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Research Highlights

(1) Growing data support the use of mild hypothermia as a promising new treatment for brain and

spinal cord injuries.

(2) Mild hypothermia’s protective effects, no matter whether they are positive or negative, on central
nervous system injuries are summarized and analyzed through several aspects, in a broad attempt to
explore the potential mechanisms and side effects of mild hypothermia as a new therapeutic strategy.
(3) Although physiological and pathological changes, together with potential side effects, are observed
during mild hypothermia treatment, it can increase survival and thus deserves clinical consideration.

Abstract

Besides local neuronal damage caused by the primary insult, central nervous system injuries may
secondarily cause a progressive cascade of related events including brain edema, ischemia, oxida-
tive stress, excitotoxicity, and dysregulation of calcium homeostasis. Hypothermia is a beneficial
strategy in a variety of acute central nervous system injuries. Mild hypothermia can treat high intra-
cranial pressure following traumatic brain injuries in adults. It is a new treatment that increases sur-
vival and quality of life for patients suffering from ischemic insults such as cardiac arrest, stroke, and
neurogenic fever following brain trauma. Therapeutic hypothermia decreases free radical produc-
tion, inflammation, excitotoxicity and intracranial pressure, and improves cerebral metabolism after
traumatic brain injury and cerebral ischemia, thus protecting against central nervous system dam-
age. Although a series of pathological and physiological changes as well as potential side effects
are observed during hypothermia treatment, it remains a potential therapeutic strategy for central
nervous system injuries and deserves further study.

Key Words

neural regeneration; reviews; brain injury; spinal cord injury; central nervous system injury; mild
hypothermia; therapeutic hypothermia; traumatic brain injury; neuroregeneration

INTRODUCTION

Injury to the adult central nervous system is
devastating because of the inability of cen-
tral neurons to regenerate axonal and
dritic connections. The consequences of
injury are not just a break in communication

between healthy neurons, but a cascade of
events that can lead to neuronal degenera-
tion and cell death™. Through improvements
in surgical procedures, stabilization ap-
proaches, and critical care initiates, these
individuals live relatively long lives with
these devastating disabilities. At present, no
therapeutic interventions have successfully
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improved patient outcomes following head
injuries.

Hypothermia is a promising therapy, which
targets multiple pathological effects of central
nervous system injury®. For the past 20
years, various laboratories throughout the
world have shown that mild or moderate hy-
pothermia led to neuroprotection and im-
proved functional outcomes in various mod-
els of brain and spinal cord injury™. In the
early 1950s, profound levels of hypothermia
were used in cardiac surgical procedures, as
well as to treat acute trauma such as stroke,
brain trauma, and spinal cord injury®. Even a
modest reduction in temperature can have
neuroprotective effects®, suggesting the
possibility that hypothermia affects pathways
that extend beyond a decrease in cellular
metabolism. Furthermore hypothermia is
better than any known drugs in producing
neuroprotection following blockage of blood
to the brain"®. Protracted hypothermia of a
few Celsius can provide sustained behavioral
and histological neuroprotection, whereas
brief or very mild hypothermia only delays
neuronal damage.

Nevertheless, a number of controversies still
exist regarding hypothermic efficacy as well
as the mechanisms by which mild hypother-
mia may protect the brain after trauma®.
There is therefore a need to investigate the
potentially beneficial effects of hypothermia in
both patients with central nervous system
injuries and experimental animal models.

Therapeutic hypothermia is a new treatment
that increases survival and quality of life in
patients suffering from ischemic insults such
as stroke, cardiac arrest, and neurogenic
fever following brain trauma®® *®. This study
was aimed to review and summarize expe-
rimental datum gained in different animal
models and human clinical studies of brain
and spinal cord injury demonstrating the
beneficial effects of mild to moderate
hypothermia.

In addition, the mechanisms underlying hy-
pothermic protection and its physiological
changes and side effects are also discussed.

