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Therapeutic Hypothermia for Acute Ischemic Stroke
What Do Laboratory Studies Teach Us?
Derk W. Krieger, MD; Midori A. Yenari, MD
Background and Purpose—The significance of brain temperature to outcome in cerebral ischemia is recognized.
Numerous variations of depth, duration, and delay of cooling have been studied in animal models. It is important to
become familiar with these studies to design appropriate clinical trials. With that in mind, a critical review of the
pertinent literature is presented, taking into consideration potential limitations in translating such laboratory work to the
clinical level.
Methods—Hypothermia is an especially robust neuroprotectant in the laboratory and has been shown to alter many of the
damaging effects of cerebral ischemia. Most laboratory research on therapeutic cooling in cerebral ischemia has been
conducted in rodent models of temporary and permanent middle cerebral artery occlusion and report the effects of mild
or moderate hypothermia arranged during or after ischemia.
Results—Intraischemic cooling vastly reduces infarct size in most occlusion models. Tissue salvage with delayed onset of
cooling is less dramatic but is commonly observed when cooling is begun within 60 minutes of stroke onset in
permanent and 180 minutes of stroke onset in temporary occlusion models. Prolonged postischemic cooling further
enhances efficacy.
Conclusions—Laboratory studies have shown that intraischemic hypothermia is more protective than postischemic
hypothermia and more benefit is conferred with temporary occlusion than permanent occlusion models. The efficacy of
postischemic hypothermia is critically dependent on the duration and depth of hypothermia and its timing relative to
ischemia. (Stroke. 2004;35:1482-1489.)
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mation, reactive oxidant production, and the expression of a
host of other genes. Although stroke models vary in methodology, several laboratories have consistently shown that
hypothermia reduces the extent of neurologic damage and
improves neurologic function. It may be too simplistic to
conclude that the beneficial effects of hypothermia are
conferred through a specific neuroprotective action; it is more
likely that hypothermia influences a variety of cell death
mechanisms, analogous to the advocated combinatorial neuroprotective strategy.3,4 Given its multiple synergistic effects
on ischemia and reperfusion, hypothermia has great potential
to be successful at the clinical level.
An association between body temperature, initial stroke
severity, infarct volume, and clinical outcome has been
recognized.5 Mild to moderate hypothermia has been found to
reduce ischemic brain edema in the setting of massive
ischemic strokes.6,7 Several preliminary clinical reports indicate benefits of mild to moderate hypothermia adjunctive to
thrombolytic therapy.8 –10 Whether hypothermia can correct
the underlying vascular occlusion remains to be seen, but
combined use of hypothermia and thrombolytics must con-

rain injury in cerebral ischemia emerges from the intricate interaction of molecular events set in motion by
ischemia and pathological events associated with the restoration of cerebral blood flow. The progression of ischemia and
reperfusion are time-sensitive, suggesting that therapeutic
interventions are time-critical and phase-specific.1,2 The timedependency of thrombolytic therapy is an example of timecritical intervention; thrombolytics applied too late may
actually worsen damage. Reperfusion injury is the interaction
of ischemic neurovascular tissue with restored blood flow
instigating free radical toxicity and inflammatory responses.
The ensuing infarct volume is an interaction of the quantity of
reduced cerebral blood flow, the class and timing of reperfusion, and the magnitude of reperfusion injury inflicted.
Although several studies have shown that various pharmacological agents improve outcome after experimental stroke,
no study has convincingly shown a benefit in humans. An
especially robust neuroprotectant in the laboratory is hypothermia, which has been shown to alter a variety of effects of
cerebral ischemia, including reduction in metabolic and
enzymatic activity, glutamate release and re-uptake, inflam-
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sider the time sensitivity of and possible interactions between
the two. Furthermore, both coagulation and thrombolysis may
be influenced by temperature.11 Nevertheless, numerous experimental reports document the neuroprotective effects of
hypothermia. Variations in depth, duration, and delay of
hypothermia have been studied in animal models of permanent middle cerebral artery occlusion (pMCAo) and transient
middle cerebral artery occlusion (tMCAo). Given past failures of pharmacological neuroprotectants, despite promising
preclinical data, it is critical that investigators become familiar with interpreting animal studies to design appropriate
clinical trials. With that in mind, we present a critical review
of the pertinent literature, taking into consideration potential
limitations in translating such laboratory work to the clinical
level.

