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Abstract

Background and aims: In acute stroke patients, mild and moderate hypothermia with a body temperature (T core) target of 32 °C to 34 °C is
being tested and has shown some promising results. The feasibility of MH to control of ICP increases in patients with malignant ischemic
stroke has been proven, but controversy as to its effectiveness and safety still continues. The most recent results of clinical trials and possible
future applications of MH in acute stroke patients are analyzed in this review.
Design, methods and material: A search in MEDLINE/PubMed was performed. The references of selected articles were investigated and the
Cochrane Library searched. Articles including severe, massive, malignant or hemispheric ischemic stroke, induced hypothermia, and animal
studies with focal cerebral or brain ischemic models were considered.
Results: 196 patients with ischemic stroke treated with hypothermia have been reported in eleven small clinical studies, with a mild benefit of
MH over the mortality rate and final outcome.
Conclusions: Moderate hypothermia ameliorates ischemic injury by multiple mechanisms. Treatment of acute ischemic stroke patients is
feasible, and additional studies, including randomized clinical trials, are warranted.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Clinical interest in hypothermia was raised in the 1930s and
1940s after drowning victims who where exposed to hypother-
mia during significant periods of asphyxia were successfully
resuscitated. In 1943, Fay published the first clinical report of
therapeutic hypothermia in patients with severe traumatic brain
injury exposed to low temperatures as 28 °C for 4–7 days, and
described better-than-expected clinical outcomes [1]. However,
by the early 1960s, the benefits of intraoperative hypothermia
were being questioned and afterwards discouraged due to poor
outcome of deep hypothermia (body temperature about 30 °C)
during circulatory arrest [2]. Later, in 1987, Busto et al. [3]
showed that small differences in ischemic brain temperatures
were associated with the extent of neuronal injury in rats that
underwent transitory cerebral ischemia. Thus, in the course of
the last 15 years, a variety of experimental animal studies in
global and focal cerebral ischemia indicated that mild and
moderate hypothermia (MH) (about 32–34 °C) are successful
for improving neurological outcome and decreasing the size of a
cerebral infarct. Consequently, clinical interest was renewed,
and the method was employed during open-heart surgery [4],
after cardiac arrest [5–8], and in the management of traumatic
brain injury [9–11] and intracranial aneurysm surgery [2].

1.1. What has happened to the use of induced hypothermia
in stroke patients?

In the past 7 years, several studieswere developed to evaluate
the possible beneficial effects of hypothermia in acute stroke as
demonstrated for MH in focal cerebral ischemia animal models
[12,13]. In these animal studies MH reduced the size of brain
infarct by approximately 90% and improved outcome in the
animals with transient occlusion of the middle cerebral artery
(MCAO). Moreover, these beneficial effects are achieved when
MH is applied in the very early reperfusion period as well as in
delayed reperfusion [14]. Unfortunately, such successful results
have not yet been reached in patients with acute cerebral
ischemia, but preliminary evidence about a possible benefit of
MH in acute severe ischemic stroke (malignant infarction) has
begun to emerge [15–17], instead of side effects, which can limit
its application.

2. Method

2.1. Search strategy

A search in MEDLINE/PubMed was performed using key
words of: acute stroke, hypothermia, microdialysis, neuro-
protective drugs and malignant infarct, not restricted to any
language, until January 2007. The references of selected
articles were investigated and the Cochrane Library searched.

2.2. Selection criteria

Articles including (a) severe, massive, malignant or
hemispheric ischemic stroke, (b) induced hypothermia, and
(c) animal studies with focal cerebral or brain ischemic
models were considered.

