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ABSTRACT

Traumatic brain injury (TBI) is one of the major causes of disability in modern society. The World Health Organi-
zation has predicted that, by 2020, traffic accidents will represent the greatest burden of global disease and injury.
Brain injury after trauma occurs in two stages. Primary injury is directly associated with the biomechanical effects of
the trauma, whereas secondary injury occurs later and can be attributed to processes that develop within the brain.
Currently, there is no consensus for the use of hypothermia in the treatment of secondary injury after TBI. Until the
results of ongoing studies are published, maintaining normothermia and avoiding hyperthermia should be used in
managing patient with TBL. (Minerva Anestesiol 2011;77:366-70)
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Traumatic brain injury (TBI) is one of the
major causes of disability in modern society.
The World Health Organization has predicted
that, by 2020, traffic accidents will represent the
greatest burden of global disease and injury.! In
2003 alone, TBI led to 1.2 million emergency
department visits and 51,000 deaths in the
USA.2 The long-term consequences of TBI are
significant; 2% of the US population require as-
sistance due to disabilities from TBI.

Brain injury after trauma occurs in two stages.
Primary injury is directly associated with the bi-
omechanical effects of trauma, whereas second-
ary injury occurs later and can be attributed to
processes that develop within the brain. These
processes include the production of oxygen free
radicals, cerebral edema with increased intrac-
erebral pressure (ICP), disruption of the blood
brain barrier (BBB), and the production of cyto-
toxic inflammatory mediators in the brain.3

The aim of this review was to describe the
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mechanisms that underlie the use of induced
mild hypothermia (32-34 °C) in TBI manage-
ment and to provide an overview of the most
recent studies that have investigated the use of
therapeutic hypothermia in TBI management.

Hypothermia

There are several proposed mechanisms by
which hypothermia may be neuroprotective.
These include the suppression of free radicals,
a reduced production of antioxidants in the
tissue, protection of the fluidity of lipoprotein
membranes, a reduction in oxygen demand in
low-flow regions, and a reduction in intracellular
acidosis.4

Hypothermia lowers the secretion of excita-
tory amino acids and down-regulates glutamate
receptors. Furthermore, it decreases the cerebral
metabolic rate by 6-7% for every 1-°C decrease
in core temperature, which consequently im-
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proves oxygen supply to the areas of ischemic
brain and decreases the intracranial pressure.>
Therapeutic hypothermia exerts a myriad of
neuroprotective effects after TBI. Hypothermia
(32 °C) has anti-inflammatory effects by inhib-
iting IL-1B-induced NF-¢B activation. IL-1B
is a key mediator of endothelial activation, in-
flammation and secondary brain damage after
TBI. Thus, hypothermia suppresses leukocyte
rolling adhesion and their eventual infiltration
into the injured brain.¢ In a controlled cortical
impact model of TBI in rats, mild hypothermia
attenuated BBB damage viz a reduction in free
radical-induced microvascular damage.” In a
fluid-percussion brain injury model in cats, the
vasodilatory response to acetylcholine (ACh)
was transiently converted to vasoconstriction
in the first hours after TBI.8 Hypothermia fol-
lowed by slow rewarming was shown to preserve
the cerebrovascular response to hypercapnia and
ACh in an impact acceleration TBI model.? It is
most likely that vascular abnormalities and their
associated vascular dysfunction to vasodilatory
challenges render the brain more susceptible to
secondary injury following the initial TBI.10 Hy-
pothermia also attenuated the axonal injury fol-
lowing TBI10 and demonstrated a cytoprotective
effect against the interstitial increase in aspartate
and glutamate after TBI in a controlled cortical
impact model.!!

In contrast, mild hypothermia does not im-
pact cardiac function. Stroke volume and mean
arterial blood pressure are not affected, and thus,
cerebral perfusion pressure (CPP) can be main-
tained during TBIL.4 12,13

