is the therapeutic window for neuroprotec-
tion. Although various pharmacological strategies have
shown efficacy when administered before or immedi-
ately after the insult, few interventions have provided
clinically significant protection when given in a delayed
post-traumatic fashion. Thus, in terms of the treatment
window for post-traumatic hypothermia, Markgraf et al.8

reported improved neurological outcome if moderate hy-
pothermia (3 h at 30°C) was initiated 60 min but not 90
min after controlled cortical impact injury. Although this
60- to 90-minute window would appear relatively limited
when one considers the clinical situation, it is not clear
how these therapeutic window results obtained in rodents
directly translate to humans. Nonetheless, some opti-
mism should be expressed based on early published clin-
ical data showing improvements in traumatic outcomes

Table 1. Moderate Hypothermia in Rat Models of Experimental Head Trauma

Cooling

Outcome Measures (Timing) ReferenceTiming T, °C Duration

before � after 36–30 1 h behavior (5 d) Clifton et al.,3 1991
before � after 30 1 h BBB (1 h) Jiang et al.,61 1992
15, 30-min delay 30 1 h behavior (5 d) Lyeth et al.,7 1993
before � after 30 3 h MAP-2 (3 h) Taft et al.,45 1993
5-min delay 30 3 h pathology (3 d) Dietrich et al.,4 1994
3-min delay 30 3 h glutamate release, free radicals Globus et al.,26 1995
10-min delay 32 4 h mortality Clark et al.,2 1996
10, 25, or 40-min delay 32 4 h axonal damage Marion and White,43 1996
10-min delay 32 4 h inflammation Whalen et al.,31 1997
5-min delay 32 2 h behavior (5 and 11 d); pathology Dixon et al.,5 1998
15-min delay 30 1 h pathology Yamamoto et al.,9 1999
30-min delay 30 3 h inflammation Chatzipanteli et al.,23 2000
immediate 32 1 h reactivity of microvessels Suehiro and Povlishock,47 2001
0, 60, 90, 120-min delay 30 3 h behavior (24 h) Markgraf et al.,8 2001
before � after 33 4 h TNFR1 signaling Lotocki et al.,29 2006
before � after 33 4 h ERK 1/2 signaling Atkins et al.,25 2007
after 32 4 h TUNEL, caspase-3 Jia et al.,30 2009

BBB� blood–brain barrier; ERK 1/2� extracellular signal-regulated kinase 1/2; MAP2�microtubule associated protein; T � temperature;
TNFR1 � tumor necrosis factor receptor 1; TUNEL � terminal dUTP nick end labeling.
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in a limited number of subjects even when cooling is
delayed several hours after trauma.13,20

In addition to the neuroprotective and behavioral con-
sequences of post-traumatic hypothermia, hypothermia
has also been reported to reduce the degree of diffuse
axonal damage in models of TBI.6,43–45 For example, in
one study, a relatively brief hypothermic period (60 min)
administered either before injury or soon after trauma
showed significant axonal protection in the major pro-
jection systems of the brain.6 For these studies, a marker
of abnormal axonal transport and axonal injury, �–amy-
loid precursor protein (�–APP) immunocytochemistry,
was used to assess damaged axons. These investigators
reported that the overall frequency of �–APP immuno-
reactive axonal profiles in specific white matter tracts
were dramatically reduced in animals treated with early
post-traumatic hypothermia. Because diffuse axonal in-
jury may play an important role in the functional conse-
quence of TBI,46 these findings highlight the potential
usefulness of therapeutic hypothermia in the severely
head-injured patient.

REWARMING PHASE

Clinical and experimental data have indicated that the
rate of rewarming after a prolonged hypothermic period
is critical in producing the beneficial effects of post-
traumatic hypothermia. For example, in a study in which
axonal pathology was targeted for hypothermic interven-
tion, Suehiro and Povlishock47 reported an augmentation
of traumatically induced axonal injury using a rapid post-
hypothermic rewarming protocol. In contrast, when the
post-traumatic hypothermic period was followed by a
slow and gradual rewarming protocol, protection of the
injured axons was demonstrated. In a related study re-
garding the importance of the post-traumatic rewarming
period, Matsushita et al.48 showed that post-traumatic
hypothermia combined with a slow rewarming protocol
was neuroprotective in a model of TBI complicated by a
secondary hypoxic insult. Compared with normothermic
TBI rats, modest hypothermia significantly reduced over-
all contusion volume when the post-traumatic hypother-
mic period was followed by slow but not rapid rewarm-
ing. The importance of the rewarming phase merits
attention when considering both the experimental as well
as the clinical use of modest hypothermia. In addition to
the rewarming phase, other factors may also play an
important role in determining the efficacy of post-trau-
matic hypothermia in experimental and clinical settings.

