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Abstract

Introduction: Selective brain cooling can minimize systemic complications associated with whole
body cooling but maximize neuroprotection. Recently, we developed a non-invasive, portable and
inexpensive system for selectively cooling the brain rapidly and demonstrated its safety and efficacy
in porcine models. However, the widespread application of this technique in the clinical setting
requires a reliable, non-invasive and accurate method for measuring local brain temperature so that
cooling and rewarming rates can be controlled during targeted temperature management. In this study,
we evaluate the ability of a zero-heat-flux SpotOn sensor, mounted on three different locations, to
measure brain temperature during selective brain cooling in a pig model. Computed Tomography
(CT) was used to determine the position of the SpotOn patches relative to the brain at different
placement locations.

Methods and Results: Experiments were conducted on two juvenile pigs. Body temperature was
measured using a rectal temperature probe while brain temperature with an intraparenchymal
thermocouple probe. A SpotOn patch was taped to the pig’s head at three different locations: 1-2 cm
posterior (Location #1, n=1), central forehead (Location #2, n=1); and 1-2 cm anterior and lateral to
the bregma i.e., above the eye on the forehead (Location #3, n=1). This cooling system was able to
rapidly cool the brain temperature to 33.7 £ 0.2°C within 15 minutes, and maintain the brain
temperature within 33-34°C for 4-6 hours before slowly rewarming to 34.8 + 1.1°C from 33.7 £ 0.2°C,
while maintaining the core body temperature (as per rectal temperature probe) above 36°C. We
measured a mean bias of -1.1°C, -0.2°C and 0.7°C during rapid cooling in induction phase,
maintenance and rewarming phase, respectively. Amongst the three locations, location #2 had the
highest correlation (R? = 0.8) between the SpotOn sensor and the thermocouple probe.

Conclusions: This SBC method is able to tightly control the rewarming rate within 0.52 + 0.20°C/h.
The SpotOn sensor placed on the center of the forehead provides a good measurement of brain
temperature in comparison to the invasive needle probe.

1- Introduction
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Hypothermia (brain temperature < 35°C) shows great promise to prevent or minimize neural damage in patients with
cardiopulmonary arrest and traumatic head injuries [1, 2]. However, cooling the whole body below 33-34°C can induce
severe complications [3]. Dysrhythmias, infections and primary coagulopathy are the most commonly noted
complications [3]. In our group, we developed a Selective Brain Cooling (SBC) approach which can be initiated early,
induces rapid cooling and maintains the target brain temperature over an extended period of time before slowly
rewarming without significantly affecting the core body temperature [4]. This method works by blowing air produced
by a vortex tube into the nostrils at a temperature range of -5 to 16°C and at flow rates of 5 to 45 L/min. In a recent paper
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[4], we showed that blowing air cooled by the vortex tube intranasally is an effective and safe method to selectively
lower and maintain brain temperature. The cooling system was capable of achieving brain temperature of less than
approximately 34°C within 30-40 min and sustaining a brain-esophageal temperature difference of greater than about
3°C over 6 hours. The temperature and flow rate of the cold air stream are controlled continuously by a microprocessor
and are regulated by a feedback system from the brain temperature. In our experiments, brain temperatures were
measured invasively by inserting a thermocouple probe into the brain parenchyma, which provides accurate
measurements but may be too invasive in a clinical setting, making it unsuitable for many patients. Invasive intracranial
probes, such as those for intracranial pressure monitoring, carry potential complications such as intracranial hemorrhage
or hematoma and infections [5]. Accordingly, we believe that the clinical adaptation of this technique requires a reliable,
non-invasive and accurate method for measuring local brain temperature so that cooling and rewarming rates can be
controlled during targeted temperature management.

Zero-heat-flux (ZHF) thermometry is an alternative, non-invasive method to measure core body temperature in human
patients by applying a thermosensor patch to the lateral forehead. Recent studies by Eshraghi et al. and Iden et al revealed
that the mean temperature difference between the new ZHF sensor (3M™ SpotOn, 3M, Neuss, Germany) on the forehead
and the pulmonary artery catheter and nasopharyngeal temperatures was 0.23°C and 0.07°C, respectively [6, 7]. These
sensors consist of an insulator patch attached to the skin, which is covered by an electric heater that eliminates the heat
loss to the environment, resulting in the formation of an isothermal tunnel subdermally to the skin surface. Therefore,
temperature rising to the surface through this tunnel can be measured non-invasively and continuously.

