
TRANSLATIONAL RESEARCH

Efficacy of Selective Brain Cooling Using a Nasopharyngeal
Method in Piglets

Mohammad Fazel Bakhsheshi1,2 • Errol E. Stewart1,2 • Joo Ho Tai4 •

Laura Morrison1 • Lynn Keenliside1 • Ting-Yim Lee1,2,3

Published online: 21 October 2015

� Springer Science+Business Media New York 2015

Abstract

Background Mild hypothermia is an effective neuropro-

tective strategy for a variety of acute brain injuries.

Cooling the nasopharynx may offer the capability to cool

the brain selectively due to anatomic proximity of the

internal carotid artery to the cavernous sinus. This study

investigated the feasibility and efficiency of nasopharyn-

geal brain cooling by continuously blowing room

temperature or cold air at different flow rates into the

nostrils of normal newborn piglets.

Methods Experiments were conducted on thirty piglets

(n = 30, weight = 2.7 ± 1.5 kg). Piglets were anes-

thetized with 1–2 % isoflurane and were randomized to

receive one of four different nasopharyngeal cooling

treatments: I. Room temperature at a flow rate of

3–4 L min-1 (n = 6); II. -1 ± 2 �C at a flow rate of

3–4 L min-1 (n = 6); III. Room temperature at a flow rate

of 14–15 L min-1 (n = 6); IV. -8 ± 2 �C at a flow rate of

14–15 L min-1 (n = 6). To control for the normal thermal

regulatory response of piglets without nasopharyngeal

cooling, a control group of piglets (n = 6) had their brain

temperature monitored without nasopharyngeal cooling.

The duration of treatment was 60 min, with additional

30 min of observation.

Results In group I, median cooling rate was

1.7 ± 0.9 �C/h by setting the flow rate of room tempera-

ture air to 3–4 L min-1. Results of comparing different

temperatures and flow rates in the nasopharyngeal cooling

approach reveal that the brain temperature could be

reduced rapidly at a rate of 5.5 ± 1.1 �C/h by blowing

-8 ± 2 �C air at a flow rate of 14–15 L min-1.

Conclusions Nasopharyngeal cooling via cooled insuf-

flated air can lower the brain temperature, with higher

flows and lower temperatures of insufflated air being more

effective.
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Introduction

Clinical investigators have reported that mild and moderate

hypothermia can be neuroprotective to reduce brain injury

and decrease death and disability for a variety of acute

brain injuries following cardiac arrest, and neonatal

asphyxia [1–3]. The neuroprotective benefits of hypother-

mia have been linked to the time to initiate cooling after

injury, depth of cooling and rewarming rate [4, 5]. Clinical

studies indicate that the temperature range associated with

better outcomes appears to be 32–35 �C [6, 7]. The optimal

timing of induction of therapeutic hypothermia is still

uncertain. However, laboratory data have suggested that

there is significantly decreased neurological injury if

cooling is initiated as soon as possible after resuscitation

[8–10]. Cooling the whole body below 34 �C can cause

complications including, shivering, skin erythema, renal
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failure, coagulopathy, pulmonary hypertension, and

increased mortality [11, 12]. Moreover, it may decrease

perfusion and oxygenation by impairing myocardial con-

tractility, reducing cardiac output and making the heart

more prone to arrhythmia [13, 14]. Such complications

along with other ones offset the benefits accrued from the

neuroprotective effects of hypothermia. Therefore, in order

to avoid the complications associated with systemic

hypothermia, it is very important to develop a selective

brain cooling (SBC) approach that can be initiated as early

as possible to reduce the temperature of the brain tissue

uniformly.

Based on anatomical features, blowing cold air into the

nasopharynx may offer the capability to cool the brain

selectively by cooling blood in both internal carotid arteries

via counter-current heat exchange mechanism with the

neighboring cavernous sinuses which collect cold venous

blood from the mucosal linings of the nasal cavities. Fur-

thermore, cerebrospinal fluid (CSF) chilled at the basal

cistern cools the whole brain through the CSF circulation.

