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Abstract

Hypothermia is a promising therapeutic strategy for severe vasospasm and other types of non-thrombotic cerebral ischemia,
but its clinical application is limited by significant systemic side effects. We aimed to develop an intraventricular device
for the controlled cooling of the cerebrospinal fluid, to produce a targeted hypothermia in the affected cerebral hemisphere
with a minimal effect on systemic temperature. An intraventricular cooling device (acronym: V-COOL) was developed by in
silico modelling, in vitro testing, and in vivo proof-of-concept application in healthy Wistar rats (n =42). Cerebral cortical
temperature, rectal temperature, and intracranial pressure were monitored at increasing flow rate (0.2 to 0.8 mL/min) and
duration of application (10 to 60 min). Survival, neurological outcome, and MRI volumetric analysis of the ventricular sys-
tem were assessed during the first 24 h. The V-COOL prototyping was designed to minimize extra-cranial heat transfer and
intra-cranial pressure load. In vivo application of the V-COOL device produced a flow rate-dependent decrease in cerebral
cortical temperature, without affecting systemic temperature. The target degree of cerebral cooling (— 3.0 °C) was obtained
in 4.48 min at the flow rate of 0.4 mL/min, without significant changes in intracranial pressure. Survival and neurological
outcome at 24 h showed no significant difference compared to sham-treated rats. MRI study showed a transient dilation of
the ventricular system (+38%) in a subset of animals. The V-COOL technology provides an effective, rapid, selective, and
safe cerebral cooling to a clinically relevant degree of —3.0 °C.
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Introduction

Although recanalization therapies have greatly improved
outcome of patients with acute ischemic stroke [1], treatment
of other types of cerebral ischemia, which are not caused by
a focal thrombotic occlusion, remains largely unsatisfactory.
In particular, delayed cerebral ischemia (DCI) associated
with severe vasospasm accounts for up to 30% of mortality
and morbidity after aneurysmal subarachnoid hemorrhage
(SAH) and its management remains unsettled [2]. Other
examples of non-thrombotic cerebral ischemia are intraop-
erative hemodynamic stroke [3] and severe reversible cere-
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bral vasoconstriction syndrome [4]. Hypothermia is a highly
promising neuroprotective strategy with consistent anti-
ischemic activity in different animal models [5], pleiotropic
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mechanisms of action [6], and potential for combination
therapy [7]. Moreover, hypothermia could be potentially
beneficial in other non-ischemic acute brain disorders, such
as traumatic brain injury [8] and refractory status epilepticus
[9]. A major limitation for the implementation of systemic
hypothermia in neurological and neurosurgical patients is
that cooling to a core temperature of 34 °C, like in most
animal studies, requires prolonged sedation and mechanical
ventilation [10]. Moreover, systemic hypothermia is associ-
ated with potentially severe cardiac, infectious, and hema-
tologic side effects, which are dependent on its depth and
duration [11].

Selective cerebrospinal fluid (CSF) hypothermia is a
new unexplored concept, which may provide the following
major advantages, compared to systemic hypothermia: (i)
controlled cooling of the affected hemisphere; (ii) deeper
degree and prolonged duration of controlled hypothermia;
(iii) reduction of systemic side effects; and (iv) maintaining
the patient awake and accessible for neurological examina-
tion. In this study, we developed a new intraventricular cool-
ing device (acronym: V-COOL) for controlled cooling of the
CSF, starting with a bioengineering approach for analytical
and in vitro modelling and progressing to proof-of-principle
in vivo experiments in rats.

Methods

Analytical Modelling of the V-COOL Device and In Vitro
Preliminary Evaluation

A simplified, mono-compartmental model describing the
thermal balance of brain cooling by means of the extracor-
poreal recirculation of CSF was considered. The balance
involves the internal energy transferred to/from the brain tis-
sue by blood flow, the heat produced by parenchymal brain
metabolism, and the internal energy transfer induced by the
extracorporeal circulation of CSF. Before initiating the treat-
ment, the brain tissue may be considered at steady state, with
a temperature constant in time. As the treatment starts, cool
CSF is injected into the ventricular cavity, while warm CSF
is withdrawn at an equal flow rate, thus generating a ther-
mal unbalance aimed at reducing brain temperature. Under
some reasonable simplifying assumptions (e.g., ideal heat
exchange between the CSF and brain parenchyma, uniform
specific heat ¢, and uniform density p), the following time
course of brain temperature is yielded:

T=T,— (T,—Ty)e "

where T, is the pre-treatment temperature, 7 is the final
settling temperature, and 7 is the time constant of the process

(99% settling time equals 57). These quantities, in turn,
depend upon the treatment parameters as:

T = L . T = 0Ty + QcsrTesri + P/ pe
0y + Qcsr ® Q, + Ocsr

where subscripts b and CSF refer to blood and cerebrospinal
fluid, respectively; Q are flow rates, T; are inlet fluid tem-
peratures, V, is the total intracranial volume, and @ is the
heat produced by metabolism.

A simplified phantom model was developed for an in vitro
preliminary feasibility evaluation of the experimental set-
ting. The brain tissue was modelled as a spherical volume of
water of 2 mL, surrounded by a transparent, heat-insulating
polymethylmethacrylate (PMMA) capsule. Temperature
within the sphere was measured by a thermocouple probe
deepened into the fluid, replicating the simulated parenchy-
mal temperature. Two holes in the PMMA wall allowed for
water at 37 °C to be injected/withdrawn with a peristaltic
pump, thus replicating blood perfusion at a fixed 2.2 mL/
min flow. A separate hole in the wall allowed a dual-lumen
V-COOL cannula tip to be deepened into the core fluid vol-
ume. Water at 15 °C was injected through the inflow lumen
of this cannula with a syringe pump and, simultaneously,
withdrawn at the same flow rate (0.5, 0.8, 1.0 mL/min)
through the outflow lumen, thus representing the circula-
tion of cool CSF.

In Vivo Prototyping of the V-COOL Device

The selective CSF hypothermia principle relied upon auto-
mated extracranial circulation of the CSF. Specifically, the
V-COOL device consisted of a fluidic apparatus providing
for an open-loop circulation of mixed artificial CSF (aCSF)
and native CSF. aCSF has been routinely used as a vehicle
solution for repetitive administration of test agents to the
central nervous system of laboratory animals, with no safety
concerns [12]. The V-COOL device provides access to the
frontal horn of the left lateral ventricle through a purposely
developed concentric double-lumen cannula, suitable to
be applied under stereotaxic guidance. Within an external
hydraulic circuit, connected with the cannula, room tem-
perature aCSF was slowly injected (0.2 to 0.8 mL/min) into
the inner lumen of the cannula and gradually cooled down
to 10 °C during the inflow process by heat transfer via a
refrigerating jacket. The jacket, in turn, was recirculated
with a saline solution, which was kept continuously cold
via a refrigerating circuit based on the Peltier cell technol-
ogy (Fig. 1a). The injected aCSF mixed with the native CSF,
thus generating a net cooling effect of the CSF compart-
ment. The fluid flushed out by passive outflow via the outer
lumen of the cannula, into a waste iso-pressure reservoir. In
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Fig. 1 In vivo prototyping of the
V-COOL device (a). Successful
intraventricular access, verified
by injection of methylene blue
in the inner lumen of the can-
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all experiments, with the exception of those assessing func-
tional outcome at 24 h, successful intraventricular access
was verified by gentle injection of methylene blue in the
inner lumen of the cannula at the end of the experiment
(Fig. 1b).

In Vivo Study Design, Animals, and Surgery

The experimental protocol was conducted in accordance
with the national and European guidelines on the use of
laboratory animals (D.L. 26/2014; 2010/63/EU), received
a project license for Animal Care and Use from the Italian
Ministry of Health (81/2015-PR). Consecutive rats were
included. The primary outcome was net cerebral cooling. A
sample size of 38 animals was estimated to detect a 1.5 °C
difference in cerebral temperature across three V-COOL
flow rates, with 0.80 power and 0.05 type I error. Consider-
ing the exploratory purpose of the study and logistic con-
straints, randomization and blinded outcome assessment
were not applied.

