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Abstract:

BACKGROUND AND PURPOSE: Cerebral hypothermia is a known neuroprotectant with promising
applications in the treatment of ischemic events. Although systemic cooling is standard in post-cardiac
arrest care, the deleterious effects of whole-body cooling have precluded it from translation into a viable
treatment option for acute ischemic stroke (AIS). Selective cerebral cooling has been proposed as a
method to minimize these risks while granting the neuroprotection of therapeutic hypothermia in AlS.

METHODS: In a porcine model (n= 3), the efficacy of selective retrograde cerebral cooling through the
internal jugular vein was evaluated in the setting of complete cerebral circulatory arrest. Furthermore,
a novel endovascular device and cooling system enabling selective retrograde cerebral cooling were
studied in a normothermic perfused cadaver.

RESULTS AND CONCLUSION: Neurologic assessment of animals receiving this therapy reflected
substantial neuroprotection in animals undergoing both 15 min and 30 min of otherwise catastrophic
complete cerebral circulatory arrest. The novel endovascular device and cooling system were validated
in human anatomy, demonstrating successful cerebral cooling, and feasibility of this mechanism of

selective retrograde cerebral cooling.
Keywords:

Introduction

Despite the remarkable advancement
in large vessel occlusion (LVO) stroke
care that has come from the widespread
use of mechanical thrombectomy
following overwhelmingly efficacious
trial results,™! there remains ample room
for improvement in patient outcomes.
Standard therapy in the management
of acute ischemic stroke (AIS) includes
intravenous thrombolytic, recombinant
tissue plasminogen activator (rtPA), to break
up clots, and endovascular mechanical
thrombectomy, to physically remove clots,”
with the joint goal of recanalization. Only
an estimated 2%-5% of all AIS patients
in the US receive rtPA due to eligibility
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limitations® including presentation
beyond 4.5 h of symptom onset®® and
contraindications.” Furthermore, just
10% of AIS patients may be considered
eligible for thrombectomy, with eligibility
defined as the presence of mechanically
accessible clot based on location, low risk
of reperfusion injury after removal, and
sufficient penumbral brain tissue to be
spared with recanalization.>*®! Although
the population receiving thrombectomy is
expected to grow with expanding eligibility
criteria,"! poor functional outcomes remain
a reality for the majority of AIS patients
receiving the gold standard of care.
Despite best practices, negative functional
outcomes for AIS patients treated with
thrombectomy, defined by a modified
Rankin Score (mRS) at 90 days of 3 to 6
indicating moderate-to-severe disability or
death, is experienced by 54% of patients.!"*!
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Similarly, 50.4% of AIS patients receiving rtPA experience
a negative functional outcome.”’ Cerebral cooling, a
therapeutic strategy with demonstrable neuroprotective
benefits through a myriad of mechanisms, has been
proposed as an adjunct treatment in the management
of AIS. In this proof of concept study, we assess the
efficacy of an endovascular approach for rapid selective
cerebral cooling through the internal jugular vein in a
porcine model of complete cerebral circulatory arrest.
In addition, we present insights from a feasibility study
performed in a normothermic perfused human cadaver
using a novel endovascular device.

Methods

Cerebral circulatory arrest in porcine model
Three yorkshire pigs (53.9 + 4.4 kg) were studied.
Following induction of anesthesia, monitoring apparatus
were placed, with cerebral and body temperatures
measured by nasopharyngeal and rectal probes,
respectively. The right internal jugular vein was
cannulated in a retrograde fashion with a 14-gauge
catheter and ligated proximally.

Infusion of 0°C-2°C normal saline was initiated
retrograde through the internal jugular vein catheter
cephalad to the location of vein ligation. Infusion of
cooled saline was administered using a pressure bag
set to and manually maintained at 300 mmHg, for an
approximate rate of 250 cc/min.

Following infusion of 1 L of cooled saline, complete
circulatory arrest was initiated for 15 min, 30 min, and
90 min as an infusion of cooled saline continued. The
90-min animal served to confirm that the technique used
for complete circulatory arrest was indeed causative of
ischemic brain damage and to provide an upper bound
of arrest duration for which therapeutic cooling may
not provide benefit, as established by the hypothermic
circulatory arrest human data of McCullough et al. 1999.01

Complete circulatory arrest was established with
placement of bulldog clamps on the innominate
artery, left subclavian artery, distal subclavian arteries
bilaterally, and the internal thoracic arteries just distal to
the anastomosis with the subclavian artery as described
in Allen et al. 2012.'