HYPOTHERMIA IMPROVES
OUTCOMES FOLLOWING SPINAL
CORD INJURY

In early studies, local cooling was utilized to
cool areas of the damaged spinal cord. In
those investigations, relatively profound le-
vels of hypothermia were shown to produce
marked neurological and functional recovery
after spinal cord trauma’. Mild hypothermia
introduced after a traumatic or compressive
spinal cord injury improved function and re-
duced histopathological damage™ ™. Mod-
erate hypothermia introduced after cervical
spinal cord injury improved histopathological
and behavioral outcomes™. Likewise, im-
proved forelimb function, preservation of
motor neurons, and decreased contusion
volumes occur in rats cooled after cervical
traumatic insult™. This evidence shows that
mild to moderate hypothermia improves out-
come in models of both cervical and thoracic
spinal cord injury™,

Histologically, the application of hypothermia
after spinal cord injury significantly increased
normal-appearing white matter (31% in-
crease) and gray matter (38% increase) vo-
lumes, greater preservation (four-fold) of
neurons immediately rostral and caudal to
the injury epicenter, and enhanced sparing of
axonal connections from retrogradely traced
reticulospinal neurons (127% increase)
compared with normothermic controls™.
Case reports and clinical studies have pro-
vided encouraging results regarding the
safety and efficacy of moderate hypothermia
following severe spinal cord injury™. In
compression injury models, hypothermia
reduced blood flow to the focal area of the
injured spinal cord™ . Also, when used
before decompressive surgeries, hypother-
mia can prevent neurological decline*”.

HYPOTHERMIA IMPROVES
OUTCOMES FOLLOWING BRAIN
INJURY

In the 1980s, it was first discovered neural
that relatively small reductions in brain tissue
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temperature provided significant protection against
ischemic and traumatic neuronal cell death®™. In an im-
portant traumatic brain injury study, Hansebout and col-
leagues™™® reported that pre- and post-traumatic hypo-
thermia improved beam walking in a rat model of fluid
percussion brain injury. In another early traumatic brain
injury investigation, 1-hour post-injury hypothermia (30°C)
improved behavioral outcomes™®.

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 traumatic brain injury®’.
One of the advantages of hypothermia is that reduced
temperature reduces several of the dominant injury me-
chanisms in the pathophysiology of traumatic brain in-
jury?!l. Compared to short-term hypothermia (2-3 days),
long-term hypothermia (5 days) significantly improved
outcomes in patients with severe traumatic brain injury
following cerebral contusions and elevated intracranial
pressure without causing significant complications. The
rate of rewarming following a prolonged hypothermic
period is critical in producing the beneficial effects of

post-traumatic hypothermia®".

In other studies addressing transient global ischemia, a
mere decrease of 2°C in body temperature provided
100% retention of neurons in the hippocampus CAl re-
gion??. Although many investigators use whole body
cooling to produce mild hypothermic effects, selective
brain cooling during and after a global ischemic insult
also protects the brain from histopathological damage®?.
In addition to histopathological assessments, mild hypo-
thermia may improve functional outcomes following
transient global ischemia®. Another factor that appears
to be important in the beneficial effects of hypothermia is
the duration of survival after ischemia.

Protective effects of hypothermia in models with either
transient or complete permanent occlusions has been
investigated, and the results show that hypothermia is
the most protective against transient ischemia, and it
may produce little or no protection in models of perma-
nent occlusion™. Mild hypothermia is also protective in
middle cerebral artery occlusion models when the hypo-
thermic period is extended®?*. Induced hypothermia
improves outcomes in patients who are comatose after
resuscitation from out-of-hospital cardiac arrest™. A me-
ta-analysis of randomized controlled trials found that
therapeutic hypothermia with conventional cooling me-
thods improved both survival and neurologic outcomes at
hospital discharge for patients who experienced cardiac

arrest?®.

MECHANISMS UNDERLYING THE
PROTECTIVE EFFECTS OF HYPOTHERMIA

Numerous studies have investigated the underlying
mechanisms by which small reductions in central nerv-
ous system temperature can improve outcomes in brain
and spinal cord injury models™ ?7. The following will
summarize the current thinking regarding basic me-
chanisms of hypothermic protection.

Reduced cerebral metabolism

When hypothermia was first used in the clinic, its protec-
tive effects were believed to purely because of slowing
cerebral metabolism, leading to decreased glucose and
oxygen consumption. Indeed, this assumption is not
completely incorrect. Cerebral metabolism decreases by
6% to 10% for each 1°C reduction in body temperature
during cooling®?®?%. However, reduced metabolic rates
are only one of many mechanisms underlying hypother-
mia’s protective effects.

