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Hyperthermia is highly correlated with poor outcomes in 
patients with stroke,1,2 whereas therapeutic hypother-

mia is considered a promising therapeutic strategy in patients 
with ischemic stroke.3,4 However, systemic (whole body) 
hypothermia (SH) has not yet been implemented as a routine 
treatment in patients with ischemic stroke, largely because of 
side effects including shivering, hypotension, arrhythmia, or 
infection that complicate the clinical management of these 
patients.5 Therefore, new strategies to improve the manage-
ment of therapeutic hypothermia and reduce its adverse 
effects are urgently needed. In this regard, brain focal hypo-
thermia (FH) has been proposed as a promising alternative 
to SH6 because selective hypothermia induction in the focal 

ischemic area may provide similar protection while achiev-
ing faster cooling and avoiding systemic side effects. In fact, 
recent studies using novel devices to induce FH have shown 
promising results for stroke therapy.7,8 However, no study to 
date has evaluated the comparative efficacies of SH and FH in 
patients with ischemic stroke.

Previous experimental studies in this field have mainly 
focused on the optimization of individual parameters of SH 
treatment, such as the therapeutic time window or treatment 
duration.9–14 The results of these studies, as well as those of 
a meta-analysis study,3 indicate that a target temperature of 
32 to 34°C should be induced as soon as possible after stroke 
onset. Thus far, only one previous work has suggested that FH 
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requires at least 48 hours to elicit protective effects.12 However, 
many of these studies bear some limitations, most notably the 
use of invasive probes, which sample only a restricted local 
volume of tissue, to confirm the effects of hypothermia in the 
cerebral ischemic region. In addition, opening the skull for 
probe insertion may itself alter temperature dynamics. Thus, 
an accurate and noninvasive procedure is needed to mea-
sure the temperature in the ischemic area during therapeutic 
hypothermia.

The development of magnetic resonance thermometry 
(MRT) has shown that brain temperature can be measured 
noninvasively by means of magnetic resonance spectros-
copy, which in combination with magnetic resonance imag-
ing (MRI) provides spatial temperature distribution data 
across the brain, including ischemic and normal tissue, with 
sufficient reliability for group comparisons.15,16 Utilizing the 
principle that the water frequency shift relative to N-acetyl 
aspartate, creatine, or choline is temperature dependent,15,16 
MRT has been validated as a noninvasive assessment of brain 
temperature in patients with stroke. MRT provides fast tem-
perature measurement with 3-dimensional imaging coverage, 
and an accuracy of 0.1/0.2°C, allowing for analysis of either 
changes in or absolute brain temperature.17,18

Therefore, the aim of the present work was to analyze the 
protective effects of optimized SH and FH protocols in a mul-
timodal comparative fashion, using these clinically relevant 
MR-based techniques in an animal model of ischemia. We 
evaluated the long-term progress of animals undergoing each 
procedure using MRI, in combination with functional tests 
and histological analysis of molecular processes involved in 
the pathogenesis of ischemic injury, including neuronal loss, 
early inflammation, and lesion scar formation. We also deter-
mined the effects of each hypothermic treatment on brain 
temperature using both invasive (temperature probes) and 
noninvasive strategies (MRT).

Materials and Methods

Animals
All experimental protocols were approved by the local Animal Care 
Committee according to the guidelines established by the European 
Union (86/609/CEE, 2003/65/CE, and 2010/63/EU). Male Sprague–
Dawley rats weighing between 280 and 330 g were used. Animals 
were housed individually at an environmental temperature of 23°C, 
with 40% relative humidity and a 12 hours light–dark cycle, and they 
were given free access to food and water.

Cerebral Ischemia
Transient focal ischemia (45 minutes) was induced by intralumi-
nal occlusion of the middle cerebral artery, following the method 
described previously.19 Cerebral blood flow was monitored during 
surgery, and a baseline MRI evaluation was performed during the 
occlusion period, before hypothermic treatment. Details about sur-
gical materials and protocols, as well as MRI, are described in the 
online-only Data Supplement.

Experimental Design
After arterial reperfusion, animals were randomly assigned to the 
following experimental groups: systemic control group, 4 hours of 
treatment duration (SC-4h; n=12); SH group, 4 hours of treatment 
duration (SH-4h; n=12); focal control group, 24 hours of treatment 

duration (FC-24h; n=12); and FH group, 24 hours of treatment dura-
tion (FH-24h; n=12). Using the same randomized protocol, a sec-
ond study included the following experimental groups: focal control 
group, 4 hours of treatment duration (FC-4h; n=6) and FH group, 4 of 
hours treatment duration (FH-4h; n=6). In addition, 3 FC-24h animals 
and 3 FH-24h animals were included.

SH and FH protocols were selected based on previous studies9–13 
and are described below and in the online-only Data Supplement. 
Treatments began 1 hour after reperfusion; the target temperature in 
both methods was 32°C. In all groups, MRI was used to determine 
the ischemic lesion volume and evaluate edema formation during the 
occlusion period, before hypothermia treatment (baseline lesion vol-
ume), and at 24 hours, 7 days, and 30 days after treatment. Functional 
outcomes were assessed in the SC-4h, SH-4h, FC-24h, and FH-24h 
groups using the cylinder test before surgery and 48 hours, 6 days, and 
29 days after surgery. Three animals per group were euthanized for 
histological analyses at 24 hours, 7 days, and 30 days after surgery.

