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Abstract

Background: Acute brain lesions constitute an alarming public health concern. Neuroprotective therapies have
been implemented to stabilize, prevent, or reduce brain lesions, thus improving neurological outcomes and survival
rates. Hypothermia is the most effective approach, mainly attributed to the reduction in cellular metabolic activity.
Whole-body cooling is currently implemented by healthcare professionals; however, adverse events are frequent, lim-
iting the potential benefits of therapeutic hypothermia. Therefore, selective methods have been developed to reduce
adverse events while delivering neuroprotection. Nasopharyngeal approaches are the safest and most effective meth-
ods currently considered. Our primary objective was to determine the effects of a novel nasopharyngeal catheter on
the brain temperature of pigs.

Methods: In this prospective, non-randomized, interventional experimental trial, 10 crossbred pigs underwent naso-
pharyngeal cooling for 60 min followed by 15 min of rewarming. Nasopharyngeal catheters were inserted into the left
nostril and properly positioned at the nasopharyngeal cavity.

Results: Nasopharyngeal cooling was associated with a decrease in brain temperature, which was more signifi-
cantin the left cerebral hemisphere (p =0.01). There was a reduction of 1.47 £0.86 °C in the first 5 min (p <0.001),
2454 1.03 °C within 10 min (p<0.001), and 4.45 4 1.36 °C after 1 h (p<0.001). The brain-core gradient was
4.574+0.87 °C (p<0.001). Rectal, esophageal, and pulmonary artery temperatures and brain and systemic hemody-
namic parameters, remained stable during the procedure. Following brain cooling, values of oxygen partial pressure
in brain tissue significantly decreased. No mucosal lesions were detected during nasal, pharyngeal, or oral inspection
after nasopharyngeal catheter removal.

Conclusions: In this study, a novel nasopharyngeal cooling catheter effectively induced and maintained exclusive
brain cooling when combined with effective counter-warming methods. Exclusive brain cooling was safe with no
device-related local or systemic complications and may be desired in selected patient populations.
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Introduction
The annual incidence of patients with acute brain lesions
(0.44%) constitutes an alarming public health con-
cern worldwide [1-4]. This high incidence is caused by
hypoxic—ischemic brain injury following cardiac arrest
as well as severe traumatic brain injury, hemispheric
stroke, and high-grade subarachnoid hemorrhage. Pri-
mary brain lesions occur during the initial insult and can
be aggravated for up to 8 weeks [5, 6]. Secondary brain
lesions [7, 8] may occur gradually over subsequent days
and worsen primary lesions, imposing a devastating bur-
den on families and societies. Neuroprotective therapies
have been implemented with the intention to stabilize
primary lesions, prevent or reduce secondary lesions, and
improve neurological outcomes and survival rates [9, 10].
Hypothermia is one of the most promising and effective
neuroprotective methods, mainly because it reduces cel-
lular metabolic activity [11-13]; however, other mecha-
nisms [14—17] also contribute to the observed benefits.
Therapeutic hypothermia and targeted temperature man-
agement have been recommended by the American
Heart Association [18—20] and The Cochrane Collabora-
tion [21] for preserving cerebral function of patients sur-
viving resuscitation after cardiac arrest. The indication
for therapeutic hypothermia in patients with traumatic
brain injury is still controversial, but recent meta-analy-
ses have suggested that this method is beneficial [22, 23].
Whole-body cooling is the current method imple-
mented by healthcare professionals; however, adverse
events are frequent with incidences of cardiovascular
and infectious complications that vary from 34 to 52%
[21, 24-26], which limits the potential benefits of thera-
peutic hypothermia. Therefore, more selective methods
have been developed and tested with the aim of reduc-
ing adverse events while delivering neuroprotection,
with fewer risks to patients [5, 21]. Among the methods
with preferential action on brain tissue, nasopharyngeal
approaches are the safest and most effective currently
under study [27-32]. Their anatomical positioning facili-
tates heat exchange with cervical blood vessels and cer-
ebrospinal fluid flow directed to the brain. Furthermore,
conduction of heat through the skull base bones is also
effective. Perfluorocarbon gas [27, 29, 30], oxygen [31],
and compressed air [32-35] administration into the naso-
pharyngeal cavities is able to cool the brain, but these
methods do not allow precise control of temperature,

and safety issues remain [36]. Methods utilizing circu-
lating water are the most promising approaches due to
their superior safety profile and ability to exchange heat
with nasopharyngeal surfaces effectively [37]. However,
no nasopharyngeal method has yet proven whether brain
cooling without systemic temperature reduction is possi-
ble and assessed whether this approach could reduce the
systemic consequences of core temperature reduction
and its related adverse events.