In the present study, we evaluate the feasibility and effi-

ciency of nasopharyngeal SBC by blowing room

temperature or cold air (medical air) into the nostrils at two

different flow rates in normal newborn piglets with

developed thermal regulation.

Materials and Methods

Animals Preparation and Experimental Procedure

Experiments were conducted on thirty piglets (17 females

and 13 males) with an average age of 47 ± 14 h and an

average weight of 2.7 ± 1.5 kg. All animal experiments

were approved by the Animal Use Subcommittee of the

Canadian Council on Animal Care at the University of

Western Ontario. Newborn Duroc cross piglets were

obtained from a local supplier on the morning of the

experiment. Piglets were induced with 4 % isoflurane and

then maintained on 2–3 % for preparatory surgery. The

4 % isoflurane provided a rapid induction of anesthesia

within 15–30 s while the 2–3 % isoflurane maintained

surgical anesthesia, allowing surgical procedures to be

performed without any physiological signs of pain or

changes of hemodynamic parameters. A tracheotomy was

performed and the piglet was ventilated with a volume-

controlled mechanical ventilator to deliver oxygen/medical

air mixture (2:1). A femoral artery was catheterized to

monitor heart rate (HR) and mean arterial blood pressure

(MAP) and to intermittently collect arterial blood samples

for gas (paCO2, paO2), pH and glucose analyses. Arterial

CO2 tension (paCO2) was monitored throughout the

experiment, either directly by blood gas measurements or

by the end-tidal CO2 tension, and maintained at normo-

capnia between 37 and 42 mmHg by adjusting the

breathing rate and volume. Arterial oxygen tension (paO2)

was maintained at a level between 90 and 130 mmHg by

adjusting the ratio of oxygen to medical air. Blood glucose

was monitored intermittently and if it fell below 4.5 mmol/

L, a 1–2 mL infusion of 25 % glucose solution was

administered intravenously. Rectal temperature was

recorded from a rectal probe inserted to 3–4 cm from the

anal margin. Brain temperature was also measured con-

tinuously with a thermocouple probe (Thermometer/Data

Logger, HH309A, Type K Thermocouple Inputs, Omega

Engineering, Stamford CT; resolution 0.1 �C/0.1 �F). A

burr hole 1.5 cm posterior to the bregma along the mid-line

was made in the skull with a Dremel tool. The needle

thermocouple probe was inserted through the burr hole into

the brain to a depth of 2 cm from the brain surface to

measure brain temperature.

After surgery, piglets were wrapped with a heated water

blanket that was used to maintain the piglets normothermic

at 38 ± 0.5 �C for 60 min prior to the initiation of cooling.

The temperature control was then discontinued, and the

piglets were randomized to receive one of four different

nasopharyngeal cooling treatments which involved blow-

ing either room or cold air at either one of two flow rates as

were measured and regulated by a flow meter (Timeter

Instrument, St Louis, Missouri) into both nostrils of piglets:

I. Room temperature (21 ± 1 �C) at a flow rate of

3–4 L min-1 (n = 6);

II. -1 ± 2 �C at a flow rate of 3–4 L min-1 (n = 6);

III. Room temperature (21 ± 1 �C) at a flow rate of

14–15 L min-1 (n = 6);

IV. -8 ± 2 �C at a flow rate of 14–15 L min-1 (n = 6).

To control for the normal thermal regulatory response of

piglets without nasopharyngeal cooling, a control group of

piglets (n = 6) had their brain temperature monitored

without nasopharyngeal cooling.

