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ABSTRACT

BACKGROUND AND PURPOSE: Therapeutic hypothermia represents a promising neuroprotective treatment for patients with ischemic
stroke. Selective, intracarotid blood cooling may initiate rapid and early brain hypothermia, reduce systemic effects, and allow combined
endovascular mechanical thrombectomy. For this approach, a balloon cooling catheter system was designed and studied in vitro to
optimize its cooling performance.

MATERIALS AND METHODS: Computational fluid dynamics of blood cooling was performed within the common carotid artery lumen by
using 3 different catheter designs (I-, 2-, and 4-balloon array). On the basis of these results, a first catheter prototype was manufactured,
and its heat-exchange performance was tested in an artificial in vitro circulation simulating the common carotid artery lumen at different
flow rates (inflow temperature of 37°C).

RESULTS: In the computational fluid dynamics model, the catheter with the 4-balloon array achieved the highest cooling rate of
—1.6°C, which may be attributed to disruption of the thermal boundary layers. In the in vitro study, cooling of the blood substitute
at flow rates of 400 mL/min (normal common carotid artery flow) and 250 mL/min (reduced common carotid artery flow due to
distal MCA occlusion) achieved a temperature drop inside the blood substitute along the cooling balloons of —1.6°C and —2.2°C,
respectively.

CONCLUSIONS: The feasibility of intracarotid blood cooling using a new catheter system was demonstrated in vitro. A serial
4-balloon array led to an optimized cooling capacity approaching optimum target temperatures of mild therapeutic hypothermia.
To determine the therapeutic efficacy of combined selective therapeutic hypothermia and mechanical thrombectomy, further in

vivo studies by using a model of temporary ischemia with large-vessel occlusion and recanalization are required.

ABBREVIATIONS: CCA = common carotid artery; MT = mechanical thrombectomy; TH = therapeutic hypothermia

herapeutic hypothermia (TH) has become a clinical stan-

dard in patients with successful resuscitation after cardiac
arrest and in neonates with severe asphyxia, to increase the rate
of favorable neurologic outcome and reduce mortality.'™
Neuroprotection provided by TH affects multiple aspects of
brain physiology during all stages of ischemia (eg, excitotoxic-
ity, apoptosis, inflammation, free radical production, blood
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flow, metabolism, and blood-brain barrier integrity).5 Re-
cently, the feasibility and safety of TH in patients with acute
ischemic stroke was proved in controlled studies,®® and 2 mul-
ticenter, randomized clinical trials (European Stroke Research
Network for Hypothermia-1 and Intravenous Thrombolysis
plus Hypothermia for Acute Treatment of Ischemic Stroke
2/3)'*'" are currently underway to study its efficacy. Until
now, TH in patients with acute stroke has been applied only
systematically by surface cooling, intravenous cooling, or cold
saline infusions.

In patients with acute ischemic stroke related to large-ar-
tery occlusions, rapid treatment with mechanical thrombec-
tomy (MT) by using stent retrievers for vessel recanalization
reduces mortality and improves functional outcome according
to the recent release of landmark randomized controlled tri-
als.'*”'* However, reperfusion of ischemic brain tissue may
also induce additional tissue damage and hemorrhagic trans-
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FIG 1. Schematic illustration of combined simultaneous intracarotid
blood cooling in CCA and MT procedures by using a stent retriever
device for the treatment of acute MCA occlusion. The colored arrow
indicates transfer of cooled blood to ischemic brain and penumbra
via collateral arteries before the MT procedure with the stent re-
triever device placed across MCA occlusion.

formation, which potentially limit the benefits of such recan-
alization therapies.'> Although the neuroprotective effects of
TH may positively modulate mechanisms responsible for rep-
erfusion injury, current systemic cooling approaches involve
long induction times so that the therapeutic window may still
be missed for many patients.'®

We aimed to develop a combined approach of selective ce-
rebral TH and MT within a single procedure by using a cooling
catheter system that will be positioned in the common carotid
artery (CCA) and proximal ICA and simultaneously serve as
access for the intracranial MT procedure (Fig 1). Thus, cooled
blood may first reach the ischemic penumbra via collaterals
before recanalization and then further provide a “cold reper-
fusion” of the ischemic core during and after recanalization
treatment of the occluded cerebral arteries. Moreover, this ap-
proach of selective TH may enable an earlier and faster induc-
tion of brain cooling and the reduction of systemic adverse
effects of TH (ie, pneumonia) compared with systemic cooling
techniques. In particular, early initiation of TH before or dur-
ing vessel recanalization therapy is expected to be a critical
determinant of clinical outcome. '’

Before in vivo testing, the goal of this numeric and experimen-
tal in vitro study was to assess the feasibility and optimize the

FIG 2. Schematic of the cooling catheter system as a heat exchanger
between streaming blood and closed-loop circulation of cooling fluid
inside the catheter. Blue arrows represent flow pathways of cooling fluid
inside the inlet and outlet catheter lumen, with diversion from distal to
proximal into 2 adjacent balloons. Red arrows represent the blood flow
direction from the CCA into the ICA and external carotid artery.

blood cooling performance of the newly developed balloon cool-
ing catheter system for TH within the CCA lumen.