Models of Hypothermia in Focal
Cerebral Ischemia
Animal stroke models have attempted to mimic certain
aspects of focal cerebral ischemia. Generally, this entails
occluding the middle cerebral artery (MCA) with electrocautery, an external clip, or an intraluminal occluding device.
Occlusive periods of 1.5 to 3 hours followed by reperfusion
(transient ischemia) or permanent vessel occlusion result in
well-defined infarcts. Other models have taken this 1 step
closer to human stroke by injecting preformed emboli into the
internal carotid artery. Reperfusion can be accomplished by
administering thrombolytic agents. In general, most models
create relatively reproducible infarcts within the ipsilateral
MCA territory and can be likened to large-vessel strokes that
occur in humans. However, infarct volumes vary greatly
depending on the model used (eg, pMCAo versus tMCAo),
the duration of the experiment (a few hours postischemia
versus weeks of follow-up), and study design. For instance,
the intraluminal MCA occlusion model produces larger infarcts, encompassing the entire MCA territory, compared
with models in which the distal MCA is occluded, which
results in injury confined to the cortex. Variation in experimental results can be expected because different laboratories
may use different strains from different vendors. A recent
study demonstrated significant strain differences in the response to mild hypothermia, even when studies were performed in the same laboratory.12 Infarct size in some ischemia
models may depend on the presence or absence of collaterals.
For example, the spontaneously hypertensive rats (SHR) tend
to have poor collaterals and thus larger infarcts, whereas
Long Evans rats appear to have remarkable protection,
especially during reperfusion.12 It is also important to control
physiological variables such as temperature, blood glucose,
blood pressure, arterial pH, and pCO2, which are known to
influence infarct size. The intraluminal model may also affect
regions supplied by the anterior choroidal artery, leading to
hyperthermia from hypothalamic ischemia.13,14 Some investigators may not continuously monitor temperature throughout the experiment, which creates uncertainty as to whether
hyperthermia may exacerbate injury in control normothermic
subjects. Most laboratories are not able to conduct stroke
experiments in conscious animals, so choice of anesthetic can
also influence experimental results. Some investigators also
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believe that infarct size may vary seasonally; infarcts produced at one time of the year may differ from infarcts
produced at different times. Most researchers carefully control these variables within their own laboratories, but one
must keep in mind variation across laboratories when critically reviewing the literature. Although this review is an
attempt to distill years of animal studies, care must be taken
when comparing results from one laboratory to another.
Ideally, specific paradigms should be tested by the same
laboratory. Nevertheless, such a review may prove instructive
in designing appropriate clinical trials.

Mild Hypothermia in Models of pMCAo
Models of permanent occlusion often involve clipping or
cauterization of 1 or more of the major cerebral arteries or
simply leaving in place an intraluminal embolus (surgical
suture or thrombus). This model best represents large-vessel
ischemic strokes in which recanalization does not occur, but
probably does not model small-vessel lacunar strokes. “Permanent focal ischemia” is not always accompanied by permanent reduction of regional cerebral blood flow (rCBF) to a
level critical to neuronal survival. The rCBF levels increase,
presumably by collateral flow, to 30% to 50% of baseline
values within 3 hours of ischemia onset.13 The experimental
paradigms we reviewed (Tables 1 and 2) varied in occlusion
methods, delay, depth, and duration of hypothermia, as well
as timing and quantification of outcome. Coagulation or
clipping of the proximal MCA was used alone or in combination with ipsilateral or bilateral common carotid occlusion.
Hypothermia was initiated at ischemia onset or delayed up to
3 hours, temperatures varied from 24°C to 34.5°C, and
duration varied from 1 to 24 hours. Histology was obtained
between 6 hours and 21 days postischemia.
The resulting infarct volumes were reduced by hypothermia by as much as 84%, depending on the experimental
paradigm. Brief periods of 1 to 6 hours of deep hypothermia
(24°C) were protective in a proximal pMCAo model.15,16
Infarct volume after MCAo in SHRs was reduced by 84% in
a study of 6 hours of deep hypothermia.15 Even a brief
duration (1 hour) of deep hypothermia followed by 2 hours of
rewarming reduced infarct volume by 27% and 82% in SHR
and Wistar rats, respectively.16,17 In contrast, brief periods (1
to 6 hours) of mild to moderate hypothermia (30°C to 34.5°C)
had conflicting effects in Sprague-Dawley and Wistar
rats.18 –22 The key differences between these studies were the
duration of the experiment and the use of different strains.
Although positive results were observed when brains were
examined a few hours after stroke onset, such results should
be interpreted with caution because it is possible that the
infarcts had not been given sufficient time to mature. In fact,
1 study in a global cerebral ischemia model showed that
delayed hypothermia improved neuron survival a few days
later, but this protection was no longer observed at 1 month,23
suggesting that this hypothermia paradigm simply prolonged
the inevitable. Furthermore, triphenyl tetrazolium chloride
(TTC) is frequently used to delineate infarct size, but whether
it is reliable at time points earlier than 24 hours or later than
3 days has been controversial,24 leaving the interpretation of
studies using this technique difficult. However, 1 study
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Models of pMCAo and Prompt Onset of Hypothermia