We also analyzed SH- and FH-induced changes in body and brain 
temperature using implantable probes and MRT in separate groups 
of animals.

Body rewarming rates after SH were measured using implantable 
temperature sensors inserted into the peritoneal cavity (n=3 animals). 
To measure brain temperature during FH or SH, temperature probes 
were implanted into both hemispheres (n=3 per group). Detailed pro-
cedures for the above implantations are described in the online-only 
Data Supplement.

MRT was used to measure brain temperature in normothermic, 
SH, and FH groups of animals (n=3 per group) after middle cerebral 
artery occlusion. Ischemic lesion was confirmed by MRI in all ani-
mals 1 day after ischemic injury.

Exclusion Criteria
The following exclusion criteria were used: (1) <70% reduction in 
relative cerebral blood flow; (2) arterial malformations, as determined 
by magnetic resonance angiography; (3) baseline lesion volume of 
<25% or >45% with respect to the ipsilateral hemisphere, as mea-
sured using apparent diffusion coefficient maps; (4) absence of reper-
fusion or prolonged reperfusion (>10 minutes until achievement of at 
least 50% of the baseline cerebral blood flow) after filament removal; 
and (5) failure to complete treatment. All excluded or deceased ani-
mals were replaced until the total number of animals indicated for 
each group was attained.

SH Procedure
SH was induced in anesthetized animals 1 hour after reperfusion, 
for a 4-hour period, using a rectal thermostat-controlled electric 
pad (NeosBiotec, Pamplona, Spain). After treatment, animals were 
allowed to rewarm spontaneously. Details about the SH protocol and 
monitoring are described in the online-only Data Supplement.

FH Procedure
FH was induced 1 hour after arterial reperfusion, for 4 hours or 24 
hours of periods, using a previously described cooling device,20 with 
some modifications (Figure I in the online-only Data Supplement). 
Cooling devices were removed immediately after the treatment 
period. Details about the FH cooling device, protocol, and monitor-
ing are described in supplementary material.

Brain MRT
All MR measurements were performed using a 9.4 T MR system 
(BrukerBioSpin, Billerica, MA). Our MRT approach consisted of 
single-voxel magnetic resonance spectroscopy combined with chemi-
cal shift imaging18 and gradient-echo–based phase mapping,17 all of 
which rely on temperature-dependent shifts in the water resonance 
frequency. Details about experimental conditions, sequences, and 
data processing are described in the online-only Data Supplement and 
Figures II and III in the online-only Data Supplement.
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MRI Assessment and Data Analysis
MRI assessments and analyses were performed according to a pre-
viously described protocol.21 In brief, a baseline MRI evaluation 
was performed during the occlusion period, including magnetic 
resonance angiography to confirm middle cerebral artery occlusion, 
and diffusion tensor imaging with a spin-echo echo-planar imaging 
sequence to obtain diffusion-weighted images and calculate appar-
ent diffusion coefficient maps for measurement of baseline lesion 
volume. To analyze lesion volume evolution, T2-weighted images 
were acquired 24 hours, 7 days, and 30 days after ischemic injury. 
All image processing was performed with ImageJ (Rasband WS, 
National Institutes of Health, Bethesda, MD). Additional details 
about MRI sequences and data analysis are described in the online-
only Data Supplement.

Functional Assessment
Functional outcome was evaluated using the cylinder test (online-
only Data Supplement).

Brain Histological Analysis
Twenty-four hours after ischemic injury, neurons were immunofluores-
cently labeled with anti-NeuN antibodies and further stained via terminal 
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) to iden-
tify dying neurons. Seven days after injury, NeuN labeling was combined 
with labeling for Iba1, a microglia- and macrophage-expressed inflam-
matory marker. Finally, 30 days after ischemic injury, NeuN labeling was 
combined with labeling for the astrocyte marker glial fibrillary acidic 
protein (GFAP). In addition, lesion scar composition was assessed using 
glial and fibrotic markers (GFAP and vimentin, respectively). Detailed 
protocols are described in the online-only Data Supplement.

Statistical Analysis
All data are presented as the mean and SEM (mean±SEM). One-
way or 2-way ANOVA followed by the post hoc Bonferroni test was 
used to identify significant differences in multiple comparisons. The 
Student t test was used to identify significant differences between the 
2 groups. Statistical significance was set at P<0.05. Statistical analy-
ses were conducted using SPSS Statistics for Macintosh, version 18.0 
(IBM, Armonk, NY).

Results
A total of 121 animals were used in this study (Figure IV in 
the online-only Data Supplement): 100 to compare SH and FH 
and 21 to assess body and brain temperature during SH and 
FH procedures. A total of 34 animals were excluded from the 
comparative study. Twenty-seven animals were excluded after 
ischemic injury because of nonoptimal baseline lesion volume 
(17 animals; Figure VA through VC in the online-only Data 
Supplement), arterial malformations (2 animals; Figure VD in 
the online-only Data Supplement), or surgical complications 
(8 animals). Seven animals were excluded during the hypo-
thermia procedures, 4 animals undergoing FH removed the 
cooling device, and 3 animals undergoing SH died from respi-
ratory complications. No differences in blood glucose levels 
or weight were observed between the different experimental 
groups (data not shown).