Adult male Wistar rats (weight 282 +32 g; total n=42)
were anesthetized with intraperitoneal injection of ketamine
(90 mg/kg) and xylazine (10 mg/kg). Rats were placed on the
brain stereotaxic apparatus in prone position. A midline inci-
sion was made in the scalp and a burr hole was made to slowly
insert the distal portion of the V-COOL device in the fron-
tal horn of the left lateral ventricle at the cranial coordinates
ML —-1.55, AP—0.80, and DV 4.23, related to bregma. The
V-COOL device was activated for the desired duration (10 to
60 min). After the removal of the V-COOL device, scalp was
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sutured and rats were placed in single cages, where they recov-
ered from anesthesia and had free access to food and water.
Temperature was maintained at 37 °C using a heating pat from
the onset of ketamine-xylazine anesthesia until the activation of
the V-COOL device, then external heating was stopped.

Cerebral and Systemic Temperature Monitoring

Cerebral cortical temperature was continuously monitored
using a fiber optic temperature probe (OTG-M420, Opens,
Canada) connected to a single-channel signal conditioner
(PicoM, Opsens, Canada), gently introduced in the left (ipsi-
lateral) parietal lobe cortex via a burr hole at the cranial
coordinates ML —4.00, AP —4.16, and DV 1.13. Systemic
temperature was continuously monitored using a rectal tem-
perature probe (Ugo Basile, Italy). Both cerebral and sys-
temic temperature monitoring started before the insertion
of the V-COOL device and lasted for approximately 5 min
after the device was switched off. The net cerebral cooling,
AT (%), related to a certain time interval was expressed cor-
recting the measured change in cerebral temperature by the
measured change in the systemic temperature, according to
the following formula:

AT(1) = (T,(0) = T,(0) = (T,(0) = T,(0)

where T.(0) is the baseline cortical temperature; 7_(¢) is the
cortical temperature at the current time, #; 7,(0) is the base-
line rectal temperature; and 7,(¢) is the rectal temperature
at time 7.
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In a further set of preliminary experiments (n=4), a
second temperature probe was introduced in the right (con-
tralateral) parietal lobe cortex via a burr hole at the cranial
coordinates ML +4.00, AP—4.16, and DV 1.13.

Invasive Intracranial Pressure Monitoring

In a subset of animals, direct invasive intracranial pressure
(ICP) monitoring was performed using a fiber optic pressure
sensor (OPP-M250, Opsens, Canada) connected to a sin-
gle-channel signal conditioner (LifeSens, Opsens, Canada),
gently introduced in the same burr hole used for cortical
temperature measurement. [CP measurements were recorded
with a frequency of 20 Hz using a dedicated software, then
they were exported for analysis.

Neurologic Outcome Assessment

A subset of animals treated with V-COOL were compared to
sham-operated animals that received anesthesia, craniotomy,
and insertion of the V-COOL device, leaving it switched
off. Mortality was assessed 24 h after V-COOL applica-
tion. Garcia et al. neuroscore [13] was used to assess global
neurological functioning at 24 h and was expressed as a
dichotomous variable as follows: “good functional outcome”
(scores 14 to 18) or “poor functional outcome” (scores 3 to
13). Corner turning test [14] was used to score sensorimotor
asymmetries and visual-spatial deficits and was expressed
as a dichotomous variable as follows: “good functional out-
come” (scores > 30% right turns) or “poor functional out-
come” (scores <30%). Ordinal data for Garcia neuroscore
(3 to 18) and continuous data for corner turning test (0 to
100%) were also shown.

MRI-Based Volumetric Analysis of the Ventricular
System

Rats were placed in a horizontal-bore small animal 7 T MRI
scanner (BioSpec 70/20 USR, Bruker, Ettlingen, Germany),
equipped with a rat brain dedicated surface radiofrequency
coil used as signal receiver with a 72-mm-diameter volume
resonator. A Rapid Acquisition with Refocused Echoes
(RARE) T2-weighted coronal sequence (TR=3750 ms;
TE =33 ms; FA=90°/180°; RARE factor=8; FOV=30x24
mm>; in-plane resolution 0.150x0.150 mm?, 30 continuous
slices, slice thickness 0.500 mm; number of averages 10;
time duration 14 min) under isoflurane anesthesia (1.5% in
a20% O,/80% air mixture) was acquired. For each rat, MRI
was performed at 3 time points, with reference to V-COOL
application: 24 h before V-COOL application, immediately
after a 60-min application of the V-COOL device, 24 h after
a 60-min application of the V-COOL device. Volumetric
analysis of the entire ventricular system was quantified using

MIPAV (NIH Center for Information Technology, Bethesda,
MD, USA) and expressed in cubic millimeter.

