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ABSTRACT
Background Total body hypothermia is an established
neuroprotectant in global cerebral ischemia. The role of
hypothermia in acute ischemic stroke remains uncertain.
Selective application of hypothermia to a region of focal
ischemia may provide similar protection with more rapid
cooling and elimination of systemic side effects. We
studied the effect of selective endovascular cooling in a
focal stroke model in adult domestic swine.
Methods After craniotomy under general anesthesia, a
proximal middle cerebral artery branch was occluded for
3 h, followed by 3 h of reperfusion. In half of the
animals, selective hypothermia was induced during
reperfusion using a dual lumen balloon occlusion
catheter placed in the ipsilateral common carotid artery.
Following reperfusion, the animals were sacriﬁced. Brain
MRI and histology were evaluated by experts who were
blinded to the intervention.
Results 25 animals were available for analysis.
Using selective hypothermia, hemicranial temperature
was successfully cooled to a mean of 26.5°C. Average
time from start of perfusion to attainment of moderate
hypothermia (<30°C) was 25 min. Mean MRI stroke
volumes were signiﬁcantly reduced by selective cooling
(0.050±0.059 control, 0.005±0.011 hypothermia (ratio
stroke:hemisphere volume) ( p=0.046). Stroke pathology
volumes were reduced by 42% compared with controls
( p=0.256).
Conclusions Selective moderate hypothermia was
rapidly induced using endovascular techniques in a
clinically realistic swine stroke model. A signiﬁcant
reduction in stroke volume on MRI was observed.
Endovascular selective hypothermia can provide
neuroprotection within time frames relevant to acute
ischemic stroke treatment.
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Hypothermia is the oldest and best studied neuroprotectant. Animal and human studies have established
its beneﬁt.1–13 Pioneering surgical investigators
recognized the potential for deep whole body hypothermia to protect against focal ischemia, but noted
signiﬁcant side effects.14–16 These challenges led a
few early investigators to pursue selective hypothermia applied only to the region of ischemia.17–19
Advances in endovascular technology have rekindled
interest in the selective approach. Human trials, such
as Cooling for Acute Ischemic Brain Damage (COOL
AID) and Intravascular Cooling for the Treatment of
Stroke–Longer window (ICTuS-L), as well as

animal studies, suggest that applying selective hypothermia using an endovascular approach could
provide rapid induction of therapeutic hypothermia
within a meaningful time frame in focal cerebral
ischemia.7 9 18–22
In this study, we investigated catheter based selective brain hypothermia in an adult domestic swine
model of stroke. We wished to determine whether
moderate selective brain hypothermia could be
rapidly induced using percutaneous endovascular
technology, and whether stroke volumes could be
reduced compared with a control group. Our model
consisted of temporary transcranial occlusion of the
middle cerebral artery (MCA) followed by percutaneous placement of a novel endovascular cooling
catheter to provide selective hemicranial cooling
during reperfusion.

METHODS
Setup and craniotomy
Under an approved animal research protocol
(Schulich School of Medicine and Dentistry Animal
Use Protocol 2009-079) and following Canadian
Council of Animal Care guidelines, 28 YorkshireLandrace-cross pigs (50 kg) were assigned to normothermia or hypothermia in a 1:1 alternating
fashion. Following acclimation in an approved vivarium for 48 h, animals were anesthetized using
1–2 mL of intramuscular Telazol (Fort Dodge, Iowa,
USA), intubated, and maintained with a nitrous
oxide–isoﬂurane mixture. Arterial and central venous
monitoring was obtained via bilateral transfemoral 6
F sheath placement, and a right fronto-orbital craniotomy was performed.23 After opening the arachnoid
to release CSF, the head of the bed was elevated to
provide maximal brain relaxation. Mannitol was
avoided to eliminate any confounding neuroprotective effects.24 25 Under high surgical magniﬁcation, a
temporary aneurysm clip was applied to one of the
two to three MCA branches running beneath the posterior frontal lobe. After 3 h of occlusion, the clip
was removed and the scalp closed.