Invasive Analysis of Body and Brain 
Temperature During SH
SH was rapidly induced with a decrease in rectal tempera-
ture from 37 to 32°C in <15 minutes. The average rectal 
temperature during SH was 32.3±0.3°C, whereas the aver-
age rectal temperature in the systemic control group was 

36.9±0.5°C. After the SH procedure, animals were returned 
to their home cages to spontaneously rewarm. The rewarm-
ing rate, measured using an implanted temperature sensor was 
≈0.03°C/min (Figure VI in the online-only Data Supplement). 
Approximately 150 minutes was required for recovery to nor-
mothermia. SH caused a reduction in whole-brain temperature 
that was similar to the observed decrease in body temperature 
(Figure VIIA in the online-only Data Supplement).

Invasive Analysis of Brain Temperature During FH
An implanted focal cooling device (Figure VIIB in the online-
only Data Supplement) did not induce a significant alteration 
in cerebral temperature in the ipsilateral hemisphere compared 
with the contralateral hemisphere before cold-water perfusion 
began. However, when cold water was perfused through the 
device, a rapid decrease in temperature in the ipsilateral hemi-
sphere was observed (35 to 32°C in 15 minutes). After this ini-
tial reduction, the temperature remained stable (31.9±0.4°C). 
Ipsilateral hemisphere cooling only minimally affected the tem-
perature in the contralateral hemisphere and did not affect body 
temperature. When cold-water perfusion was stopped, the ipsi-
lateral region spontaneously rewarmed to the baseline tempera-
ture in <7 minutes (approximated rewarming rate: 0.5°C/min).

MRT Analysis of Brain Temperature 
During SH and FH
The effects of normothermic conditions, SH, and FH on brain 
temperature were determined noninvasively by means of MRT. 
Similar to the invasive analysis results above, MRT demon-
strated that the whole-brain temperature (measured in region 
of interests [ROIs] 1−3) was similar to the body temperature 
under normothermic conditions (T

body
=37.2°C; Figure  1A). 

However, SH reduced both the whole-brain (32−33°C) and 
body (T

body
=32.6°C) temperatures. By contrast, FH reduced 

the brain temperature from 33 to 32°C in the ischemic region 
where the cooling device was located (ROI3), but only mini-
mally affected the healthy tissue (ROIs 1−2) or body tempera-
ture (T

body
=35.6°C).

Brain temperature changes because of normothermia, FH, 
and SH were also accurately determined using gradient-echo–
based phase mapping, with a precision of±0.4°C (Figure 1B). 
In the normothermic group (ΔT

body
=37.0–37.6°C), mini-

mal temperature changes (ΔT) were observed (ΔT
ROI1

 and 
ΔT

ROI2
=0.3°C). In contrast, SH (ΔT

body
=36.8 to 32°C) resulted 

in ΔT
ROI1

=3.9°C and ΔT
ROI2

=3.7°C. Finally, in the FH group 
(ΔT

body
=36–35.7°C), a minimal temperature change was 

observed in the nonischemic region (ΔT
ROI1

=1.1°C), in contrast 
to the larger change in the ischemic region (ΔT

ROI2
=3.7°C).

Protective Effects of SH and FH 
Against Ischemic Damage
According to our inclusion criteria, the baseline lesion vol-
ume in each animal, determined using apparent diffusion 
coefficient maps, was between 25% and 45% of the ipsilat-
eral hemisphere: 40.5±1.2% in the SC-4h group, 34.0±1.2% 
in the SH-4h group, 35.8±1.6% in the FC-24h group, and 
34.7±1.8% in the FH-24h group (Figure 2A and 2B; Figure 
VIII in the online-only Data Supplement). Statistical analysis 
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of the infarct volumes in both SH- and FH-treated groups 
compared with their respective control groups showed a sig-
nificant reduction at the different time points: at 24 hours, 
P<0.001; at 7 days, P<0.001, and at 30 days, P<0.01); this 
suggests that hypothermia-mediated protection persisted ≤30 
days after ischemic injury. Expressing infarct volume as a 
percentage of basal lesion volume produced the same results 
(Figure IX in the online-only Data Supplement).

To determine whether 24 hours of FH were needed to 
achieve protective effects similar to those induced by 4 hours 
of SH, an independent group of ischemic animals were treated 
with 4 hours of FH. Infarct volume analysis showed that a 4 
hours of FH treatment did not reduce infarct volume relative 
to the FC-4h group (P>0.05; Figure 2A and 2B; Figure X in 
the online-only Data Supplement).

Effects of SH and FH on Edema Formation
Edema formation was maximal 24 hours after ischemic injury 
(Figure 2C), and both SH (4 hours) and FH (24 hours) sig-
nificantly reduced edema with respect to their control groups 
(P<0.05). However, 4 hours of FH failed to reduce edema 
formation.