3. Review results

3.1. Concept of core temperature and subtypes of hypothermia

The normal body temperature is 37 °C, with a diurnal
variation of about ±0.6 °C, usually highest at ±18:00 h [18].
Hypothermia is defined as a body-core temperature (Tcore)
below 36.5 °C. The core corresponds to well-perfused tissues
in which temperature remains relatively uniform [19] and
consists of the trunk and head, comprising 50–60% of body
mass. Tcore is habitually measured in tympanic membrane,
esophagus, rectum, bladder, and pulmonary artery. The skin
and extremities are considered “peripheral compartments”,
where temperature is usually 2–4 °C lower than the Tcore [20].
On the other hand, the intraparenchymatous brain temperature
is slightly greater than Tcore by about 1.5±0.3 °C (range
1.0 °C to 2.1 °C) in patients with malignant ischemic stroke.
However, with hypothermia induction to Tcore 33 °C, this
gradient decreased by a mean of 0.3±0.4 °C [15]. Based on
Tcore measurements, hypothermia has been classified into
mild (35 °C to 33 °C), moderate (33 °C to 28 °C), and deep
(below 28 °C), according to the temperature reached [6,7,15].

3.2. Hypothermia as a neuroprotective agent in ischemic
stroke — Experimental approach

In the last decade, various animal experiments have
suggested that hypothermia is neuroprotective in acute focal
and global cerebral ischemia [21]. Its effectiveness mainly
depends on the initiation and duration of treatment. Xue et al.
showed in 1992 that after transient MCAO of 3 h under
normothermic conditions (37 °C) an infarct size of 211 mm3

had developed in rats; in contrast, intraischemic hypothermia
of 32 °C for 4 h decreased the infarct size to 17mm3 (Pb0.001)
[12].Maier et al. [13] investigated the influence of hypothermia
duration on infarct size and found that neuroprotective effects
did depend on this. Intraischemic hypothermia of 30 min did
not reduce infarct volume, whereas 1 and 2 h of hypothermia
directly after beginning ofMCAO (120min) led to a significant
infarct reduction of between 59 and 84% compared to
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normothermia. All these animal experiments in acute stroke
models are summarized in Table 1. Nevertheless, early
intraischemic cooling in patients is limited to elective surgery
and therefore does not reflect the clinical situation of ischemic
stroke. Consequently, delayed application of hypothermia
represents a more realistic clinical approach for stroke
treatment. Experimental data on postischemic hypothermia
have been inconsistent [22,23].

The potential neuroprotective mechanisms of hypother-
mia contribute to multifactorial mechanisms rather than to
one single one as seen in various neuroprotective drugs, these
factors are summarized in Table 2. This combinatorial
neuroprotective approach suggests a great potential for
success, since hypothermia may act as a neuroprotective
multimodal “cocktail,” simultaneously blocking different
processes involved in cellular death due to brain ischemia,
including cellular apoptosis (Table 1) [12,14,22–33] and
several oxidative DNA lesions [34]. In order to understand
better the mechanisms of neuroprotection by hypothermia,
future clinical investigations have to be conducted to evaluate
the use of microdialysis [35–37] to confirm any neuropro-
tective effect of MH in patients with acute ischemic stroke.

3.3. The role of hypothermia in neurological patients

Schwab et al. [15,16] developed two non-controlled trials
applying MH in acute ischemic stroke patients to evaluate its
feasibility and safety as well as clinical outcome. In both
studies, the patients were admitted to an ICU, none of them
Table 1
Animal studies of hypothermia in acute stroke models

Design

Xue et al.
[12]

6 Normothermic rats (37 °C) were compared to 9 hypothermic
rats (32 °C) after a bilateral internal carotid occlusion.

Maier et al.
[13]

Study design to know optimal duration of hypothermia after le
MCA occlusion in a rat model. Group 1: 30 min of hypotherm
(n=9). Group 2: 1 h of hypothermia (n=8). Group 3: 2 h of
hypothermia (n=8)

Maier et al.
[22]

Study design to determine the effect of delaying induction of m
hypothermia (33 °C) after MCA occlusion. Group 1: (n=11) d
MH by 0 min. Group 2: delay MH by 90 min (n=10).
Group 3: delay MH by
120 min (n=10). Group 4: delay MH by 180 min (n=5).

Kollmar et al.
[23]

Study design to know the influence of delayed hypothermia of
min in a rat model of MCA occlusion (n=30) followed by ser
MRI studies.