Statistical Analysis

Results were analyzed using SPSS Statistics (IBM Corpo-
ration, USA). Values were expressed as mean + standard
deviation. The three-group analyses on cortical temperature,
rectal temperature, and intracranial pressure were done by
means of one-way ANOVA. The two-group analyses on
mortality, Garcia neuroscore, and corner turning test were
done by means of Fisher’s exact test for dichotomized values
and Mann—Whitney U test for ordinal and continuous values.
A p value of less than 0.05 was considered significant.

Results
Analytical Modelling and Feasibility Study

A preliminary feasibility study of the approach was per-
formed, using the simplified analytical model of brain-CSF-
blood thermal balance, to estimate the degree and timing
of cerebral parenchymal cooling after V-COOL application.
Considering a temperature of 15 °C of the inflow CSF, a
flow-dependent reduction of cerebral temperature (—3.0
to—5.8 °C) was obtained for inflow rates ranging from 0.5 to
1.0 mL/min, reaching a steady state within 5 min (Fig. 2a).
In vitro experiments, using the simplified model of brain-
CSF-blood interface within spherical PMMA capsule, rep-
licated experimentally the same conditions of the analytical
model. The in vitro model of V-COOL confirmed a flow-
dependent reduction of cerebral temperature for inflow rates
ranging from 0.5 to 1.0 mL/min, although a less efficient
cooling was observed (from — 1.7 to — 4.5 °C), owing to the
expected heat transfer. The dynamics of cerebral cooling
of the in vitro model, however, was similar to the analyti-
cal model and reached a steady state within approximately
5 min (Fig. 2b). Overall, the analytical and in vitro prelimi-
nary analyses demonstrated the feasibility of the V-COOL
prototype.

In Vivo Efficacy of V-COOL: Effect on Brain
and Systemic Temperature

In vivo thermographic monitoring was performed in 42
healthy rats during V-COOL application. The target degree
of cerebral cooling was set to— 3.0 °C. Considering heat loss
due to both thermodynamic and fluid dynamic shunt effect
occurring in vivo, aCSF inflow temperature was set at 10 °C.
According to the results of the in vitro model, inflow rates
ranging from 0.2 to 0.8 mL/min were chosen to maximize both
efficacy and safety. Duration of application ranged from 10 to
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Fig.2 Thermometric curves related to inflow rates from in silico (a)
and in vitro (b) modelling of the V-COOL device

60 min. Application of V-COOL induced a dose-dependent
mean reduction of brain cortical temperature in the ipsilateral
hemisphere of 1.76 °C, 3.09 °C, and 4.46 °C at the flow rates
of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/min (p =0.0008),

Fig.3 Representative trac-
ings showing the dynamics of
cerebral cortical temperature in
a rat during application of the
V-COOL device (a). Mean cer-
ebral cortical cooling (n=42)
during V-COOL application

—
)
N

respectively, with a time to steady state of 4.8 min (Fig. 3a,
b). Rectal temperature was minimally affected by V-COOL
application, with no change at 0.2 mL/min and 0.4 mL/min
and a 0.4 °C reduction at 0.8 mL/min (p =0.009; Fig. 3c). Pre-
liminary experiments (n =4) suggested a larger cooling effect
in the ipsilateral hemisphere, compared to the contralateral
hemisphere (Supplementary Fig. 1).