Duration

Histology

Difference in Stroke
Volume
Hypothermia vs
Controls (%)

24°C

6h

6h

ⴚ84

24°C

1 h plus 90 min rewarming

24 h

ⴚ82

24°C

1 h plus 90 min rewarming

72 h

ⴚ58

30°C

1h

24 h

ⴚ55

33°C

1h

24 h

ⴚ60

34.5°C

1h

24 h

ⴚ60

Sprague-Dawley, CAU, pMCAo plus 30 min
hypotension, pMCAo

30°C

4h

72 h

None

30°C

2h

72 h

None

Wistar, CAU pMCAo plus 60 min bilateral
CCAo

32°C

1h

24 h

ⴚ77

SHR, CAU, pMCAo

24°C

1 h plus 120 min
rewarming

24 h

ⴚ27

SHR, LIG, pMCAo

33°C

2h

96 h

None

Wistar, clips, permanent CCA plus MCA

32°C

6h

6h

ⴚ61

Sprague-Dawley, CAU, pMCAo plus CCA
clips, pMCAo plus ipsilateral ICA, ECA, and
contralateral ICA

30°C

24 h

48 h

ⴚ44

33°C

24 h

21 d

ⴚ48

Study

Model
15

SHR, CAU, pMCAo

16

Wistar, CAU, pMCAo

Baker
Baker

18

Wistar, CAU, pMCAo plus ipsilateral ICAo

Kader

20

Morikawa

Moyer

Temperature

19

Onesti17
Ridenour21
22

Xue

13

Yanamoto

CAU indicates extraluminal cauterization; CCA, common carotid artery; ECA, external carotid artery; ICA, internal carotid artery; ILS, intraluminal
suture; LIG, extraluminal ligature; MCA, middle cerebral artery; p, permanent; o, occlusion.
Bold font denotes model revealed significant benefit, and regular font denotes model did not reveal significant benefit.

revealed that prolonged mild to moderate hypothermia reduced infarct volume by 44% at 2 days after stroke and as
much as 48% at 3 weeks after stroke.13
Results of studies evaluating delayed hypothermia in pMCAo models are inconsistent. Coagulation or clipping of the
proximal MCA was used alone or in combination with
ipsilateral or bilateral common carotid occlusion. Hypothermia was initiated 0.5 to 3 hours after insult, temperatures
varied from 24°C to 33°C, and duration varied from 1 to 24
hours. In 10 publications on permanent models, 22 experimental paradigms were tested, from which 15 revealed
beneficial effects. On the average, hypothermia resulted in a
TABLE 2.