Method of Nasopharyngeal Brain Cooling

Nasopharyngeal brain cooling was achieved by directing

room temperature or cooled air via a catheter in each

nostril into the nasal cavities. The nasal catheter comprises

a tubular body defining a lumen and an open end in con-

tinuous fluid communication with the compressed air hose,

and first and second tubular nasal prongs extend from the

tubular body (Fig. 1). Each catheter was lubricated with

2 % lidocaine gel for anesthesia and inserted 4–5 cm into

each nostril. Air was delivered into the nasal catheters from

a pressurized tank through a flow regulator, a pump and a

cooling unit (Polyscience refrigerated/heated circulating

bath with performance digital temperature controller,
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model PD07R-40, Polyscience International Inc, Illinois,

USA). The circuit was customized by replacing the pump

tube with a double-walled tube with circulating cooling

liquid (Ethylene glycol, VWR International Inc) in the

outer tube and directing medical air (supplied by L’Air

Liquide Ltd with the capacity of 232 ft [3] at fill-pressure

of 2265 psig) through the inner tube (Fig. 1). Before

starting the cooling process, the cooling unit was set to

-25 �C with a temperature stability of ±0.05 �C over

30–45 min; the same settings were kept during the entire

experiment. Induction of hypothermia was initiated by

directing air at the required temperature, either -1 ± 2 �C
or -8 ± 2 �C measured at the tip of the nasal catheter and

flow rate, either 3–4 or 14–15 L min-1, into the nasal

catheters. Once the brain temperature stabilized, the flow

rate was decreased to 1 ± 0.5 L min-1 to maintain the

lower temperature reached at after an hour of cooling for

30 min.

H&E Histopathological Examination

The piglets were sacrificed at the end of the experiment by

intravenous injection of potassium chloride (1–2 mL/kg,

2 mEq/mL) while on 5 % inhaled isoflurane. For each

piglet, the brain and the snout were excised. Coronal sec-

tions of the brain (cut into the 4–5 mm-thick sections) and

the snout (at the region of the premolar tooth) were

obtained. The tissue sections were fixed in 10 % neutral

buffered formalin for 24–48 h, and then transferred into a

phosphate buffer saline solution for preservation. These

tissue fragments were then paraffin-embedded, cut into

5 lm-thick sections and stained with Hematoxylin and

Eosin (H&E) for histopathological examination.

Statistical Analysis

SPSS 17.0.0 (SPSS, Inc, Chicago, IL) was used for all

statistical analyses. Normality of the distribution of the

measurements was verified using Kolmogorov–Smirnov

test. Comparisons of vital signs were analyzed by two-way

analysis of variance with group and time as the two factors

followed by post hoc test with Bonferroni correction to

determine statistical differences at different times within a

group and between groups at different times. Statistical

significance was based on p value <0.05. All data are

presented as mean ± standard deviation unless otherwise

noted.

Results

Table 1 displays a summary for the averaged physiologic

parameters (MAP, HR, SaO2, pH, tHb, paO2, and paCO2) in

Group I–IV and control, prior to and during cooling. There

was no significant difference in any physiological param-

eter between the groups at baseline. No significant paCO2,

SaO2, tHb or pH differences were found among different

time points. All monitored physiological parameters

dropped slowly through the cooling but only HR and MAP

decreased significantly (p < 0.05) at the higher flow rate

of 14–15 L min-1 or lower temperature of -8 ± 2 �C.
However, since the maximum decrease in both HR and

MAP at the end of cooling was less than 20 %, no remedy

was instituted to correct for these decreases. Arrhythmias

were not observed during cooling.

Figure 2 displays the average cooling rates achieved

with different nasopharyngeal cooling methods. At the low

Fig. 1 Schematic representation of the cooling circuit used for nasal cooling. The 7 L container was filled with a cryogenic cooling liquid

(Ethylene glycol)
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Table 1 Physiological parameters measured at different times during SBC with different methods

Baseline Cooling

1–60 min 30 min 1 h

MAP (mmHg)

Control 36 ± 7 34 ± 6 36 ± 7

Group I: 3–4 L min-1 at RT 40 ± 2 37 ± 1 35 ± 3

Group II: 3–4 L min-1 at -1 ± 2 �C 33 ± 3 30 ± 2 28 ± 5

Group III: 14–15 L min-1 at RT 41 ± 4 39 ± 3* 36 ± 5*

Group IV: 14–15 L min-1 at -8 ± 2 �C 35 ± 7 32 ± 6* 30 ± 6*

HR (bpm)