In Vivo Safety of V-COOL: Effect on ICP
and Functional Outcome

In vivo ICP monitoring was performed in 15 healthy rats.
Before V-COOL application, baseline ICP was 5.9 (+2.1)
mmHg. After V-COOL insertion, the passive outflow in the
extracranial reservoir was opened and ICP reached pressure
equilibrium at 0 mmHg. After V-COOL activation, mean
ICP values were 6.8 mmHg, 12.1 mmHg, and 31.8 mmHg
at the flow rates of 0.2 mL/min, 0.4 mL/min, and 0.8 mL/
min, respectively (p =0.0002; Fig. 4a, b), reaching a plateau
within 2 min. The flow rate of 0.4 mL/min was judged to
have a favorable balance between cooling efficacy and ICP
safety and it was chosen to be tested for 60-min application
of V-COOL and assessment of imaging and functional out-
come over the next 24 h. Functional outcome after 60 min
of V-COOL application was assessed at 24 h and compared
to sham surgery (Table 1). Neurobehavioral tests, compar-
ing V-COOL application (n=10) to sham surgery (n=7),
showed no difference in mortality (all animals survived), in
the corner turning test (p =1.000) and in the Garcia neuro-
score (p=0.485).
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Fig.4 Representative tracings showing intracranial pressure changes
in a rat during application of the V-COOL device (a). Mean intrac-
ranial pressure (n=15) during V-COOL application at increasing
inflow rates (b)

In Vivo MRI-Based Analysis of the Ventricular System
During V-COOL Application

The effect of 60-min application of V-COOL on the volume
of the ventricular system was studied using MRI in 5 healthy
rats, comparing baseline, immediately after 60-min applica-
tion of V-COOL and 24 h after V-COOL removal. After 1 h
of V-COOL application, ventricular volume increased by a
mean of 38%, returning to normal values 24 h after V-COOL
removal (Fig. 5a—c).

Discussion

Mild therapeutic hypothermia (33-34 °C) has been shown
to improve neurologic outcome in global cerebral ischemic
conditions such as moderate-severity post-cardiac arrest syn-
drome in adults [15], hypoxic-ischemic encephalopathy in
newborn infants [16], and aortic arch surgery [17]. A benefit
of therapeutic hypothermia in focal cerebral ischemic condi-
tions has been largely reported in experimental models of
ischemic stroke [18] and SAH-induced vasospasm [19], but
clinical studies have been inconclusive so far [20, 21]. Nota-
bly, a number of technical factors and predictable adverse
events limited clinical translation of systemic hypothermia
to acute neurological and neurosurgical patients [22-24].

In the present study, we aimed to go beyond the current
applications of therapeutic hypothermia, exploring the new
concept of selective CSF hypothermia and developing a ven-
tricular cooling device (V-COOL). The aim of the V-COOL
device is to rapidly obtain and maintain a target CSF temper-
ature in a lateral ventricle, generating a temperature gradient
across the ventricular system and two cerebral hemispheres.
The cooling mechanism of the V-COOL device is based on
exchange of cool-versus-warm CSF, similarly to hemodialy-
sis or plasma exchange.

Previous studies explored different external devices
aimed at inducing a selective brain hypothermia, using
an intranasal cooling vaporizer, a cooling helmet, and a
cooling collar. Overall, cerebral cooling efficacy of these
external cooling devices proved to be modest. RhinoChill,
a cooling technology providing transnasal evaporative
cooling, was studied in pigs and in cardiac arrest patients
and provided a net cooling effect of — 1.7 °C in 60 min
and reached the target tympanic temperature of 34 °C in
75-85 min, when coupled with surface cooling [25, 26].
A brain cooling helmet was studied in patients with severe
stroke and traumatic brain injury and provided a net cool-
ing effect of — 1.6 °C in 60 min and reached the target brain
cooling on—3 °C in 3.4 h [27]. Neuron guard, a flexible

Table 1 Functional outcome

X I Outcome Groups Success, n (%) p value Scores (mean + SD) p value
24 h after 60-min application of
V-COOL Mortality V-COOL 10 (100) 1.000 - -
Sham surgery 7 (100)
Garcia neuroscore V-COOL 8 (80) 0.485 15.1+2.4 0.610
Sham surgery 7 (100) 15.3+0.3
Corner turning test V-COOL 9 (90.0) 1.000 48.8+12.6 0.638
Sham surgery 6 (85.7) 42.5+21.2

“Success” indicates a good functional outcome at 24 h (alive; Garcia neuroscore 14 to 18; % of right
turns > 30%). “Scores” indicates ordinal data (3 to 18) for Garcia neuroscore and continuous data (0 to

100%) for corner turning test
SD standard deviation
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Fig.5 Representative brain MRI images (axial view) of a rat before
(a) and after 60-min application of V-COOL (b). The site of V-COOL
access is highlighted (dotted circles). Mean ventricular volume (n=>5)
was calculated before, immediately after 60-min application of
V-COOL, and 24 h after V-COOL removal (c)

cooling collar, was studied in sheep and provided a net
cooling effect of 0.6 °C in 60 min and approached —2 °C
at the steady state [28].