Apoptosis, calpain-mediated proteolysis, and
mitochondrial dysfunction

Hypothermia can interrupt the apoptotic pathway, thereby
preventing cellular-injury-induced apoptosis®™® 2. Effects
of hypothermia include inhibition of caspase enzyme ac-
tivation®?* prevention of mitochondrial dysfunction®,
modification of intracellular ion concentrations, and reduce
overload of excitatory neurotransmitters®®. The c-Jun
NH2-terminal kinase pathway mediates traumatic in-
jury-induced apoptosis in astrocytes. Prolonged hyper-
thermia as a secondary insult worsens apoptosis by in-
creasing c-Jun NH,-terminal kinase activation®!. Hypo-
thermia protects against traumatic injury via early sup-
pression of c-Jun NH,-terminal kinase activation and
subsequent prevention of apoptosis. Furthermore hypo-
thermia markedly reduces ischemia/reperfusion-induced
endothelial cell apoptosis and the expression of cleaved
caspase-3 and poly(ADP-ribose) polymerase®”. Moreo-
ver, hypothermia inhibits c-Jun NH,-terminal kinase 1/2
activation via induction of protein kinase phosphatase-1.
These studies indicate that apoptotic cell death is
another important target by which temperature may af-
fect long-term outcome in various models of central
nervous system injury.

lon pumps and neuroexcitotoxicity
Reperfusion and ischemia interrupt the delicate balance
between calcium influx and sequestration at the cellular
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level. Various animal experiments have clearly demon-
strated that key destructive processes of the neuroexci-
tatory cascade—such as calcium influx, accumulation of
glutamate, and the release of its coagonist glycine—can
be prevented, interrupted, or mitigated by hypother-
mia®"), Even a relatively small decrease in temperature
can significantly improve ion homeostasis, whereas the
occurrence of fever can trigger and stimulate these de-

structive processest.

Immune and inflammatory responses

Attenuation of inflammation is a major mechanism by
which hypothermia provides beneficial effects following
central nervous system injury®®. Numerous animal expe-
riments and clinical studies have shown that hypothermia
suppresses ischemia-induced inflammatory reactions and
the release of proinflammatory cytokines®. Hypothermia
may block ischemic damage by blocking cytochrome c
release or caspase activity after both transient focal and
global ischemial®**!. It also prevents or mitigates reperfu-
sion-related DNA damage, lipid peroxidation, and leuko-
triene production, and decreases the production of nitric
oxide, which is a key agent in the development of
post-ischemic brain injury®®. Moreover, the proinflamma-
tory response of stimulated microglial cells is significantly
reduced after moderate hypothermial*?.

Free radical production

Free radicals can oxidize and damage numerous cellular
components. Under hypothermic conditions, significantly
fewer free radicals are generated, even though free rad-
ical production is not completely prevented®*4. This
allows the endogenous antioxidative (protective) me-
chanisms to better cope with free radicals that are being
released, thereby preventing or significantly mitigating
oxidative damage.

Vascular permeability, blood-brain barrier disruption,
and edema formation

Mild hypothermia significantly reduces blood-brain barrier
disruptions*>*®! and also decreases vascular permeability
following ischemia-reperfusion, further decreasing edema
formation. Furthermore, hypothermia has been used to
treat brain edema and reduce intracranial pressure in a
wide range of neurological injuriest*’ !,

Intracellular and extracellular acidosis and cellular
metabolism

The diminished integrity of cell membranes, the failure of
various ion pumps, development of mitochondrial dys-
function, inappropriate activation of numerous enzyme
systems with cellular hyperactivity, and the disruption of
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various other intracellular processes all contribute to the
development of intracellular acidosis, a factor that po-
werfully stimulates the abovementioned destructive
processes*. Ischemia-reperfusion also leads to sub-
stantial rises in cerebral lactate levels®”. All of these
factors can be significantly attenuated by hypother-
mia**%. In addition, brain glucose utilization is affected
by ischemia-reperfusion, and hypothermia can improve
brain glucose metabolism; i.e., the ability of the brain to
utilize glucose®*?. Similar observations have been
made in severe traumatic brain injury, for which an initial
increase in cerebral glucose metabolism after trauma is
followed by a deep and persistent decrease in metabolic
rate, with a depression of mitochondrial oxidative phos-
phorylation and glucose utilization that can last for sev-
eral weeks"®**¥. Hypothermia during or after reperfusion
increases the speed of metabolic recovery, with a better
preservation of high-energy phosphates and reduced
accumulation of toxic metabolites®®*>*,

Coagulation activation and formation of
microthrombi

Cardiopulmonary arrest and resuscitation are accompa-
nied by a marked activation of coagulation, which can
lead to intravascular fibrin formation with blockage of the
microcirculation in the brain and heart®. Hypothermia
has some anticoagulatory effects. Mild platelet dysfunc-
tion occurs at temperature < 35°C, and inhibition of the
coagulation cascade develops at temperature < 33°C;
platelet count can also decrease during cooling®®. In
theory, this anticoagulation effect may constitute yet
another neuroprotective mechanism. This remains spe-
culative given that no studies directly addressing this
issue have been performed.

