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Abstract
Intra-carotid cold infusion (ICCI) appears as a promising method for hypothermia-mediated brain protection from ischemic
stroke. Recent clinical pilot studies indicate easy implementation of ICCI into endovascular acute ischemic stroke treatment.
Current rodent ICCI-in-stroke models limit ICCI to the post-reperfusion phase. To establish a method for continuous ICCI over
the duration of intra-ischemia to post-reperfusion in rodent stroke models, a novel system was developed. Eighteen male
Sprague-Dawley rats were included. Intraluminal filament method was used for transient middle cerebral artery occlusion
(MCAO). Normal saline (~ 0 °C) was delivered (≤ 2.0 mL/min) into the internal carotid artery via a customized infusion system
without interruption during MCAO (intra-ischemia) to after filament withdrawal (post-reperfusion). Bilateral cortical and striatal
temperatures were monitored. Hypothermia goals were a temperature reduction in the ischemic hemisphere by 2 °C prior to
reperfusion and thereafter maintenance of regional brain hypothermia at ~ 32 °C limiting the administered ICCI volume to ½ of
each rat’s total blood volume. During ischemia, maximum brain cooling rate was achieved with ICCI at 0.5 mL/min. It took
2 min to reduce ischemic striatal temperature by 2.3 ± 0.3 °C. After reperfusion, brain cooling was continued at 2 mL/min ICCI
first (over 42 s) and maintained at 32.1 ± 0.3 °C at 0.7 mL/min ICCI over a duration of 15 ± 0.8 min. ICCI (total 12.6 ± 0.6 mL)
was uninterrupted over the duration of the studied phases. First system that allows continuous ICCI during the phases of intra-
ischemia to post-reperfusion in small animals for selective brain cooling and for investigations of other neuroprotective infusions.

Keywords Hypothermia . Selective brain cooling . Intra-arterial cold infusion . Ischemic stroke . Rodent model . Endovascular
thrombectomy

Introduction

Despite strong pre-clinical results indicating the potential of
therapeutic hypothermia to protect the brain in acute ischemic

stroke [1, 2], clinical trials so far have failed to show a bene-
ficial effect. Recent randomized controlled trials in stroke pa-
tients have struggled with feasibility and issues regarding the
safety of whole-body hypothermia, the current standard of
therapeutic hypothermia [3, 4].

As an alternative to whole-body hypothermia, selective
brain cooling via cold infusion into brain-supplying arteries
offers several advantages that could improve the likelihood of
success to translate hypothermia-mediated neuroprotection
from experimental studies into clinical ischemic stroke: First,
by hijacking the cerebral circulation instead of fighting against
the inflow of warm arterial blood into the brain, and targeting
only the organ or tissue of interest, i.e., the ischemic hemi-
sphere, this infusion method enables ultra-rapid induction of
“focused” hypothermia [5]. Second, focused cooling allows
adverse effects associated with whole-body cooling to be
avoided, e.g., shivering and summit metabolism [6]. Third,
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with the increasing dissemination and utilization of
endovascular thrombectomy (EVT; see Fig. 1(a)) [7], and by
accessing the same EVT catheter pathways, implementation
of intra-arterial cold infusion into the endovascular treatment
regimen for acute ischemic stroke seems feasible. This is sup-
ported by three recent pilot studies where short-term local
cerebral cold infusion was studied in acute ischemic stroke
patients undergoing EVT [8–10].

In these clinical pilot studies, intra-arterial cold infusion
was applied in twoways: In all three studies, the microcatheter
was used to briefly infuse cold saline distally to the occlusion
site, directly into the ischemic middle cerebral artery (MCA)

circulation, and prior to actual thrombectomy. Cold infusion
was then stopped for EVT (see Fig. 1(b, c)) [8–10]. Two
studies [8, 10] additionally administered intra-carotid cold in-
fusion (ICCI) through the guide catheter after completion of
EVT (see Fig. 1(c)).

Unfortunately, none of the pilot studies could demon-
strate any neuroprotective effect of cerebral cold infusion
[8–10] and, despite promising animal studies [5], join the
long queue of negative hypothermia-in-ischemic stroke tri-
als. Only a change of the translational strategy might break
this endless unlucky streak: prior to any further attempt of
a human trial, treatment variables such as the optimal

Fig. 1 Cold infusion during endovascular thrombectomy (EVT). (a) The
clinical workflow of EVT for treatment of acute ischemic stroke due to
proximal vessel occlusion. (b) The implementation of intra-arterial cold
infusion into EVT as performed in the clinical studies conducted by Peng
et al. [9], where the microcatheter was used for pre-reperfusion cold
infusion, and (c) the approach by Chen et al. [8] and Wu et al. [10] in

which additional intra-carotid cold infusion (ICCI) was administered via
the guide catheter after vessel recanalization. (d) The “guide catheter
approach,” i.e., taking advantage of the guide catheter for ICCI as soon
as it is placed in the internal carotid artery before recanalization.
Simulation of the latter approach in a small animal stroke model was
the aim of our study
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timing and duration of cold infusion, as well as the solu-
tion’s target temperature and composition, need individual
attention, and technical aspects that may limit feasibility of
future clinical implementation should be well addressed by
the experimental study design and setup.