Selective brain cooling
Hypothermia animals were turned supine immediately following skin closure. Under ﬂuoroscopy, an
arterial 6 F sheath was exchanged over a series of
dilators for the 14 F outer ﬂow lumen (OFL) of the
TwinFlo catheter (Thermopeutix Inc, San Diego,
California, USA) (ﬁgure 1). The OFL was positioned in the descending thoracic aorta. Thereafter
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identical method of calculating hemispheric volume, excluding
the midbrain, was performed, and the ratio of stroke volume to
hemisphere volume was determined as a percentage. Next, the
ﬁxed cerebrum was sliced into 1 cm thick coronal slices and
placed in cassettes for parafﬁn embedding. Pathological examination was conducted by a neuropathology team blinded to the
intervention. Coronal slices of the cerebrum were stained with
hematoxylin and eosin.7 Ischemic change was deﬁned as the
presence of both dark neurons and perineuronal vacuolation.
The area of the ischemic change was determined manually, and
then multiplied by the block thickness to give a volume.
Figure 1 Thermopeutix TwinFlo catheter. Distal end of the inner and
outer catheters showing the 14 F aortic outﬂow catheter with the 9.5 F
carotid inﬂow balloon occlusion catheter.
activated clotting time was maintained at least two times normal
using intravenous heparin. The 9.5 F inner ﬂow lumen (IFL), a
dual lumen balloon catheter, was introduced through the OFL
and navigated into the right common carotid artery (ipsilateral
to the ischemic hemisphere). The OFL and IFL ports were
attached to an extracorporeal circuit (Maquet Rotoﬂow pump,
Jostra chiller, Medtronic Myotherm heat exchanger), and extracorporeal circulation was established using a starting temperature of 25°C. The IFL balloon was then inﬂated to radiographic
occlusion of the artery. Pressure monitoring from the distal end
of the IFL and inﬂow rates at the extracorporeal circuit were
checked to avoid excessive perfusion pressures or ﬂow rates.
Inﬂow temperature was decreased in increments of 5°C to
rapidly achieve hypothermia while maintaining hemodynamic
stability. Extracorporeal cooling via the common (rather than
the internal) carotid artery was deliberate in order to cool the
brain using both direct and indirect pathways. Hemodynamic
parameters (core temperature, heart rate, mean arterial blood
pressure) and arterial blood gases (oxygen, hemoglobin, glucose,
pH) were continuously evaluated. The decision as to the depth
of hypothermia was made on clinical grounds, based on the
animal’s hemodynamic stability. Perfusion was terminated once
3 h of reperfusion was completed.

Temperature measurements
Core temperatures were measured via rectal and esophageal
thermometers. Nasal temperatures were used as a surrogate for
brain temperature to avoid trauma from intraparenchymal probe
insertion during the full anticoagulation required for the endovascular procedure.7 In the ﬁrst selective hypothermia case, we
found that subdural temperature measurements were within 2°C
of transnasal measurements.

Euthanasia, brain ﬁxation, and analysis
Following 3 h of reperfusion, the animal was euthanized with
108 mg/kg of Euthanyl Forte (Bimeda-MTC, Cambridge,
Ontario, Canada). Fixation of the brain in situ with 500 mL of
10% neutral buffered formalin (EMD, Baltimore, Maryland,
USA) was achieved using the IFL balloon catheter. The brain
was removed for imaging and histology. MRI was performed
postmortem and reviewed by a neuroradiologist blinded to the
intervention. T2 and T1 three-dimensional sagittal images were
obtained (T2=TR9700, TE 82.2 and TE 143 (142.7), 2 mm
slice thickness, 16 cm FOV, 256×256 matrix; T1=TR 8.5, TE
3.5, 1.2 mm slice thickness, 12 cm FOV, 256×256 matrix). T2
data were used because diffusion information was lost at death.
The area of T2 signal abnormality on each axial slice was determined using Osirix. Contiguous axial slices with T2 signal
abnormality were summated to provide a total volume. An

Statistics
In the initial sample size calculation, it was estimated that 70%
of animals in the normothermic group would have infarction of
at least 20% of the cerebral hemisphere volume. Assuming that
selective hypothermia provides a marked reduction in the proportion infarcted, from 70% to <30% (or 6/20 animals),
according to Fisher’s exact test, the two tailed p value will be
<0.02 and the association between hypothermia and reduction
in stroke will be considered statistically signiﬁcant. Thus we initially planned for 20 animals in each group.
Hemodynamic parameters and arterial blood-gas values were
compared using analysis of covariance. Changes in core temperature were compared using paired t tests. Between group
comparisons of stroke volume were made using unpaired t tests
or, where variances were unequal, using a Wilcoxon two sample
test. Data were analyzed by an independent statistician using
SAS V.9.3, and p values <0.05 were considered statistically
signiﬁcant.