THE IMPORTANCE OF SEX IN
HYPOTHERMIC PROTECTION

The sex of an animal has also been reported to influ-
ence the response of the brain to a CNS injury.49–52

Recently, the significance of sex has been demonstrated
after experimental TBI, with intact female animals show-
ing significantly smaller contusion volumes, compared
with traumatized male animals of similar age.52 The role
of endogenous sex hormones on this reported sex differ-
ence in traumatic vulnerability was clarified when ovari-
ectomized rats were shown not to be protected, compared
with corresponding intact females. In terms of the im-
portance of sex in the clinical condition of TBI, both
male and female patients experience the detrimental con-
sequences of head injury, and clinical studies are now
being conducted to clarify the role of sex and other
factors, including ethnicity or race, in the overall vulner-
ability of this patient population to TBI.
Because of this sex factor in terms of TBI vulnerabil-

ity, published studies have investigated whether sex may
also be an important factor in whether modest hypother-
mia is protective after TBI. In a study by Suzuki et al.,53

the importance of sex on the histopathological conse-
quences of post-traumatic hypothermia was evaluated.
Following moderate fluid percussion brain injury, post-
traumatic hypothermia (4 h, 33°C) was shown to signif-
icantly reduce contusion volume in ovariectomized but
not intact female rats. In a related study in which the
effects of sex on the detrimental consequences of post-
traumatic hyperthermia were investigated, ovariecto-
mized rats demonstrated worse outcomes, compared with
intact female animals.54 Taken together, these data high-
light the importance of sex in both the beneficial effects
of hypothermic therapy and the detrimental conse-
quences of secondary injury mechanisms, such as reac-
tive hyperthermia, in the TBI patient population. Given
the heterogeneous nature of the TBI population in terms
of sex, age, and ethnicity or race, additional research is
required to clarify how these factors may each influence
outcome and therapeutic interventions, including hypo-
thermia.

MECHANISMS OF HYPOTHERMIC
PROTECTION

Brain cooling was reported in the 1960s to decrease O2
consumption and CO2 production, as well as other indi-
cators of metabolism.55,56 Thus, early studies empha-
sized that the beneficial effects of hypothermic therapy
were primarily through metabolic and energy demands.
Over the last few years, however, several mechanistic
studies have shown that more modest levels of hypother-
mia have dramatic effects on multiple injury mechanisms
thought to be responsible for secondary injury mecha-
nisms.57 For example, relatively small variations in the
temperature of the brain during or after an ischemic or
traumatic injury alter hemodynamic events, excitotoxic-
ity, calcium-dependent intercellular signaling, inflamma-
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tion and edema, and apoptosis, as well as molecular
markers of the post-injured brain.
In the area of excitotoxicity, early studies showed that

extracellular levels of the excitatory amino acid gluta-
mate and other neurotransmitters after brain injury were
reduced following mild post-traumatic hypother-
mia.26,58–60 Mild to moderate hypothermia was also re-
ported to reduce abnormal blood–brain barrier perme-
ability after both ischemic and traumatic insults.61–63

Another prominent mechanism by which hypothermia
conveys cytoprotection is by reducing inflammatory pro-
cesses, including trauma- induced increases in the proin-
flammatory cytokines interleukin-1� and tumor necrosis
factor-�.27–29,31,64–66 Current research strategies include
the use of temperature modifications to help dissect the
critical ligand–receptor and cellular signaling events re-
sponsible for the hypothermic effect on post-traumatic
inflammatory processes.
Apoptotic cell death is also involved in the vulnera-

bility of different cell types after neurotrauma.67 Pub-
lished data indicate that post-traumatic hypothermia can
significantly reduce levels of caspase 3, an important
initiator of apoptotic cell death and reduce cytochrome-c
release from dysfunctional mitochondria.29 Other molec-
ular mechanisms regulating these cellular events after
trauma have also been recently reported to be extremely
temperature sensitive.25,68 In one study, hypothermia
treatment after moderate fluid percussion injury was re-
ported to selectively reduce specific inflammatory genes
thought to be important in secondary injury processes.68

Most recently, hypothermia has been shown to influence
signaling cascades associated with hippocampal-depen-
dent learning and memory, which may represent a mo-
lecular mechanism elicited by hypothermia treatment
that improves functional outcome after TBI.25 Thus,
study of the ability of post-traumatic temperature to af-
fect various biochemical, molecular, and genetic re-
sponses to trauma has greatly expanded our understand-
ing of the complexity of cell death mechanisms and the
identification of novel targets for neuroprotection.

