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Background: Indirect core body temperature (CBT) monitoring from skin sensors is gaining
attention for in-field applications thanks to non-invasivity, portability, and easy probe
positioning. Among skin sensors, heat-flux devices, such as the so-called Double Sensor
(DS), have demonstrated reliability under various experimental and clinical conditions. Still,
their accuracy at low ambient temperatures is unknown. In this randomized cross-over trial,
we tested the effects of cold temperature exposition on DS performance in tracking CBT.

Methods: Twenty-one participants were exposed to a warm (23.2 +£0.4°C) and cold
(=18.7+1.0°C) room condition for 10 min, following a randomized cross-over design. The
accuracy of the DS to estimate CBT in both settings was assessed by quantitative
comparison with esophageal (reference) and tympanic (comparator) thermometers, using
Bland-Altman and correlation analyses (Pearson’s correlation coefficient, r, and Lin’s
concordance correlation coefficient, CCC).

Results: In the warm room setting, the DS showed a moderate agreement with the
esophageal sensor [bias=0.09 (—1.51; 1.69) °C, r=0.40 (p=0.069), CCC=0.22 (-0.006;
0.43)] and tympanic sensor [bias=2.74 (1.13; 4.35) °C, r=0.54 (p<0.05), CCC=0.09
(0.008; 0.16)]. DS accuracy significantly deteriorated in the cold room setting, where DS
temperature overestimated esophageal temperature [bias=2.16 (-0.89; 5.22) °C, r=0.02
(0.94), CCC=0.002 (—0.05; 0.06)]. Previous exposition to the cold influenced temperature
values measured by the DS in the warm room setting, where significant differences
(p<0.00001) in DS temperature were observed between randomization groups.

Conclusion: DS accuracy is influenced by environmental conditions and previous
exposure to cold settings. These results suggest the present inadequacy of the DS device
for in-field applications in low-temperature environments and advocate further technological
advancements and proper sensor insulation to improve performance in these conditions.

Keywords: body temperature, physiological monitoring, non-invasive devices, wearables, cold environments,
hypothermia
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INTRODUCTION

Core body temperature (CBT) is commonly defined as the
temperature of the brain and major internal organs (Aschoff
and Wever, 1958; Kobayashi et al., 1975; Fulbrook, 1997).
CBT can be invasively measured at different sites, such as
the pulmonary artery, esophagus, nasopharynx, bladder, and
rectum (Strapazzon et al, 2014; Mase et al., 2021). The
relative advantages and disadvantages of each measurement
site have been reviewed in depth elsewhere (Fulbrook, 1997;
Moran and Mendal, 2002; Lim et al., 2008; Taylor et al.,
2014). As a significant limitation, these sites display some
degree of invasivity, confining their use to specific clinical
situations. To address these problem, other places, such as
the ear canal and the skin surface, have been proposed,
which may allow non-invasive, indirect estimation of CBT
(Brinnel and Cabanac, 1989; Gallimore, 2004; Gunga et al,,
2008; Kimberger et al., 2013; Strapazzon et al., 2014; Asadian
et al.,, 2016; Mase et al., 2020). Methods for indirect CBT
determination from the skin surface have gained attention
thanks to non-invasivity, easy probe positioning, and small
size. However, the recording of skin temperature implies a
measurement at the interface of two different environments,
that is, the human body and the external environment. Skin
temperature may be affected by various environmental
conditions, such as changes in ambient temperature, wind
chill (Lankford and Fox, 2021), solar or heat radiation,
humidity, and thermoregulatory responses, such as sweating
and changes in local skin blood flow.