Theoretically, brain hypothermia that is established earlier
to recanalization could more effectively mitigate the ischemic
cascade and reperfusion injury and, ultimately, improve out-
come [11, 12]. For instance, ICCI could be initiated much
earlier in the process through the guide catheter that is placed
into the internal carotid artery (ICA) already at the beginning
of the EVT procedure (see Fig. 1) in order to bridge the inter-
val until successful revascularization, which may take half an
hour or even longer from guide cannula placement into the
ICA [13, 14]. ICCI initiation would be even faster than the
aforementioned microcatheter approach, albeit brain tissue
cooling would be achieved not via direct infusion into the
ischemic bed but via collateral pathways. Additionally, with
the guide catheter infusion approach, the guide catheter re-
mains free for deploying the micro-guidewire and the
microcatheter, and the microcatheter itself remains available
for EVT during ICCI which would avoid critical delay (“time
is brain”; [15, 16]) of recanalization treatment as it has been
accepted in all three clinical pilot studies (see Fig. 1(b, c))
[8–10]. The only difference to standard EVT is that the guide
catheter is flushed by ICCI instead of non-chilled heparinized
saline that is routinely used to prevent thrombus formation
within the catheter. Finally, ICCI could be continuously ap-
plied from before to after recanalization with, if at all, only
short interruptions during actual clot retrieval (in order to pre-
vent distal embolization).

Our objective was to establish a novel infusion sys-
tem for continuous pre- to post-reperfusion ICCI in
small animal stroke models and simulate the clinical
roadmap of EVT in the acute stroke setting (see Fig.
1(d)).

Materials and Methods

Study Design

This is a prospective, non-randomized, controlled, interven-
tional experimental study.

Setting and Animals

Animal facility was located and experiments were conducted
at the Hertie Institute for Clinical Brain Research, Tübingen,
Germany. Before conduct of experiments, male Sprague-
Dawley rats (Charles River, Sulzfeld, Germany) were accli-
matized in a specific-pathogen-free environment with 12/12-h

reverse light-dark cycle and food/water provided ad libitum
for at least 2 weeks.

Anesthesia and Implantation of Probes

Anesthesia of spontaneously breathing rats was induced with
isoflurane 5% (CP-Pharma, Burgdorf, Germany) (in room
air), then maintained at 1.5–2% during operation.
Premedication consisted of subcutaneously injected carprofen
(5 mg/kg; Pfizer Deutschland, Berlin, Germany) and atropine
(0.1 mg/kg; B. Braun, Melsungen, Germany); lidocaine
(AstraZeneca, Wedel, Germany) subcutaneously was used
for local anesthesia before any incision. Four thermocouple
probes (diameter, 0.4 mm; AD instruments, Dunedin, New
Zealand) were implanted in the striatum (bregma/lateral/
depth: − 1/3/5 mm) and cortex (bregma/lateral/depth: − 1/3/
3 mm) in both hemispheres for continuous monitoring of the
brain temperature throughout the experiment. Laser Doppler
flowmetry (PeriFlux 5000, Perimed, Järfälla, Sweden) was
applied for regional cerebral blood flow monitoring (breg-
ma/lateral: − 1/6 mm).

Middle Cerebral Artery Occlusion

MCA occlusion (MCAO) was established with the filament
method. Briefly, after dissecting the right common (CCA),
external (ECA), and internal carotid arteries (ICA), ECA
was ligated with 4–0 sutures (Ethicon, Norderstedt,
Germany) as distally as possible. After clipping of CCA and
ICA with micro-clamps (Fine Science Tools, Heidelberg,
Germany), ECA was cut proximal to the ligation. A
silicone-coated 4–0 filament (coating diameter/length 0.41–
0.43/3–4 mm; Doccol, Sharon, MA, USA) was inserted ret-
rogradely into the ECA, and the open end of the ECA was
closed with another 4–0 suture. After removing the ICA clip,
the filament was forwarded into the ICA and pushed forward
18–20 mm to block the opening of the MCA. Rats with cere-
bral blood flow drop to ≤ 40% of baseline value on laser
Doppler flowmetry throughout the duration of MCAO were
considered successful models (e.g., [17]). The filament was
then secured with a clip around the ICA.