CLINICAL ADULT TBI

Profound levels of hypothermia were used in the
1960s in several clinical centers as part of the routine
treatment for severe TBI.69 In the 1970s, however, use of
hypothermia to treat TBI patients was discontinued be-
cause of serious side effects, including infectious com-
plications and cardiovascular incidents. Also, methods
for inducing hypothermia were difficult to carry out, and
it was challenging to maintain a level of hypothermia
using only cooling blankets and ice. New pharmacolog-
ical agents, including barbiturates and later calcium
channel blockers and NMDA antagonists, were also be-
ing developed and tested in head-injured patients.

In the 1990s, attention again turned to the use of
hypothermia, in several clinical studies based on the
encouraging findings from experimental cerebral isch-
emia and trauma studies.12,13,18,20,70,71 For example, in a
TBI study of 82 patients, Marion et al.13 reported in 1997
that 62% of patients who underwent hypothermia treat-
ment demonstrated good outcomes 12 months after in-
jury, compared with 38% of those in the normothermic
group. More recently, in 2000 Jiang et al.72 reported an
investigation of the effects of long term (3–14 days) mild
hypothermia therapy (33–35°C) on outcome in 87 pa-
tients with severe TBI. Notably, the rates of complica-
tions between the normothermic and hypothermic pa-
tients were found not to be significantly different, and
hypothermia markedly reduced ICP and inhibited hyper-
glycemia.
Another factor that may play an important role in the

beneficial effects of hypothermic therapy is the duration
of cooling. For example, in early cerebral ischemia stud-
ies, relatively short periods of hypothermia provided
only transient protection of vulnerable neuronal popula-
tions when animals were allowed to survive weeks after
the ischemic insult.73,74 In contrast, longer periods of
cooling were reported to provide chronic protection and
behavioral improvement.74 Thus, the importance of cool-
ing duration has been emphasized in both preclinical and
clinical TBI investigations. In this regard, Jiang et al.18

recently assessed the importance of hypothermic dura-
tion on behavioral outcome after severe TBI; in that
study, TBI patients who underwent cooling for 5 days
displayed better behavioral outcomes than those patients
who were only cooled for a 3-day period. In future
clinical trials, prolonged cooling regimens may be re-
quired to treat specific clinical cases in which shorter
periods of cooling do not reduce ICP or promote clinical
recovery after severe TBI.
Based on encouraging single-center studies (summa-

rized recently by Polderman11), a multicenter trial was
initiated by Guy Clifton to test the efficacy of modest
hypothermia in a large number of severely injured pa-
tients. In that study, 392 adult patients with severe
trauma were randomly selected into hypothermia versus
normothermia groups.21 In contrast to several single-
center studies of hypothermia,13,20 however, mortality
rates did not differ between the two temperature groups,
and no beneficial effects on outcome were reported21

(Table 2). Since this publication, several potential limi-
tations of that original multicenter trial have been iden-
tified, including inconsistencies in patient care between
sites and the delay in initiating the hypothermic the-
rapy.75

A recent meta-analysis of hypothermia clinical trials
reported in the third edition of the guidelines for the
management of severe TBI76 in 2007 included 354 pa-
tients assigned to hypothermia groups and 340 patients
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assigned to normothermia groups from six clinical trials
for which sufficient data was available.12,15,20,76,77 This
analysis showed that hypothermia treatment was associ-
ated with a 46% increased chance of good outcome.
At present, hypothermic treatment is considered an

experimental therapy and not a standard of care for pa-
tients with severe TBI. For those clinicians experienced
with its use, however, it may be considered as an option
for patients with refractory intracranial hypertension.
Based on prospective results from the published multi-
center trial on hypothermic treatment, a new hypother-
mia clinical trial focusing on adult patients younger than
45 with severe TBI was initiated (NCT00178711; http://
www.clinicaltrials.gov). This trial emphasizes the use of
early cooling and the more consistent monitoring of pa-
tient management from the various centers. Recently,
this multicenter hypothermia TBI trial was stopped based
on a midstudy analysis indicating no improvement with
hypothermia treatment (personal communication, Dr.
Guy Clifton). Therefore, the successful translation of this
experimental therapy to large numbers of TBI patients
will need to be demonstrated in a large multicenter trial
similar to that reported with cardiac arrest patients.78,79