A promising approach for the indirect determination of
CBT from the skin is represented by non-invasive heat-flux
sensors, such as the so-called Double Sensor (DS) device (Gunga
et al., 2008). The DS calculates CBT from two temperature
sensors separated by an insulating disk with a known heat
transfer coefficient (see “Study Design, Protocol, and Temperature
Monitoring”). With respect to previous approaches (Fox and
Solman, 1971), it needs neither a heating element nor a zero-
heat-flux balance (Gunga et al.,, 2008). To date, various studies
have suggested the reliability and validity of heat-flux approaches
and DS technology under different environmental conditions,
as well as in clinical conditions (Muravchick, 1983; Sakuragi
et al., 1993; Gunga et al, 2008, 2009; Kimberger et al., 2009,
2013; Zeiner et al., 2010; Teunissen et al., 2011; Opatz et al.,
2013; Xu et al, 2013; Guschlbauer et al, 2016; Mazgaoker
et al, 2017; Mendt et al., 2017, 2021; Stahn et al., 2017; Gémez-
Romero et al., 2019; Janke et al., 2021). However, despite the
fact that the DS has been previously tested under challenging
extreme situations, such as space flights and high ambient
temperature (40°C; Gunga et al., 2008, 2009; Stahn et al., 2017),
evidence is lacking on the reliability of DS temperature monitoring
at low ambient temperatures (<0°C) and in the presence of
rapid changes in ambient temperature.

Based on these premises, the present study aims to determine
the capability of DS technology to assess CBT during exposure
to low ambient temperatures. Performance was evaluated and
compared with an esophageal reference sensor and a tympanic
thermistor-based thermometer. We hypothesized that low ambient

temperature could impact DS accuracy and determine carry-
over effects on subsequent measurements.

MATERIALS AND METHODS
Study Group

Participants were recruited from the local mountain rescue
organization. They were instructed to fast for at least 6h before
testing. Clinical history and medical examination were conducted
to exclude any acute or chronic conditions or abnormalities
of the ear canal or upper airways. After an ear examination
to assess external and middle ear integrity, cerumen was removed
from the ear canal, if necessary.

Study Design, Protocol, and Temperature
Monitoring
The study was approved by the Ethics Committee review board
of Bolzano, Italy (protocol n.70/2012) and conducted according
to the Declaration of Helsinki. All participants gave written
informed consent before participation. The study was designed
as a randomized, cross-over, controlled trial (Figure 1A).
Participants were randomly assigned to group A or B. Group
A was exposed to a cold room setting first, followed by a
warm room setting, and group B vice versa. A climate chamber
with controlled temperature settings was used as cold room
setting and a medical examiner’s office as warm room setting.
As shown in Figure 1B, body temperature was measured
in all participants at the forehead by the DS (Tps), in the
esophagus (Tgs), and in the ear canal (Trywp). Tes was used
as an invasive reference measure of CBT, while Tryyp was
used as a non-invasive comparator. Probes were placed after
at least 30 min of rest in the medical examiner’s office. CBT
measurements with the DS were performed with a previously
described sensor (Driger, Liibeck, Germany). Details about
the underlying biophysical model of the sensor are reported
elsewhere (Gunga et al., 2008). Briefly, as shown in the schematic
representation in Figure 2, the DS estimates CBT using two
temperature sensors (black dots), positioned in proximity of
the top and down surfaces of the device, and separated by
an insulating disk (in blue). Assuming that: (1) the temperature
T, measured by the sensor adjacent to the bottom surface
approximates skin temperature, (2) the temperature T, measured
by the sensor adjacent to the top surface approximates room
temperature close to the surface, and (3) lateral heat loss from
the device can be neglected, CBT can be estimated simply
using the heat-flux equation and, specifically, by equating the
heat flow from the body to the skin to that flowing through
the insulating disk, which leads to:

CBTleJrﬁ(TI—Tz) (1)
Kg

where K, is the known heat transfer coefficient of the insulation
disk containing the sensors, and K, is the heat transfer coefficient
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FIGURE 1 | Study design (A) and experimental setup (B). (A) The study was a randomized, cross-over study, where each participant underwent two sets of
measurements, that is, measurements in a warm room (room temperature of 23.4+0.4°C) and in a cold room (room temperature of —18.7 +1.0°C), and the order of
the two conditions was the randomization variable. (B) Patients equipped with the devices for temperature monitoring: double sensor, esophageal, and tympanic

CBT

through the sensor (red arrows), leading to the equation on the right.