Intra-carotid Cold Infusion for Regional Brain
Hypothermia

In order to allow for an uninterrupted ICCI (0.9% saline at an
infusion temperature of 0–1 °C) from before to after reperfu-
sion, we developed an infusion port (see Fig. 2) which permit-
ted its placement during MCAO as well as filament retraction
during ICCI. For this purpose, a 21G Safety-Multifly® can-
nula (Sarstedt, Nuembrecht, Germany) was bent, a side hole
with a diameter of 0.3 mm was drilled in the cannula, and the
tip was blunted and coated with elastic silicone (Soudal,
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Leverkusen, Germany) for vessel wall protection during inser-
tion and prevention of leakage.

Ten minutes before planned reperfusion, the ECA suture
was opened. The end of the MCAO filament was placed
through the side hole of the infusion port which was then
introduced into the re-opened ECA, advanced to the carotid
bifurcation, and fixed with a 4–0 suture around the ECA (see
Fig. 2(b, c)). The infusion port was connected to a program-
mable automatic syringe pump (Pump 11 Elite; Harvard
Apparatus, Holliston, MA, USA). A dual in-line SC-20
heater/cooler (Warne Instruments, CT, USA) and a custom-
made closed-loop cooling systemwere interconnected to cool,
first, the infusate and, second, the line exposed to room air in
order to prevent re-warming of ICCI prior to entering the rats’
circulation (see Fig. 3). The SC-20 was set to 0 °C, its deepest
possible temperature. The additional cooling system was at-
tached to a refrigerated bath circulator Phoenix II/P2-C25P
(Thermo Fisher scientific, Karlsruhe, Germany), which was
set to − 20 °C.

Simultaneously with removing the ICA clip, which keeps
the filament in its position, the automatic infusion pump was
started for pre-reperfusion ICCI (see Fig. 2(d)). Reperfusion
was established by retracting the filament and, immediately
after, removing the CCA clip while ICCI continued without
interruption (see Fig. 2(e)).

Fig. 2 Infusion port. Illustration of the relevant experimental steps
required for uninterrupted pre- to post-reperfusion cold intra-carotid cold
infusion (ICCI). (a) The filament-induced middle cerebral artery occlu-
sion (MCAO) model. (b, f) Our custom-made silicone-coated infusion
port with a side hole that enables microsurgical insertion of the infusion

port into the external carotid artery (ECA) during ischemia. (c) The infu-
sion port in its final position. (d) Pre-reperfusion ICCI, followed—
without interruption—by (e) intra- and post-reperfusion ICCI during
and after retraction of the MCAO filament. CCA common carotid artery,
ECA external carotid artery, ICA internal carotid artery

Fig. 3 Infusate cooling systems. Black cylinders represent the
commercially available SC-20 cooler from Warne Instruments (CT,
USA) which was set to 0 °C (lowest temperature setting). In order to
prevent re-warming of the infusate prior to entering the brain circulation
of the rat, an additional custom-made closed-loop cooling system (shown
in (b), sketch and photo) was incorporated to cool the line exposed to
room air; the in-line cooling system was attached to a refrigerated bath
circulator that was set to − 20 °C. T1 to T3 and T4 show infusate temper-
ature measurements from different sites (a) without and (b) with the
additional cooling system installed (see Table 1 for results). A
polyvinylchloride interposition tube of 4 cm length (inner diameter:
1.3 mm; Sarstedt, Germany) allowed visual control during microsurgical
insertion of the infusion port into the external carotid artery
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A rectal temperature-feedback-controlled T-1000 homeo-
thermic system (CWE, CA, USA) was set to 37.5 °C in order
to maintain rats’ physiological body core temperature.

Intravenous Cold Infusion

The same infusion system was used for intravenous cold in-
fusion into the right femoral vein, in order to exemplify brain
cooling efficacy during whole-body cooling. However, the T-
1000 homeothermic systemwas turned off during intravenous
cold infusion.