Although there are promising results from recent studies, the ability of ZHF SpotOn sensor to monitor brain
temperature during SBC has not been studied to our knowledge. Furthermore, ZHF thermometry’s ability to measure
temperature up to a depth of approximately 2 cm makes it a useful non-invasive tool for brain temperature monitoring.[8,
9] In the present study, we investigated whether brain temperatures measured by SpotOn sensor at different locations on
the brain are accurate during SBC by comparing them with simultaneous measurements from a thermocouple inserted
into the brain parenchyma of a pig model. The position of the SpotOn patches relative to the brain at different locations
was determined by direct comparison with Computed Tomography (CT) measurement.

2- Methods
2-1- Animal’s Preparation and Experimental Procedure

Experiments were conducted on two juvenile Duroc x Landrace crossbred pigs, approximately 2-3 months old with
a weight of 21 + 11kg. All animal experiments were approved by the Animal Use Subcommittee of the Canadian Council
on Animal Care at our institution. The surgical procedure has been presented in detail elsewhere.10 Body temperature
was measured continuously using an esophageal temperature probe attached to the Surgivet monitor (Temperature probe
WWV 3418, Smiths Medical, Dublin, OH USA). Brain temperature was also measured continuously with a thermocouple
probe. A 15-mm burr hole was drilled in the skull 1.5 cm posterior and 1.5 cm lateral to the bregma along the mid-line
with a Dremel tool. The thermocouple probe was inserted through the burr hole into the brain to a depth of =1 cm from
the brain surface to measure brain temperature. A SpotOn patch was taped to the pig’s head on three different locations;
1-2 cm posterior (Location #1, n=1), Centered on the forehead (Location #2, n=1); and1-2 cm anterior and lateral to the
bregma i.e., above the eye on the forehead (Location #3, n=1).
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Figure 1. (a) Schematic of a pig’s head showing the different approximate locations (#1-3) of the SpotOn patches and
estimated position of the needle thermocouple probe to measure brain temperature. (b-d) Coronal CT images showing the
location of center of SpotOn patches and extra cerebral tissue i.e., scalp and skull thickness associated with each location.
White lines in rectangle shape shows the region of interest below the whole SpotOn patch.

Figure 1(a) shows the schematic of a pig’s head with the locations of the SpotOn temperature monitoring system as
well as the thermocouple probe. A specific feature of the patch is its flexible material and electronic device, which
enables the sensor to follow the contours of the skin surface. This prevents the occurrence of air pockets between sensor
and skin and optimizes thermal contact. After the stabilization period, intranasal brain cooling was initiated by blowing
cold air (-3 = 2°C) at a flow rate of 45-50 L/min into both nostrils from a medical air cylinder. After about 30 minutes,
the source of compressed air was switched from the medical air cylinder to the hospital medical air for the maintenance
and rewarming phases. Once the brain temperature was stabilized at the target temperature of 35.5 + 0.5°C as measured
by the intracranial thermocouple, the flow rate and temperature were self-adjusted by the controller to maintain the brain
at target temperature for 4-6 hours while core body temperature (i.e., rectal temperatures) was maintained above 36°C
using the heated recirculating water pad and by packing gloves filled with hot water around the body of the pig within
the linen blanket. During the rewarming phase, the brain temperature was gradually allowed to reach a temperature of
360C at a rewarming rate of 0.5°C/hr by increasing the air temperature gradually and adjusting the flow rate. Active
warming was performed during both maintenance and rewarming periods. Each experiment was completed within 13-
14 hours and the animals were sacrificed with intravenous potassium chloride (1-2 ml/kg, 2 mEg/mL) infusion.

2-2-CT Data Acquisition

Following experiment, pigs were placed in a Light Speed 64-slice CT scanner (GE Healthcare, Waukesha, WI, and
U.S.A). A scout CT scan was performed to assess the position of the SpotOn patches relative to the brain in three
different locations. Each scan provided eight contiguous 5 mm thick coronal slices, with a field of view (12 cm) set to
encompass the entire head and snout of the pigs, in a prone position. Figure 1(b-d) shows cross-sectional anatomical CT
image showing the position of center of SpotOn patches and extra cerebral tissue i.e., scalp and skull thickness, at all
three locations (#1-3).

2-3- Statistical Analysis

SPSS 17.0.0 (SPSS, Inc, Chicago, IL) was used for all statistical analyses. Monitored physiologic parameters and
vital signs were analyzed by repeated measures ANOVA. Finally, the degree of similarity between temperature
measurements acquired with the two techniques was evaluated using a Bland-Altman plot, to calculate the bias and 95%
limit of agreement [10]. Statistical significance was based on p-value < 0.05. All data are presented as mean + standard
deviation (SD) unless otherwise noted.