RESULTS
Twenty-eight pigs were studied. One died due to pre-existing
pulmonary artery stenosis and hypertrophic cardiomyopathy.
Two pigs were unusable due to inadvertent brain contusions
during exposure, and no ischemia was induced. Twenty-ﬁve
animals were available for analysis, consisting of 13 control and
12 selective hypothermia cases. There was one aortic dissection
in the selective hypothermia arm. Differences in systemic parameters between controls and hypothermic animals were seen
only in core temperature ( p<0.001) and in pH ( p<0.001)
during the 3 h reperfusion–cooling phase of the experiment.
However, core temperatures did not decrease below mild hypothermic levels (32–34°C) (table 1). The pH was 7.34±0.18 in
the hypothermia cohort compared with 7.44±0.03 in the
control group.

Selective brain cooling
The mean ipsilateral (right) hemicranial temperature decreased
from 38°C to 26°C, while the contralateral (left) temperature
decreased to 31.6°C during selective hypothermic perfusion
(table 1). The average time to place the catheters and establish
extracorporeal circulation was over 1 h but varied widely

Table 1

Core
Right
Left

Temperature during selective hypothermia
3h

6h

Difference

p Value

38.02±0.64
38.02±0.72
37.76±1.03

34.00±1.29
26.53±2.55
31.57±3.67

4.02±1.13
11.48±2.70
6.09±3.65

<0.001
<0.001
<0.001

Values are mean±SD.
3 h and 6 h indicate time after ischemia.
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Table 2 Selective hypothermia parameters

Setup time (min)*
Temp nadir (°C)
Time to <30°C (min)†
Total cooling (min)‡
Total time to <30°C (min)§

Median (Q1, Q3)

Min, Max

52.0
23.70
15.0
125.0
87.0

22, 144
21.8, 27.5
6, 65
36, 150
47, 155

(34, 75)
(23.3, 25.3)
(13, 35)
(87, 134)
(52, 109)

*Time from skin closure needed to exchange catheters, position the outer flow lumen
and inner flow lumen appropriately, and connect and purge the extracorporeal
circulation.
†Time required to achieve moderate hypothermia once extracorporeal perfusion was
started.
‡Sum of setup time and extracorporeal perfusion time.
§Sum of setup time and time to achieve moderate hypothermia once extracorporeal
perfusion was started.

(table 2). Once extracorporeal circulation was established, moderate hypothermia (<30°C) was routinely achieved within
30 min. The total time from the start of cerebral reperfusion
due to removal of the aneurysm clip to attainment of moderate
hypothermia was <1.5 h.

MRI and pathological stroke volumes
The ratio of stroke volume to hemispheric volume of the hypothermia group (0.005±0.011) was signiﬁcantly smaller than that
of the control group (0.050±0.059) by MRI T2 imaging. The
difference was statistically signiﬁcant ( p<0.05) (table 3).
Mean histologic stroke volumes were substantially reduced
with hypothermia to 58% of controls. Due to wide variability,
this difference did not attain signiﬁcance ( p=0.256).

DISCUSSION
Selective endovascular cooling for acute ischemic stroke
Animal studies of hypothermia have shown beneﬁt during both
global and focal cerebral ischemia.1 2 4 8–10 Human trials have
demonstrated that hypothermia is beneﬁcial in ameliorating
global brain ischemia following cardiac arrest.26 27 Whether
there is any role for hypothermia after focal ischemic stroke is
uncertain.28 Whole body surface cooling requires hours to
perform and is therefore impractical for acute stroke care. Both
COOL AID and ICTUS-L trials achieved rapid hypothermia via
endovascular transvenous cooling.20 21 Whole body hypothermia is limited to mild hypothermia (>30°C) by cardiac arrhythmia.14 However, signiﬁcant reductions in CMRO2 do not occur
until moderate–deep hypothermia (25–28°C).18 Selective transarterial hypothermia can overcome the limitations of whole
body cooling and has been used as neuroprotection during brain
surgery.6 It can achieve moderate–deep hypothermia while
maintaining core temperatures at physiologically acceptable
levels.7 17–19 22 When combined with selective hypothermia,
which offers a degree of cooling not achievable with whole
body methods, endovascular technology could be a ‘neuroprotective bridge’ in recanalization.28–30

Table 3 Stroke volumes by pathology and MRI

Path volume (cm3)
MRI volume (ratio stroke:
hemisphere) (×100=%)
Values are mean±SD.