Experiments for Establishing an Optimal ICCI Protocol

The experiments comprised of three parts. Part I was to deter-
mine cooling efficacy of ICCI at varying infusion rates, 0.2,
0.5, 0.7, 1.0, 1.5, and 2.0 mL/min, during filament MCAO
(intra-ischemic pre-reperfusion ICCI) and after filament re-
traction (post-reperfusion ICCI). Infusion rates were tested
sequentially in each animal; each infusion rate was tested for
30 s, and brain temperature was required to return to baseline
value before a new trial. In order to limit hemodilution, we
decided for 2.0 mL/min as the maximal infusion rate, which
equals ~ 50% of the physiological CCA blood flow in rats
[18]. Part II was to test different ICCI regimens and determine
a continuous pre- to post-reperfusion infusion protocol with
the following targets: first, during pre-reperfusion phase,
cooling the ischemic brain hemisphere by − 2 °C; second,
achieving regional brain temperature of ~ 32 °C, the quickest
possible; and third, maintaining the latter target temperature as
long as possible with a maximum ICCI volume corresponding
to half of the individual rat’s total blood volume, i.e., ~ 30mL/
kg body weight [19]. Part III was to assess feasibility and
reproducibility of the final ICCI protocol when initiated at
the very end of MCAO of 100-min duration and to exemplify
brain cooling efficacy of intravenous cold infusion when
using the same infusion protocol. During part III, fem-
oral artery cannulation was established with polyethyl-
ene (PE)-50 tubing (inner diameter 0.58 mm, outer di-
ameter 0.96 mm, Becton Dickinson, Franklin Lakes, NJ,
USA) for blood sampling and heart rate and blood pres-
sure monitoring during ischemia (at 50 min of MCAO)
and immediately after cold infusion.

All animals (of all experimental parts of the study) were
deeply anesthetized with isoflurane 5% at the respective ex-
periment’s end (i.e., 5 to 10 min after end of treatment with
cold infusion) and decapitated as soon as they stopped breath-
ing, and brains were visually assessed for hemorrhagic
complications.

Data Acquisition, and Analysis

Data including laser Doppler flowmetry, rectal, and brain tem-
peratures were recorded with LabChart 8 and PowerLab sys-
tem (both AD instruments) and plotted with Prism 6
(GraphPad Software, San Diego, CA, USA). Blood was ana-
lyzed with an i-STAT system using CG8+ cartridges (both
Abbott, North Chicago, IL, USA). Cooling efficacy was
interpreted from the plotted graphs by determining the maxi-
mum temperature drop from baseline and calculating cooling
rates. If not specified, all data are expressed as mean values ±
standard deviation. Adobe Photoshop 21 (Adobe, San Jose,
CA, USA) was used to create the artwork.

Results

The 18 rats were aged 11 to 12 weeks and weighed
360–470 g. Four and nine rats were treated with ICCI
in parts I and II, respectively. In part III, four rats
received continuous pre- to post-reperfusion ICCI and
one rat intravenous cold infusion using the same infu-
sion protocol. One ICCI-treated rat died from subarach-
noid hemorrhage (confirmed in autopsy) at the time of
filament retraction. No other hemorrhagic complications
were found.

Setup of the Cooling System

The addition of the custom-made closed-loop cooling system
(see Fig. 3(b)) prevented the infusate from re-warming before
entering the rats’ circulation. The flow rate–dependent
infusate outlet temperatures without (T3), and with (T4) this
additional cooling system are reported in Table 1.

Table 1 Temperature of the infusate before entering the rat circulation

Infusion rate (mL/
min)

T1 (°C) T2 (°C) T3 (°C) T4 (°C)

0.2 0.1 ± 0.4 8.9 ± 0.7 18.5 ± 0.2 2.8 ± 0.4

0.5 – 0.4 ± 0.2 5.0 ± 0.4 11.0 ± 0.2 0.2 ± 0.2

0.7 − 0.5 ± 0.1 4.5 ± 0.4 9.3 ± 0.3 − 0.3 ± 0.3

1.0 − 0.6 ± 0.1 3.9 ± 0.1 7.4 ± 0.1 − 0.3 ± 0.3

1.5 − 0.6 ± 0.1 3.2 ± 0.3 5.6 ± 0.2 − 0.1 ± 0.3

2.0 − 0.3 ± 0.1 3.0 ± 0.3 4.6 ± 0.1 0.3 ± 0.3

Infusate temperatures within (T1) the SC-20 cooler (Warne Instruments),
and at its outlet (T2), and at the tip of the infusion port without (T3) and
with (T4) the additional custom-made closed-loop cooling system (cf.
Fig. 3). Infusion rates range from 0.2 to 2 mL/min. Temperature data
are reported as mean values ± standard deviation of 30 s of stable
measurement
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Flow Rate–Dependent Brain Cooling Efficacy During
Ischemia and After Reperfusion

We observed different patterns of brain temperature decreases
during 30 s of pre- and post-reperfusion ICCI (see Fig. 4).
Whereas ICCI during MCAO only decreased ipsilateral
striatal but not cortical temperature, post-reperfusion ICCI af-
fected all measured brain areas, especially in the ipsilateral
hemisphere. Furthermore, the cooling rate during pre-
reperfusion ICCI plateaued at 0.5 mL/min but increased with
higher infusion rates during post-reperfusion ICCI.