FIGURE 2 | Schematic representation of the Double Sensor building blocks and core body temperature (CBT) estimation principles. The Double Sensor is
composed by two temperature sensors (black dots), measuring temperatures T; (approximating skin temperature Ty,) and T, (approximating ambient temperature
Tamb), respectively, which are separated by a disk of insulating material (in blue) of known heat transfer coefficient K. Neglecting heat flux through lateral walls
(dashed arrows), CBT can be estimated simply equating the heat flux from the body to the skin (with body heat transfer coefficient K) to the heat flux from the skin

of the body. The presence of a heat flow through the DS lateral
walls (dashed arrows in Figure 2), not included in Equation 1,
may determine the underestimation of CBT, when heat leaves
the DS, or to its overestimation when heat enters the DS (Gunga
et al., 2008).

According to previous indications, the DS was positioned on
the forehead at the vertical line above the eye directly underneath

the hairline (Gunga et al., 2009). The sensor was applied using
an elastic headband, ensuring continuous contact even in the
presence of head movements. A small amount of conductive gel
was applied between the sensor and the skin. T was continuously
monitored with the mobPhysioLab® (KORA Industrie-Elektronik
GmbH, Hambiihren, Germany) and displayed simultaneously
with Ty and Ty The tympanic probe (M1024233, GE Healthcare
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Finland Oy, Helsinki, Finland) was inserted into the right ear
canal according to the producer’s instructions and fixed to the
lobe using standard surgical tape to prevent displacement. The
esophageal probe (9F general-purpose sterile probe M1024229,
GE Healthcare Finland Oy, Helsinki, Finland) was inserted via
the naris into the lower third of the esophagus after local anesthesia
of the nasal and pharyngeal mucosa with topical lidocaine 2%
solution. After successful insertion, the probes were connected
to an intensive care monitor (Compact Anaesthesia Monitor, GE
Healthcare Finland Oy, Helsinki, Finland).

After the placement of the probes, participants were guided
to the first test setting. Participants were seated during the
test duration and measurements were recorded every 2s and
averaged over 1 min for a total duration of 10min in each
condition. The interval to transfer to the second test setting
and start data recording was between 3 min and 5min. Winter
clothing, including a hat (not covering the DS), was allowed
during measurements at low ambient temperature.

Statistical Analysis

Data were reported as meanz+standard deviation (SD). The
Shapiro-Wilk test assessed data normality. To evaluate statistical
differences between temperature measurements over time and
in different ambient conditions, data were processed by ANOVA
mixed models. Temperature differences over time were assessed
for each body site and ambient condition (warm/cold) by fitting
a mixed model (M1) with time (measurements at 3, 6, and
9min) as within-subject factor and randomization group (A/B)
as between-subject factor. Temperature differences among ambient
conditions (warm vs. cold room) were assessed after a period
of 9min at each body site by fitting a mixed model with the
ambient condition as within-subject factor and randomization
group as a between-subject factor (model M2). In each model,
the presence of factor interaction was expressed in terms of
F-statistics and corrected values of p (Greenhouse-Geisser
adjustment) to address sphericity deviations. Post-hoc tests
were performed using Bonferroni correction for multiple
comparisons.

DS capability in tracking CBT was assessed by comparing
DS measurements with the esophageal and tympanic
measurements. The bias between the Tps and Tgs/Tryme was
evaluated by constructing Bland-Altman plots and by calculating
the bias or mean difference (MD) and the limits of agreement
(LoA, 1.96*SD) between DS and esophageal/tympanic
measurements. The degree of the linear relationship between
the Tps and Tgg/Trynp Was quantified using Pearson’s correlation
coefficient (r) and significance level. Lin’s concordance correlation
coeflicient (CCC) with confidence interval (CI) was also estimated
as a cumulative measure of accuracy and precision. The analyses
were performed for the warm and cold room settings, in the
whole study group and in the two randomization subgroups
(group A and B).