Control 162 ± 16 163 ± 15 162 ± 16

Group I: 3–4 L min-1 at RT 139 ± 10 132 ± 9 128 ± 21

Group II: 3–4 L min-1 at -1 ± 2 �C 158 ± 16 154 ± 22 143 ± 25

Group III: 14–15 L min-1 at RT 149 ± 15 135 ± 22* 125 ± 25*

Group IV: 14–15 L min-1 at -8 ± 2 �C 164 ± 15 145 ± 16* 133 ± 19*

SaO2 (%)

Control 99 ± 1 98 ± 2 99 ± 1

Group I: 3–4 L min-1 at RT 99 ± 1 99 ± 1 99 ± 1

Group II: 3–4 L min-1 at -1 ± 2 �C 99 ± 1 97 ± 3 98 ± 2

Group III: 14–15 L min-1 at RT 99 ± 1 98 ± 2 99 ± 1

Group IV: 14–15 L min-1 at -8 ± 2 �C 99 ± 1 98 ± 2 98 ± 2

Ph

Control 7.46 ± 0.02 7.46 ± 0.01 7.47 ± 0.02

Group I: 3–4 L min-1 at RT 7.45 ± 0.01 7.46 ± 0.01 7.44 ± 0.02

Group II: 3–4 L min-1 at -1 ± 2 �C 7.47 ± 0.02 7.48 ± 0.01 7.48 ± 0.01

Group III: 14–15 L min-1 at RT 7.44 ± 0.01 7.45 ± 0.02 7.44 ± 0.02

Group IV: 14–15 L min-1 at -8 ± 2 �C 7.45 ± 0.01 7.45 ± 0.02 7.44 ± 0.02

tHb (g/dL)

Control 8.2 ± 0.3 8.3 ± 0.2 8.2 ± 0.1

Group I: 3–4 L min-1 at RT 7.9 ± 0.2 8.1 ± 0.2 7.8 ± 0.3

Group II: 3–4 L min-1 at -1 ± 2 �C 8.4 ± 0.1 8.2 ± 0.2 8.3 ± 0.1

Group III: 14–15 L min-1 at RT 7.8 ± 0.3 7.9 ± 0.2 7.8 ± 0.1

Group IV: 14–15 L min-1 at -8 ± 2 �C 8.2 ± 0.3 8.3 ± 0.2 8.2 ± 0.1

paCO2 (mmHg)

Control 39 ± 3 40 ± 3 39 ± 3

Group I: 3–4 L min-1 at RT 40 ± 2 38 ± 2 39 ± 1

Group II: 3–4 L min-1 at -1 ± 2 �C 40 ± 2 39 ± 2 38 ± 4

Group III: 14–15 L min-1 at RT 39 ± 2 39 ± 2 37 ± 1

Group IV: 14–15 L min-1 at -8 ± 2 �C 40 ± 3 39 ± 2 38 ± 2

paO2 (mmHg)

Control 131 ± 44 133 ± 32 125 ± 30

Group I: 3–4 L min-1 at RT 129 ± 19 99 ± 20 93 ± 14

Group II: 3–4 L min-1 at -1 ± 2 �C 117 ± 15 110 ± 7 92 ± 13

Group III: 14–15 L min-1 at RT 103 ± 24 95 ± 19 94 ± 30

Group IV: 14–15 L min-1 at -8 ± 2 �C 129 ± 3 111 ± 2 104 ± 2

SaO2 oxygen saturation of arterial blood, paO2 partial pressure of oxygen in arterial blood, MAP mean arterial pressure, HR heart rate, tHb total

hemoglobin concentration in arterial blood, paCO2 partial pressure of carbon dioxide in arterial blood, RT room temperature (21 ± 1 �C)
* A statistically significant (p < 0.05) difference compared to the baseline
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flow rate of 3–4 L min-1 mean brain cooling rate was

significantly greater (p < 0.05) with -1 ± 2 �C than

room temperature air. Using either room temperature or

chilled air (-1 ± 2 �C or -8 ± 2 �C), there was statisti-

cally significant (p < 0.05) greater brain cooling rate with

high (14–15 L min-1) than low (3–4 L min-1) flow rate.