Our primary objective was to determine the effects of a
novel nasopharyngeal catheter on the brain temperature
of pigs. The secondary objective was to assess the local
effects of the nasopharyngeal cooling catheter and sys-
temic effects of exclusive brain cooling.

Methods

This prospective, non-randomized, interventional experi-
mental trial was conducted to investigate the feasibil-
ity of inducing exclusive brain cooling during a period
of 60 min followed by 15 min of rewarming. Counter-
warming was implemented to prevent core temperature
reduction using blankets and thermal mattresses during
the intervention.

The study protocol was submitted to and approved by
the Institutional Animal Care and Use Committee of the
School of Medicine at the University of Sdo Paulo (USP)
(Approval number: 1.085/09). The study was developed
according to the recommendations of the National Insti-
tute of Health [38], American Physiological Society [39],
National Council for the Control of Animal Experimen-
tation [40], and the Ethics Committee on Animal Use
[41]. All applicable institutional and national guidelines
for the care and use of animals were followed. Experi-
mental animals were purchased from breeders near Sao
Paulo, following the legal procedures of the Department
of Agriculture and Supply and Agricultural Defense, and
were delivered to the School of Veterinary Medicine and
Animal Science at the USP, such that they could be sent
to the School of Medicine at USP on the morning of the
trial.

Inclusion Criteria

Research subjects were eligible if they were the follow-
ing: [1] healthy crossbred pigs; [2] of either sex; [3] aged
3—6 months; [4] weighed between 15 to 25 kg; and [5]
had baseline arterial oxygen saturation above 92%.
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Exclusion Criteria

Research subjects were ineligible if they had the fol-
lowing: [1] baseline brain temperature below 36 °C; [2]
anatomical obstructions of the upper airway; [3] cur-
rent participation in another ongoing experiment; [4]
hemodynamic instability; and [5] inadequate anesthetic
level.

Study Interventions

Preparation

Animals (Landrace, Duroc, and Pietrain; 50% male)
had free access to food and water the night before the
experiment. Pre-anesthesia was initiated 30 min before
any procedure and consisted of an intramuscular injec-
tion of ketamine (15 mg/kg) and xylazine (2 mg/kg) [42].
The marginal ear vein was punctured with a 20G cath-
eter (BD Insyte Autoguard; Franklin Lakes, NJ, USA).
Anesthesia was induced with intravenous administra-
tion of sodium thiopental (10 mg/kg) and maintained
with the same substance (180 pg/kg/min), along with
fentanyl citrate (0.08 pug/kg/min) [42]. Tracheostomy was
performed, and an endotracheal tube (Portex; Smiths
Medical, Minneapolis, Minnesota, USA) with a diam-
eter of 6 mm was inserted for safe airway assessment.
Volume-controlled mechanical ventilation was imple-
mented using a microprocessor-equipped anesthesia
ventilator (DX 5010; Philips/Dixtal, Manaus, Amazo-
nas, Brazil). The minute-volume was adjusted to keep
the partial pressure of end-tidal CO, between 35 and
45 mmHg. Positive end-expiratory pressure was main-
tained at 5 mmHg, and the fraction of inspired oxygen
was 100%. Arterial blood samples were collected to
calibrate capnography and to confirm pre-established
baseline variables. Animals were hydrated with 250 mL
of saline solution before initiating experimental proce-
dures and underwent a 30-min period of respiratory and
hemodynamic stabilization prior to the start of the main
intervention.