MATERIALS AND METHODS

Concept of Heat Exchange with the Balloon Cooling
Catheter System

The balloons at the tip of the catheter system act as a heat ex-
changer between the bypassing blood stream and the separated
cooling fluid circuit inside the cooling catheter, which is schemat-
ically depicted in Fig 2. The cooling fluid is circulated from the
inlet lumen up to the distal catheter tip and then diverted within
the outlet lumen, where openings to the balloons are provided
that allow heat exchange with the bypassing blood via thin balloon
surface membranes. In case of a multiple balloon array at the
catheter tip, the balloons are serially connected with the direction
of cooling fluid flow from distal to proximal. Thus, the catheter
outlet lumen is interrupted between the openings of each balloon
to prevent cooling fluid flow from bypassing the balloons. The
third central lumen designed for delivery of catheter systems for
MT is not depicted in the schematic.
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The bulk-average blood temperature
(area- and flow-rate-weighted average)
was calculated proximal and distal to the
balloon array at the cooling catheter tip.
Because of steady-state flow conditions,
the temperature calculation was per-
formed time-independently.

In Vitro Artificial “Blood Circuit”
Testing
An artificial “blood circuit” was con-
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FIG 4. Temperature gradient across heat exchange balloons with 3 different balloon arrays.

Numeric Simulation

A numeric calculation of the fluid flow and heat transfer was
performed by using the computational fluid dynamics software
SolidWorks Flow Simulation 2013 SP3.0 (Dassault Systemes
SolidWorks, Waltham, Massachusetts) by using a simplified
steady-state model without consideration of pulsatile flow behav-
ior. We simulated 3 cooling catheter configurations with different
balloon arrays: 1) 1 balloon with an 80-mm length, 2) 2 balloons
with 40-mm lengths, and 3) 4 balloons with 20-mm lengths, all of
which had a similar total surface area for heat exchange. Balloon
wall thickness was 15 pwm.

The computational mesh grid consisted of rectangular par-
allel-pipe-shaped fluid, solid, and partial cells, whose bound-
aries were orthogonal to the axes of the Cartesian global coor-
dinate system. The meshing of the fluid domain presented
approximately 2 million cells with mesh refinement near the
balloon wall, where the heat transfer takes place. For simula-
tion, the distal catheter tip with the heat exchanging balloons
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4 x20 mm structed with an internal diameter of 7
mm, compatible with the human CCA
(mean diameter, 7.4 mm'”); the artifi-
cial blood circuit was made of PVC
tubes (Guttasyn Kunststoff, Witten,
Germany). The complete installation of the in vitro bench test is
illustrated in Fig 3.

This circuit was filled with a blood substitute consisting of a
water-glycerine mixture (56% glycerin, 44% bi-distilled water),
which approximated the rheologic properties of human blood
(dynamic viscosity of 3.6 cP at 37°C). Constant warming to a
temperature of 37°C proximal to the cooling catheter inlet was
provided by a heating circulator bath (Haake DC10-B3; Thermo
Haake, Karlsruhe, Germany). Pulsatile circulation of the blood
substitute was achieved by a gear pump (Optima 1000 PD12; Die-
ner Precision Pumps, Embrach, Switzerland). The distal part of
the cooling catheter system with the heat-exchange balloons was
inserted into the circuit via a hemostatic valve.

The coolant (0.9% sodium chloride) was circulated inside
the cooling catheter circuit by means of a roller pump (Beh-
rotest PLP 220 with pump head PPH 303; Behr Labor-Technik,
Diisseldorf, Germany) at a flow rate of 100 mL/min. The cool-
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FIG 5. Temperature profiles derived from numeric simulation are illustrated along the cooling catheters with different serial balloon arrays (all
4-mm diameters): 1 X 80 mm (A); 2 X 40 mm (B); and 4 X 20 mm (C). C, The direction of blood flow is indicated by small black arrows, and the
direction of coolant flow inside the catheter lumina is indicated by small white arrows. Temperatures are not visualized on solid catheter
material (gray); larger rectangular gray areas represent blocked endoluminal portions, which enable serial coolant flow through respective
balloons. The magnified inlet image shows the junction between adjacent balloons: Disruption of thermal boundary layers is depicted at both
junction zones (small black arrowheads). Color coding corresponds to respective fluid temperature (10°C-37°C range; see scale).