Therapeutic hypothermia (TH) has been
proposed as a therapy in the treatment of TBI
based on the premise that decreasing oxygen
consumption and intracranial pressure may be
protective against secondary brain injury. The
first supportive study was conducted by Marion
et al.'% which showed a favorable outcome at
12 months in patients assigned to therapeutic
hypothermia (32-33 °C) (62% wvs. 38%) wversus
the control group (P=0.05). However, CT scan
scores (with a CT scan score of I representing no
visible evidence of injury and a CT scan score
of V representing a lesion that required surgical
evacuation) between the groups and the interim
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analysis of 40 patients reduced the confidence in
the outcome analysis. Questions about Marion’s
study led to the development of a randomized
controlled trial (RCT) that was reported in 2001
by Clifton et al'> The study did not show any
effect of therapeutic hypothermia on outcome,
despite the observation that the hypothermic
group showed a significant reduction in ICP.
That study has been criticized based on its meth-
odology: treatment was started late, and cooling
was slow (average time to target temperature >8
h). Furthermore, there were problems with hy-
potension, hypovolemia, electrolyte imbalance
and hyperglycemia 5 in the treatment group. In
his editorial for the study, Marshall criticized the
study for intercenter inconsistencies in patient
management and the lack of specialized neuroin-
tensive care at some of study centers.!6 A post hoc
analysis of this study found that some subgroups
of patients who were hypothermic at admission,
<45 years old, and were assigned to hypothermia
had improved outcomes. Eighty-one patients
who were <45 years old and were hypothermic
(<35 °C) at admission were reviewed. Of this
group of patients, those who were assigned to
normothermia (and thus were rewarmed) had
significantly worse outcomes than did those who
were assigned to the hypothermic group (76%
vs. 52% poor outcomes [P=0.02]).17-18 Based on
this subgroup analysis, a new study has been ini-
tiated that includes hypothermic and normoth-
ermic groups of patients with severe TBI (GCS
3-8), in whom hypothermia of 33 °C is being
achieved within 4 h after injury and maintained
for 48 h in patients who are 16-45 years old.
Rewarming is being initiated 48 h after reach-
ing the target temperature. Hypotension will be
promptly treated with vasopressors. The results
of this study are expected within 2-3 years.!®
Hutchison et al. studied the effect of hypo-
thermia in pediatric patients after TBI.20 They
randomized 108 patients to the hypothermia
group (33.1+1.2) and 117 to the normothermia
group. The results showed that 31% of the pa-
tients in the hypothermia group and 22% in the
normothermia group had an unfavorable out-
come at 6 months (P=0.14). The mortality rate
was 21% in the hypothermic group and 12% in
the normothermia group (P=0.06). In another

MINERVA ANESTESIOLOGICA 367



MINERVA MEDICA COPYRIGHT®

FARAG HYPOTHERMIA FOR TRAUMATIC BRAIN INJURY

TaBLE L—Summary for the major traumatic brain injury trials.
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Mean tem-  Time to Time to  Hypothermia
Study Age Study design  perature of reach target  start after duration Results Problems with study
study (°C) temp (hours)  injury (hours)
Clifton 15 Adult  Randomized 32-33 10 N/A 24 No dif- Intercenter variance in
trial ference patient management
between the
groups
Hutchison 20 Children Randomized — 33+1.2 10 N/A 24 Increased * Rapid rewarming dur-
trial mortality ing the peak of cerebral
with TH edema
* More patients in the hy-
pothermic group had hy-
potension, hypoxia and
midline shift
Adelson PD22 Children Randomized  32-33  Within 6 hr  N/A 48 Study is ongoing
<16 trial after trauma
Clifton 1 Adults  Randomized 33 Within 4 10 48 Study is ongoing
trial hours
Marion 14 16-75  Randomized 33 Within 10 N/A 24 Favorable N/A
trial hours
Aldelson PD 2! Children Randomized  32-33 Within 6 N/A 48 Favorable N/A
<13 trial hours

N/A: not available.

study in pediatric patients, Adelson ez a/2! did
not show any adverse effect of hypothermia on
outcome. Based on these conflicting results,
the Pediatric Traumatic Brain Injury Consor-
tium Hypothermia Trial is currently underway
and is focusing on children who are <16 years
old. In this trial, hypothermia (32-33 °C) is be-
ing instituted within 6 h of TBI (GCS 5-9) and
maintained for 48 h. The study is employing a
slow rewarming rate of 1 °C every 12-24 h with
pauses in the rewarming during ICP elevations
to avoid the problems encountered in previous
studies (Table I).22 In addition to these two on-
going studies in the US, there is a recently initi-
ated pediatric trial in Australia and New Zealand
and an adult trial in Japan.23

A recent Cochrane analysis evaluated 23 tri-
als with acceptable entry criteria, only eight of
which fulfilled the required level of quality. The
analysis concluded that there was no beneficial
effect of hypothermia in these eight studies.
Those studies that were deemed to be of lower
quality showed a tendency towards an improved
outcome. The Cochrane analysis also showed
that the risk of developing pneumonia was high-
er among patients treated with hypothermia.24
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In contrast, five meta-analyses covering the peri-
od 2000-2007 showed a trend towards favorable
neurological outcome associated with hypother-
mia, but only two reviews showed statistically
significant results .25 26

Significant methodological differences existed
between all of these trials, which may account
for the lack of definitive outcome after cool-
ing in TBI trials. Most importantly, the studies
lacked uniformity in the timing of the interven-
tion, as well as in the degree and duration of the
hypothermia. Furthermore, in the multicenter
trials, some of the centers had no previous ex-
perience in TH and did not have any specialized
neurointensive care units dedicated to the care of
TBI patients.