Surgical Implantation of Intracranial Pressure Catheters

with a Thermometer and Partial Pressure of Oxygen (Pbt02)
Sensor

An intraparenchymal intracranial pressure (ICP) catheter
coupled to a thermometer (Neurovent-P-T; Raumedic,
Helmbrechts, Germany) was implanted in the right
hemisphere. A second ICP catheter with a thermometer
and PbtO2 sensor (Neurovent-P-TO; Raumedic) was
implanted in the left hemisphere. The catheters were
inserted through cranial burr holes positioned 0.5 cm
lateral to the midline and 1 cm above the coronal suture
bilaterally, and their tips were positioned 1.5 cm below
the cortical surface. Intraoperative ultrasonography was
used to confirm the position of the ICP catheter tip in the
cortical parenchyma.

Nasopharyngeal Brain Cooling and Counter-Warming

Brain cooling was induced and maintained with a naso-
pharyngeal cooling catheter (Fig. 1) inserted into the
left nostrils of all animals and externalized through the
oral cavity. The catheter consisted of a tube with two
non-expandable sections; a nasal (proximal) section
with an internal diameter of 1/4” and an oral (distal) sec-
tion with an internal diameter of 3/8”. Between the two
non-expandable sections, the catheter contained a semi-
expandable section with a thin wall expected to expand
to 5 cm in diameter and conform to the nasopharyngeal
cavity under the pressure of 12 psi generated by a water
pump. A small portion of the semi-expandable section
was observed in the oropharynx to confirm the proper
position of the catheter and prevent it from occupying
laryngeal or oral cavities. The final position of the cooling
catheter included the left nostril, nasopharynx, orophar-
ynx, and oral cavity.

The catheter was then connected to an insulated res-
ervoir containing 1 L of water and 1 kg of ice in a closed
loop arrangement under continuous flow provided by a
submersible centrifugal water pump (S180; Sarlo Better,
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Fig. 1 Nasopharyngeal catheter with expandable section inflated with air, for demonstration
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Sao Paulo, SP, Brazil) with inflow through the proximal
section and outflow through the distal section (Fig. 2).
Cold water was maintained at a temperature range
between 0 and 2 °C, while ice was replaced when water
temperatures exceeded this range, and the flow rate
was set to 1-3 L/min. During the cooling intervention,
counter-warming was employed with thermal mattresses
(150 W) and blankets and maintained for an additional
15 min during the rewarming phase. Brain temperature
reduction was targeted to differ by at least 1 °C from
baseline temperature without a lower temperature limit.
The cooling protocol consisted of induced hypothermia
for 60 min followed by 15 min of rewarming. Data for
each parameter were collected every 5 min.

Monitoring

The brain temperature was monitored bilaterally using
parenchymal catheters (Neurovent-PT and PT-O; Rau-
medic). Systemic temperatures were assessed with three
thermometers; one in the rectum (AT-02005-0; Dixtal
Biomédica, Sdo Paulo, SP, Brasil), a second in the esopha-
gus (AT-02005-0; Dixtal Biomédica), and a third at the
pulmonary artery (93A-131H-7F; Baxter Edwards Criti-
cal Care, Irvine, CA, USA). All data were transmitted and
stored on a multiparametric monitor (DX 2020; Philips/
Dixtal).

Heart rate (HR), blood pressure, and cardiac output
(CO) were also assessed. HR was monitored using three
electrodes placed on the chest area (3 M Red Dot ECG
Electrodes, St. Paul, MN, USA), mean arterial pressure
(MAP) was determined using invasive arterial cath-
eters positioned in the femoral artery (ASK-04018-
HCA; Arrow International, Reading, PA, USA), and
CO was measured with a pulmonary artery catheter
(7F93A131H; Baxter Edwards Critical Care) using the
intermittent thermodilution technique [43-47]. Data
were captured and stored on a multiparametric moni-
tor (DX 2020; Philips/Dixtal).

ICP data were collected along with right hemisphere
temperature data using the same catheter (Neurovent-
PT, Raumedic). Data were transmitted and shown on a
multiparameter monitor (DX 2020; Philips/Dixtal).