Statistical analyses were performed using STATISTICA
(Version 7, Windows package) and Matlab (Version R2019b,
MathWorks, Inc., Natick, MA, United States). A p<0.05 was
considered statistically significant.

RESULTS
Study Group and Test Conditions

Twenty-one participants (mean age 39+12years, range
22-61years, two females) were enrolled in the study. None of
the participants dropped out. Ten subjects were assigned to
group A and eleven subjects to group B. The temperature in
the warm room setting was 23.2+0.4°C and in the cold room
setting was —18.7+1.0°C.

Time Course of Temperature
Measurements Under Different Room
Temperature

The time course of average temperature values recorded by
the DS, tympanic, and esophageal sensors are displayed in
Figure 3 for the warm (left panels) and cold room settings
(right panels). Average temperature values measured by the
three devices over time are summarized in Table 1.

DS-based temperature values of all participants (Figure 3,
top left panel), measured in the warm room, changed from
36.3+1.6°C at 3min to 36.9+0.9°C at 9min, showing a
progressive decrease in variability over time. As shown in
Table 1, a significant interaction between time and
randomization group was observed (p<0.0001). Group A
showed a more marked temporal trend, and higher variability
than group B. Tps in group A progressively and significantly
increased from 3min to 6min to 9min (p<0.0001). In
contrast, no significant differences between Tps values at
different time points were observed for group B (p=n.s.).
Although differences between randomization groups tended
to decrease over time, the two groups maintained a significant
difference at all three time points (p<0.0001), with group
A showing significantly lower temperature values. In the
cold environment (Figure 3, top right panel), the DS displayed
a biphasic behavior, with an initial increase of temperature
in the first three minutes followed by a decrease. Temperature
measurement variability in the overall population increased
over time from 1.1°C at 3min to 1.5°C at 9 min. A significant
interaction between time and randomization was observed
also in this condition (p=0.03). Group A showed significant
differences from 3 min to 6 and 9min and from 6 to 9 min
(p<0.0001), while group B showed a significant difference
only between 6 and 9 min (p <0.05). A progressive separation
of the two randomization groups was observed, and a
statistically significant difference was reached at 9min
(p<0.05), where group A showed significantly lower values.
At 9min, a significant difference between Tps values in the
warm and cold room conditions was observed for the whole
population (p <0.0001).

Trymp values in the warm room setting (Figure 3, central
left panel) displayed similar behavior to the DS, with comparable
variability, time course, differences in the two randomization
groups, and a significant interaction between the factors
(p<0.0001, Table 1). Tryyp displayed a progressive decrease
to low values in the cold room condition (Figure 3, central
right panel), decreasing from 29.9 +2.0°C at 3min to 28.3+2.0°C
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FIGURE 3 | Time course of average temperature values measured by the forehead double sensor (Tps, upper panels), the tympanic sensor (Trywr, Central panels),
and the esophageal sensor (Ts, bottom panels) in the warm (left) and cold (right) room settings in the overall population (red) and in group A (exposure to cold
followed by warm room setting, blue) and group B (exposure to warm followed by cold room setting, green). Data are mean and standard deviation.
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at 9min (p<0.0001). The variability of Tryue remained high
and almost constant over time. No marked difference was
found between randomization groups (p=n.s.). At 9min, a
significant difference between the warm and cold room conditions
was observed for the whole population (p<0.0001).

Compared to the DS and tympanic sensors, CBT
measurements by the esophageal probe (Figure 3, bottom
panels) displayed very low variability at each time point (Table 1),
stability over time, and no significant difference among
randomization groups. Similar values were measured in the
warm and cold room conditions in the overall population at
9min (p=n.s.).

Performance of the DS in Comparison
With the Esophageal and Tympanic
Sensors

The performance of the DS for estimating CBT under different
environmental conditions and for the two randomization
groups was evaluated in comparison with the esophageal and
tympanic sensors. Results are summarized in Table 2 and
Figures 4, 5.