In the control group, both rectal and brain temperature did

not drop more than 0.5 �C (brain: 0.35 ± 0.3 �C; rectal:
0.35 ± 0.3 �C).

Following 60 min of baseline to demonstrate relatively

constant brain (38.8 ± 0.2 �C) and rectal (38.4 ± 0.2 �C)
temperature over this period, brain temperature started

falling immediately after the initiation of nasopharyngeal

cooling with room temperature air at a flow rate of

3–4 L min-1. One hour post cooling, the brain and rectal

temperatures were 37.1 ± 0.9 �C and 37.2 ± 0.5 �C
which resulted in mean cooling rates of 1.7 ± 0.9 �C/h and
1.2 ± 0.5 �C/h, respectively, as displayed in Fig. 3(a).

With the air flow rate at 3–4 L min-1, the brain and rectal

cooling rates were increased by decreasing the air tem-

perature to -1 ± 2 �C by circulating cryogenic cooling

liquids in the outer tube of the double-walled pump tube.

Figure 3(b) shows both brain and rectal temperature

decreased from 38.5 ± 0.7 �C and 38.4 ± 0.7 �C to

34.8 ± 1.7 �C and 35.3 ± 1.7 �C which corresponded to

cooling rates of 3.7 ± 1.1 �C/h and 3.1 ± 0.6 �C/h,
respectively. Figure 3 shows that it was possible to main-

tain brain at the temperature arrived at after an hour of

cooling with a variation of 0.35 ± 0.45 �C by decreasing

the air flow rate to 1 ± 0.5 L min-1. No significant dif-

ferences were found between brain and rectal cooling rates

for either air temperature at the flow rate of 3–4 L min-1.

During the baseline monitoring period, brain and rectal

temperatures variations were the same (brain:

0.4 ± 0.4 �C; rectal: 0.4 ± 0.5 �C).
By increasing flow rate to 14–15 L min-1 at room

temperature, Fig. 3(c) demonstrates that brain and rectal

temperature could be reduced more rapidly at mean rates of

4.6 ± 1.2 �C/h and 3.1 ± 1.2 �C/h, respectively. Mean

brain temperature decreased to 33.9 ± 1.7 �C within

approximately 60 min of cooling from baseline

(38.5 ± 1.1 �C). Figure 3(d) shows even greater cooling

rate using -8 ± 2 �C air at the same flow rate. Both brain

and rectal temperature decreased from 38.4 ± 0.8 �C and

38.1 ± 0.8 �C to 32.9 ± 1.1 �C and 35.2 ± 0.7 �C which

corresponded to a 5.5 ± 1.1 �C/h and 2.9 ± 0.7 �C/h,
respectively. At this higher air flow rate of 14–15 L min-1,

there were significant differences between brain and rectal

temperature during cooling for either room temperature or

-8 ± 2 �C air. After cooling with room temperature or

-8 ± 2 �C air at a flow rate of 14–15 L min-1 (but not

with 3–4 L min-1), the rectal temperature continued to

decrease during the following 30 min when the air flow

rate was decreased to 1 ± 0.5 L min-1 to maintain the

brain temperature (Fig. 3 (a, b) vs Fig. 3 (c, d)).

Brain–body temperature gradient, calculated as the dif-

ference between brain and rectal temperature, for room

temperature or -8 ± 2 �C air at the flow rate of

14–15 L min-1 over the baseline and the cooling period is

shown in Fig. 4(a). The temperature gradient reached

-1.8 ± 0.7 �C after 20 min of cooling and remained sig-

nificant (p < 0.05) during the rest of cooling period

(Fig. 4(b)).

Figure 5(a)–(c) show H&E histopathological examina-

tion results of the frontal lobe of the brain and nasal

conchae (turbinates) from the nasal cavity of a piglet.

There were no pathological findings of bleeding, erythema

and blister in the turbinates and of necrosis in the frontal

lobe of brains in both gross and H&E histopathological

examinations.