Cerebral blood flow velocity (CBFv) was assessed
using a transcranial Doppler (TCD) ultrasound sys-
tem coupled to a 4-8 MHz multi-frequency transducer
(MicroMaxx SonoSite; Bothell, WA, USA). It was nec-
essary to perform a small craniotomy in the temporal
bone to enable contact of the ultrasound transducer
with dura mater for a better signal. TCD data were col-
lected in all animals from the middle cerebral artery
by a physician with expertise in this procedure (co-
author EB Shu). Mean velocity, peak systolic velocity
(SV), end-diastolic velocity (EDV), and resistance index

insulated water tank

Fig. 2 Schematic presentation of the arrangement of the water pump connected to the nasopharyngeal catheter. (1) Thermometer, (2) water
and ice, (3) submersible water pump, (4) submersible water pump AC cable, (5) inflow tube, (6) semi-expandable section, (7) outflow tube, and (8)
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(RI) were recorded. Through the same cranial window,
ultrasound B Mode was used to obtain images of the
intracranial space and confirm the position of the ICP
catheter.

The PbtO2 in brain tissue was determined with the
same catheter (Neurovent-PT-O; Raumedic) used for
monitoring ICP, left hemisphere temperature, and PbtO2
simultaneously. These data were stored on a specific
monitor (MPR2 logo; Raumedic).

Nasal, pharyngeal, and oral inspections were per-
formed with direct laryngoscopy immediately after
removal of the nasopharyngeal catheter. Possible lesions
were described according to their severity, extent, and
depth.

At the end of experimentation, all animals were eutha-
nized with an additional dose of 1 g thiopental sodium
and a rapid intravenous administration of 2 mEq/L/kg
body weight of 19.1% KCl.

Statistical Methods

The recommended sample size was calculated by a stat-
istician. A total of 10 animals were necessary to detect a
1 °C decrease in temperature from baseline with a power
of 80% and significance level of 0.05 in a one-tailed paired
test.

The investigation hypotheses of this study were as fol-
lows. HO: temperature reduction<1 °C versus H1: tem-
perature reduction>1 °C.

The Shapiro—Wilk test was used to assess whether
physiological parameters and vital signs were normally
distributed. Statistical comparisons between differ-
ent time points were performed using either a paired ¢
test for normally distributed variables or the Wilcoxon
matched-pairs signed rank test non-normally distributed
variables. The within-subject variance was assumed to
be constant, and observations within subjects were inde-
pendent. Fractional polynomial regression was used to
fit models to predict cerebral temperature given the total
time of nasopharyngeal cooling. Data are expressed as
means =+ standard deviations. Analyses were conducted
with SPSS 17.0.0 (SPSS, Inc., Chicago, IL, USA).

Results

After applying the inclusion and exclusion criteria, a total
of 10 healthy crossbred pigs were enrolled in a single
center over a period of 8 weeks. The animals had a mean
weight of 20.6+1.8 kg.

Nasopharyngeal catheters were inserted in the left
nostril and properly positioned at the nasopharyngeal
cavity of all study animals. Water at a mean temperature
of 0.60£0.19 °C and mean flow rate of 2.20+0.47 L/
min was circulated inside the catheter during the study.

The cooling intervention lasted 60 min, and the active
rewarming occurred over a period of 15 min after the
cooling intervention was stopped. Mean room tempera-
ture during the study protocol was 21.4£1.15 °C.

At baseline, the mean left and right hemisphere tem-
peratures were 38.824+1.12 °C and 38.78+1.16 °C,
respectively, with no significant difference between
hemispheres (p=0.70). A significant temperature
reduction in both hemispheres (left hemisphere tem-
perature difference: —1.47, p<0.001; right hemisphere
difference: —0.99, p<0.001) were noted within the
first 5 min (Table 1; Fig. 3). The temperature gradient
between the left and right hemispheres became signifi-
cant after 20 min of cooling (left hemisphere tempera-
ture: 35.244+1.49 °C; right hemisphere temperature:
36.06 £0.98 °C, p=0.01). This difference remained stable
until the end of the experiment.