Ji et al.
[34]

Rats were subjected to 2-hour MCAO and reperfusion of vario
durations up to 3 days. Selective brain hypothermia (33 °C) w
induced at the onset of ischemia and terminated at the beginni
reperfusion.
received thrombolytic treatment, and MH was applied using
surface cooling to reach a Tcore=33 °C for 24–72 h. The
ICP was monitored using intraparenchymatous sensors
placed ipsilaterally to the affected hemisphere in most of
the patients. Thus, in the first study [15], 25 patients with a
documented large middle cerebral artery (MCA) territory
stroke were included. The baseline neurological score was 9
points in the Glasgow Coma Scale (GCS) and 24 points in
the Scandinavian Scale Stroke (SSS). The National Institutes
of Health Stroke Scale (NIHSS) score was not used. The
mean interval between onset of stroke symptoms and
initiation of hypothermia was 14 h (range 4 to 24) and the
latency to achieve the target Tcore was 3.5 to 6.2 h. After 48–
72 h of hypothermia, a passive rewarming to normothermia
took a mean of 18 h (range 17 to 24). In all patients, ICP
values decreased with initiation of MH to a mean of 14.5±
4 mm Hg and during steady state periods of hypothermia to
13.4±8 mm Hg, which were significantly lower than initial
values (Pb0.05). However, during the rewarming period, a
significant, continuous increase in ICP values was noted,
reaching a mean value of 19±8 mm Hg (range 17 to 52). The
ICP increase was even greater in patients who died. Side
effects did not differ between the two groups of patients.

The second study [16] included 50 patients with massive
hemispheric infarction treated with a MH regimen for 24 to
72 h. The method and design were very similar to the first
one. The baseline means NIHSS score was 25 and the
Glasgow Coma Scale (GCS) was 9. The latency to initiation
of hypothermia after stroke onset was 22±9 h, and the mean
Outcome

The main infarct volume was 211 mm2 in the normothermic
group compared to 17 mm2 in the hypothermic group
(Pb0.001)

ft
ia

Group 1: No affect either the infarct size or the neutrophill
accumulation.
Group 2: Reduces infarct size in 59%. No effect on
neutrophills.
Group 3: Reduces infarct size in 84%, reduces neutrophill
accumulation in 57%.

ild
elay

Mild hypothermia conferred significant degrees of
neuroprotection in terms of survival, behavioral deficits, and
histopathological changes, even when its induction was delayed
by 120 min after onset of MCA occlusion (Pb0.05).

180
ial

Delayed hypothermia resulted in a significant increase of
survival rate and a significant improvement of functional score.
Moreover, a significant decrease in the extent of hyperintense
volumes in T2-weighted scans was observed.

us
as
ng of

Intraischemic MH markedly attenuated the nuclear
accumulations of several oxidative DNA lesions, including
8-oxodG, AP sites, and DNA single-strand breaks, after 2-hour
MCAO. Consequently, harmful DNA damage-dependent
signaling events, including NAD depletion, p53 activation, and
mitochondrial translocation of PUMA and NOXA, were
reduced during post-ischemic reperfusion in hypothermia-
treated brains.



Table 2
Beneficial effects of hypothermia

Site of action Effects

Ischemic cascade: Reduces release of glutamate from
the nerve endings. [24,34,26,38].
Reduces lactate and piruvate
concentrations [34].
Reduces free radical formation [22].
Decreases cellular metabolism by
retarding ATP depletion and
facilitating post-ischemic glucose
utilization [22,27].
Reduces calcium influx into the cell
and the secondary cytotoxic effects
[24,27].
Reduces ischemic depolarization
events in the peri-infarct-zone [29].

Cerebral edema: Reduces cerebral edema formation
[21,22].

Tissue perfusion: Preserves cerebral autoregulation
associated with the use of alpha-stat
[23].
Reduces post-ischemic
hypoperfusion and delayed post-
ischemic hyperperfusion [30].

Tissue volume: Reduces the size of infarction
[12,13,20,25,29–31].

Blood brain barriers: Suppresses disruption of the blood–
brain barrier [30].