Study
16

Baker

Models of pMCAo and Delayed Onset of Hypothermia

Model

Delay

Temperature

Duration

Histology

Difference in Stroke
Volume
Hypothermia vs
Controls (%)

Wistar, CAU, pMCAo

30 min delayed

24°C

1 h plus 90 min rewarming

24 h

ⴚ63

60 min delayed

24°C

1 h plus 90 min rewarming

24 h

ⴚ63

120 min delayed

24°C

1 h plus 90 min rewarming

24 h

⫹36

180 min delayed

24°C

1 h plus 90 min rewarming

24 h

⫹8

Wistar ILS

60 min delayed

32°C

5h

6h

ⴚ65

Wistar, CAU, pMCAo

Doerfler25

60% reduction in infarct size (Tables 1 and 2). As little as 1
hour of moderate to deep hypothermia delayed for 1 hour
after ischemia onset was beneficial in some models16,18 but
not in others.19,25 There is no experimental evidence that brief
deep hypothermia ameliorates infarct volume if initiated later
than 60 minutes after onset of ischemia in permanent occlusion models.16 Studies in other cerebral ischemia models
indicate that hypothermia can protect even if cooling is
delayed by several hours, provided the duration of cooling is
prolonged. Colbourne and Corbett reported that they could
delay cooling by up to 6 hours, provided cooling was
maintained for 24 to 48 hours in a global ischemia model.26

ILS

60 min delayed

32°C

5h

24 h

⫹16

18

Wistar, CAU pMCAo plus ipsilateral ICAo

60 min delayed

33°C

1h

24 h

ⴚ55

19

Wistar, CAU pMCAo plus 60 min bilateral CCAo

40 min delayed

32°C

1h

24 h

None

Kader

Moyer

Bold font denotes model revealed significant benefit, regular font denotes model did not reveal significant benefit.
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Models of tMCAo and Prompt Intraischemic Onset of Hypothermia

Study
37

Chen

Xue22

38

Karibe
35

Huh

36

Maier

Maier28

20

Morikawa

Ridenour21
32

Schmidt Elsaesser
Yanamoto

Zausinger39

Difference in Stroke
Volume Hypothermia
vs Controls (%)

Model

Temperature

Duration

Histology

Wistar ILS 120 min

30°C

3h

96 h

Qualitative Assessment:
Complete
hemispheric infarcts
reduced to selective
neuronal injury or
small foci of infarcts

Wistar, clips tCCA plus MCA

32°C

3h

24 h

ⴚ92

Permanent contralateral CCA 180 min

32°C

3h

72 h

ⴚ85

Sprague-Dawley ILS 120 min

32ⴚ33°C

130 min

24 h

ⴚ87

Sprague-Dawley ILS 120 min

32°C

3 h ⴙ 2 h rewarming

72 h

ⴚ31

Sprague-Dawley ILS 120 min

33°C

2h

24 h

ⴚ68

30°C

2h

24 h

ⴚ51

33°C

0.5 h

72 h

None

33°C

1h

72 h

ⴚ84

33°C

2h

72 h

None hemisphere
ⴚ72 cortex

33°C

2h

72 h

ⴚ54 cortex,
ⴚ46 striatum

33°C

1.5 h

72 h

ⴚ37

33°C

1.5 h

7d

ⴚ48

33°C

1.5 h

60 d

ⴚ56

Sprague-Dawley, clip, tMCAo 120 min

30°C

2h

72 h

ⴚ74 cortex
ⴚ63 striatum

SHR, clip, tMCAo 60 min

33°C

2h

96 h

ⴚ48

Sprague-Dawley ILS 90 min

33°C

2h

7d

ⴚ63

Sprague-Dawley ILS 120 min ILS 90 min

27
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Sprague-Dawley

33°C

2h

48 h

None

MCAo-clipⴙ 2CCA-clips 120 min

33°C

5h

48 h

ⴚ42

33°C

24 h

48 h

ⴚ65

MCAo-clip ⴙ ipsilatera lCCA-clip 120 min

33°C

5h

30 d

None

33°C

24 h

30 d

ⴚ51

Sprague-Dawley ILS 90 min

33°C

1.5 h

72 h

ⴚ94 cortex
ⴚ27 striatum

Bold font denotes model revealed significant benefit, regular font denotes model did not reveal significant benefit.