3- Results

Table 1 displays a summary of the physiological parameters (mean + SD) of 3 pigs measured at different stages of
the experiment: baseline, hypothermia maintenance (at target brain temperature of 33 + 1°C) and rewarming (at target
rate of 0.5°C/hr). As shown in Figure 1(B-D), the skull thickness underneath the SpotOn sensor measured from CT
images at all three locations (#1-3) was 11.5 mm, 6 mm, and 9.8 mm, respectively.

Physiological parameters measured at different brain temperatures

Mean arterial pressure (MAP) dropped slowly after the induction of intranasal cooling from 63 + 16 to 54 + 8 mmHg,
however, during rewarming, when the brain temperature reached 35.5 + 0.3°C, MAP increased to 60 + 20 mmHg. Total
hemoglobin (tHb) and serum potassium (cK*) levels, measured by arterial blood gas samples, gradually increased from
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baseline at 8.1 + 0.1 g/dL and 3.7 £ 0.4 mmol/L to 9.1 + 0.4 g/dL and 6.0 £ 0.5 mmol/L after the cooling and rewarming
inclusively. Other measured physiologic parameters were stable and within normal limits throughout the experiment.

Table 1. Physiological parameters (mean £ standard deviation (SD)) measured at different brain temperatures at
baseline and during cooling and rewarming. cNa* - sodium concentration, cK* - potassium concentration, cCa* - calcium
concentration, cCl- - chloride concentration, tHb - total hemoglobin concentration, and PaCO:2 - partial pressure of
carbon dioxide was measured in arterial blood samples. MAP - mean arterial pressure - HR - heart rate was measured
from a femoral artery catheter. *A statistically significant (p<0.05) change compared to baseline

Baseline Cooling & Maintenance phase Rewarming phase

Brain Temp (°C) 38201 33611 355+0.3
cNa* (mmol/L) 145 141+1 143+ 7
cK* (mmol/L) 3.7+x04 4.6 £0.6* 6.0 £ 0.5*
cCa? (mmol/L) 13 13 1.3
cCl- (mmol/L) 107 +2 104 +2 103+1
MAP (mmHg) 63+ 16 54 +8 60 £ 20
HR (bpm) 108 + 13 99 + 25 111+16
pH 75 75 75
tHb (g/dL) 8101 8.6+04 9.1+04*
PaCO2 (mmHg) 402 38x2 37+2

Temperatures (esophageal, rectal, brain and SpotOn)

Figure 2(a) shows the rectal and brain temperature profile as a function of time measured every 5 minutes. Brain
temperature was obtained from intracranial thermocouple probe and a SpotOn temperature monitoring system in location
#1, in which the SpotOn patch was stuck on 1-2 cm posterior and 1-2 cm lateral to the bregma. During baseline, the pig
had an average brain and rectal temperature of 38.2°C and 38.1°C, respectively. Following baseline, brain temperature
measured by thermocouple probe dropped rapidly to 33.5°C within 20-25 minutes and then stabilized at 33.7 = 0.2°C
within the first hour of brain cooling. Following 4 hours of cooling, the brain was then allowed to gradually rewarm
from 33.8°C to 35.8°C in 5 hours, corresponding to a rewarming rate of 0.4°C/h. During the whole experiment, the core
temperatures were kept above 36°C using a recirculating heated water blanket.

During 10-15 minutes of cooling induction, the maximum thermocouple to SpotOn brain temperature gradient was -
1.7°C. During maintenance and rewarming phases, the temperature difference measured by thermocouple probe and
SpotOn was 0.1 + 0.5°C and 0.9 + 5°C, respectively. From the Bland-Altman analysis shown in Figure 2(b), the mean
difference between the two methods (i.e., thermocouple vs SpoOn) throughout the whole experiment was 0.4°C. The
95% confidence limits of the difference between the two methods were from -0.9 to 1.7°C.
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Figure 2. (a) Measured brain and rectal temperature over time during baseline, cooling/maintenance and rewarming
phase. Brain data were obtained from thermocouple needle probe and SpotOn temperature monitoring system in location
#1, in which the SpotOn patch was stuck on 1-2 cm posterior and 1-2 cm lateral to the bregma. (b) Bland-Altman plot of