The administration of cooled saline was limited to 4-6 L
per animal. After the allotted duration of complete
circulatory arrest time was achieved, cerebral perfusion
was restored, and the animals were rewarmed to
physiologic temperatures prior to extubation.

The extent of neurologic dysfunction was measured at
4 and 24 h postextubation using a Neurological Deficit
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Score (NDS)."?I NDS evaluates neurologic status on a
scale of 0-500, with 0 representing normal function, using
categories including level of consciousness, respiration,
cranial nerve function, motor and sensory function, and
behavior.?l Animals were survived up to 36 h before
sacrifice, necropsy, and histopathological analysis. The
histological analysis included hematoxylin and eosin,
and 1% 2,3,5-triphenyltetrazolium chloride (TTC)
staining of the brain.

Normothermic perfused cadaver

Anadulthuman cadaver was placed on an extracorporeal
pump using 38°C—40.6°C simulated blood (Maximum
Fidelity Surgical Simulations) to establish a pulsatile
flow to replicate the thermodynamic conditions of a
living body. The cadaver was brought to normothermia
through perfusion and surface warming, with
intramuscular, and bilateral intraparenchymal
temperature probes reading 37°C-38°C. The novel
device, a 9Fr intravascular catheter with a dedicated
lumen for delivery of cooled fluids, was placed using
the Seldinger technique, under ultrasound guidance,
into the internal jugular vein.

In opposition to the continued flow of normothermic
simulated blood, a 4°C-5°C simulated blood and normal
saline mixture was pumped at a flow rate of 260 ml/min,
through the intravascular device, retrograde through
the internal jugular vein. Within 13 min, left and right
intraparenchymal temperatures dropped to 18°C and
21°C, respectively.

Results

Cerebral circulatory arrest in porcine model

In the animal experiencing 15 min of complete cerebral
circulatory arrest, brain temperature reached 29.3°C
from 37.6°C following administration of 4 L of cooled
saline over 20 min. Functionally, the animal was
eating, drinking, and walking independently at 24 h
postextubation, with an NDS of 26 indicating normal
neurologic status.

The functional outcomes at 24 h for the animal
undergoing 30 min of complete cerebral circulatory
arrest were improved from the 15-min animal, with an
NDS of 10. In this animal, 6 L of cooled normal saline
were infused, and cerebral cooling from 36.8°C to 31.2°C
was achieved.

The final animal experienced 90 min of complete cerebral
circulatory arrest and was cooled to 25.4°C from 37.4°C.
Postprocedure, the animal experienced seizures, with a
24 h NDS of 290, did not regain consciousness and was
euthanized. The rectal temperature did not drop below
31.5°C in all animals [Table 1].
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Table 1: Neurological Deficit Score scores at 4 and 24 h for animals undergoing 15 and 30 min of cerebral
circulatory arrest with selective cerebral hypothermia, and control animals undergoing 90 min of arrest or

30 min without cooling

Experimental model Depth of

cerebral cooling

Depth of
body cooling*

NDS score (0 normal - 500 death) Status

4 h post-extubation

24 h post-extubation

Cerebral circulatory
arrest, with cooling (min)

15 min 29.3°C 35.0°C

30 min 31.2°Ct 32.0°C

90 min 25.4°C 31.5°C
Historical control

30 min, no cooling!¥ NA NA

Sedated 26 Eating, drinking, walking
66 10 Eating, drinking, walking
215 290 Seizures, no regain of
consciousness
243 241 Seizures, no regain of

consciousness

*Body temperature measured by rectal temperature probe, 'Nasopharyngeal probe placement too shallow for accurate measurement. NDS: Neurological Deficit

Score, NA: Not available

Normothermic control data were adapted from the
literature following a similar protocol; a porcine
model (n = 4) undergoing 30 min of complete cerebral
circulatory arrest without cooling resulted in a mean
historical NDS score of 241 + 40 at 24 h.'!