Comparison of systemic baseline temperatures meas-
ured at three different locations (esophagus, rectum, and
pulmonary artery) revealed no significant differences
(Table 2). During the intervention, there was no sig-
nificant deviation from systemic baseline temperatures.
After 60 min of intervention, the maximal reduction in
rectal temperature was 0.23+£1.16 °C (p=0.55) com-
pared to baseline.

HR, MAP, and CO remained stable throughout
the experiment (Table 3) compared to baseline val-
ues. Mean baseline HR was 117.00+12.98 bpm, MAP
was 76.90+7.98 mmHg, and CO was 3.744+0.62 L/
min. ICP values did not change during the experi-
ment (Table 4) compared to mean baseline ICP value of
9.00+6.32 mmHg. According to the data collected using
TCD ultrasound, SV, EDV, and RI mean values remained
stable throughout the experiment (Table 5) compared
to baseline values. Mean baseline values of SV, EDV,
and RI were 40.86+13.52 cm/s, 21.99+5.16 cm/s, and
0.44-+0.08, respectively.

In brain tissue, the PbtO2 displayed signifi-
cant variations compared to the baseline value of
54.53+19.62 mmHg. PbtO2 was significantly reduced
within the first 10 min and remained significantly
decreased until the end of the cooling phase (Table 6).
The curve of the PbtO2 reduction was proportional to
that of brain temperature reduction. During the rewarm-
ing phase, values tended to return to baseline following
the increase in brain temperatures. No mucosal lesions
were detected during nasal, pharyngeal, or oral inspec-
tions after removing the nasopharyngeal catheter. Since
there were no lesions, it was not possible to classify their
severity, extent, or depth.
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Table 1 Brain hemisphere temperatures during the intervention

Left brain temperature (in °C) Right brain temperature (in °C)

Difference (compared Cl95% Difference (compared Cl95%

to baseline) to baseline)
5 —147 —209to—085 <0.001 —0.99 —132to—062 <0.001
10 —245 —3.19to —1.71 <0.001 —1.90 —24t0—14 <0.001
15 —321 —4.141t0 —228 <0.001 —2.56 —32t0—-20 <0.001
20 —340 —445t0 —2.63 <0.001 —276 —338to—2.14 <0.001
25 —3.65 —4511t0—279 <0.001 —287 —3471t0—227 <0.001
30 —38 —475t0 —284 <0.001 —298 —357t0—239 <0.001
35 —393 —486to—230 <0.001 —3.12 —375t0 —249 <0.001
40 —4.08 —501to—3.15 <0.001 —3.16 —372to —2.60 <0.001
45 —4.13 —5.06to—3.20 <0.001 —3.19 —379t0 —259 <0.001
50 —423 —5171t0—-3.29 <0.001 —327 —3.871t0—267 <0.001
55 —4.25 —5.17t0—333 <0.001 —343 —404t0—282 <0.001
60 —445 —543to —347 <0.001 —352 —4.19t0 —2.85 <0.001
65 — 266 —399t0 —132 0.02 —233 —330to—1.36 0.02
70 —1.86 —3.06 to —0.66 0.10 —153 —239to —067 0.02
75 —148 —264t0—032 0.11 —087 —0.10t0 1.83 0.50

Cl1 95%, 95% confidence interval
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Fig. 3 Left (@) and right (b) hemisphere brain temperature during the first 60 min of the experiment in 10 pigs. Individual values are indicated by
red dots and the mean value by the blue line. The following equations describe the temperature of the left and right hemispheres over time:

. ) , -
Left brain temperature = 33.753 — 0.953 x (%) + 4426 x (%)

. -2 . -
Right brain temperature = 34.815—0.857 x (%) £3727 x (%) (Color figure online)

Table 2 Comparison between baseline systemic temperatures

Difference (ET:RT) Cl195% Difference (ET:AT) Cl195% Difference (RT:AT) Cl195%

Comparison between baseline systemic temperatures (in °C)
0.16 —0.07t0 039 0.16 0.08 —0.15t00.31 045 0.08 —027t0043 0.62

AT, temperature in the pulmonary artery; Cl 95%, 95% confidence interval; ET, esophagus temperature; RT, rectal temperature
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Table 3 Hemodynamic data during the intervention compared to baseline values

MAP (in mmHg)