ant temperature was kept constant at ~6°C provided by a cir-
culation thermostat (Ministat 125; Peter Huber Kiltemaschi-
nenbau, Offenburg, Germany). Flow rates of both circuits were
constantly measured by ultrasonic flow meters (M-2111;
Malema Engineering, Boca Raton, Florida). Pressures were
measured inside the cooling catheter circuit proximal to the
catheter inlet (HPSA-B10DVAB-020-G; Althen, Kelkheim,
Germany) and inside the “blood circuit” proximal to the cool-
ing balloons (HPSA-BI0DVAC-0,4BG; Althen). The coolant
temperature was measured at the catheter inlet and outlet hub
with precision fine-wire thermocouples (5TC-KK-KI-24-2 m;
Omega Engineering, Stamford, Connecticut). Temperatures
inside the blood circuit were measured by customized 1-mm
mineral-insulated thermocouples (NiCr-Ni; Temperatur Mes-
selemente Hettstedt, Maintal, Germany) proximal and distal to
the cooling catheter system. To compensate for temperature
stream layering of cooled and noncooled fluid distal to the
balloon cooling catheter, we positioned the distal point of tem-
perature measurement behind a flow indicator (CheMobil
PMP; Biirkle, Bad Bellingen, Germany), which had an inte-
grated impeller function for mixing of different temperature
fluid layers.

Three similar prototypes of the cooling catheter were tested
inside the blood circuit. We performed measurements sepa-
rately at 2 predefined flow rates of the blood circuit: 400 mL/
min, which is compatible with the mean blood flow rate of a
human CCA (389 = 73 and 381 = 79 mL/min; left and right
CCA, respectively'®), and 250 mL/min, which aims to simulate

the CCA flow reduction caused by an MCA occlusion (150 *
31 and 145 * 27 mL/min; normal left and right MCA flow rate,
respectively'®), neglecting potential autoregulatory flow
changes. All temperature, fluid pressure, and flow data were
continuously recorded and processed with an in-house-pro-
grammed software (LabVIEW 2013; National Instruments
Corporation, Austin, Texas). After the start of the blood sub-
stitute and coolant pumps and a brief transient time of 2 min-
utes to allow steady-state flow conditions, recording of tem-
perature data was performed for 2 minutes (100 temperature
measurements per second). The temperature data were time-
averaged over the 3 catheter prototypes.

RESULTS
The results of the numeric simulation are depicted in Fig 4, show-
ing the temperature gradient across the cooling catheter for the 3
tested balloon arrays. The increasing number of balloons corre-
lated with a higher blood-cooling performance, though the total
heat-exchange surface area remained the same for all balloon ar-
rays. This improved heat exchange for serial balloon alignments
may be attributed to a disruption of the thermal boundary layer
and increase of flow convection between the adjacent balloons
(Fig 5). The highest temperature decrease across the catheter was
—1.63°C by using a serial array of 4 X 20 mm balloons, while a
single 1 X 80 mm balloon provided a temperature decrease of
only —1.21°C.

On the basis of these results, the first prototype of the bal-
loon cooling catheter was manufactured, which consisted of 4
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polyamide balloons (Bavaria Medizin Technologie, Wessling,
Germany) with a diameter of 4 mm, a length of 20 mm, and a wall
thickness of 15 wm each. These were serially arranged at the cath-
eter tip communicating with 2 separate catheter lumina that con-
stituted the closed-loop cooling circuit. The third central “work-
ing lumen” with a diameter of 1 mm had an end-hole at the
catheter tip allowing passage of a 2.5F microcatheter and thus
distal access for MT treatment with a stent retriever device (Fig 6).

The in vitro experiments in the artificial blood circuit revealed
amean temperature gradient induced by the cooling catheter sys-
tem (time-averaged over 3 similar catheter prototypes) of 2.17 *
0.07°C and 1.55 = 0.06°C at “blood” flow rates of 250 and 400
mL/min, respectively (Fig 7). During cooling, the temperature of
the coolant inside the balloon catheter circuit increased by 5.46 +
.55°Cand 5.95 = 0.76°C at 250 and 400 mL/min, respectively. The
mean pressure drop of the coolant within the cooling catheter
system was 4.33 bar.