Gene expression: Reduces gene expression associated
with brain ischemia [13].
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time required for cooling to Tcore=33 °C was 6.5 h. Passive
rewarming to normothermia was started after 24 to 72 h of
hypothermia, and its mean duration was 17 h (range 11 to
24). The results showed that ICP values were reduced from
19.8±14 mm Hg before the beginning of hypothermia to
12.4±5 mm Hg when a steady state of hypothermia was
reached (Pb0.05) and their values were sustained at constant
levels in 74% of patients during the application of
hypothermia. Again, a shorter rewarming period (b16 h)
was associated with a significant ICP increase as well as with
higher mortality compared to longer rewarming. Although
this was not an efficacy study, mortality was 38%, which
is considerably lower than the 78–79% mortality described
in previous studies of patients with MI infarcts without
induced hypothermia [38,39]. During hypothermia mortality
was 8% and during rewarming periods 30% due to an
uncontrollable increases in ICP. In addition, Steiner et al.
[17] observed that slow, controlled rewarming rates of 0.1 °C
to 0.2 °C/2 to 4 h were associated with a significantly better
control of ICP values as compared to a historic control
group, in which a passive rewarming protocol had been
applied for 24 h in patients affected by MI. These studies
suggest that MH with a body temperature target of about
33 °C for 24–72 h combined with a slow, controlled
rewarming period seems to represent adequate therapeutic
conditions for achieving favorable control of increasing
ICP in these patients, however, it is frequently associated
with side effects (see below).
The role of a modest hypothermia regimen (Tcore target
among 35 °C–36.5 °C) in awake, acute ischemic stroke
patients has started to be evaluated, where a significantly
fewer side effects have been described, but without any
associated clinical benefit [40]. Larger clinical trials in this
subject are required to determine its possible usefulness in
these patients.

In conclusion, no additional evidence from larger
randomized studies is available to support the routine use
of induced hypothermia in acute ischemic stroke patients
[41]. The feasibility of hypothermia in these patients has
been proved, but the safety and efficacy needs still to be
evaluated in future larger clinical trials.

3.4. MH associated with thrombolytic therapy in stroke
patients

Induced hypothermia following thrombolysis therapy in
stroke patients has been evaluated in a small pilot study in
Cleveland, USA [42]. The COOL AID study included 10
patients with a major ischemic stroke (mean NIHSS score of
19.8±3) and treated with MH with a Tcore=32 °C for 12 to
72 h, depending on sonographic or angiographic MCA
patency status. From them, 6 patients received some
thrombolytic treatment associated. In the control group, 7
patients received some thrombolytic treatment and 2 none. A
surface cooling system with a controlled rewarming of
0.25 °C to 0.5 °C/h was implemented. In this study, mortality
was 33% in the hypothermic group and the modified Rankin
Scale score was 3.1±2 at 3 months. Two patients died in the
hospital during the first week of admission due to severe
stroke syndrome, intracerebral hemorrhage, and systemic
complications in both cases. The authors concluded that
hypothermia associated with thrombolysis therapy was
feasible and safe. Now, the efficacy of these combined
therapies needs to be tested in a phase II randomized
controlled trial.

3.5. Moderate hypothermia versus surgical decompression
in severe MCA infarction

To date, hemicraniectomy (CE) with duroplasty is
probably the best invasive therapeutic strategy to treat
intracranial hypertension and to preserve cerebral blood flow
in patients who are neurologically deteriorating as a result of
space-occupying hemispheric infarction. In addition, CE has
been reported to improve the neurological outcome [43–46].
The efficacy of MH compared to CE to control intracranial
hypertension and to reduce mortality has recently been
studied in Heidelberg, Germany [47]. Here, 36 consecutive
patients between 47 and 63 years of age with an infarction
involving at least two-thirds of the MCA territory were
treated with MH (n=19) or CE (n=17). Only patients with
infarction in the nondominant hemisphere were included in
the CE group. The age range, sex, level of consciousness,
time of treatment, baseline NIHSS score (corrected for
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aphasia), and cranial computed tomography (CCT) findings
were similar in the two groups. The duration of MH was 71±
21 h (range 24 to 116) and it was induced with a surface
cooling method in 12 patients and with an intravascular
system in the remaining 7 patients (CoolGard, Alsius
Corporation, Irvine, CA, USA). The target temperature of
33 °C was reached within 4±1 h. Finally, a controlled
rewarming was attempted at a rate of 1 °C/8 h and its
duration adjusted to the ICP levels of each patient. The
results showed that mortality between the two treatment
groups constituted the major favorable finding: 2 to 17
patients in CE group (12%,) died versus 9 of 19 patients in
the MH group (47%, Pb0.02). These results with lower
mortality are in good agreement with previous CE studies
[48,49]. The main cause of death was uncontrollable
intracranial hypertension in both the CE and MH groups.
Concerning ICP, the maximal values reached were similar in
the two groups: mean 22 mm Hg for the MH group versus
21 mm Hg for the CE group. More episodes of increased
ICPN20 mm Hg were detected in the MH group, but this
difference was not significant (P=0.3). The other authors
have recently published some preliminary experience about a
beneficial combination approach of hypothermia and hemi-
craniectomy in patients with MI, with promissory results
[47,50,51].