In the 15 min and 30 min complete circulatory arrest
animals, no indication of neuronal necrosis was seen
[Figure 1a and b], and no gross evidence of cell death
was apparent on TTC staining [Figure 2a]. In the
animal undergoing 90 min of complete circulatory
arrest, microscopic changes of laminar cortical necrosis
indicative of hypoxic-ischemic encephalopathy,
cerebral necrosis, and moderate meningitis were
noted [Figure 1c], in addition to gross evidence of
necrosis by TTC staining [Figure 2b]. In all of the animals,
mean arterial blood pressure, vena cava pressure, heart
rhythm, and oxygen saturation remained normal over
the course of the experiment.

Normothermic perfused cadaver

Intravascular cooling through the internal jugular
vein of the cadaver resulted in a reduction of cerebral
temperature by intraparenchymal probe of 19°C in
11 min, to a depth of 18°C. Cooled simulated blood
flowed from the site of administration in the right
internal jugular vein to the contralateral jugular
vein, as confirmed on fluoroscopy, through the dural
sinus [Figure 3]. The dural, transverse, sigmoid, superior
sagittal, and petrosal sinuses as well as the facial vein
were filled along this flow path.

Discussion

Therapeutic hypothermia

Therapeutic hypothermia is a well-established
neuroprotectant. A 1°C decrease in core body temperature
is correlated with a cerebral metabolism reduction of
6%-10%.M31In an ischemic event, a reduction in cerebral
metabolism will result in reduced lactate production and
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reduced tissue damage.™* Therapeutic hypothermia limits
apoptosis, mitochondrial dysfunction, inflammatory
mediator and free radical production, and results in
increased neuronal survival.'**! Additional evidence
supports that hypothermia mitigates the disruption of the
blood-brain barrier and excitotoxicity.“ﬁ] Furthermore,
targeted cerebral hypothermia, as established through
endovascular delivery of cooled fluids, offers an
additional protective mechanism. Such cooled fluids
help to flush out vasodilatory metabolites that build
up during ischemic events thereby reducing the risk of
reperfusion injury."71%

Therapeutic hypothermia in the setting of cardiac surgery
dates back to the 1950s when de Bakey completed the first
aortic arch aneurysm repairs.*?!! Aortic arch operations
had previously been deemed impossible as they would
require interruption of blood flow to the aortic head
vessels, resulting in transient global cerebral ischemia.??
Cooling the brain provided a neuroprotective window
during surgically induced global cerebral ischemia,
allowing time for aneurysmal repair. Several groups
have further validated cerebral cooling as an effective
neuroprotectant in aortic arch surgery.*>?! Retrograde
cerebral perfusion, a technique in which cooled blood is
delivered through large veins in the opposite direction
to normal venous blood flow, is commonly used in
cardiac surgery to establish cerebral hypothermia./?!
Despite up to 1 h of interrupted blood flow to the brain,
elective aortic arch replacement is associated with a
3% risk of brain damage.” In contrast, up to 54% of
stroke patients are no longer functionally independent
due to brain damage sustained even after receiving a
thrombectomy.!"! These data further underscore the
urgent need for the evaluation of novel methods for
providing therapeutic hypothermia for neuroprotection
in patients with AIS.

In addition, systemic therapeutic hypothermia of
32-36°C is recommended in post-cardiac arrest care by

Brain Circulation - Volume 5, Issue 4, October-December 2019
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Figure 1: (a) In 15-min porcine, a photomicrograph hematoxylin and eosin, of cortical gray matter in the region of the cingulate gyrus (an area of the brain sensitive to
ischemic injury) without any significant pathology, (b) In 30-min porcine, a photomicrograph hematoxylin and eosin, of cortical gray matter in the region of the cingulate gyrus
with no abnormalities, (c) In 90-min porcine, a photomicrograph hematoxylin and eosin, of cortical gray matter in the area of the cingulate gyrus demonstrates a focal area of

neuronal degeneration, gliosis and microvascular reactivity

PRI L W L L

sl al

Figure 2: (a) In 30-min porcine, a gross photograph of a representative coronal
section of brain stained with 2,3,5-triphenyltetrazolium chloride demonstrate no
evidence of necrosis, (b) In 90-min porcine, a gross photograph of trimmed sections
of brain stained with 2,3,5-triphenyltetrazolium chloride demonstrates bilateral,
mostly symmetric, non-staining areas of the cortical gray matter indicative of global
ischemic brain injury. White arrows indicate exemplary regions of necrosis