Analysis of Functional Deficits
Ischemic injury was associated with neurological deficits, which 
were evaluated using the cylinder test 48 hours, 6 days, and 29 
days after ischemic injury (Figure XI in the online-only Data 
Supplement). Although not significantly different, cylinder test 
scores were asymmetrical, such that the SH-4h and FH-24h 
groups had better scores (ie, increased recovery) mainly at 29 
days after injury relative to their respective control groups.

Brain Histological Analysis After SH and FH
A histological analysis performed 24 hours after ischemic injury 
revealed areas of TUNEL-positive (dead or dying) cells in the 

striatum and cortex in both control groups, whereas TUNEL-
positive cells were mainly found in the striatum in both hypother-
mia-treated groups (Figure 3). The majority of TUNEL-positive 
cells colocalized with NeuN immunoreactivity, indicating neu-
ronal death in the ischemic region. This distribution was con-
sistent with the hyperintense areas observed in T2 maps and 
T2-weighted MR images recorded 24 hours after injury.

Seven days after ischemic injury, NeuN immunoreactivity 
had disappeared from the injured area (Figure 4), where dead 
cells had previously been observed (Figure 3). The distribu-
tion of Iba1 immunoreactivity corresponded to these NeuN-
negative areas.

At 30 days after injury, the lesion cores in the control groups 
were negative for GFAP and NeuN immunoreactivity; how-
ever, the lesion cores in both hypothermic groups included 
GFAP-positive cells (Figure 5).

Lesion scars were also studied 30 days after injury (Figure 6). 
Markers of the 2 main components of the lesion scar were stud-
ied: GFAP as a marker of the glial component, and vimentin, an 
intermediate filament protein expressed in fibroblast-like cells, 
as a marker of the fibrotic component. Control animals showed 
a clear distinction between the vimentin-positive lesion core 
and the uninjured areas, where only GFAP immunoreactivity 
was observed. The peri-infarct region was characterized by the 
colocalization of these markers, indicating reactive astroglio-
sis. In contrast, the lesion cores in hypothermia-treated animals 
did not show this stratification. The area identified as the lesion 
core was positive for both markers, similar to the peri-infarct 
areas of untreated animals. Thus, the primarily fibrotic pheno-
type observed in the lesion cores of control animals was not 
observed in hypothermia-treated animals.

Discussion
SH is considered the most promising neuroprotective therapy 
for cerebral ischemia. However, clinical success in patients 

Figure 1. In vivo magnetic resonance (MR) 
brain temperature mapping in normother-
mia, systemic hypothermia (SH), and focal 
hypothermia (FH) in ischemic animals. ROIs 
indicate where temperature changes were 
recorded. A, RARE T2-weighted image (left) 
and absolute temperature determinations 
using magnetic resonance spectroscopy 
(right) for each group. B, Multiple gradient-
echo image (left) and brain temperature 
changes (right) determined using gradient-
echo–based phase mapping in each group 
(n=3, per group). ROI indicates region of 
interest; and SC, systemic control.
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with acute ischemic stroke has not yet been attained, most 
likely because of the considerable side effects associated with 
systemic cooling. Thermoregulation is a highly efficient physi-
ological mechanism that remains intact even during severe 
pathophysiological processes, such as ischemic stroke. In con-
sequence, therapeutic hypothermia is useful in patients who 
are anesthetized or in a deep coma, but it is complicated in 
most patients with ischemic stroke, mainly by the side effects 
of vasoconstriction and shivering, which may interfere with 
the beneficial effects of the treatment. In fact, induction of 
therapeutic hypothermia requires the use of additional phar-
macological tools to inhibit thermoregulatory mechanisms.22 
These clinical limitations could be observed in our study, since 
animals subjected to SH had to be anesthetized to induce SH 

treatment. Previous studies have also probed the effect of SH 
in awake animals using fans and fine water misters for cooling, 
and an overhead infrared lamp for warming, with beneficial 
results in ischemic animal models.11,12 However, like humans, 
adult rats have an efficient thermoregulation mechanism. In our 
hands, inducing SH in awake animals is technically demand-
ing, and the environmental conditions are extremely stressful 
for the animals. Therefore, we decided to test SH under anes-
thetized conditions that allowed us to accurately control body 
temperature, and that reduced the hypothermic stress on the 
animals. In fact, this setup is more clinically relevant, and thus 
more easily translated, than awake-animal protocols.

Novel techniques mainly based on surface and endovas-
cular cooling procedures have been developed and tested in 