However, such studies have not been conducted in the focal
models. The reasons for these discrepancies are unclear, but
they suggest that the protective effects of hypothermia against
pMCAo are less consistent than tMCAo followed by
reperfusion.
Two studies assessed neurological deficits after pMCAo.13,21 Neurological scores at 24 and 96 hours in SHR after
2 hours of mild hypothermia revealed no benefit. In contrast,
there was a trend toward improved outcomes at 24 hours in
SHRs subjected to 2 hours of mild hypothermia in a 1-hour
tMCAo model.21 Yanamoto et al demonstrated long-term
favorable outcome in neurological function in their model of
intraischemic prolonged hypothermia in pMCAo. Significantly improved outcomes with hypothermia were assessed
as early as 48 hours after ligation and sustained for 3 weeks.13

Mild Hypothermia in Models of tMCAo
More work has been published in the temporary occlusion
models, and relative to the pMCAo model, the results have been
more consistent from laboratory to laboratory. After tMCAo,
protective effects of mild to moderate hypothermia can be
demonstrated more reliably (Tables 3 and 4). Most models use
either clips applied to the proximal MCA or filaments inserted
into the cervical carotid and advanced into the proximal MCA.
Duration of ischemia varied between 90 minutes and 6 hours,
with the majority using a 2-hour transient occlusion. In 3 of these
investigations, animals were surviving as long as 1 month27 or 2
months28,29 after the ischemic challenge. The majority of studies
used mild hypothermia.21,27–34 One study compared deep to
moderate hypothermia35 and another compared moderate to mild
hypothermia.36 Interestingly, both studies indicate that mild to
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TABLE 4.

Models of tMCAo and Delayed Intraischemic or Postischemic Onset of Hypothermia

Study
22

Xue

38

June 2004

Model

Delay

Wistar, clips tCCA plus MCA

180 min
90 min

Permanent contralateral CCA 180 min

90 min

Sprague-Dawley ILS 120 min

Karibe

Kawai30

31

Kollmar

34

Colbourne
29

Maier28

27

Yanamoto
Zhang40
41

Zhang

3h
1.5 h

6h
24 h

ⴚ61
ⴚ49

32°C

3h

24 h

ⴚ73
ⴚ76

32–33°C

110 min

24 h

32–33°C

90 min

24 h

ⴚ57

Sprague-Dawley ILS 120 min

60 min

32–33°C

60 min

24 h

None

Sprague-Dawley ILS 120 min ⴙ ECA
ligation

90 min

33°C

22 h

24 h

ⴚ59 cortex

Sprague-Dawley ILS 120 min ⫹ ECA ligation

90 min

33°C

22 h

24 h

None striatum

Wistar ILS 120 min

60 min

33°C

5h

6d

ⴚ30

SHR, clip MCAo 90 min

60 min

33–35°C

24 hⴙ24 h

5d

ⴚ47

Sprague-Dawley ILS 120 min

Yanamoto33

32°C
32°C

10 min

Sprague-Dawley ILS 120 min

Huh35

Histology

Temperature

30 min

Wistar ILS 30 min plus Hypotension

Corbett

Duration

Difference in Stroke
Volume
Hypothermia vs
Controls (%)

30 min

34°C

48 h

60 d

ⴚ72 cortex

30 min

34°C

48 h

60 d

ⴚ13 striatum

90 min

33°C

2h

72 h

ⴚ66 cortex
ⴚ61 striatum

120 min

33°C

2h

72 h

ⴚ47 cortex

180 min

33°C

2h

72 h

Striatum unchanged
Cortex and striatum
unchanged

3 h ⫹ 2 h rewarming

Sprague-Dawley ILS 120 min

120 min

27°C

Sprague-Dawley ILS 120 min

120 min

32°C

72 h

None

72 h

ⴚ46

Sprague-Dawley MCAo-clip⫹CCA-clips 180
min

180 min

33°C

1 hour

24 h

None

180 min
210 min

33°C

21 h

24 h

ⴚ32

33°C

21 h

24 h

None

180 min

33°C

21 h

48 h

ⴚ31

Sprague-Dawley MCAo-clip⫹CCA-clips 120
min

120 min

33°C

22 h

48 h

None

Wistar ILS 120 min

60 min

30°C

3h

7d

ⴚ48

Wistar ILS 120 min

120 min

30°C

1h

7d

Qualitative
assessment:
None cortex
None striatum

120 min

30°C

3h

7d

Reduced cortex
None striatum

Bold font denotes model revealed significant benefit, regular font denotes model did not reveal significant benefit.