Discussion

When the nasal cavity is cooled down, SBC is achieved via

heat exchange at the cavernous sinus between cold venous

blood from nasal mucosa and warm arterial blood in the

carotid rete mirabile on route to the brain [15]. Based on

this heat exchange method, we showed that rapid temper-

ature changes in the brain can be achieved by blowing

-8 ± 2 �C air at a flow rate of 14–15 L min-1 into the

nasal cavity: the brain temperature dropped from

38.4 ± 0.8 �C to 32.9 ± 1.1 �C in 60 min or a cooling rate

of 5.5 ± 1.1 �C/h while the body temperature as measured

by the rectal temperature probe was >35 �C during

Fig. 2 Mean brain cooling rate with different nasopharyngeal

cooling methods. Asterisk signifies a statistically significant

(p < 0.05) difference between high flow rate and low flow rate at

both cold and room temperature; hash signifies a statistically

significant (p < 0.05) difference between cold temp and room temp

at low flow rate (3–4 L min-1)
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Fig. 3 Brain and rectal temperature over time for nasopharyngeal

cooling method with a room temperature at a flow rate of

3–4 L min-1, b -1 ± 2 �C air at a flow rate of 3–4 L min-1,

c room temperature at a flow rate of 14–15 L min-1, and

d -8 ± 2 �C air at a flow rate of 14–15 L min-1. Asterisk signifies

a statistically significant (p < 0.05) difference between brain and

rectal temperature

Fig. 4 Brain-rectal temperature gradient over time for intranasal cooling method with setting the air flow rate to 14–15 L min-1 at a room

temperature and b cold temperature. Asterisk a statistically significant (p < 0.05) difference compared to the baseline

Neurocrit Care (2016) 24:140–149 145
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cooling. Similarly, Covaciu et al., demonstrated the method

of selectively cooling the brain (&3 �C/h) with cold saline

(8–10 �C) circulating in balloon catheters placed into the

nasal cavities of large pigs [16]. Likewise, Wolfson et al,

employs transnasal evaporative cooling system by spraying

of perfluorocarbon liquid (perfluorohexane, PFH; F2

Chemicals) at room temperature which was driven by

compressed oxygen into the nasal cavities to achieve

average intranasal brain cooling rate of &4 �C/h in sheeps

[17]. The influence of nasopharyngeal cooling on brain

temperature under different range of circulatory states such

as untreated cardiac arrest (‘‘no-flow’’) or during normal

circulation (‘‘normal-flow’’) and cardiopulmonary arrest

(CPR) situation (‘‘low-flow’’) was also shown in a porcine

model in a study by Boller et al. [18]. Nasopharyngeal

cooling device, RhinoChill (BeneChill, Inc, SanDiego, CA,

USA), shows that the brain can be preferentially cooled

compared with the other compartments of the body with an

average cerebral temperature decrease of -4.7 �C for

normal flow, -4.3 �C for no flow and -3.4 �C for low

flow after 60 min [18]. Intranasal cooling was beneficial

even after prolonged cardiac arrest in a porcine model,

where it significantly improved the return of spontaneous

resuscitation rate and reduced CPR duration [19, 20]. The

administration of cold nasal air flow and intranasal cooling

were both tested in human studies [21–24]. These methods

proved to be feasible and improved the neurological out-

come. However, evaluating the effect of selective cooling

methods on the human brain is challenging because direct

measurements of the brain temperature cannot be made

without the need for surgery. Furthermore, invasive tem-

perature measurements do not inform on the intra-cerebral

distribution of temperature changes induced by these

methods. The RhinoChill device vaporizes perfluorocarbon

along by oxygen at flow rate of 60–80 L min-1 with a

catheter system into the nasal cavity leading to a fast

induction of hypothermia initially in brain as the main

target organ, resulting in delayed systemic hypothermia

[21]. However, Perfluorocarbons raise environmental and

health issues. They are powerful greenhouse gases and

deplete the ozone layer and are listed as toxic substances

under the Canadian Environmental Protection Act [25].