Vasoactive mediators

Hypothermia affects local secretion of vasoactive sub-
stances such as endothelin, thromboxane A2, and pros-
taglandin 12 in the brain and other organs. Endothelin
and thromboxane A2 are powerful vasoconstrictive
agents, whereas prostaglandin 12 is a vasodilator®®.
Thromboxane A2 also stimulates platelet aggregation®®".
Thromboxane A2 and prostaglandin 12 play important
roles in regulating local cerebral blood flow, and a bal-
ance between the two is required to maintain homeosta-
sis®. This local homeostasis can be disrupted following
an ischemic or traumatic event, with a relative increase in
production of thromboxane A2". This disruption in equi-
librium can lead to vasoconstriction, hypoperfusion, and
thrombogenesis in injured areas of the brain. The pre-
dominance of local vasoconstrictors can be corrected or
modified by hypothermia®® 5%,
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Figure 1 Schematic depiction of the protective mechanisms underlying mild to moderate hypothermia™.
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Improved tolerance to ischemia

Hypothermia improves tolerance for ischemia in various
animal models™ ®%2_ |t is widely used in major vascular
surgery, neurosurgical interventions, and cardiothoracic
surgery*.

Suppression of epileptic activity

Growing evidence shows that hypothermia can suppress
epileptic activity. Small case series report successful use
of cooling to treat grand mal seizures'®. External warm-
ing increases the extent of epilepsy-induced brain injury,
prevention or prompt treatment of fever reduces these
injuries, and induction of hypothermia further decreases
seizure-induced brain injuries®.

Spreading depression-like depolarizations
Neuronal damage in different types of neurological injury
can be significantly increased by the so-called spreading

of depression-like depolarizations®. Hypothermia can
suppress spreading depressions in various types of
neurological injury®®” ¢,

Influence on genetic expression

Hypothermia increases the expression of immediate
early genes, which are a part of the protective cellular
stress response to injury, and stimulates the induction of
cold-shock proteins, which can protect the cell from
ischemic and traumatic injury®. Figure 1 summarizes
the protective effects of hypothermia.

PHYSIOLOGICAL CHANGES AND SIDE
EFFECTS OF MILD HYPOTHERMIA

Various changes throughout the body are induced by
hypothermia. As separate articles are devoted to this
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topic“‘ 30, 66-68]

, it is discussed only briefly here.
Circulatory system

One side effects of hypothermia is the induction of cold
diuresis, which causes hypotension.

Cardiovascular system

Mild hypothermia decreases cardiac output by about
25%, and leads to an increase in vascular resistance and
central venous pressure. Hypothermia may induce
changes in heart rhythms and electrocardiograms. When
body temperatures begin to decrease, patients will in-
itially develop sinus tachycardia. As temperature de-

creases further (below 35.5°C), sinus bradycardia occurs.

While temperature remains higher than 30°C, the risk of
developing clinically significant arrhythmias is very low.
However, these risks increase significantly if core tem-
perature decreases below 28-30°C, and may be in-
creased further if electrolyte disorders develop. Usually
the first observed form of arrhythmia is atrial fibrillation,
which can be followed by severe arrhythmia, including
ventricular tachycardia and ventricular fibrillation as
temperature decreases further. Once arrhythmia devel-
ops, these effects are much more difficult to treat be-
cause the myocardium becomes less responsive to de-
fibrillation and cardiac drugs during hypothermia. Thus
great care should be taken to keep temperature above
30°C. Further studies will be required to settle these is-
sues.

Metabolism

Metabolic effects of mild hypothermia have been shown
using nuclear magnetic resonance spectroscopy, where
the metabolic effects of different levels of hypothermia
were reported®®. Thus, hypothermia lowers metabolic
and energy demands, which can have beneficial effects
on cytoplasmic adenosine triphosphate stores and
maintain normal transmembrane ion and neurotransmit-
ter gradients. The preservation of adenosine triphos-
phate depends on both the hypothermic level and the
insult severity. Although cerebral hypothermia may not
prevent eventual depletion of adenosine triphosphate or
lactate accumulation during a prolonged period of
ischemia, hypothermia could certainly slow adenosine
triphosphate depletion during ischemial™.