Figure 2. Magnetic resonance imaging (MRI) 
assessments of ischemic injury evolution. 
apparent diffusion coefficient (ADC) maps 
were recorded before treatment to ensure 
that all animals included in the study were 
subjected to similar levels ischemic damage. 
Lesion volume evolution was assessed using 
T2-weighted images recorded 24 hours,  
7 days, and 30 days after ischemia induc-
tion. A, MRI assessment of animals sub-
jected to 4 hours of systemic hypothermia 
(SH) or 24 and 4 hours of focal hypothermia 
(FH). B, Quantitative analysis of lesion vol-
umes of animals subjected to 4 hours of SH 
or 24 and 4 hours of FH. C, Edema evolu-
tion in animals subjected to 4 hours of SH 
or 24 and 4 hours of FH. Data are shown as 
mean±SEM.*P<0.05, **P<0.01, ***P<0.001; 
using 2-way ANOVA followed by the post 
hoc Bonferroni test (n=12 for baseline and 
24-h assessments, n=9 for 7 d assessment, 
and n=6 for 30 d assessment in the systemic 
control (SC)-4h,SH-4h, focal control (FC)-
24h, and FH-24h groups; n=6 in the FC-4h 
and FH-4h groups).
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Figure 3. Histological marker expression 24 hours after ischemia. Immunofluorescent labeling of neurons (NeuN, red), dead cells (TUNEL, 
green), and nuclei (Hoechst, blue) 24 hours after ischemia in the systemic control (SC)-4 hours, systemic hypothermia (SH)-4 hours, focal 
control (FC)-24 hours, and focal hypothermia (FH)-24 hours groups. A, Whole-brain reconstructions from multiple (Continued ) 
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patients with stroke to optimize SH protocols for clinical use. 
Several trials are ongoing, although no clear evidence has 
been obtained thus far.6 However, current research efforts aim 
to develop safer and more effective SH therapies, the alter-
native use of FH to rapidly induce hypothermia in the isch-
emic region had been poorly studied. In this study, we have 
compared SH and FH protocols featuring commonly used 
target temperature, therapeutic window, and duration param-
eters. We demonstrate that, when initiated 1 hour after arterial 
reperfusion, FH in awake animals induces similar protective 
effects to those of SH against ischemic damage. Efficacy is 
dependent on treatment duration; FH needs to be maintained 
for at least 24 hours to achieve protective effects similar to 
those of 4 hours of SH. Edema, which frequently occurs dur-
ing the acute phase of stroke, hampers the effects of hypother-
mia and is closely related to patient outcome; however, it too 
was reduced by both methods.

Other beneficial effects of therapeutic hypothermia include 
reduction of neuronal death and attenuation of the inflammatory 
response.23 Thus, we analyzed neuronal loss and microglia and 
macrophage activation during the follow-up period in control 
and hypothermia-treated animals. Histological assessment of 
the brain samples confirmed similar protective efficacies for SH 

and FH. In addition, analysis of the residual ischemic lesion in 
the control groups at 30 days after the intervention showed that 
the strong fibrotic phenotype observed in the control animals, 
indicated by high vimentin immunoreactivity, was attenuated in 
both hypothermia-treated groups. Lesion scar development is 
a critical factor that influences the regenerative potential in the 
central nervous system. Scar formation seems to play dual roles 
in isolating the injured area and limiting inflammation; however, 
this isolation may also impede the regenerative process.24 In this 
regard, the hypothermia-induced decrease in fibrotic lesion scar 
formation may contribute to regeneration of the damaged tis-
sue, as has been described by other similar studies.23

In a separate comparison of hypothermia-induced tempera-
ture changes measured using MRT and invasive temperature 
probes, we showed that SH reduced both body and brain tem-
peratures to 32°C, whereas FH induced a similar temperature 
reduction mainly in the ischemic region. As mentioned, FH 
required 6-fold longer treatment than SH to achieve a similar 
effect. Comparing local and SH is difficult because it is hard to 
perfectly match treatment protocols (same temperature profile 
in the brain, same cooling and rewarming rate, etc.). However, 
this disparity suggests that the protective effects of SH may 
include noncerebral physiological mechanisms, whereas the 

Figure 3 Continued. photomicrographs showing the general distribution of each marker, merged images, and correspondence with 
T2-weighted magnetic resonance images and maps. B, High-magnification (×400) photomicrographs showing representative cortical 
and striatal immunoreactivity patterns in the 4 principal treatment groups. C, Neuron density and apoptotic cell density in different brain 
regions. Scale bars, 50 μm. C indicates contralateral hemisphere; I, ipsilateral hemisphere; and TUNEL, terminal deoxynucleotidyl trans-
ferase dUTP nick end labelling. Data are shown as mean±SEM. *P<0.05, **P<0.01, ***P<0.001; using 2-way ANOVA followed by the post 
hoc Bonferroni test (n=3, per group).