The time to the initiation of cooling was de-
layed in some trails. It seems obvious that cool-
ing should be initiated as soon as possible after
the injury. However, the exact optimum time for
this initiation remains unknown. Similarly, the
duration of TH should be sufficiently long (at
least 48 h) and should be accompanied with a
slow rewarming to have a favorable outcome.25
27 A recent meta-analysis showed that a reduc-
tion in the mortality risk was greatest and favo-
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rable neurological outcomes were more common
when hypothermia was maintained for more
than 48 h following TBI.28 In particular, a slow
rewarming rate might be essential and should be
guided not only by the ICP but also by brain-
injury biomarker enzymes, such as NSE and S
100 B, and brain chemistry.2° To date, there have
been no randomized controlled trials that assess
the best possible rewarming rate.

Some authors have suggested that the intro-
duction of endovascular cooling for rapid induc-
tion and proper maintenance of TH and slow,
controlled rewarming should be utilized in fu-
ture trials instead of surface cooling methods.30
Furthermore, TH should be accompanied with
adequate sedation to suppress the hypothermia-
induced stress and shivering responses. It was
observed that the protective effect of cooling
was lost when it was used in unsedated new-
born piglets after global anoxia.3! Significant
improvements in outcome were noted when
the experiments were repeated in adequately se-
dated animals.32 Hypothermia decreases insulin
sensitivity and the amounts of insulin secreted
by the pancreas. Prevention and/or prompt cor-
rection of severe hyperglycemia should be part
of the therapeutic strategy during TH to avoid
aggravating the neurological injuries.!3 33 TH
induces renal tubular dysfunction, which leads
to an increase in the renal excretion of electro-
lytes during cooling. Hypomagnesemia and hy-
pophosphatemia have been linked to worsening
brain injury and increased respiratory problems,
respectively.34 35 Hypothermic therapy reduces
the hypotensive-mediated vasodilatory response;
consequently, maintaining adequate CPP dur-
ing hypothermic therapy is crucial for avoiding
potential ischemic insults.? 36 37 Maintenance
of normocapnia is important because excessive
reduction of cerebral blood flow induced by
excessive hypocapnia 38 can increase ischemia
in injured brain tissue, and excessive hypercap-
nia can increase brain edema.3® In our opinion,
based on the plethora of basic science and some
evidence from clinical trials, we think that mild
therapeutic hypothermia represents an attractive
neuroprotective therapy following TBI not only
to manage the increases in ICP but also to at-
tenuate the axonal damage and secondary brain
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injury after TBI. For mild therapeutic hypother-
mia to be effective following TBI, it should be
applied as soon as possible with a slow rewarm-
ing rate in specialized neurointensive care cent-
ers that have experience in hypothermic therapy.

Conclusions

‘The supportive evidence for the role of TH in
TBI has been disappointing, particularly in the
light of recent positive results from clinical trials
that involve cardiac arrest.40: 41 We hope that the
development of new trials that focus on younger
patients with a more rapid initiation and longer
maintenance of TH will prove beneficial. Until
then, there remains no proven utility of the ini-
tiation of TH in adult patients if the patients are
normothermic at the time of admission to the
neurointensive care unit and can be managed
with the standard methods of treatment. There-
fore, the use of TH will be effective in a selected
group of patients, especially in those who are hy-
pothermic at admission.

References

1. Finfer SR, Cohen J. Severe traumatic brain injury. Resusci-
tation 2001;48:77-90.

2. Harris OA, Muh CR, Surles MC, Pan Y, Rozycki G, Ma-
cleod J e al. Discrete cerebral hypothermia in the manage-
ment of traumatic brain injury: a randomized controlled
trial. ] Neurosurg 2009;110:1256-64.

3. Nortje J, Menon DK. Traumatic brain injury: physi-
ology, mechanisms, and outcome. Curr Opin Neurol
2004;17:711-8.

4. Leker RR, Shohami E. Cerebral ischemia and trauma-dif-
ferent etiologies yet similar mechanisms: neuroprotective
opportunities. Brain Res Brain Res Rev 2002;39:55-73.

5. Polderman KH. Induced hypothermia and fever control for
prevention and treatment of neurological injuries. Lancet
2008;371:1955-69.