PEDIATRIC TBI

As already noted, age appears to be another critical
factor in determining whether hypothermic therapy is
protective. Thus, the potential beneficial effects of mod-
est hypothermia have been evaluated in the pediatric
trauma population. As with adult hypothermia, results
from some preclinical data support the concept that mod-
est hypothermia may be protective in models of pediatric
TBI.80 Based on these findings, clinical studies have
been initiated to test the efficacy of therapeutic hypother-
mia in the pediatric TBI population.81–83 The use of

temperature regulation and hypothermic therapy in small
numbers of patients provided encouraging results. How-
ever, a recently published phase III multicenter interna-
tional study with the use of moderate hypothermia
(32.5°C, 24 h) initiated within 8 hours in children and
adolescents with severe TBI was negative.83 Recent dis-
cussions have again indicated potential shortcomings of
that clinical trial, including a delay in cooling, critical
care management issues as well as the rewarming pro-
cedure. As with adult TBI, additional studies are now
required to determine the efficacy of this experimental
treatment in the pediatric patient population.

CONCLUSIONS

Progress has been made recently on the use of mild to
moderate levels of hypothermia in both experimental and
clinical TBI studies. These investigations have provided
a solid foundation for evaluating hypothermic strategies
in the TBI patient population. It is clear from both the
positive and negative findings with hypothermic therapy
that various factors, not necessarily currently understood,
may determine traumatic outcomes. Factors including
appropriate patient populations, injury severity, age, sex,
and clinical management appear to play a major role in
determining the efficacy of this complex yet exciting
treatment paradigm. Critical questions also remain re-
garding the therapeutic window of hypothermic treat-
ment, how long cooling should be continued in specific
patient populations, as well as rewarming phase factors.
Although single-site hypothermia studies have demon-
strated safety as well as some degree of efficacy with
modest hypothermia treatment in limited patient popula-
tions, multicenter phase III trials have failed to demon-
strate a benefit in either the adult or the pediatric TBI
population.

Table 2. Moderate Hypothermia in Clinical Head Trauma

Cases, no.

Cooling

Outcome Measures ReferenceT, °C Duration

82 32–33 24 h improved outcome Marion et al.,12 1993
46 33 48 h improved outcome Clifton et al.,20 1993
82 32–33 24 h hastened neurologic recovery Marion et al.,13 1997
10 32–33 24 h reduced ICP Metz et al.,70 1996
26 32–33 3–4 days improved outcome Aibiki et al.,77 2000
87 33–35 3–14 days improved outcome Jiang et al.,72 2000
392 33 48 h no effect Clifton et al.,21 2001
30 34 72 h no effect Gal et al.,10 2002
91 34 48 h no effect Shiozaki et al.,17 2003
396 32–35 1–7 days reduced mortality, improved outcome Zhi et al.,19 2003
136 32–34 24 h improved outcome Polderman et al.,14 2002
215 33–35 2 or 5 days improved outcome Jiang et al.,18 2006
80 33–35 4 days improved outcome Qiu et al.,15 2007

ICP � intracranial pressure; T � temperature.
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Hypothermic TBI treatment remains experimental and
additional experimental and clinical studies must con-
tinue to evaluate how best to use this treatment strategy
in the severe TBI patient. Studies are also required to
evaluate and determine what specific cooling devices
work best for the TBI population and how best to inhibit
periods of reactive hyperthermia. In addition, combina-
tion approaches are currently being discussed in the
trauma field, and therefore it will be important to deter-
mine what pharmacological agents can be combined with
mild cooling with the goal of producing synergistic ben-
efits to the patient. The successful translation of thera-
peutic hypothermia to the general TBI patient population
will be achieved only through continued investigations
of this potentially important therapy, including the de-
sign of well-controlled clinical trials.
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