moderate hypothermia (32°C to 33°C) produces better results,
and argue that difficulties in regulating biological parameters
under moderate to deep hypothermia in small animals and
protracted recovery from anesthesia may explain the difference.
The timing of hypothermia, whether intraischemic* or
postischemic,22,28,29,33–35,40,41 is another important distinction
between the reported studies. Finally, the timing of hypothermia, either at the onset of ischemia20 –22,27,28,32,35–39 or with
some delay,22,27,28,30,31,38,39 is an important consideration
when applying the results to human stroke. Studies in which
occlusion lasts for 2 to 3 hours and in which hypothermia is
*References 20 –22, 27, 28, 30 –32, 35–39.

delayed as late as 3.5 hours after ischemia onset are of
particular clinical interest because these most closely mimic
the human stroke scenario in which thrombolysis is applied.†
In most investigations, hypothermia was applied for a brief
duration, usually between 30 minutes and 5 hours. A few
studies used prolonged mild hypothermia ranging between 21
and 48 hours.27,29,30,33,34 All studies of intraischemic hypothermia revealed benefit or at least a trend toward reduced
infarct volume. When follow-up was prolonged27,28 or onset
of hypothermia delayed,28,30,31,38 animals subjected to prolonged periods of hypothermia exhibited better outcomes,
†References 22, 27, 28, 30, 33, 35, 38, 40, 41.
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although only 1 study directly compared different durations
of hypothermia. In this study, Sprague-Dawley rats were
subjected to 2 hours of bilateral common carotid plus unilateral MCA occlusion. Intraischemic hypothermia was initiated
at onset for either 5 or 24 hours. One month later, only
animals subjected to prolonged hypothermia revealed significantly smaller infarcts.27 In general, the superiority of prolonged over brief periods of hypothermia was apparent in
models applying hypothermia late, such as after ischemic
reperfusion.22,27–29,33–35,40,41
Two studies directly comparing pMCAo and tMCAo
revealed the important observation that hypothermia was
effective only against ischemia with reperfusion.20,21 In 1 of
these studies, Sprague-Dawley rats were subjected to 2 hours
of tMCAo at 30°C, resulting in a significant reduction in
infarct volume compared with rats maintained at normal
temperature. The same level of hypothermia in a permanent
model was not protective.20 This suggests that hypothermia
may be optimized at the clinical level by recanalization
strategies, either pharmacologic or mechanical.
Studies have evaluated neurological deficits at 24 to 72
hours,28,35,36 1 month,34 or serially.33 In general, the neuroscore results are less sensitive than infarct volumes, but
nevertheless show benefits that persist over time.