Continuous Pre- to Post-reperfusion Infusion Protocol

Considering the lack of infusion rate dependency of brain
cooling during pre-reperfusion ICCI (see Fig. 4, upper row),
we chose the lowest effective flow rate (i.e., 0.5 mL/min) in
order to limit volume load. It took 2 min of 0.5 mL/min pre-
reperfusion ICCI to reduce ischemic striatal temperature by
2.3 ± 0.3 °C before filament retraction (see Fig. 5).

Because cooling efficacy increased with higher infusion
rates during post-reperfusion ICCI (see Fig. 4, lower row),
we chose flushing with the maximal infusion rate (i.e.,
2.0 mL/min) during filament retraction/reperfusion in or-
der to reach the ~ 32 °C target temperature in the ischemic
brain tissue as quickly as possible. Flushing with ICCI at
2.0 mL/min immediately after reperfusion over a duration
of 42 s reduced ipsilateral brain temperature on average by
5.3 ± 1.8 °C compared with baseline (see Fig. 5).

Continued post-reperfusion ICCI at 0.7 mL/min permitted
maintenance of regional hypothermia at 32.1 ± 0.3 °C in the
ipsilateral hemisphere for a duration of 14.6 ± 0.84 min (see

Fig. 5). On average, 12.6 ± 0.6 mL ICCI was infused over
17.3 ± 0.8 min.

Whole-body cooling with intravenous cold infusion re-
vealed a much slower and less effective cooling of the ische-
mic brain tissue. Temperature changes obtained in the contra-
lateral hemisphere and core body temperature were similar to
those during ICCI (see Fig. 5).

Blood pressure, heart rate, and results of arterial blood gas
analyses are displayed in Table 2. Initial and mean cerebral
blood flow drop at start and during MCAO ranged from 12 to
27% and from 10 to 38% of baseline value on laser Doppler
flowmetry.

Discussion

We present the first experimental setup which permits contin-
uous pre- to post-reperfusion ICCI for selective cooling of the
ischemic hemisphere in a small animal stroke model. For a
seamless translation from animal testing to bedside, our ap-
proach aimed at simulating the clinical EVT scenario in which
the guide catheter is used for ICCI delivery as soon as it is
introduced into the ICA, and ICCI is continued during EVT
until after reperfusion of the ischemic brain tissue (see Fig.
1(d)).

Comparison with Previous Experimental Setups

The current study shows that we were able to induce regional
hypothermia already before MCA recanalization (see
Fig. 6(a)). In contrast, previous small animal setups were lim-
ited to intra-arterial cold infusion in the post-reperfusion phase

Fig. 4 Flow rate–dependent brain cooling efficacy. Mean brain temper-
ature decreases (ΔT) during 30 s of pre- (upper row) and post-reperfusion
(lower row) intra-carotid cold infusion (ICCI) at infusion rates from 0.2 to

2.0 mL/min. Infusion rates were tested sequentially in each animal; each
infusion rate was tested for 30 s, and brain temperature was required to
return to baseline value before a new trial
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(see [5] for overview). Ding and colleagues used a modified
PE-50 tube for both, MCAO and delivery of cold infusion
(e.g., [20]). This tube is retracted in order to position its outlet
upstream of the MCA opening which inevitably results collat-
eral blood flow from the anterior cerebral artery entering the
MCA territory before cold saline is administered (see Fig.
6(b)). Other researchers investigated ICCI in the conventional
filament MCAO rodent model. In these, ICCI initiation was
even further delayed after reperfusion because the tube
intended for delivery of cold infusion could only be inserted
into the ICA after withdrawal of the filament (see Fig. 6(c))
(e.g., [21]). This problem has been addressed in our study by
integrating a dedicated infusion port.

In addition, (extracorporeal) re-warming of the cold
infusate that is exposed to ambient air temperature is signifi-
cant as observed in our experiment (see Table 1; Fig. 3(a)).
The present results suggest that the brain cooling efficacy with
ICCI is markedly higher in our experiment comparedwith that
in previously reported studies because of the addition of an
external in-line cooling system (see Fig. 3(b)) [5].

By allowing initiation of cold infusion before, during, and
after reperfusion, and the possibility of controlling the
infusate’s temperature, our approach is superior to the other
experimental setups and especially predestined to be used for

clarification of the optimal timing and duration as well as the
optimal target temperature of cerebral cold infusion.