HR (in bpm)

Difference (com- Cl95%

pared to baseline)

Difference (com-
pared to baseline)

CO (in L/min)

Cl195% Difference (com- Cl95%

pared to baseline)

5 —-120 —523t0763 068 740
10 —4.40 —628t0 1501 037 3.60
15 0.00 —9.181t09.18 100 290
20 5.70 —3.11to 1451 0.18 4.80
25 1.30 —529t0789 067 370
30 —1.60 —559t0880 063 630
35 —3.60 —505t01225 037 680
40 —030 —970t0 1030 095 550
45 —-0.70 —857t0997 070 480
50 —2.20 —722t01162 060 8.00
55 —290 —709t01289 053 900
60 2.20 —780t0 1220 067 9.20

—322101801 015 =015 —022t0052 036
—341t0 1061 027 —038 —003t0080 0.06
—487t01067 042 —001 —065t0068 0.93

—322t01282 020 0.19
—6891t0 1430 044 0.20
—315t01575 0.16 0.20
—228t01588 0.12 0.02
—300t0 1400 0.17 0.02
—480t0 1439 0.29 0.16
—2071t01807 0.10 0.15
—7341t02533 0.24 0.15
— 785102685 025 0.02

—031t0068 040
—035t00.75 042
—036t00.76 042
—041t0046 0.90
—036t0041 088
—030t0063 044
—0.021t0032 008
—011t0041 021
—0371t0042 0.88

C195% 95% confidence interval, CO cardiac output, HR heart rate, MAP mean arterial pressure

Table 4 Intracranial pressure data during the intervention
compared to the baseline value

ime points Difference (compared Cl95% p

(min) to baseline)

ICP (in mmHg)

5 0.77 —0.13t0 1.67 0.08
10 0.69 —0.18to 1.57 0.11
15 0.70 —032t01.70 0.16
20 0.77 —022t01.77 0.11
25 0.86 —0.16t0 1.89 0.09
30 073 —022to 167 0.11
35 0.79 —0.14t01.73 0.08
40 1.02 —044t0250 0.15
45 1.10 —0411t0 261 0.13
50 1.24 —0.10t0 2.58 0.06
55 —0.82 —069t0234 0.25
60 —0.63 —1.20to 246 0.45

C195% 95% confidence interval, ICP intracranial pressure

Discussion
This study demonstrated that a novel nasopharyngeal
catheter was able to cool the brain of pigs by at least
1 °C in all animals with no local or systemic device-
related adverse events. On average, the brain tempera-
ture was reduced by 4.5 °C after 60 min of cooling with
no variation in core temperature. Systemic temperature
parameters were not affected due to simultaneous coun-
ter-warming along with nasopharyngeal cooling.
Previous nasopharyngeal cooling methods failed to
preserve core temperature. A relevant mean decrease
in core temperature of up to 2.5 °C was observed [27] in

animals and did not prevent systemic or cardiovascular
complications [48]. Preliminary human studies with a
gas-based method reported local adverse events [30].
Our study demonstrated that a water-based method was
effective and safe while local and systemic adverse events
were prevented during this experiment. Brain tempera-
ture was significantly decreased in both hemispheres
which may be desired in global neurological lesions such
as global ischemia following cardiac arrest. Nonethe-
less, brain temperature was preferentially reduced in
the left side because catheters were only introduced in
the left nostril. This effect may facilitate the decision to
prioritize one side to be cooled in localized neurological
conditions like stroke. Counter-warming with blankets
and thermal mattresses was applied with the intention to
prevent a core temperature reduction while cooling the
nasopharyngeal surface. For this study, we considered
the normal core body temperature of pigs as 38—40 °C
[49, 50]. Whole-body cooling is the current method for
therapeutic cooling and target temperature management
[18, 21, 51] and plays an important role in fever control.
Selective methods, such as the method described in the
present study, may change this trend in the near future
due to their effectiveness and favorable short-term safety
profile.