The CE emerges as the possible treatment of choice for
patients with infarction localized in the nondominant
hemisphere, but there is still a lack of enough evidence to
Table 3
Clinical studies of hypothermia in acute stroke

Design

Schwab et al.
[15]

MH was induced in 25 patients with severe ischemic stroke in th
MCA territory within 14+/−7 h after stroke onset. Patients were
at 33 °C for 48 to 72 h. Outcome at 4 weeks and 3 months after
stroke was analyzed with the Scandinavian Stroke Scale (SSS) an
Barthel index.

Schwab et al.
[16]

Multicenter study performed to evaluate the safety and feasibility
MH and its potential to reduce intracranial hypertension in acute
stroke patients. 50 prospective patients with cerebral infarction
involving at least the complete middle cerebral artery territory w
evaluated. Hypothermia was induced within 22+/−9 h after strok
onset and maintained for 24 to 72 h.

Kammersgaard
et al. [40]

17 patients with stroke admitted within 12 h from stoke onset
(mean 3.25 h) were compared wit 56 similar patients of a
stroke registry. They were in MH for 6 h.

Granberg [59] Prospective and randomized study, 25 consecutive patients were
treated after an ischemic infarction of more than two thirds of on
hemisphere by hemicraniectomy alone (n=13 patients) or in
convination with MH (n=12 patients). Safety parameters were
compared between both treatment groups, the clinical outcome w
assessed during treatment and after 6 months
support this [50]. Meanwhile, MH could be an interesting
therapeutic option in patients with severe ischemic stroke
who cannot be included in certain CE studies. The clinical
evidence of hypothermia in acute ischemic stroke is
summarized in Table 3.

3.6. Side effects of hypothermia

The appearance of side effects is closely associated with
the depth and duration of hypothermia and the speed of
rewarming period [6,15–17,40,42,51–56]. Some of these
side effects can be serious and endanger the health of
patients, even forcing hypothermia treatment to be inter-
rupted. Based on cumulative experience, MH with a Tcore
target over 33 °C is recommended to avoid severe side
effects associated with lower temperatures (Fig. 1) [19]. The
frequency and severity of side effects associated with
induced hypothermia vary notably among different clinical
studies. In MI patients treated with MH, pneumonia was
described in 33%–78% of cases [15,16,42,47,54]; platelet
disturbances in 37%–70%, in particular thrombocytopenia
b100,000 per mm3 [15,16]; cardiac arrhythmia with
prolongation of PR and QT intervals and sinus bradycardia
among 50%–62% of cases [15,16,42,54] with associated
severe arterial hypotension (b50 mm Hg) in 6%–10%
[16,41]; electrolytic disturbances (mainly hypokalemia)
about 25% [15,54]; increase in serum levels of amylase
and lipase (including pancreatitis) in 6%–28% [16,48]; and
Outcome

e
kept
the
d

14 patients survived (56%). Neurological outcome according to the
SSS score was 29 (range, 25 to 37) 4 weeks after stroke and 38
(range 28 to 48) 3 months after stroke. During hypothermia, elevated
ICP values could be significantly reduced. Herniation caused by a
secondary rise in ICP after rewarming was the cause of death in all
remaining patients. The most frequent complication of MH was
pneumonia in 10 of the 25 patients (40%).