Electrolyte disorders

A combination of hypothermia-induced intracellular shifts
and tubular dysfunction can increase renal excretion of
electrolytes and lead to depletion of magnesium, potas-
sium, and phosphate during cooling®. These electrolyte
disorders can increase the risk for arrhythmias and other
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potentially harmful complications”?. Therefore, electro-
lyte levels should be kept in the high-normal range during
and after hypothermia treatment. Extra care should be
taken during rewarming because hyperkalemia may de-
velop during this phase because of release of potassium
sequestered to intracellular compartments during induc-
tion of hypothermia®.

Hyperglycaemia

Another side effect of hypothermia is hyperglycemia
caused by insulin resistance. Hyperglycemia is asso-
ciated with increased infection rates, higher incidences of
renal failure, and critical illness neuropathy. The amount
of insulin required to maintain glucose levels within the
normal range (4.44—6.10 mmol/L) is usually higher than
expected because of insulin resistance!”.

Shivering

In awake patients, shivering induces unwanted effects
such as increased oxygen consumption and metabolic
rates, excess work of breathing, and increased heart rates
with increased myocardial oxygen consumption®® . The
effects of the shivering response decrease with age.
Thus, the doses of drugs required to suppress shivering
are usually lower in older patients. Warm-air applied to
the skin can be used as an accessory method to lower
the shivering threshold, and to reduce drug doses re-
quired to prevent shivering®® ™. All patients should be
closely monitored for shivering during all phases of hy-
pothermia treatment.

Skin injuries or bedsores
Direct exposure of skin to ice packs can cause burns,
which can be exacerbated by vasoconstriction.

Infection

Hypothermia inhibits proinflammatory responses through
inhibition of leukocyte migration and phagocytosis and
reduced synthesis of proinflammatory cytokines®®. In-
deed, suppression of harmful neuroinflammation is one
of the protective mechanisms of hypothermia. A side
effect of this protective mechanism is an increased risk of
infections. Strategies to deal with increased risk of infec-
tion include antibiotic prophylaxis. Patients should be
closely monitored for signs of infection during therapeutic
temperature management. Some normal signs of infec-
tion are absent or suppressed during hypothermia, in-
cluding fever, increased C-reactive protein levels, and
elevated white blood cell counts. Many treatment proto-
cols include daily blood surveillance cultures to screen
for bacteremia. The threshold for antibiotic treatment
should be low.
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Table 1 The physiological changes and potential side effects of hypothermia!®®

Mg?", P, Ca?"); in rewarming
phase risk of hyperkalemia due to
extracellular shift

Impaired coagulation cascade, Mild impairment Usually no

risk of bleeding of coagulation:
frequent. Bleed-
ing: rare
Shivering Frequent Yes
Increased infection risk, particularly Intermediate Yes
airway and wound infections
Insulin resistance, hyperglycemia Frequent Yes

Bedsores (due to vasoconstriction in Intermediate Yes
the skin, immobilization, and im-
mune suppression)
Laboratory changes: 1 amylase, liver Frequent No
enzymes, lactate, ketonic acids, and
glycerol; |white blood cells and
platelets; mild 1 hematocrit; mild
acidosis
Changes (usually decrease) in drug Frequent Yes
clearance (due to slowing of nu-
merous liver enzymes)

Effect Frequency Treatment required Comment
Hypovolemia (due to cold diuresis); Intermediate Yes More frequent in traumatic brain injury than cardiac arrest, probably
hypotension due to hypovolemia due to concomitant treatments such as mannitol administration.
Cardiovascular changes: 1 blood Frequent Usually no Mean arterial pressure increases slightly (+ 10 mmHg) during mild
pressure, central venous pressure, hypothermia. Cardiac output decreases but at a rate equal to or
and mixed venous saturation; | less than decrease in metabolic rate. The net result is unchanged
heart rate, | cardiac output or improved balance between supply and demand.
Electrocardiogram changes: brady- Frequent Usually no There is no hypothermia-induced risk for severe arrhythmias unless
cardia, 1 PR interval and QT inter- core temperature decreases to < 30°C. The risk increases
val, > QRS complex. Arrhythmias significantly at temperature < 28°C. Initial type of arrhythmia is
can develop at temperature < usually artrial fibrillation; other arrhythmias including ventricular
28-30°C fibrillation may follow.
Electrolyte disorders® (loss of K*, Frequent Yes Far more frequent in traumatic brain injury due to concomitant

treatments such as mannitol administration. Maintain electrolyte
levels in the high normal range (Mg?* = 1.0 mmol/L, K* >

4.0 mmol/L, and PO,> = 1.0 mmol/L, respectively) in all patients
during hypothermia treatment. Rewarm slowly to avoid
hyperkalemia in rewarming phase.