Hypothermia (32-34 °C) causes hemodynamic dis-
turbances in cardiac contractility, HR, and rhythm [52],
which impose a relevant risk to treatment that may
limit its benefits. Systemic hemodynamic parameters
remained stable during our experiment. This finding sug-
gests that cardiac complications possibly result from sys-
temic cooling and that preferential brain cooling could
prevent hemodynamic disturbances.
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Table 5 Brain hemodynamic data during the intervention in comparison to baseline values

SV (in cm/s) EDV (in cm/s)
Difference (com- Cl95% Difference (com-
pared to base- pared to base-
line) line)

5 —0.96 —2.081t04.01 048 0.24

10 —135 —050t0320 013 =215

15 —1.64 —093t0420 017 =137

20 —3.57 —1.961t09.11 017  —0.39

25 —327 —263t09.18 023 —125

30 —4.56 —164t01076 012 —250

35 —4.18 —130t0967 011 —218

40 —4.15 —285t011.15 020 —228

45 —503 —160t0 1167 033 —290

50 —295 —366t0956 033 —208

55 —3.71 —228t0970 019 —358

60 —566 —035t011.68 006 —355

Cl95% Difference (com- Cl95%

pared to base-

line)
—3.01t0—349 086 —0.001 —0.06to —0.07 096
—1.03to—533 0.15 0.040 —004to—0.12 024
—153t0—429 030 0.005 —0.07to—0.08 088
—3.60to—437 082 —0.020 —0.06t0—0.09 063
—231to—481 043 0.006 —004to—005 074
—140to —550 0.17 0.040 —0.02t0—-0.10 0.16
—130to—566 0.18 0.020 —0.04to—0.08 038
—172t0 —630 022 0.030 —004to—0.11 033
—181to—-759 0.19 0.020 —0.04t0—-0.09 038
—282to—7.00 034 0.020 —0.03to—0.08 035
—0.68to—7.84 0.09 0.040 —0.01t0—009 013
—027to—7.38 0.06 0.040 —001to—0.10 0.13

C195% 95% confidence interval, EDV end-diastolic velocity, Rl resistance index, SV peak systolic velocity

Table 6 Partial pressure of oxygen in brain tissue dur-
ing the intervention compared to baseline values

Cl195%

Difference (compared

to baseline)

PbtO2 (in mmHg)

5 —9.15 1.76-20.06 0.08
10 — 1256 1.58-23.54 0.03
15 —1384 1.64-26.03 0.03
20 —1522 1.19-29.26 0.04
25 —17.30 244-32.16 0.03
30 —1854 2.63-3445 003
35 —19.81 2.95-36.70 0.03
40 —21.00 3.07-38.90 003
45 —2152 2.37-40.70 003
50 —21.90 1.61-42.16 0.04
55 —2228 1.45-43.10 0.04
60 —2237 1.33-43.21 0.04

C195%, 95% confidence interval; PbtO2, partial pressure of oxygen in brain tissue

The influence of cooling on cerebral hemodynam-
ics such as CBFv have been investigated using TCD
ultrasound, and CBFv values are reportedly reduced in
response to systemic cooling [16, 53, 54]. The results
from previous studies can be justified by systemic
hemodynamic variations secondary to whole-body
cooling [52]. Our study was the first to achieve exclu-
sive brain cooling which allowed us to determine the
actual influence of localized cooling on CBFv in pigs.
Our data demonstrated that there were no significant

variations in cerebral hemodynamics during naso-
pharyngeal exclusive brain cooling which suggests an
improved safety profile of our technique compared to
that of whole-body cooling.

The PbtO2 in brain tissue was assessed in our study
with the intention to determine the relationship between
CBFv and oxygen demand of brain tissue under exclu-
sive brain cooling. During the cooling phase, there was
a significant decrease in PbtO2, which returned to base-
line levels during the rewarming phase. The changes in
PbtO2 were proportional to those in brain temperature.
Since PbtO2 probes measure oxygen levels at the cel-
lular level, this result was expected in healthy individu-
als because the coupling between oxygen demand and
delivery remains preserved, and the oxygen demand of
brain cells is physiologically reduced under lower tem-
peratures. A leftward shift of the oxyhemoglobin disso-
ciation curve [55, 56] during temperature reduction may
also explain the decreased oxygen levels observed in this
situation. In both cases, oxygen delivery is preserved
and prevents harm. It is important to mention that we
used healthy pigs in our study where autoregulation and
physiological functions are preserved. In experimental
or clinical studies with brain lesions, this pattern may be
affected by loss of autoregulation, and comparisons to
our data should be made with caution. The high levels
of oxygen in brain tissue at baseline are defined by 100%
FiO2 level. We decided to maintain this FiO2 level dur-
ing the experiment to avoid any influence of its varia-
tions on PbtO2.