How Do Animal Studies on Hypothermia in Focal
Cerebral Ischemia Translate Into Human
Clinical Trials?
In most experimental models, the time window for hypothermic protection closely resembles that of thrombolysis and
prolonged continuation may enhance efficacy. A 30% to 50%
reduction of infarct size can be obtained if mild hypothermia
is administered within the first hour of reperfusion after 2
hours of tMCAo. No benefit has been observed with most
permanent occlusion models or when mild hypothermia is
administered later than 3 hours after onset of ischemia.
Similarly, in humans, positron emission tomography studies
revealed that at 3 hours after stroke onset, irreversible tissue
damage makes up two thirds of the final infarct volume.42
Mild hypothermia may reduce infarct size by one third at this
late time point and may be even more effective in patients
treated earlier. Although it may be argued that patient
enrollment in clinical studies may be facilitated by extending
the allowable time window, there is no experimental evidence
to suggest that hypothermia can achieve relevant improvement beyond 3 hours. One study in global cerebral ischemia
did show that prolonged cooling delayed 6 hours resulted in
marked neuroprotection, but this has not been shown in focal
ischemia models.26 Given the different response rates in
temporary versus permanent occlusion models, hypothermia
is more likely to work in concert with early reperfusion.
Timely administration of thrombolytics substantially increases the odds for early reperfusion. Intravenous and
intraarterial thrombolysis were compared in 1 rabbit small
clot model, which showed that either route of administration
led to similar improvement in neurological deficit.43 Although intravenous thrombolysis is widely used and can be
applied expeditiously, intraarterial thrombolysis is largely
inaccessible and fairly restrictive.
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Neuroprotective effects of hypothermia are demonstrable
at brain temperatures ⬍35°C in rodents11,36 and appear to
intensify with lower temperatures. Although maximal tissue
preservation may be produced by deep brain hypothermia,
currently there is no easy way to induce it in humans. Mild
and moderate hypothermia, however, have been suggested for
clinical stroke trials. Mild hypothermia has proven superior to
moderate hypothermia in the laboratory36 and can be
achieved with relative ease. Moderate hypothermia requires
life support that would restrict its use to mainly tertiary
referral centers. Although greater depths of hypothermia,
despite having more serious side effects, may prove more
protective, mild hypothermia appears to be the most appropriate target temperature at this time. Mild hypothermia
(33°C) for phase III clinical trials is suggested on the basis of
experimental evidence and safety/feasibility evaluations in
humans.
Many models of postischemic hypothermia suggest that the
duration of cooling should depend on the time elapsed
between onset of ischemia and induction of hypothermia,
with longer periods of hypothermia suggested in cases in
which hypothermia is delayed.44,45 Few data are available to
guide the rewarming process, however. For unknown reasons,
patients with massive brain injuries may experience rebound
intracranial hypertension when rapidly rewarmed after prolonged periods of mild to moderate hypothermia. Whether
this occurs in experimental stroke models has not been widely
studied. For practical purposes, a 24-hour cooling period
followed by 12-hour slow rewarming, such as 0.25°C/h, may
prove feasible and beneficial in the clinical setting.
Several important limitations have precluded the widespread use of mild to moderate (32°C to 33°C) hypothermia
in patients with acute ischemic stroke. Previously available
cooling techniques were ineffectual and not practical. Surface
cooling with external cooling blankets is slow and cumbersome and requires general anesthesia to counteract vasoconstriction and shivering. In recent trials of surface cooling, ⬎3
hours were generally required to cool patients to target
temperature. Furthermore, with surface cooling, precise control of the core temperature is difficult. Pharmacologic
paralysis to suppress shivering requires intubation and sedation, which affect hemodynamic parameters and preclude
clinical assessment in patients with stroke. A novel method of
controlling core temperature, which uses an intravenous
heat-exchange device, may be advantageous. The major
benefit of this approach is that heat can be directly removed
from the thermal core circumventing the heat sink and
insulating effects of peripheral tissues. In recent studies of
intravenous cooling with large pigs, mild hypothermia was
achieved in ⬇1 hour, and core temperature was precisely
maintained over prolonged periods.46,47 However, even with
these efficient intravenous cooling devices, the heat generated
by shivering is not adequately overcome. Thus, additional
antishivering interventions remain necessary. Other mostly
proprietary techniques currently being explored include selective head cooling caps and selective intraarterial cooling
technologies.

1488

Stroke

June 2004

Conclusion
Research on brain cooling in focal ischemia has established
hypothermia’s robust and permanent functional and histologic protection. The studies have shown that intraischemic
hypothermia is more protective than postischemic hypothermia, and more benefit is conferred in temporary than in
permanent occlusion models. The efficacy of postischemic
hypothermia depends on the time of initiation and duration
and depth of hypothermia. To obtain protection, experimental
studies indicate that hypothermia should probably be applied
within 3 hours of ischemia onset. Although longer timewindows may be acceptable if cooling is prolonged, this has
not been adequately studied in focal ischemic models.
Hypothermia has been suggested as the “gold standard” to
which other therapies should be compared in the laboratory.
Because none of the previous human neuroprotective trials
for stroke showed benefit, designing the appropriate clinical
trials of cooling for stroke is a difficult proposition. The
experimental literature suggests that combining reperfusion
with cooling may be most effective. Although hypothermia is
remarkably neuroprotective in animal models, it may lack
efficacy in human trials because it may be underdosed or
overdosed. Adverse systemic effects may outweigh the benefits of brain cooling in a clinical trial. The right balance of
time of induction and depth and duration of hypothermia will
ultimately determine whether therapeutic hypothermia becomes a friend or a foe of acute stroke intervention.
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