6. Sutcliffe I'T, Smith HA, Stanimirovic D, Hutchison JS. Ef-
fects of moderate hypothermia on IL-1 beta-induced leuko-
cyte rolling and adhesion in pial microcirculation of mice
and on proinflammatory gene expression in human cerebral
endothelial cells. ] Cereb Blood Flow Metab 2001;21:1310-
9.

7. Smith SL, Hall ED. Mild pre- and posttraumatic hypo-
thermia attenuates blood-brain barrier damage following
controlled cortical impact injury in the rat. ] Neurotrauma
1996;13:1-9.

8. Ellison MD, Erb DE, Kontos HA, Povlishock JT. Recovery
of impaired endothelium-dependent relaxation after fluid-
percussion brain injury in cats. Stroke 1989;20:911-7.

9. Suehiro E, Ueda Y, Wei EP, Kontos HA, Povlishock JT.
Posttraumatic hypothermia followed by slow rewarm-
ing protects the cerebral microcirculation. J Neurotrauma
2003;20:381-90.

10. Povlishock JT, Wei EP: Posthypothermic rewarming con-

MINERVA ANESTESIOLOGICA 369



This document is protected by international copyright laws. No additional reproduction is authorized. It is permitted for personal use to download and save only one file and print only one copy of this Article. It is not permitted to make additional copies (either
sporadically or systematically, either printed or electronic) of the Article for any purpose. It is not permitted to distribute the electronic copy of the article through online internet and/or intranet file sharing systems, electronic mailing or any other means which
may allow access to the Article. The use of all or any part of the Article for any Commercial Use is not permitted. The creation of derivative works from the Article is not permitted. The production of reprints for personal or commercial use is not permitted. It is
not permitted to remove, cover, overlay, obscure, block, or change any copyright notices or terms of use which the Publisher may post on the Atrticle. It is not permitted to frame or use framing techniques to enclose any trademark, logo, or other proprietary
tion of the Publisher.

MINERVA MEDICA COPYRIGHT®

FARAG

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

siderations following traumatic brain injury. ] Neurotrauma
2009;26:333-40.

Palmer AM, Marion DW, Botscheller ML, Redd EE. Ther-
apeutic hypothermia is cytoprotective without attenuating
the traumatic brain injury-induced elevations in interstitial
concentrations of aspartate and glutamate. ] Neurotrauma
1993;10:363-72.

Alzaga AG, Cerdan M, Varon J. Therapeutic hypothermia.
Resuscitation 2006;70:369-80.

Polderman KH. Mechanisms of action, physiological ef-
fects, and complications of hypothermia. Crit Care Med
2009;37:5186-202.

Marion DW, Penrod LE, Kelsey SE, Obrist WD, Kochanek
PM, Palmer AM et al. Treatment of traumatic brain injury
with moderate hypothermia. N Engl ] Med 1997;336:540-
6.

Clifton GL, Miller ER, Choi SC, Levin HS, McCauley S,
Smith KR Jr ez al. Lack of effect of induction of hypother-
mia after acute brain injury. N Engl ] Med 2001;344:556-
63.

Marshall LF. Intercenter variance. ] Neurosurg 2001;95:733-
4.

Clifton GL, Miller ER, Choi SC, Levin HS, McCauley S,
Smith KR Jr ez al. Hypothermia on admission in patients
with severe brain injury. ] Neurotrauma 2002;19:293-301.
Bernard SA, Buist M. Induced hypothermia in critical care
medicine: a review. Crit Care Med 2003;31:2041-51.
Clifton GL, Drever B, Valadka A, Zygun D, Okonkwo D.
Multicenter trial of early hypothermia in severe brain in-
jury. ] Neurotrauma 2009;26:393-7.

Hutchison JS, Ward RE, Lacroix J, Hebert PC, Barnes MA,
Bohn DJ ez al. Hypothermia therapy after traumatic brain
injury in children. N Engl ] Med 2008;358:2447-56.
Adelson PD, Ragheb J, Kanev P, Brockmeyer D, Beers SR,
Brown SD et al. Phase I clinical trial of moderate hypother-
mia after severe traumatic brain injury in children. Neuro-
surgery 2005;56:740-54.

Adelson PD. Hypothermia following pediatric traumatic
brain injury. ] Neurotrauma 2009;26:429-36.

Marion D, Bullock MR. Current and future role of thera-
peutic hypothermia. ] Neurotrauma 2009;26:455-67.
Sydenham E, Roberts I, Alderson P. Hypothermia for trau-
matic head injury. Cochrane Database of Systematic Re-
views 2009; Art. No.: CD00148.D0OI1:10.1002/14651858.
CD001048.pub4.