Figure 4. Histological marker expression  
7 days after ischemia. Distribution of neu-
rons (NeuN, red), Iba1-labeled microglia and 
macrophages (green), and nuclei (Hoechst, 
blue) 7 days after ischemia in systemic 
control (SC)-4 hours, systemic hypothermia 
(SH)-4 hours, focal control (FC)-24 hours, 
and focal hypothermia (FH)-24 hours groups. 
A, Whole-brain reconstructions from mul-
tiple photomicrographs showing the general 
distribution of each marker, merged images, 
and correspondence with T2-weighted mag-
netic resonance images and maps.  
B, High-magnification (×400) photomicro-
graphs showing representative immunore-
activity patterns in the cortex and striatum. 
Scale bars, 50 μm (n=3, per group).
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Figure 5. Histological marker expression 30 days after ischemia. Distribution of neurons (NeuN, red), astrocytes (GFAP, green), and nuclei 
(Hoechst, blue) 30 days after ischemia in the systemic control (SC)-4 hours, systemic hypothermia (SH)-4 hours, focal control (FC)-24 
hours, and focal hypothermia (FH)-24 hours groups. A, Whole-brain reconstructions from multiple photomicrographs showing the general 
distribution of each marker, merged images, and correspondence with T2-weighted magnetic resonance images and maps. B, High mag-
nification (×400) photomicrographs showing representative immunoreactivity patterns in the cortex and striatum. C, Neuron density in dif-
ferent brain regions. Scale bars, 50 μm. Data are shown as mean±SEM. GFAP indicates glial fibrillary acidic protein. **P<0.01; using 2-way 
ANOVA followed by the post hoc Bonferroni test (n=3, per group).
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Figure 6. Histological examination of lesion scars 30 days after ischemia. Distribution of astrocytes (GFAP, red), fibroblast-like cells 
(vimentin, green), and nuclei (Hoechst, blue) 30 days after ischemia in the systemic control (SC)-4 hours, systemic hypothermia (SH)-4 
hours, focal control (FC)-24 hours, and focal hypothermia (FH)-24 hours groups. A, Whole-brain reconstructions from (Continued )  
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effects of FH are mediated only through local effects in the 
ischemic region. Consistent with this, previous evidence has 
indicated that SH affects both the brain and peripheral organs.25 
This difference may explain why FH requires a longer treat-
ment period to achieve a protective effect. It is also possible 
that the protective effect of 4 hours of SH could be partly medi-
ated by the use of anesthesia during the hypothermic treatment 
period because anesthesia is well known to protect against cere-
bral ischemia.26 However, a previous study in awake animals 
subjected to cerebral ischemia showed that 48 hours of focal 
cooling was needed to mitigate the ischemic injury, whereas 12 
hours of SH was enough.12 These data indicate that anesthesia 
does not mediate the effect of SH. However, rewarming was 
faster in the local cooling group, an effect that is harmful for 
the ischemic tissues, and potentially could explain why lon-
ger cooling was needed. In fact, 1 recent study suggests that 
edema may be worsened by rewarming from focal cooling.27 In 
our study, systemic rewarming was slow, and focal rewarming 
was found to be difficult to control, as a minimal increase in 
the bath temperature (adjusted to 4°C) induced an immediate 
increase in brain temperature. Thus, one of the limitations of 
this study was the inability to accurately control this parameter. 
However, as 4 hours of FH did not increase the size of the isch-
emic region, we feel faster focal rewarming cannot explain the 
differences observed between 4 hours of SH and 24 hours of 
FH in our ischemic model.

Overall, hypothermia seems to be a complex therapy affect-
ing multiple molecular components of the ischemic cas-
cade, and which may be active throughout the body or in the 
lesioned area alone. In recent years, the pathways mediating 
hypothermia-mediated neuroprotection have attracted increas-
ing interest.28 Understanding these mechanisms may facilitate 
the design of pharmacological alternatives with similar pro-
tective efficacy and without side effects.29

A limitation of this study is that FH application to the sur-
face of the head is not a translational approach because the 
thickness of the skull would necessitate the use of skin-dam-
aging low temperatures and long treatment periods to achieve 
the target temperature within the brain. In fact, the beneficial 
effects of selective brain cooling using a cooling helmet are 
more evident in infants because of their smaller head size and 
reduced skull thickness. However, the recent introduction of 
new approaches to cerebral FH induction, including the use of 
a cooling neck collar and intracarotid infusion of cold saline, 
has shown great promise.6,8,14 It should be noted that, in line 
with our results, hypothermia seems to be an effective strategy 
mainly in models of transient ischemia, suggesting that the 
combination of hypothermia and reperfusion therapies may 
be the most promising strategy in humans.30 Although some 
data suggest that FH could be beneficial in permanent isch-
emia,12 further studies are necessary to validate its use as a 
monotherapy.

Finally, magnetic resonance spectroscopy has been tested 
as a noninvasive and reliable tool for the measurement of 
brain temperature in both animal and human studies.31 This 
strategy provides temperature distribution data across the 
brain, including the ischemic and normal tissue, allowing us 
to determine the effects of FH on the ischemic regions. This 
study represents the first use of MR as a thermometric tool to 
determine and compare the effects of SH and FH on cerebral 
temperature. Using brain temperature mapping, we have dem-
onstrated that SH affects the temperature throughout brain 
(healthy and ischemic regions), whereas FH reduces the tem-
perature mainly in the ischemic region. These findings were 
verified by gradient-echo–based phase mapping, a novel but 
validated MR technique.

Conclusions
Focal brain hypothermia is an effective therapeutic alterna-
tive to SH that circumvents the side effects associated with 
systemic cooling, enabling better patient management, and 
allowing the design of personalized treatments according to 
the characteristics of the ischemic lesion.

Disclosures
None.

Sources of Funding
This project has been partially supported by grants from the Spanish 
Ministry of Economy and Competitiveness (SAF2014-56336), the 
National Institute of Health Carlos III (PI13/00292; PI14/01879), the 
Spanish Research Network on Cerebrovascular Diseases (RETICS-
INVICTUS; RD12/0014), the Xunta de Galicia (Department of 
Education, GRC2014/027), and the European Union FEDER pro-
gram. A. Vieites-Prado is the recipient of a fellowship (Formación 
de Personal Investigador) from the Spanish Ministry of Economy 
and Competitiveness (BES-2012–056027); H. Fernández-Susavila is 
the recipient of a fellowship (Doctorados IIS-Empresa en Ciencias 
y Tecnologías de la Salud) from the National Institute of Health 
Carlos III (IFI14/00031); Drs Sobrino (CP12/03121) and Campos 
(CP14/00154) are recipients of a research contract from the Miguel 
Servet Program of the National Institute of Health Carlos III.