The DS displayed moderate agreement with esophageal and
tympanic sensors in the warm room condition. The bias with
the esophageal sensor was lower than that with the tympanic
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TABLE 1 | Time course of temperature values measured by the Double Sensor
(Tos), tympanic (Trywme), @and esophageal sensors (Tes) in the warm and cold room
settings for the whole population and in the two randomization groups (group A:
exposure to cold followed by warm room setting; group B: exposure to warm
followed by cold room setting).

Warm room (T =23.4+0.4°C)

Time Groups Tos (°C) Trvwe (°C) Tes (°C)
3min Overall 36.3+1.6 33.8+1.2 36.8+0.2
Group A 34.9+0.9* 32.8+0.7* 36.8+0.2
Group B 37.6+0.6 34.6+0.7 36.9+0.2
6min Overall 36.7+1.2% 34.1+£0.9% 36.8+0.4
Group A 35.6+0.6%* 33.5+£0.8%* 36.7+0.5
Group B 37.6+0.6 34.6+0.7 36.9+0.2
9min Overall 36.9+0.9%% 34.2+0.8% 36.8+0.3
Group A 36.2+0.5%8* 38.7£0.7%* 36.8+0.3
Group B 37.6+0.5 34.6+0.7 36.9+0.2
M1 statistics F=74.4, F=16.1, F=0.95,
p<0.0001 p=0.0001 p=0.36

Cold room (T=-18.7+1.0°C)
Time Groups Tos (°C) Trvme (°C) Tes (°C)
3min Overall 39.9+1.1 29.9+2.0 36.8+0.3
Group A 39.5+1.1 29.7+1.7 36.8+0.3
Group B 40.2+1.0 30.1+2.3 36.8+0.3
6min Overall 39.7+1.4 28.9+2.1% 36.9+0.3
Group A 39.0+1.5% 28.7+1.6 36.9+0.2
Group B 40.2+1.2 29.0+2.5 36.8+0.3
9min Overall 39.0+1.55%% 28.3+2.05F 36.9+0.3
Group A 38.3+1.6%5%* 28.2+1.7 36.8+0.3
Group B 39.7+1.2° 28.4+2.3 36.9+0.3
M1 statistics F=4.80, F=0.07, F=1.23,
p=0.03 p=0.88 p=0.30

Data are mean +standard deviations.

&Post-hoc differences between time points: p <0.05 versus 3min.

£Post-hoc differences between time points; p<0.05 versus 6 min.

*Post-hoc differences between randomization groups; p <0.05 versus group B.

sensor, although confidence intervals were comparable in
the two cases. Compared to the esophageal sensor, the bias
showed a tendency to decrease over time, reaching a value
of 0.09 (LoA: —1.5; 1.7) °C at 9min. Group A slightly
underestimated the temperature (bias of —0.6°C), and group
B slightly overestimated it (0.7°C). Compared to the tympanic
sensor, the DS showed a larger positive bias of 2.7 (LoA: 1.1;
4.3) °C at 9min. Both randomization groups displayed higher
Tps values than Tryyp with slightly worse performance and
larger bias for group B (2.9°C). In the whole study group,
the DS showed a moderate but not statistically significant
correlation with the esophageal sensor (r=0.4, p=0.07 at 9min)
and a more robust, significant correlation with the tympanic
sensor (r=0.54, p<0.05 at 9min). When combining correlation
and bias metrics at 9min, the DS showed a fair agreement
with the esophageal sensor [CCC=0.22 (CI: —0.006; 0.43)]
and a poor agreement with the tympanic sensor [CCC=0.09
(CI: 0.008; 0.16)].