Clinical Relevance of the Guide Catheter Approach

In the three clinical studies, the microcatheter was used for
cold infusion during EVT [8–10]. Hereby, the microcatheter
was navigated past the clot and cold infusion administered
distally to the vascular occlusion site, thus, directly into the
ischemic territory. This seems attractive for inducing pre-
reperfusion hypothermia in the ischemic brain tissue.
However, the use of the microcatheter for cold infusion leads
to an inevitable delay of arterial recanalization, a critical delay
that, if avoided, could save brain tissue from infarction and
improve the chances for favorable outcome. In the previous
clinical studies, this delay ranged from 5 (see Fig. 1(c)) [8, 10]
to 10 min (see Fig. 1(b)) [9]. Furthermore, cold infusion needs
to be stopped while thrombectomy devices occupy the
microcatheter (see Fig. 1(b, c)) leading to fast potentially
harmful tissue re-warming [22]. Besides, heat insulation of
the microcatheter will remain an issue as it needs to be thin
and highly flexible for enabling safe and effective EVT. In
order to achieve effective brain cooling, however, the infusate
temperature should be as low as possible before entering the

Fig. 5 Brain temperatures and
core body temperature during
continuous pre- to post-
reperfusion intra-carotid (ICCI)
and intravenous cold infusion.
Individual and mean temperature
decrease (ΔT) in the ischemic (a)
and the contralateral (c) cortex,
the ischemic (b) and the contra-
lateral (d) striatum, as well as in-
dividual and mean decrease of
core body temperature (e) during
continuous pre- to post-
reperfusion ICCI (n = 4) and in-
travenous cold infusion (n = 1).
Goals: Final infusion rates and
durations permit to reduce ische-
mic brain temperature by ~ 2 °C
before filament retraction. To
achieve and maintain the target
temperature of ~ 32 °C in the is-
chemic tissue as quickly and as
long as possible using a maxi-
mum infusion volume corre-
sponding to half of the individual
rat’s total blood volume
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circulation [23, 24]. This requirement is highly doubtful to be
feasible if standard microcatheters are used [25].

In contrast, the guide catheter remains proximal to the ves-
sel occluding clot. Consequently, pre-reperfusion cold infu-
sion through the guide catheter reaches the ischemic territory
solely via collaterals—similar to our experimental simulation
(see Fig. 1(a)). Thus, cooling efficacy might critically depend
on each patient’s individual clot burden and collateral circu-
lation [26]. The guide catheter, however, is larger and could be
sufficiently insulated. Heat-insulated guide catheter–like pro-
totypes for ICCI have already been developed and successful-
ly tested in healthy pigs [27] and in a canine strokemodel [28].
Additionally, the larger lumen of the guide catheter would
enable uninterrupted ICCI in parallel to EVT.

Strength and Limitations

The results of our experiment support the feasibility and effi-
cacy of ICCI to rapidly decrease brain temperature [27, 28],
much faster than alternative methods of selective brain
cooling (e.g., [29]). Hereby, hypothermia duration is limited
by the maximally tolerated infusion volume. Considering
practicality and ease of translation into clinical application,
we confined total ICCI volume to half of each rat’s individual
blood volume. Comparable volumes of (intravenous) cold

infusion are tolerated by stroke or cardiac arrest patients [22,
30]. In our study, blood pressure and heart rate immediately
after ICCI or intravenous cold infusion were lower compared
with measurements at 50 min of MCAO (see Table 2).
Comparable volume cerebral cold infusion animal studies
did not report such changes [5, 28], and stroke patients’ blood
pressure increased after high volume intravenous cold infu-
sion [22]. Continuous monitoring of vital parameters instead
of far apart punctual measurements may be the key for better
understanding of physiologic reactions to ICCI, i.e., differen-
tiating fluid load, systemic, and brain selective hypothermia-
mediated effects [22]. Hematocrit decreased by ~ 5% in our
study after cold infusion (see Table 2). However, blood gases
that are assessed from femoral arterial blood during ICCI do
not reflect local conditions in the downstream arterial intracra-
nial circulation. Unfortunately, assessing the latter is techni-
cally not feasible in rats. Because local hemodilution during
ICCI may negatively affect brain tissue oxygenation, we lim-
ited peak flow to 2 mL/min, which equals ~ 50% of rats’
physiological CCA blood flow [18]. In humans undergoing
diagnostic angiography, contrast is injected into the ICA or
CCA at even higher rates (i.e., 6 and 8 mL/s [31]) which
correspond to above 90% of the respective blood flow [32].
However, duration of contrast injection is only 1.5 s compared
with 42 s of ICCI at peak flow in our study [31]. Despite all