References
	 1.	 Castillo J, Dávalos A, Marrugat J, Noya M. Timing for fever-related 

brain damage in acute ischemic stroke. Stroke. 1998;29:2455–2460.
	 2.	 Castillo J, Martinez F, Leira R, Prieto JMM, Lema M, Noya M. Mortality 

and morbidity of acute cerebral infarction related to temperature and 
basal analytic parameters. Cerebrovasc Dis. 1994;4:66–71.

	 3.	 van der Worp HB, Sena ES, Donnan GA, Macleod MR. Hypothermia in 
animal models of acute ischaemic stroke: a systematic review and meta-
analysis. Brain. 2007;130:3063–3074. doi: 10.1093/brain/awm083.

	 4.	 Campos F, Pérez-Mato M, Agulla J, Blanco M, Barral D, Almeida A, 
et al. Glutamate excitoxicity is the key molecular mechanism which is 
influenced by body temperature during the acute phase of brain stroke. 
PLoS One. 2012;7:e44191. doi: 10.1371/journal.pone.0044191.

	 5.	 Darwazeh R, Yan Y. Mild hypothermia as a treatment for central ner-
vous system injuries: positive or negative effects. Neural Regen Res. 
2013;8:2677–2686. doi: 10.3969/j.issn.1673-5374.2013.28.010.

Figure 6 Continued. multiple photomicrographs showing the general distribution of each marker, merged images, and correspondence 
with T2-weighted magnetic resonance images and maps. B, High-magnification (×400) photomicrographs showing representative striatal 
and cortical immunoreactivity patterns in the 4 principal treatment groups. C, Characteristic stratified lesion scar observed in control ani-
mals. D, Characteristic lesion scar observed in hypothermia-treated animals. GFAP indicates glial fibrillary acidic protein. *GFAP+/vimen-
tin− areas (nonfibrotic phenotype), **GFAP+/vimentin+ (reactive gliosis, mild-fibrotic phenotype), ***GFAP−/vimentin+ areas (fibroblast-like 
cells, highly fibrotic phenotype). Scale bars, 50 and 500 μm (n=3, per group).

D
ow

nloaded from
 http://ahajournals.org by on February 27, 2026



2396    Stroke    September 2016

	 6.	 Straus D, Prasad V, Munoz L. Selective therapeutic hypothermia: a 
review of invasive and noninvasive techniques. Arq Neuropsiquiatr. 
2011;69:981–987.

	 7.	 Mattingly TK, Denning LM, Siroen KL, Lehrbass B, Lopez-Ojeda 
P, Stitt L, et al. Catheter based selective hypothermia reduces stroke 
volume during focal cerebral ischemia in swine. J Neurointerv Surg. 
2016;8:418–422. doi: 10.1136/neurintsurg-2014-011562.

	 8.	 Cattaneo G, Schumacher M, Wolfertz J, Jost T, Meckel S. Combined 
selective cerebral hypothermia and mechanical artery recanalization in 
acute ischemic stroke: in vitro study of cooling performance. AJNR Am J 
Neuroradiol. 2015;36:2114–2120. doi: 10.3174/ajnr.A4434.

	 9.	 Kollmar R, Blank T, Han JL, Georgiadis D, Schwab S. Different degrees 
of hypothermia after experimental stroke: short- and long-term outcome. 
Stroke. 2007;38:1585–1589. doi: 10.1161/STROKEAHA.106.475897.

	 10.	 Ohta H, Terao Y, Shintani Y, Kiyota Y. Therapeutic time window of 
post-ischemic mild hypothermia and the gene expression associated 
with the neuroprotection in rat focal cerebral ischemia. Neurosci Res. 
2007;57:424–433. doi: 10.1016/j.neures.2006.12.002.

	 11.	 Clark DL, Penner M, Orellana-Jordan IM, Colbourne F. Comparison of 
12, 24 and 48 h of systemic hypothermia on outcome after permanent 
focal ischemia in rat. Exp Neurol. 2008;212:386–392. doi: 10.1016/j.
expneurol.2008.04.016.

	 12.	 Clark DL, Penner M, Wowk S, Orellana-Jordan I, Colbourne F. 
Treatments (12 and 48 h) with systemic and brain-selective hypothermia 
techniques after permanent focal cerebral ischemia in rat. Exp Neurol. 
2009;220:391–399. doi: 10.1016/j.expneurol.2009.10.002.

	 13.	 Kim JH, Seo M, Han HS, Park J, Suk K. The neurovascular protection 
afforded by delayed local hypothermia after transient middle cerebral 
artery occlusion. Curr Neurovasc Res. 2013;10:134–143.