the International Liaison Committee on Resuscitation
guidelines.””’ The optimal temperature for targeted
temperature management (ITTM) in post-cardiac arrest
care has been debated, with some studies suggesting
no additional benefit with cooling to 33°C compared
to 36°C,1*! and others displaying improved outcome in
patients recovering from arrest with nonshockable rhythm
cooled to 33°C.»! Additional studies in intra-arrest cooling
have noted trends toward improvement in cardiac arrest
patients with ventricular fibrillation.®™ Currently, both
endovascular and surface® cooling techniques for TTM
in cardiac arrest patients use systemic cooling. Systemic
cooling, despite its possible neurologic benefits, has been
associated with negative effects including increased
pneumonia risk in post-cardiac arrest patients.® It is
plausible that the selective cooling of the brain may
confer the known neuroprotective benefits of therapeutic
hypothermia while minimizing the detrimental effects of
systemic cooling.

Barriers to cooling in acute ischemic stroke
Bringing therapeutic hypothermia to AIS patients has
faced challenges due to a focus on systemic rather than

Brain Circulation - Volume 5, Issue 4, October-December 2019

Figure 3: In an adult human cadaver, a venogram displaying the flow path of fluid
administered via a novel intravascular device. Perfusate flows cephalad in the
internal jugular vein, through the venous sinuses, and exits the contralateral internal
jugular vein

selective cerebral cooling. A number of clinical trials
were designed to investigate whether systemic cooling
to 32°C-34°C, as implemented in post-cardiac arrest
treatment, may benefit AIS patients.””?% Although
both surface (The Copenhagen Stroke Study, COOL
AID)®! and endovascular methods of cooling (ICTuS,
ICTuS-2)1%! established the feasibility of systemic
therapeutic hypothermia in the setting of AIS, there
were salient risks. Systemic cooling is associated with an
increased risk of pneumonia, counterproductive shivering
necessitating pharmacologic intervention, and major
complications including pulmonary edema, decreased
cardiac output, bradycardia, ventricular arrhythmias,
asystole, and coagulopathy.!3*4 Conversely, selective
cerebral hypothermia may offer neuroprotection without
the associated risks of systemic cooling, and allows for
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deeper hypothermia, to levels known to be protective in
aortic arch surgery (<28°C).l4

Animal models of selective cerebral cooling in
acute ischemic stroke

Selective cerebral cooling has shown neuroprotective
efficacy in large animal models of AIS.[#¢I Reduction in
infarct size as a result of selective cerebral cooling has
been demonstrated in numerous animal stroke models.
In a meta-analysis of 101 publications providing data
on 3,353 animals, hypothermia reduced infarct size by
44%, with deeper cooling (<31°C) associated with more
dramatic reductions (30% at 35°C vs. >50% at 31°C)./ In
arodent model, selective cerebral hypothermia achieved
through endovascular cold saline flush prior to
revascularization in MCA occlusion resulted in 65%—90%
reduction in infarct volumes."**%! In a model of AIS,
four baboons underwent selective brain hypothermia to
27°C for 12 h, following simulated LVO with subsequent
thrombectomy and reperfusion.*”! Baboons in the
experimental arm displayed a significantly reduced
infarction volume (0.5 + 1% of the ipsilateral cerebral
hemisphere) compared to the four in the control
group (35.4 + 4.4%)."2 Importantly, in addition to a
reduction in infarct size, cardiovascular derangement,
pneumonia, or pulmonary edema did not occur in these
animals. 337501

Cerebral cooling in humans

Furthermore, selective cerebral cooling methods have
displayed efficacy in humans.”*? Intravascular infusion
of cold saline presents one mechanism for selective
brain cooling.'"¥! Intra-arterial delivery of 4°C saline
into the ischemic territory in patients undergoing
mechanical thrombectomy for LVO (n = 45) was
associated with an mRS of 0 to 2 at 90 days in 51.1%
of this population.®™ In contrast, 41.2% of patients in
the control group undergoing thrombectomy without
cooling (1 = 68) were seen to have an mRS of 0 to 2 at
90 days, suggesting a trend toward an improved rate
of functional independence with selective cerebral
cooling.!