Preliminary human studies with nasopharyngeal cool-
ing methods have reported adverse events such as nasal
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discoloration (11%), epistaxis (2%), and cold-induced tis-
sue injury (1%) [30, 36]. In our study, no local lesions were
detected during nasal, pharyngeal, or oral inspections
after the experiment. We conjecture that our method
did not induce local complications due to the tempera-
ture range of the operation (above 0 °C) which prevented
cold-induced lesions in the mucosa caused by tempera-
tures below this level. Local adverse events reported by
previous studies are possibly related to the very low tem-
perature of operation, below 0 °C [36].

The technique implemented in our study provided a
substantial temperature reduction in the brain using a
novel nasopharyngeal technique. The favorable results
suggest that our method could be safer than whole-body
and comparable to other selective brain cooling meth-
ods based on short-term analysis, but further studies are
required for comparison of techniques. The small size of
the catheter when connected to a portable water-cooling
unit allows the implementation of therapeutic hypother-
mia or temperature control in pre-hospital or military
settings due to its portability. The short-term time win-
dow validated in our study may also be desired for pre-
ventive brain cooling during cardiac surgery. Clinical
studies are warranted to determine the relevance of our
results and safety of our technique in humans.

Limitations

The experiment was conducted in a healthy small porcine
model over a short period of time and with no control
group. Pigs have anatomical and physiological similari-
ties to humans and are an experimental model widely
used in the field of therapeutic hypothermia [57, 58]. The
average weight of an adult human is 62 kg with a brain
weight of 1350 g [59], while the average body weight of
the 2-month-old Landrace pigs used in our study was
20.6 kg with an average brain weight of 75 g [60]. In our
experiment, the brain mass of the pigs was 18 times
smaller than the average human brain. Therefore, caution
must be exercised when predicting cooling rates of our
investigational catheter in humans. We hypothesize that
a cooling rate 10-20 times smaller could be achieved in a
human study.

The choice for healthy animals relied on the main
objective of the study which was to determine whether
the novel nasopharyngeal catheter could exclusively cool
the brains of pigs. However, the small study size may
have favored positive results. Despite the short inter-
vention period, 60 min was sufficient to determine the
short-term efficacy and safety of the method. Rapid onset
pre-hospital cooling seems to be beneficial according
to some authors [61, 62], while intra-arrest cooling may
improve survival rates [63, 64]. Therefore, a short-period

induction technique followed by a stabilized technique
for maintenance could be desired in certain situations.
Further studies are needed to determine if our technique
is suitable for more prolonged periods.

We assumed that a control group was not essential
since we considered the baseline values of each animal
as the control for each comparison. The speed of brain
cooling could have been influenced by ambient expo-
sure, but the expressive reduction in brain temperatures
during our experimental protocol was significant and
was immediately elevated during the rewarming phase.
Anesthesia did not affect brain cooling rate because it
was delivered at a constant room temperature and low
volume infusion rate throughout the experiment; how-
ever, it could have affected other outcome parameters.
Caution should be exercised when deriving clinical
implications from procedures conducted in non-human
animals.

Conclusions

In this study, a novel nasopharyngeal cooling catheter
was able to effectively induce and maintain exclusive
brain cooling when combined with effective counter-
warming means. The method is based on a catheter
with a semi-expandable section which allows extensive
contact with the rugged surface of the nasal, oral, and
nasopharyngeal surface. The expansion occurred upon
exertion of pressure generated by the water pumped
inside the catheter in its closed loop arrangement.
Exclusive brain cooling was shown to be safe with no
device-related local or systemic complications and may
be desired in selected patient populations.
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