420

Control

Neuroprotection

p Value

0.99±1.00
0.050±0.059

0.57±0.76
0.005±0.011

0.256
0.046

Our study demonstrated that a purely endovascular approach
can achieve moderate hypothermia within 30 min. Previous
selective hypothermia studies utilized open surgical femoral–
carotid bypass, and all reported faster rate and greater depth of
hypothermia than in human trials of endovascular transvenous
hypothermia.6–9 11 13 17 19 In COOL AID, mean time to
achieve a target of 33°C was 77 min, while in ICTUS-L, mean
time was 138 min after catheter placement. In both studies,
some patients were 8 h post stroke before mild hypothermia was
achieved, while target temperatures were only in the mild hypothermia range. Our study demonstrated that a combination of
endovascular technology with selective hypothermia allows signiﬁcant hypothermia (<30°C) within a meaningful time frame
for acute stroke intervention.

Effectiveness of selective hypothermia
Selective hypothermia reduced stroke volumes despite a signiﬁcant delay in intervention (3 h of ischemia, mean 4.5 h from
ischemia onset until moderate hypothermia). This was statistically signiﬁcant for MRI stroke volumes. A similar trend was
found for pathological stroke volumes but was not signiﬁcant
due to the wide variation in stroke volumes in our model. This
may be a feature of our model, but is also seen in human clinical
studies.20 Previous investigations of selective hypothermia examined subjects concurrently exposed to ischemia and hypothermia
and have shown neuroprotective effects by clinical examination,
radiology, and histology.8–9 17 Studies in rodents suggest that
stroke may be ameliorated even when hypothermia is applied in
a delayed fashion.1–2 12 Proposed mechanisms for this beneﬁt
include the protection of ‘Penumbra’ neurons at the peripheral
zone of ischemia, suppression of excitatory neurotransmitters,
and suppression of leukotrienes.10 During reperfusion with
hypothermia, there are measurable reductions in ischemic metabolites, such as lactate and high energy phosphates, and reduction in one form of blood–brain barrier disruption.2 4
The efﬁcacy of cooling during reperfusion after stroke in
higher order mammals is less well studied. In clinical trials and
practical experience in humans, strokes are seen and intervened
on after many hours of ischemia. For selective hypothermia to
be relevant for acute ischemic stroke, beneﬁt must be shown
after prolonged ischemia. Our ischemic insult of 3 h is the
longest in a large animal study of selective hypothermia. Mean
time from ischemic insult to target moderate hypothermia
(<30°C) was almost 4.5 h, including a mean setup time of 1 h
and time to target temperature of 25 min. Despite these delays,
signiﬁcant beneﬁt by imaging criteria was seen for selective
hypothermia during reperfusion.

Tolerance of selective hypothermia
A concern in therapeutic hypothermia is the avoidance of complications, including arrhythmias, coagulopathy, and pneumonia.
Most human therapeutic hypothermia protocols are limited to
32–34°C. The degree of systemic cooling seen in our study
(mean 34°C) agrees with prior work, and should be tolerable,
but measures of this, such as arrhythmia frequency, were not
evaluated.7 22 Coagulopathy was not assessed as heparin anticoagulation was used during the procedure. A mild but signiﬁcant decrease was seen in arterial pH. The stability of other
factors, such as mean arterial blood pressure, blood oxygenation, and hemoglobin, indicates that placing the endovascular
device and utilizing extracorporeal perfusion to induce selective
hypothermia did not destabilize the subjects.
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Study limitations
The choice of stroke model resulted in three key limitations.
First, under lengthy periods of anesthesia, domestic swine
develop myocardial depression resulting in frequent use of inotropic support. Interruption of cooling was sometimes required
in order to stabilize hemodynamics. Second, the decision to
occlude one of several MCA branches created small strokes
which, in combination with collateral pathway variation, may
have contributed to the wide variance in stroke volumes. Third,
reperfusion of the MCA territory was only conﬁrmed by visual
inspection. Cerebral perfusion was not measured, and vessel
patency following reperfusion was not ensured by indocyanine
green or conventional angiography.
The timing of MRI introduces uncertainty. As MRI was postmortem in this study, T1 and T2 weighted sequences were
used.31 Diffusion weighted imaging is the gold standard in
stroke, but requires a live animal. The experimental results may
reﬂect changes in reperfusion damage, rather than stroke
damage. We measured stroke volumes accurately, but microscopic effects (changes in local chemical substrates) and macroscopic effects (edema or raised intracranial pressure) due to
reperfusion were not evaluated. Thus potential effects of hypothermia on reperfusion injury might have been missed.
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