Fig. 5 Representative H&E histology shows a normal brain cells in

gray and white matter of the frontal lobe and b and c intact

pseudostratified cilia and conchae (turbinates) cells in the nasal cavity

after the nasal cooling process using the air temperature of

-8 ± 2 �C air at a flow rate of 14–15 L min-1
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Another safety concern is the risk of coolant aspiration

which might cause lung damage over prolonged periods

since neural protection therapy may involve mild

hypothermia being maintained for a period of 72 h [26].

Therefore, new cooling methods should be effective in

terms of safety, fast cooling rates and easy to apply in the

pre-clinical setting.

We explored a method of nasopharyngeal cooling by

continuously blowing room temperature or cold air into the

nostrils at different conditions on normal newborn piglets

with developed thermal regulation. Piglets were studied

because they are commonly used animal model of newborn

human neurology [27]. The newborn piglets in the present

study had an average body temperature of 38.2 ± 0.6 �C
(range 37.5–38.8 �C), which was within the normal tem-

perature range of piglets. Thermoregulatory response in

newborn piglets were progressively achieved after 48 h of

birth [28]. In our study, brain temperature decreased with a

mean cooling rate of 1.7 ± 0.9 �C after the start of cooling

procedure, by setting the air flow rate to 3–4 L min-1. The

rate of brain cooling can be improved by increasing the air

flow rate and/or decreasing the temperature of circulating

cryogenic cooling liquids in outer tube of heat exchanger.

Brain temperature reduced more rapidly at a rate of

5.5 ± 1.1 �C/h with increasing air flow to 14–15 L min-1

at cold temperature (-8 ± 2 �C air). Rectal temperature

continued to decrease till it equilibrated to the brain tem-

perature during the maintenance period. Since 25 % of the

cardiac output goes to the brain, the decline in rectal

temperature was due to whole body cooling subsequent to

cooling of the blood supplying the brain. In this study, the

body of the piglets was only covered with linen sheets and

no external heating sources were utilized. In future

experiments, the drop in core temperature can be controlled

using recirculating heated water blanket and packing hot

water gloves around the body of the piglets. Finally,

newborn piglets are known to have less established heat

regulation than more mature piglets [29]. The temperature

of cooled air achieved at tip of the catheter at high flow rate

(14–15 L min-1) is lower than the case of low air flow rate

(3–4 L min-1) i.e., -8 ± 2 �C and –1 ± 2 �C, respec-

tively. This is due to the increase in the rate of convective

heat transfer between cryogenic cooling liquid (Ethylene

glycol) in the outer tube and directing medical air through

the inner tube. The temperature of -8 ± 2 �C and a flow

rate of 14–15 L min-1 were chosen from the results of a

small series of titration experiments in n = 6 pigs in which

both temperature and flow rate were adjusted with the

target of cooling the brain to 32–34 �C within 30–45 min.

Although it is unlikely that air at subzero temperature will

induce freezing damage to the mucosa and embedded

blood vessels and nerves of the nasal cavity, we monitored

temperature inside the nasal cavity to avoid subzero

temperature. A thermistor was placed at the tip of one of

the two nasal catheters to measure temperature inside the

nasal cavity throughout the experiments. Even at a flow

rate of 14–15 L min-1 and a temperature of -8 ± 2 �C air

was warmed rapidly along the nasal catheters before

reaching the nasopharyngeal tissue. An average tempera-

ture of about 7–8 �C was consistently measured with the

catheter tip thermistor. Regardless of cooling conditions,

HR and MAP decreased with cooling. The level of gaseous

carbon dioxide, or PaCO2, in arterial blood depends on the

solubility coefficient of this gas, which is dependent on

temperature and decreases as temperature decreases [30].