Novel intravascular approach for selective
retrograde cerebral cooling

In this study, a novel approach was proposed and
evaluated to establish selective retrograde cerebral
cooling. The approach consists of occluding, unilaterally,
the internal jugular vein, and administering cold fluid
cephalad to the region of occlusion, for targeted brain
cooling. The perfusate circulates the venous sinuses
before exiting the intracranial space through the
contralateral internal jugular vein. Our normothermic
perfused cadaver study utilized a novel intravascular
device facilitating this approach, and demonstrated
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that the flow of cooled perfusate outlets through the
contralateral internal jugular vein. The contralateral
internal jugular vein serving as a large vessel venous
outflow path potentially mitigates the risk of venous
congestion and cerebral edema. Such complications
are known from cases of prolonged retrograde cerebral
perfusion in cardiac surgery in which no large vessel
venous outlet is available for perfusate; an efficient outlet
for perfusate, as seen in our approach, may mitigate
this risk.

Discussion of Results

In our study of cerebral circulatory arrest in a
porcine model, selective cerebral cooling to <30°C by
retrograde internal jugular infusion conferred significant
neuroprotection in the setting of otherwise catastrophic
complete cerebral circulatory arrest. In the animal
undergoing 15 min of cerebral circulatory arrest, cerebral
cooling to 29.3°C by nasopharyngeal probe was achieved.
The depth of cerebral cooling reached in the animal
undergoing 30 min of arrest, was not adequately assessed
due to shallow nasopharyngeal probe placement,
discovered on fluoroscopy, reaching 31.2°C [Table 1].
It can be inferred from the administration of a larger
volume of saline (6 L vs. 4 L), and the resulting lower
rectal temperature (32°C vs. 35°C) in the 30-min versus
15-min animal, that brain temperature in the 30-min
arrest animal was <29.3°C [Table 1]. In animals
experiencing 15 and 30 min of interrupted blood flow to
the brain, an NDS of 26 and 10, respectively, at 24 h were
demonstrated following retrograde infusion of cooled
saline, compared to 241 in the historical control group.!"!!
The histopathological analysis further confirmed that
cerebral cooling is associated with an avoidance of gross
ischemic damage despite prolonged ischemic events
as displayed in up to 30 minutes of complete cerebral
circulatory arrest.

Our study of a normothermic perfused human cadaver
demonstrates that retrograde cerebral perfusion for
targeted brain cooling through a percutaneously
placed intravenous catheter within the internal
jugular vein is indeed feasible. Additionally, the
notable speed (1.73°C/min in the cadaver versus
0.42°C/min in the 15-min circulatory arrest porcine
model) and depth of cooling (18°C in the cadaver
versus 25.4°C in the porcine model) exceed those
seen in porcine models with similar device flow
rates. Although a living model is superior for its
incorporation of metabolic heat generation among
other factors, the results suggest that cooling through
the human vasculature, notably the dural venous
sinus system and larger human internal jugular vein,
may confer a more expedient route to deeper levels
of hypothermia.

Brain Circulation - Volume 5, Issue 4, October-December 2019
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In our study of complete cerebral circulatory arrest,
the neuroprotective effect of selective cerebral cooling
using retrograde infusion of cooled fluid has been
displayed. In this porcine model, cooling was initiated
prior to cerebral circulatory arrest to demonstrate the
efficacy of cooling against a normal cardiac output.
Further studies are warranted to explore the role of
retrograde selective cerebral cooling initiated after
the restoration of blood flow to assess applicability in
post-cardiac arrest and stroke care. Cooling initiated
after simulated thrombectomy may yield particularly
beneficial data regarding selective hypothermia as an
adjunct to recanalization. In addition, the optimal depth
and duration of selective cooling for neuroprotection in
the setting of stroke have yet to be determined. Future
studies exploring the effects of selective cooling on
patient-relevant metrics such as ischemic volume as
measured by diffusion-weighted magnetic resonance
imaging, intracranial pressure, cerebral edema, and
coagulopathy may elucidate how selective cerebral
cooling can serve as an adjunctive treatment for cerebral
ischemia.

Conclusions

The feasibility of selective retrograde cerebral cooling
through the internal jugular vein has been established in
a porcine model of complete cerebral circulatory arrest.
Neurologic assessments of animals undergoing this
therapy reflected substantial neuroprotection in up to
30 min of otherwise catastrophic interruption of cerebral
blood flow. Cerebral cooling to <30°C was achieved
within a reasonable therapeutic time frame and did not
result in additional deleterious effects seen with systemic
cooling. Our cadaveric study demonstrates that this
technique is feasible in the adult human anatomy. These
results support the need for further studies of selective
retrograde cerebral cooling as an adjunct treatment in the
management of ischemic events including AIS.
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