of

ere
e

The most frequent complications of MH therapy were
thrombocytopenia (70%), bradycardia (62%), and pneumonia (48%).
Four patients (8%) died during hypothermia. An additional of 15
patients (30%) died during or after rewarming because of rebound
increase in ICP and fatal herniation. A shorter (b16 h) rewarming
period was associated with a more pronounced rise of ICP. Elevated
ICP values were significantly reduced under hypothermia.
Neurological outcome according to NIHSS score 4 weeks after
stroke was 29, and Rankin Scale score 3 months after stroke was 2.9.
Mortality at 6 months after stroke was 12% in cases versus 23% in
controls (P=0. 50). Final neurological impairment (SSS score at
6 months) was mean 42.4 points in cases versus 47.9 in controls
(P=0.21). Hypothermic therapy was not a predictor of poor outcome
in the multivariate analyses.

e

as

Overall mortality was 12% (2/13 versus 1/12 in the two groups), but
none of these 3 patients died due to treatment-related complications.
There were no severe side effects of hypothermia. The clinical
outcome showed a tendency for a better outcome in the
hemicraniectomy plus MH group after 6 months, as assessed by
the NIHSS (10+/−1 versus 11+/−3, Pb0.08).



Fig. 1. Physiologic effects of hypothermia.
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severe coagulopathy and bleeding disorders in 4%–5%
[15,16] of cases.

3.7. Methods of hypothermia induction

Hypothermia is applied to patients according to the
principles of convection (e.g., surface cooling methods
such as forced air cooling via full cooling blankets or air
beds) and conduction (e.g., liquid circulating in water-filled
mattress) [57]. If a surface cooling method is used, it is
frequently combined with other body cooling methods such
as alcohol on the skin, ice bags, intravenous cold infusion,
gastric lavages or cold-fluid infusion combined with ice-
water cooling blanket, to achieve the programmed Tcore
target [15,40,57,58]. The main surface cooling method
limitations are: a) the speed at which the target temperature
is achieved is lower than that of intravascular systems, b)
patients who are morbidly obese cannot be treated
optimally with these cooling methods, and c) these methods
could require greater effort on the part of the medical and
paramedical team to maintain adequate management.

New intravascular cooling systems are now being applied
in stroke patients (CoolGard Alsius Corporation; Radiant
Medical System) to evaluate their feasibility and safety
[17,54–56]. The intravascular systems allow rapid cooling
and facilitate controlled rewarming. Another advantage
of the intravascular systems over surface cooling methods
is the fact that they require minimal effort from the nursing
staff once a catheter has been inserted.

Finally, MH is not a simple procedure. MH should be
ideally done in the ICU to achieve adequate control of
shivering, fluid administration, mechanical ventilation, and
hemodynamic monitoring for several days. In this sense,
adequate sedation, analgesia, and neuromuscular blockade
must be assured. Moreover, due to the “cold-induced diuresis”
from hypothermia [59], significant fluid volumes must be
continuously administered to avoid arterial hypotension and
dehydration, usually requiring the use of vasopressor and
inotropic agents in these patients [15,16,54–56].

4. Conclusions

The IM treated with mechanical ventilation, osmotic
agents, or barbiturates has a mortality of about 80% and
survivors show severe disability. Limited clinical data on
MH (core temperature to 32 ° C to 34 °C) in humans when
applied for 48 to 72 h seems to reduce the mortality rate of
patients with large ischemic stroke. But at present, no robust
evidence is available to recommend induced hypothermia as
a neuroprotective therapeutic strategy in these patients.

Hypothermia can cause unwanted side-effects such as
hypotension, cardiac arrhythmia and pneumonia, which are
closely associated with its depth and duration as well as the
speed of rewarming. However, most of these side effects can
be controlled or prevented in the intensive care setting. New
intravascular cooling systems are promising new methods
for induce and control adequate target of temperature in
these patients and evidence of efficacy from clinical trials is
needed. Prospective studies with larger sample size are
warranted.
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