The CO2 gas crosses the blood–brain barrier and transmits

the induced modifications (e.g., alkalosis in hypothermia

[31]) to the extracellular environment, which regulates the

state of arteriolar vascular tone. This explains why

hypothermia-induced hypocapnia may cause arteriolar

vasoconstriction and a decrease in intracranial pressure

[32]. Moreover, hypothermia may induce metabolic dis-

turbances and electrolyte abnormalities [33]. Such

electrolyte disorders can lead to the potentially lethal

arrhythmias and other harmful complications [34]. There-

fore, in the next set of experiments, frequent measurement

of electrolytes during hypothermia will be instituted to

prevent critically change in electrolytes levels and guide

the appropriate amount of replenishment.

There are some limitations/concerns with our approach

that need to be addressed prior to clinical implementation.

Firstly, there are anatomical and physiological differences

between newborn piglets and humans that are important in

this context. The baseline temperature in newborn piglets

and humans is different. Pigs differ considerably to humans

in their ratio between the size of their nasal cavity and their

brain. Importantly, the newborn piglet, in contrast to

humans, has a carotid rete that may be a SBC system

specific for the pig. Based on the relatively rapid cooling

rate achieved in this study by setting the air flow rate to

14–15 L min-1, we suggest that nasopharyngeal cooling

with this technique still has great potential for inducing

hypothermia on large animal or human by increasing air

flow rate up to 30–40 L min-1. Additionally, the higher

heat production of large animal model or human comparing

to newborn piglet would lead to a better brain-core tem-

perature gradient and consequently better SBC. Secondly,

in all of the experimental studies anesthesia was maintained

with 1–2 % isoflurane until the end of the experiment

without more than 20 % decreases in blood pressure, heart

rate, or oxygen saturation. Isoflurane was used as the main

anesthetic in the present study, as its administration is easy

to apply and quick to control the level of anesthesia. This

avoids problems associated with injectable anesthetics, such

as a lack of agents to reverse their activity rapidly in case of

overdose or possible side-effects. Isoflurane has been shown
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to minimally influence systemic arterial blood pressure and

cardiac output over several hours of anesthesia [35]. How-

ever, isoflurane inhibits thermoregulatory responses [36,

37], typically reducing the thresholds for vasoconstriction

and shivering by approximately 3 �C and increasing the

thresholds for sweating and vasodilation by approximately

1 �C, thus limiting the stress response to cold exposure.

Additionally, cooling of the piglet’s brain resulted in

hypotension (32 ± 4 mmHg after 1 h of cooling) which is

likely a combined effect of temperature reduction, the age

of the animal and general anesthesia. Therefore, cerebral

perfusion, an important mechanism for the cooling kinetics

with nasopharyngeal cooling, will be decreased at that

degree of hypotension and might confound the cooling

efficiency. Another limitation of this study is that the brain

temperature was measured only at one position, and there-

fore no information was obtained about homogeneity of

regional brain temperature. However, two preliminary

experiments had examined the temperature gradient within

a piglet’s brain, calculated as the difference between frontal

and parietal lobes by inserting one probe in each region, and

this was found to be no more than 0.1 �C. A final concern

with this study is that core body temperature was measured

by the rectal temperature probe which may correlate less

well with core temperature than esophageal temperature.

However, the temperature difference between rectal and

esophageal was examined in one experiment and was not

more than 0.3 �C.
In conclusion, we have demonstrated that nasopharyngeal

cooling by spraying and cooled air into nasal cavities is an

effective, feasible, and simple method to selectively reduce

brain temperature of newborn piglets. Although the results

from this study were encouraging; more experiments with

larger animal models for longer periods of cooling time are

required to evaluate the efficiency and reliability of the

cooling system and reproducibility of the results. Also, to

evaluate the efficiency of the method and reproducibility of

the cooling, we will switch to a large animal model, juvenile

pigs in our next set of experiments, and explore maintenance

of the brain–body temperature gradient during 6–7 h cool-

ing and gradual rewarming. We will measure physiological

parameters, particularly HR and MAP, as in the current

series of experiments and additionally electrolytes during

cooling, maintenance, and rewarming phase’s experiments.

If HR and MAP decrease more than 20 % from baseline,

inotrope, and pressor agents will be administered to return

both parameters closer to baseline levels.
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