Platelet count and function and coagulation are impaired during
hypothermia but bleeding problems are rare. No hypothermia
study has reported significant problems with bleeding. Consider
platelet administration before surgery/invasive procedures.
Administration of Desmopressin may improve platelet function
during cooling.

Shivering leads to rewarming and should be controlled using
intravenous magnesium, analgesia (bolus dose of meperidine or
quick-acting opiates), sedation (propofol, benzodiazepines), and if
necessary brief-acting paralytic drugs. Other drugs with
antishivering effects: clonidine, ketanserin, tramadol, urapidil, and
doxapram. The cardiovascular effects during shivering are different
than in the post-operative setting. Shivering response is
significantly blunted when temperature decreases below + 33.5°C.

Inflammatory response is suppressed by cooling. Prolonged
(> 24 hours) cooling is associated with higher infection risk.
Consider antibiotic prophylaxis.

Insulin doses required to maintain normoglycemia may increase
during induction, and decrease during rewarming.

Extra attention required for bedsore prevention due to converging of
risk factors.

Usually no interventions required. Some laboratory values
(coagulation parameters, blood gases, pH value) are influenced by
temperature and should be temperature-corrected.

Adjust infusion rates; use bolus doses rather than increasing
continuous infusion.

venous catheters).

#The magnitude of this risk is still unclear. This may have similar risks to “regular” central venous lines, or its risks may be lower (because of local
effects of hypothermia on platelet function and coagulation) or higher (because of the greater size of these catheters compared to regular central

In patients developing infections after hypothermia
treatment, fever should be treated symptomatically, to
prevent new or additional neurological injuries*”. Addi-
tional attention should be paid to catheter and central line
insertion sites, as local infections are also more likely to
develop®®”.,

Clotting disorders

Mild hypothermia can prompt mild coagulopathy®.

Temperatures below 35°C can cause platelet dysfunction
and a mild reduction in platelet counts. At 33°C, other
steps in the coagulation cascade, such as the synthesis
and kinetics of clotting enzymes and plasminogen acti-
vator inhibitors, may also be affected®®.

Clinical observations suggest that the risk for severe
bleeding connected with therapeutic cooling is compara-
tively small” > It has been argued that bleeding risks

2683



Darwazeh R, et al. / Neural Regeneration Research. 2013;8(28):2677-2686.

should not be viewed as a reason to withhold hypother-
mia treatment. Very mild hypothermia (35°C) does not
affect coagulation, and can be safely used even if
bleeding risks are high. As temperatures of 33-35°C
affect platelet function only if surgical procedures are
performed under hypothermic conditions, platelet trans-
fusion may be considered.

Side effects of mild hypothermia

Therapeutic hypothermia is a promising treatment, but
the side effects of this treatment need to be managed,
especially if extended treatment periods are desired.
Understanding its mechanisms, realization of physiolog-
ical changes correlated with cooling, and prevention of
possible side effects are all key factors for the efficient
clinical use of hypothermia®®®. Quick induction reduce the
risks and consequences of short-term side effects, such
as metabolic disorders and shivering®®. A significant
breakthrough was the understanding that neurological
outcomes could be improved using mild to moderate
hypothermia (31-35°C) rather than deep hypothermia (<
30°C), with far fewer and less severe side effects™
(Table 1).

CONCLUSION

Therapeutic hypothermia is a highly promising treatment.
During the last several decades, a significant amount of
experimental and clinical work has established therapeu-
tic hypothermia as one of the few effective treatment
strategies for brain and spinal cord injuries. Indeed,
temperature, before and after an injury, seems to be a
critical factor in irreversible neuronal damage and sub-
sequent neuronal dysfunction.

Understanding the underlying mechanisms, awareness
of physiological changes associated with cooling, and
prevention of potential side effects are all key factors in
the effective clinical use of hypothermia. However, there
are numerous pitfalls in using therapeutic cooling to
maximum effect, particularly if prolonged treatments are
required to improve outcomes. Nevertheless, more work
needs to be conducted to determine appropriate mild
hypothermia and temperature management strategies
and which patient populations benefit most from these
treatment procedures.

This review provides clear mechanisms by which therapeu-
tic hypothermia protects against central nervous system
injuries. Understanding the positive and negative aspects of
hypothermia can optimize protective effects.
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