	 14.	 Auriat AM, Klahr AC, Silasi G, Maclellan CL, Penner M, Clark DL, et 
al. Prolonged hypothermia in rat: a safety study using brain-selective and 
systemic treatments. Ther Hypothermia Temp Manag. 2012;2:37–43. 
doi: 10.1089/ther.2012.0005.

	 15.	 Karaszewski B, Wardlaw JM, Marshall I, Cvoro V, Wartolowska K, Haga 
K, et al. Measurement of brain temperature with magnetic resonance 
spectroscopy in acute ischemic stroke. Ann Neurol. 2006;60:438–446. 
doi: 10.1002/ana.20957.

	 16.	 Karaszewski B, Wardlaw JM, Marshall I, Cvoro V, Wartolowska K, Haga 
K, et al. Early brain temperature elevation and anaerobic metabolism 
in human acute ischaemic stroke. Brain. 2009;132(pt 4):955–964. doi: 
10.1093/brain/awp010.

	 17.	 Liu G, Qin Q, Chan KW, Li Y, Bulte JW, McMahon MT, et al. 
Non-invasive temperature mapping using temperature-responsive 
water saturation shift referencing (T-WASSR) MRI. NMR Biomed. 
2014;27:320–331. doi: 10.1002/nbm.3066.

	 18.	 Zhu M, Bashir A, Ackerman JJ, Yablonskiy DA. Improved calibration 
technique for in vivo proton MRS thermometry for brain temperature 

measurement. Magn Reson Med. 2008;60:536–541. doi: 10.1002/
mrm.21699.

	 19.	 Longa EZ, Weinstein PR, Carlson S, Cummins R. Reversible mid-
dle cerebral artery occlusion without craniectomy in rats. Stroke. 
1989;20:84–91.

	 20.	 Clark DL, Colbourne F. A simple method to induce focal brain hypother-
mia in rats. J Cereb Blood Flow Metab. 2007;27:115–122. doi: 10.1038/
sj.jcbfm.9600327.

	 21.	 Pérez-Mato M, Ramos-Cabrer P, Sobrino T, Blanco M, Ruban A, 
Mirelman D, et al. Human recombinant glutamate oxaloacetate trans-
aminase 1 (GOT1) supplemented with oxaloacetate induces a protec-
tive effect after cerebral ischemia. Cell Death Dis. 2014;5:e992. doi: 
10.1038/cddis.2013.507.

	 22.	 Campos F, Blanco M, Barral D, Agulla J, Ramos-Cabrer P, Castillo J. 
Influence of temperature on ischemic brain: basic and clinical principles. 
Neurochem Int. 2012;60:495–505. doi: 10.1016/j.neuint.2012.02.003.

	 23.	 Yenari MA, Han HS. Neuroprotective mechanisms of hypothermia in 
brain ischaemia. Nat Rev Neurosci. 2012;13:267–278. doi: 10.1038/
nrn3174.

	 24.	 Fernández-Klett F, Priller J. The fibrotic scar in neurological disorders. 
Brain Pathol. 2014;24:404–413. doi: 10.1111/bpa.12162.

	 25.	 Boyko M, Kuts R, Gruenbaum BF, Melamed I, Gruenbaum SE, Klein M, 
et al. The role of hypothermia in the regulation of blood glutamate levels 
in naive rats. J Neurosurg Anesthesiol. 2013;25:174–183. doi: 10.1097/
ANA.0b013e31827ee0ac.

	 26.	 Schifilliti D, Grasso G, Conti A, Fodale V. Anaesthetic-related neuropro-
tection: intravenous or inhalational agents? CNS Drugs. 2010;24:893–
907. doi: 10.2165/11584760-000000000-00000.

	 27.	 John RF, Colbourne F. Delayed localized hypothermia reduces 
intracranial pressure following collagenase-induced intracerebral 
hemorrhage in rat. Brain Res. 2016;1633:27–36. doi: 10.1016/j.
brainres.2015.12.033.

	 28.	 Wang L, Ma Q, Yang W, Mackensen GB, Paschen W. Moderate hypo-
thermia induces marked increase in levels and nuclear accumulation of 
SUMO2/3-conjugated proteins in neurons. J Neurochem. 2012;123:349–
359. doi: 10.1111/j.1471-4159.2012.07916.x.

	 29.	 Han HS, Park J, Kim JH, Suk K. Molecular and cellular pathways as 
a target of therapeutic hypothermia: pharmacological aspect. Curr 
Neuropharmacol. 2012;10:80–87. doi: 10.2174/157015912799362751.

	 30.	 Yenari MA, Hemmen TM. Therapeutic hypothermia for brain isch-
emia: where have we come and where do we go? Stroke. 2010;41(10 
suppl):S72–S74. doi: 10.1161/STROKEAHA.110.595371.

	 31.	 Gröhn OHJ, Kettunen MI, Mäkelä HI, Penttonen M, Pitkänen A, 
Lukkarinen JA, et al. Early detection of irreversible cerebral ischemia 
in the rat using dispersion of the magnetic resonance imaging relax-
ation time, T1rho. J Cereb Blood Flow Metab. 2000;20:1457–1466. doi: 
10.1097/00004647-200010000-00007.

D
ow

nloaded from
 http://ahajournals.org by on February 27, 2026