two brain temperature methods. The dotted line shows the mean difference and dash-dotted lines show the limits of
agreement (mean + 2 SD).
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Figure 3(a) shows the brain and rectal temperature versus time plot on the same pig using SpotOn at location #3 where
the patch was stuck 1-2 cm anterior and lateral to the bregma i.e., above the eye on the forehead. Results of comparing
brain temperature measured by two methods, reveal that after the initiation of rewarming, a thermocouple-SpotOn brain
temperature gradient began to increase. From the Bland-Altman analysis in Figure 3(b), the mean difference between
the two methods was 0.2°C. The 95% confidence intervals of the difference between the two were -1.8°C to 2.2°C.
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Figure 3. (a) Measured brain, rectal and esophageal temperature over time during baseline, cooling and rewarming phase.
Brain data were obtained from thermocouple needle probe and SpotOn temperature monitoring system above the eye on
the forehead (location #3). (b) Bland-Altman plot of two brain temperature methods. The dotted line shows the mean
difference and dash-dotted lines show the limits of agreement (mean + 2 SD).

Figure 4(a) shows the brain temperature versus time plot of needle probe and SpotOn sensor at the center of the
forehead (location #2) under the same cooling condition. By placing the SpotOn patch at this location to monitor brain
temperature, the mean difference between the two temperature methods was 0.03°C as shown in Figure 4(b). The 95%
confidence limits of the difference between the two methods were from -1.2 to 1.3°C.
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Figure 4. (a) Measured brain, rectal and esophageal temperature over time during baseline, cooling and rewarming phase.
Brain data were obtained from thermocouple needle probe and SpotOn temperature monitoring system at the center of
forehead (location #2). (b) Bland-Altman plot of two brain temperature methods. The dotted line shows the mean difference
and dash-dotted lines show the limits of agreement (mean + 2 SD).

Figure 5 shows the correlation plot of the needle probe against SpotOn brain temperature of the all experiments. The
average slope and R? value from the regression analyses for location 1 were 0.6 and 0.7; for location 2 were 0.8 and 0.8;
and for location 3 were 0.06 and 0.02, respectively.
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Figure 5. Correlation plot comparing two brain temperature methods using thermocouple needle probe and SpotOn patch
sensor placed at three different locations on the pig’s head. Each symbol type represents data from one of three locations.

4- Discussion

Reliable continuous brain temperature measurement is of major importance for monitoring patients. Assaults to the
brain caused by ischemia, infarction or acquired brain injury causes the brain temperature to rise above body temperature.
A typical elevation is between 1-2°C [11, 12]. A disadvantage to using intracranial thermocouple probe is the
requirement for surgery for probe placement. Therefore, having a method to measure brain temperature non-invasively
is extremely useful and important at an early stage to guide appropriate management. Besides this, SBC requires a
method that can measure local brain temperature rather than body temperature as the latter may not reflect the actual
brain temperature. Several approaches have been developed to assess brain temperature using different modalities such
as optics [13, 14], magnetic resonance spectroscopy [15], ultrasound [16], microwave radiometry [17], ZHF
technique.[18] However, these techniques have their shortcomings from practical issues such as complexity, increase in
brain temperature during its operation [9, 16] poor temporal and spatial resolution[19] sensitive to positioning errors
[20] and delay in temperature measurement [21]. However, new technical breakthroughs in ZHF methods are promising
and can potentially fulfil the advantages of non-invasiveness, reliability and short delay time that current measurement
methods lack. Recently, Guschlbauer et al (2016) tested a SpotOn sensor in a porcine hypothermia model. Compared to
temperature at pulmonary artery, there was a mean difference of 0.21 + 0.16°C and 0.21 + 0.16°C during rapidly
changing temperature and stable temperature, respectively, when the patch was placed directly behind the eye. However,
the study only investigated the accuracy of SpotOn measurement, with comparison to pulmonary artery, during cooling
and maintenance under the condition of whole-body cooling. In the present study, we investigated the ability of SpotOn
to measure brain temperature during SBC. Moreover, another important aspect which was not tested in their experiments
is examining the SpotOn sensor during rewarming. Rewarming is a critical phase of therapeutic hypothermia to monitor
for oxidative stress [22, 23]. Rapid rewarming of the injured brain commonly leads to a mismatch between cerebral
metabolism and perfusion [23] and can result in a rebound in intracranial pressure elevations [24], cerebral venous
desaturation [22], and brain ischemia. It is suggested that controlling the rewarming rate to 0.1-0.3°C/hour with an
absolute maximum target of 0.5°C is preferred to reduce the neurological risks [25-27]. Therefore, we evaluate the ability
of the SpotOn to measure brain temperature during rewarming using our SBC method in a pig model.