Table 2 Results of arterial blood gas analyses and vital parameters during ischemia and after cold infusion in the four rats whichwere treated with intra-
carotid cold infusion (ICCI) and the one treated with intravenous cold infusion

ICCI Intravenous cold infusion (n = 1)

After 50 min of MCAO (n = 4) Immediately after ICCI (n = 3)* After 50 min of MCAO Immediately after
intravenous cold infusion

pH 7.37 ± 0.02 7.32 ± 0.03 7.44 7.28

PaCO2 (mmHg) 50.0 ± 6.62 51.6 ± 4.16 37.4 55.7

PaO2 (mmHg) 97.3 ± 5.56 91.3 ± 4.04 108.0 91.0

Base excess (mmol/L) 3.5 ± 2.38 0.3 ± 0.58 1.0 0.0

Bicarbonate (mmol/L) 28.8 ± 2.57 26.4 ± 0.44 25.3 26.4

Total carbon dioxide (mmol/L) 30.3 ± 2.78 28.3 ± 0.58 26.0 28.0

Arterial oxygen saturation (%) 97.0 ± 0.82 96.0 ± 1.00 98.0 96.0

Sodium (mmol/L) 137.3 ± 1.50 140.7 ± 1.15 139 140

Potassium (mmol/L) 5.2 ± 0.61 4.7 ± 0.10 4.7 4.6

Ionized calcium (mmol/L) 1.4 ± 0.06 1.4 ± 0.09 1.34 1.45

Glucose (mmol/L) 12.2 ± 2.12 11.21 ± 2.71 11.8 11.7

Hematocrit (%) 39.8 ± 3.10 34.7 ± 3.21 42.0 36.0

Hemoglobin (mmol/L) 8.4 ± 0.66 7.32 ± 0.70 8.9 7.6

Mean arterial pressure (mmHg) 86.9 ± 12.96 78.1 ± 6.72 104 77

Hear rate (beats per min) 386.2 ± 55.33 319.6 ± 8.16 466 355

*One rat in ICCI group died at the moment of filament retraction

pH potential of hydrogen value, PaCO2 arterial carbon dioxide partial pressure, PaO2 arterial oxygen partial pressure

All data are reported as mean values ± standard deviation
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efforts to enhance cooling efficacy, the overall hypothermia
duration was less than 20 min in our study. The duration of
cerebral cold infusion–induced hypothermia in other small
animal studies was shorter, and in some only 3 min [5].
Closed-loop cold autologous blood perfusion might overcome
this limitation, but therapeutic heparinization required for
preventing emboli formation at the catheter might be deleteri-
ous in the acute stroke setting especially when thrombolysis is
conducted [33]. Intra-carotid balloon cooling catheter systems

have been tested in sheep [29, 34]. Compared with cerebral
infusion, their cooling efficacy is low, which renders them
unsuitable for fast induction of brain hypothermia [29].
However, due to the absence of fluid load, balloon cooling
systems may be used in order to prolong hypothermia beyond
ICCI [34]. Unfortunately, balloon catheters for rodent-sized
animals do currently not exist. On the other hand, prolonged
hypothermia may not even be reasonable: from a practical
point of view, in order to liberate limited resources, patients

Fig. 6 Existing experimental setups for testing intra-arterial cold infusion
in small animal stroke models. (a) Our setup which currently is the only
that allows for cooling of the ischemic brain tissue as early as during
middle cerebral artery occlusion (MCAO) (left); intra-ischemic cold in-
fusion reaches the ischemic tissue via collaterals (e.g., the anterior cho-
roidal artery or leptomeningeal collaterals from the posterior cerebral
artery); cold infusion is indicated by blue arrows. Furthermore, our setup
allows for uninterrupted continuation of cold infusion during (middle)
and after (right) filament retraction/reperfusion (see also Fig. 2); reperfu-
sion is indicated by the red arrows. (b) In Ding’s approach (e.g., [20]), a