Our findings showed the feasibility, efficacy, and safety
of CSF cooling using the V-COOL device, which induced a
clinically meaningful and rapid brain selective hypothermia.
A net cooling effect of —3 °C of the cerebral cortex was
obtained within 5 min. Our results showed a favorable safety
profile of V-COOL, with a flow-dependent increase of ICP,
which could be maintained < 20 mmHg with a flow rate of
0.4 mL/min and a passive iso-pressure outflow. Under these
conditions, application of V-COOL for 60 min in healthy
rats did not affect survival and neurobehavior at 24 h and
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induced a mild and reversible dilation of the ventricular
system.

Our study has several limitations, particularly regarding
clinical translation. At the current stage, our results should
be regarded as a first, proof-of-principle, experimental
in vivo evidence of intraventricular cooling. The V-COOL
technology needs further developments not only before
being applied to patients, but also before being applied to
animal models of acute brain injury which requires manipu-
lation, surgery, and awakening from anesthesia.

A first translational development will be a flexible dou-
ble-lumen cannula to test the V-COOL device in awake
animals and in animal disease models. The current version
of the V-COOQOL device, developed to be used in rats, was
provided with a rigid cannula and was activated exclusively
under stereotaxic guidance, due to of small size of the rat
cerebral ventricles. Further studies in a large animal model
of acute brain injury, such as the middle cerebral artery
occlusion model in pigs [29], would allow to develop a new
version of the V-COOL technology with a larger, flexible,
double-lumen cannula.

A second translational development will be designing the
V-COOL device as a closed-loop circuit, allowing re-circulation
of the subjects’ own CSF. A “prompting” artificial CSF will be
needed only to fill the circuitry of the device, without continuous
refilling/wasting.

A third translational development, closely related to the
ones discussed above, will be increasing safety through an
optimized control of ICP and ventricular volume. A larger
double-lumen cannula, connected to a closed-loop cir-
cuit, with a downstream ICP-dependent outflow reservoir,
will guarantee improved outflow, reducing the risk of ICP
increase. Moreover, the V-COOL device could be clinically
developed to function also as an external ventricular drain to
remove excess CSF, regulate ventricular volume, and guar-
antee ICP control in patients. Ideally, V-COOL might be
integrated in a multi-lumen bolt including an ICP sensor, a
temperature sensor, and a CSF drain.

Further safety issues should be addressed using future
translational versions of the V-COOL device in large animal
models, before moving to clinical studies: in case of mispo-
sitioning, an alarm could be activated by combining real-
time data from the upstream pressure sensor and the outflow
pressure sensor; biomarkers of parenchymal, ependymal, or
meningeal inflammation could be analyzed in the outflow
reservoir to further investigate tolerability; the exchange
CSF rate tested in the rat version of the V-COOL prototype
(0.4 mL/min) corresponds to approximately 50 mL/min in
humans, which is approximately 10% of the exchange rate
of hemodialysis (500 mL/min). It is imperative to under-
stand the physiologic effects of rapid cerebral cooling in
an animal model of acute brain injury. Attention should be
high to detect unexpected adverse effects, learning from the
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experience with cardiac arrest, where rapid systemic cooling
with intravenous cold saline decreased the rate of return of a
spontaneous circulation in patients with an initial shockable
rhythm [30].

Finally, further experimental data are needed to study the
regional distribution and dynamics of brain cooling associ-
ated with the V-COOL device.

Conclusions

No intraventricular cooling device is available at present for
clinical use. Our findings provide proof-of-concept, experi-
mental evidence of the efficacy and safety of this therapeutic
approach at a pre-clinical level. Further experimental and
clinical studies are needed to translate the V-COOL tech-
nology as an adjunctive treatment of SAH-associated DCI
and other acute ischemic and non-ischemic brain disorders.
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