In this study, we showed that our method is able to tightly control the rewarming rate of brain within 0.52 + 0.20°C/h,
by automatically adjusting the flow rate and temperature of cold air according to the invasive needle probe temperature.
During the cooling induction and maintenance phases, both the brain and rectal temperature profiles were similar to
those shown in previous studies by our group [4, 28], demonstrating the reproducibility of this nasopharyngeal brain
cooling method. This cooling system was able to rapidly cool the brain temperature to 33.7 £ 0.2°C within 15 minutes,
and maintain the brain temperature within 33-34°C for 4-6 hours before slowly rewarming to 34.8 + 1.1°C from 33.7 =
0.2°C, while maintaining the core body temperature (as per rectal temperature probe) above 36°C. These show the
effectiveness of this device to cool the brain rapidly to the targeted hypothermic temperature, maintain it and control the
rewarming rate tightly. Core body temperature was measured by both rectal and esophageal temperature probe. However,
only rectal temperature values are presented. The temperature difference between rectal and esophageal was examined
in both experiments and was less than 0.5°C, which was consistent with our previous findings [4].
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Moreover, we compared brain temperature measured by intracranial thermocouple probe to SpotOn sensor placed at
three different locations on the pig’s head. The thermocouple probe was inserted into the brain parenchyma at an average
depth of 1.1 £ 0.1 cm. Amongst the three locations, location #2 had the highest correlation (R? = 0.8) between SpotOn
sensor and the thermocouple probe, with a slope of 0.8 (Figure 5). There are several factors that can explain this
discrepancy. One explanation is the thickness of the skull underneath of the whole patch was thinner in location #2 as
verified by CT images. Second, at location #2, the region underneath the SpotOn sensor had a homogenous geometry.
The error in the brain temperature measurements by SpotOn sensor caused by incorrect region selection can also be
explained by the differences between two techniques. The area under Location #3 consists of sinus and brain tissue. This
could explain the greater temperature difference between that measured by the intracranial needle probe and SpotOn
during the rewarming phase.

The average difference between the two methods of temperature measurement was 0.3°C. Regardless of the location,
the bias during the induction and rewarming phases were significantly higher compared to the maintenance phase at all
three locations (#1-3). We measured a mean bias of -1.1°C, -0.2°C and 0.7°C during rapid cooling in induction phase,
maintenance and rewarming phase, respectively. This discrepancy is likely a result of time delay in the formation of an
isothermal pathway under the patch sensor through layers of the skin, skull and brain tissue at different phase of cooling.
In this experiment, we found that at all locations (#1-3), it took the SpotOn 10-25 minutes to attain a temperature
measurement difference of less than 0.5°C from the intracranial thermocouple probe.

All monitored physiologic variables except for MAP, HR, tHb and potassium were unchanged from baseline values
throughout the cooling, maintenance and rewarming phases. A reduction in HR and MAP observed after the induction
of intranasal cooling, may be due to physiological instabilities such as thermoregulatory responses to a decline in body
temperature, such as the effects of cold-induced vasoconstriction, reduction of MAP and cardiac output [29]. The
anesthetic level of isoflurane concentration (1-2%) and propofol infusion rate (30-50 ml/hr) were adjusted when
hyperkalemia was noted as per arterial blood gas samples that were taken during the experiment. No other management
was done for hyperkalemia and the pigs in the study did not develop arrhythmia during hyperkalemic events. pH, PaO2
and PaCO; values were corrected for the body temperature to account for changes in pH, Oz and CO; blood levels with
changing temperature [30, 31]. For example if correcting for hypothermia, for every degree below 37°C, 0.0012 units
was added to the pH value, 5 mmHg and 2 mmHg were subtracted from the PaO2 and PaCO2 respectively [30, 31].

5- Conclusion

In conclusion, the SpotOn sensor provides a good measurement of brain temperature in comparison to the invasive
needle probe. In future studies, the ability of the SpotOn device to control the cooling and rewarming rate should be
explored. As well, more experimental studies are necessary to evaluate the efficiency of the device and reproducibility
of the results in different animal models of normal and injured brain. We plan on upgrading our controller to
automatically adjust the flow rate and temperature of cold air according to the SpotOn temperature by placing the patch
on the centre of the forehead.
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