modified PE-50 tubewas used for both, MCAO (left) and delivery of cold
infusion. Cold infusion was only started after collateral blood flow from
the anterior cerebral artery was established, i.e., after tube retraction
which was required in order to position its outlet upstream of the MCA
opening (middle). (c) Ji’s approach (e.g., [21]) uses the same classic
filament MCAO model as in the present study, but without the infusion
port—thus, cold infusion in Ji’s experiment could only be initiated after
completed reperfusion and with a delay of several minutes (right)
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should leave the catheter lab or ICU the soonest possible after
EVT. Intra-carotid balloon or any other cooling catheter sys-
tems that remain in place would inevitably require extensive
supervision plus deep sedation to prevent catheter dislocation,
vessel wall dissection or perforation, and other harm to poten-
tially non-compliant and often delirious acute stoke patients.
Consequently, before considering to extend hypothermia du-
ration, all efforts should be undertaken to determine other
favorable treatment variables. In future studies, strict physio-
logical monitoring, ideally including cerebral hemodynamics
and tissue oxygenation, is prerequisite during but not limited
to prolonged hypothermia and should be performed alongside
with a critical safety assessment focusing on hemorrhagic
complications and vessel wall integrity also in old-aged ani-
mals and cardiovascular high-risk rat strains.

The aim of our study was to establish the first easily repro-
ducible small animal setup that allows continuous cold infu-
sion from before to after reperfusion and, by reporting all
experimental steps in detail, to facilitate its use in future mul-
ticenter evaluations. The small sample size of this study does
neither allow assessment of neuroprotection nor safety of
ICCI. However, we did only observe a single bleeding com-
plication, which we attribute to filament withdrawal rather
than cold infusion.

So far, continuous pre- to post-reperfusion intra-arterial cold
infusion was successfully realized only in one canine [28] and
one primate strokemodel [35]. Use of large animalmodelsmight
bemore attractive when studying thermodynamic effects of ICCI
due to their larger gyrencephalic brains compared with the small
lissencephalic brains of rodents [5]. However, high costs and
ethical considerations clearly limit feasibility of large animal ce-
rebrovascular models. Additionally, in pigs, the most widely
accepted species for large animal experiments, their rete mirabilis
poses amajor challenge for simulation of EVT in ischemic stroke
[36]. These factors are important considering the need for many
more experiments necessary to determine very basic treatment
variables such as optimal timing, target temperature, duration,
and also composition of cold infusion.

It should be noted that brain temperature curves in our rat
experiments closely resemble those of the (non-stroke) pig or
(stroke) canine study [27, 28]. Unfortunately, brain tempera-
ture has not been measured in the human pilot studies testing
cerebral cold infusions during EVT [8–10], temperature trends
obtained in the primate stroke model were not reported [35],
and lacking information on brain temperature probes’ pene-
tration depth in the canine stroke model does not allow for
comparing species related and brain structure specific cooling
rates during ischemia and after reperfusion [28]. In our rat
experiments, ICCI decreased ipsilateral striatal temperature
much faster compared with ipsilateral cortical temperature
(see Fig. 5(a, b)). This difference was most pronounced during
MCAO (see Fig. 4) when cold infusion reaches the target
ischemic tissue via collaterals (see Fig. 6(a)): compared with

the distance ICCI must overcome before reaching the cortex
via leptomeningeal collateral vessels of the posterior cerebral
artery, the distance from the anterior choroidal artery and its
branches to deep brain structures adjacent to the striatum is
much shorter [37, 38]. Less heat transfer on the way may well
explain the more effective cooling of the latter. Most likely,
the same also applies for ICCI after reperfusion: distance to
the striatum via lenticulostriate branches arising from the
proximal MCA is shorter than to the cortex which is supplied
by the most distal segments of the MCA [37, 38].
Unfortunately, we did not confirm if and how our approach
works in rat strains with poor collaterals such as spontaneous
hypertensive rats [37].

Because matching of core body and brain temperature curves
during intravenous cold infusion has already been shown in
swine and (by our group) even in stroke patients [22, 39], we
only conducted one single experiment on systemic cooling with
intravenous cold infusion for the purpose of illustration. We did
not conceive the present study to evaluate systemic cooling.

Conclusion

Our experimental setup is the first to successfully implement
ICCI-induced brain cooling into the simulated clinical workflow
of EVT in a small animal ischemic stroke model with a very
early onset of hypothermia induction, i.e., when the guide cath-
eter is placed into the ICA (see Figs. 1(d) and 6(a)). Unlike other
experimental and clinical approaches, the suggested “guide cath-
eter approach” promises improved feasibility, timing, and effica-
cy of regional hypothermia of the ischemic hemisphere. The
present method allows local cooling to be initiated before vessel
recanalization and continuation of fully temperature-controlled
cold infusion until after tissue reperfusion without interruption
and unwanted brain temperature fluctuations, which renders our
setup the ideal platform to test modifications of the many treat-
ment variables of cerebral cold infusion including timing and
target temperature, and to explore their influences on efficacy
and safety outcomes before another attempt of a human trial.
Our experimental setup may also be used to investigate other
types of neuroprotective infusion in the context of EVT.
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