DISCUSSION

In this in vitro feasibility study, the blood-cooling performance of
a newly developed balloon cooling catheter system designed for
combined selective intracarotid TH and MT in acute stroke due to
large-artery occlusion was investigated. Intra-CCA blood cooling
was feasible with a mean temperature drop of 1.55°C. This result
was closely matched by the numeric simulation (temperature
drop of 1.63°C), which underlines the value of numeric simula-
tion as a developmental tool.

These measured temperature drops imply an in vivo blood
outlet temperature of ~35.5°C (based on a physiologic tempera-
ture of 37°). Clinical trials evaluating mild TH aim for optimum
target temperatures between 33°C and 35°C."" In both the nu-
meric and in vitro models, however, temperatures were kept con-
stant to 37°C proximal to the inlet of the balloon catheter system,
which neglects the in vivo recirculation effect of already cooled
blood. The latter may add to a further decrease in blood temper-
ature distal to the balloon catheter system in an in vivo applica-
tion. The latter effects should be dependent on the duration of
cooling. Moreover, at a lowered “blood” flow rate of 250 mL/min
reproducing the reduction of CCA blood flow because of distal
MCA occlusion, cooling reached —2.17°C, which more closely
approached the target of mild TH. This effect of heat exchange
improvement may likely be explained by the longer contact time
between balloons and blood substitute at lower flow rates.

It can be assumed that the blood temperature distal to the
balloon does not necessarily represent the parenchymal brain
temperature due to further heat loss through the arterial walls.
However, heat transfer with surrounding tissues is limited in
larger vessels and occurs predominantly in smaller arteries and
capillaries, suggesting that cooling is mostly transferred to the
region of perfused brain tissue: first, the ischemic penumbra;
then, following successful MT treatment, the ischemic core.

With regard to the cooling catheter design, numeric simula-
tion helped to improve the heat exchange performance by >30%
by using the serial balloon array at the catheter tip (4 X 20 mm).
The observed disruption of thermal boundary layers and increase
of flow convection between the adjacent balloons appear crucial
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FIG 6. Photograph of the cooling catheter tip with 4 sequentially
arrayed balloons.
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induction of cooling before vessel recan-
alization within a single procedure. An
optimized balloon catheter design with a

Temperature gradient in blood substitute
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FIG 7. Mean temperature gradients (SD) measured inside the in vitro blood circuit, which are
induced by 3 tested cooling catheter prototypes (balloon array; 4 X 20 mm) at 2 predefined flow

rates of blood substitute.

for optimization of cooling performance in view of the limited
volume within the CCA lumen and in a limited time window.

Our in vitro model has several limitations: Straight plastic tubing
has different thermal conductivity than arterial walls, and the artifi-
cial blood substitute has different thermal conductivity than blood.
Further assumptions were made relative to a constant pulsatile blood
flow and straight vessel anatomy with constant diameters, which is
not like individual human in vivo variations. Moreover, the follow-
ing assumptions are limitations to the computational fluid dynamics
model: the rigid and adiabatic behavior of vessel walls, an immobile
centered balloon catheter tip with a simplified symmetric 2-lumen
catheter model, data base—derived values of human rheology, esti-
mated heat loss along whole catheter length, and a simplified steady-
state flow model with nonpulsatile flow.

Intracarotid cold saline infusions have been investigated as an
alternative approach to selective brain hypothermia for the treat-
ment of acute ischemic stroke. Thus, a rapid induction of moder-
ate brain hypothermia was achieved in theoretic models of selec-
tive brain cooling.'”*> However, the in vivo experiments with
infusion of cold isotonic saline (4°C-17°C; 33 mL/min for 10
minutes) into the ICA could only demonstrate a temperature
drop of 0.84°C within the jugular venous bulb; these experiments
were performed in patients undergoing diagnostic cerebral an-
giography.” Moreover, hemodilution effects and volume over-
load may be other limiting factors for longer application of this
technique in patients with acute stroke.

As the next step, we will perform an in vivo study of intraca-
rotid blood cooling that will aim to evaluate the safety and efficacy
of the presented balloon catheter system in a large animal model
of temporary MCA ischemia and reperfusion.

CONCLUSIONS

In this in vitro study, the feasibility of intracarotid (CCA) blood
cooling was demonstrated by using a new 3-lumen balloon cath-
eter system, which was designed for combined selective TH and
MT in acute stroke due to large cerebral artery occlusion. This
approach appears particularly promising due to rapid and early

serial array of 4 balloons improved the
cooling capacity of the system by >30%,

Mcatheter #1  reaching the target of mild TH with
wethera iy blood temperature decrease of
cathetel
ameer 1.6°C-2.2°C.
i catheter #3
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