Mclntyre LA, Fergusson DA, Hebert PC, Moher D,
Hutchison JS. Prolonged therapeutic hypothermia after
traumatic brain injury in adults: a systematic review. JAMA
2003;289:2992-9.

Brain Trauma Foundation, American Association of Neuro-
logical Surgeons, Congress of Neurological Surgeons, Joint
Section on Neurotrauma and Critical Care AC, Bratton SL,
Chestnut RM ez al. Guidelines for the management of se-
vere traumatic brain injury. III. Prophylactic hypothermia.
J Neurotrauma 2007;24:521-5.

Alderson P, Gadkary C, Signorini DE. Therapeutic hypo-

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.
39.

40.

41.

HYPOTHERMIA FOR TRAUMATIC BRAIN INJURY

thermia for head injury. Cochrane Database of Systematic
Reviews 2004;(4):CD001048.
Peterson K, Carson S, Carney N. Hypothermia treatment
for traumatic brain injury: a systematic review and meta-
analysis. ] Neurotrauma 2008;25:62-71.
Castren M, Silfvast T, Rubertsson S, Niskanen M, Valsson E,
Wanscher M et al. Scandinavian clinical practice guidelines
for therapeutic hypothermia and post-resuscitation care af-
ter cardiac arrest. Acta Anaesthesiol Scand 2009;53:280-8.
Sahuquillo ], Perez-Barcena ], Biestro A, Zavala E, Merino
MA, Vilalta A et 4l. Intravascular cooling for rapid induc-
tion of moderate hypothermia in severely head-injured pa-
tients: results of a multicenter study (IntraCool). Intensive
Care Med 2009;35:890-8.
Thoresen M, Satas S, Loberg EM, Whitelaw A, Acolet D,
Lindgren C ez al. Twenty-four hours of mild hypothermia
in unsedated newborn pigs starting after a severe global
hypoxic-ischemic insult is not neuroprotective. Pediatr Res
2001;50:405-11.
Tooley JR, Satas S, Porter H, Silver IA, Thoresen M. Head
cooling with mild systemic hypothermia in anesthetized
piglets is neuroprotective. Ann Neurol 2003;53:65-72.
Povlishock JT, Buki A, Koiziumi H, Stone J, Okonkwo
DO. Initiating mechanisms involved in the pathobiology of
traumatically induced axonal injury and interventions tar-
geted at blunting their progression. Acta Neurochir Suppl
1999;73:15-20.
Polderman KH, van Zanten AR, Girbes AR. The impor-
tance of magnesium in critically ill patients: a role in miti-
gating neurological injury and in the prevention of vaso-
spasms. Intensive Care Med 2003;29:1202-3.
Weisinger JR, Bellorin-Font E: Magnesium and phospho-
rus. Lancer 1998;352:391-6.
Irikura K, Miyasaka Y, Nagai S, Yuzawa I, Morii S, Fujii K.
Moderate hypothermia refuces hypotensive, but not hyper-
capnic vasodilation of pial arterioles in rats. ] Cereb Blood
Flow Metab 1998;18:1294-7.
Kishi K, Kawaguchi M, Kurehara K, Inoue S, Sakamoto
T, Einaga T ez al. Hypothermia attenuates the vasodilatory
response of pial arterioles to hemorrhagic hypotension in
the cat. Anesth Analg 2000;91:140-4.
Laffey JG, Kavanagh BP. Hypocapnia. N Engl ] Med
2002;347:43-53.
Polderman KH, Herold 1. Therapeutic hypothermia and
controlled normothermia in the intensive care unit: practi-
cal considerations, side effects, and cooling methods. Crit
Care Med 2009;371101-20.
Arrich J, Holzer M, Herkner H, Miillner M. Hypothermia
for neuroprotection in adults after cardiopulmonary resus-
citation. Cochrane Database Syst Rev 2009, Issue 4. Art.
No.: CD004128.DOI: 10.1002/14651858.CD004128.
ub2.
IIilielsen N, Hovdenes J, Nilsson F, Rubertsson S, Stammet
P, Sunde K ¢# al. Outcome, timing and adverse events in
therapeutic hypothermia after out-of-hospital cardiac ar-
rest. Acta Anaesthesiol Scand 2009;53:926-34.

Received on February 5, 2010 - Accepted for publication on November 26, 2010.

Corresponding author: E. Farag, MD, FRCA, General Anesthesia/E31, Cleveland Clinic, 9500 Euclid Avenue, Cleveland, OH 44195,
USA. E-mail: farage@ccf.org

370

MINERVA ANESTESIOLOGICA

March 2011