In the cold room condition, the agreement of the DS with
both esophageal and tympanic sensors significantly decreased,
especially with the latter sensor (Table 2). In terms of bias,
a slight reduction of the bias with the esophageal sensor was

observed over time, with relatively stable confidence intervals.
At 9min, the DS overestimated Tgs by 2.16°C with a large
confidence interval (CI: —0.89; 5.22). Group A showed a smaller
bias (1.4°C) than group B (2.8°C), but with slightly higher
variability. The comparison with the tympanic sensor showed
a larger bias and confidence interval. At 9min, the bias reached
a value of 10.7 (LoA: 5.3; 16.1) °C. Both groups showed higher
Tps values than Tryyp values, with slightly smaller bias (10.1°C)
and variability in group A than in group B (bias of 11.3°C).
In the whole population, linear correlation with both sensors
was lost. The increase of the bias and decrease of linear
correlation led to a drop of Lin’s concordance correlation to
almost-zero values.

DISCUSSION

This is the first study that analyzed the effects of low ambient
temperature and ambient temperature changes on the accuracy
of DS-based estimation of CBT in normothermic participants.
The study was performed by exposing participants to warm
and cold room conditions following a randomized cross-
over design and comparing DS measurements with esophageal
and tympanic measurements. Consistent with our initial
hypothesis, our results demonstrated the significant
deterioration of DS accuracy at low ambient temperature
and the existence of differences between randomization
groups, suggesting the effects of previous exposure to cold
on subsequent DS measurements. Significant differences were
found between temperature values measured by both DS
and tympanic sensors at warm versus cold ambient
temperature, while the esophageal temperature was almost
unaffected by ambient temperature changes. This led to a
significant increase in the bias and the loss of correlation
between the DS and esophageal/tympanic probes. In the
warm room setting, the bias of the DS with the reference
esophageal sensor decreased over time to a value of 0.09°C
at 9min. In contrast, in the cold ambient setting, the bias
increased to 2.16°C. In terms of randomization effects, DS
measurements displayed a significant difference between
randomization groups in the warm room condition, where
groups A and B underestimated and overestimated esophageal
reference, respectively. Overall, both groups showed a
significant overestimation of the esophageal temperature in
the cold room condition.

The observed differences may be due to technical factors
related to DS technology and to the specific anatomical
and physiological aspects of the monitoring site. From a
technical point of view, fast changes in ambient temperature
and exposition to cold temperature may produce alterations
in the heat flow through the sensors and variations in lateral
heat loss (Gunga et al, 2008). These may result in fast
changes of the measured temperature, with a subsequent
slow re-adaptation of the sensor to regain a steady-state
condition. When room temperature changes suddenly, the
DS temperature sensors are not in equilibrium. In particular,
the temperature T, of the sensor close to the top surface

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 830059


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Maseg et al.

DS Temperature in Cold Environments

TABLE 2 | Agreement between the double sensor, esophageal, and tympanic sensors at different time points, room temperature settings, and study groups.

Warm room condition (T=23.4+0.4°C)

Agreement with esophageal sensor

Agreement with tympanic sensor

Time Groups r (p) CCC (C]) MD (LoA), °C r (p) CCC (C)) MD (LoA), °C
3min Overall 0.43 (<0.05) 0.12 (0.003; 0.24) —0.54 (-3.42; 2.34) 0.76 (<0.0001) 0.26 (0.10; 0.40) 2.56 (0.58; 4.54)
Group A 0.32 (0.37) 0.08 (-0.04; 0.10) —1.85(-3.55; -0.15) 0.34 (0.34) 0.07 (-0.08; 0.21) 2.11 (0.26; 3.96)
Group B 0.21 (0.53) 0.07 (-0.15; 0.28) 0.65 (-0.48; 1.79) —0.05 (0.89) —0.004 (-0.05; 0.05) 2.97 (1.17;4.78)
6min Overall 0.40 (0.07) 0.23 (-0.01; 0.45) —0.15 (-2.25; 1.94) 0.62 (<0.005) 0.15 (0.08; 0.26) 2.56 (0.75; 4.38)
Group A 0.24 (0.51) 0.08 (-0.15; 0.30) —1.04 (-2.41; 0.33) 0.50 (0.14) 0.09 (-0.04; 0.21) 2.12 (0.68; 3.57)
Group B 0.17 (0.61) 0.06 (-0.15; 0.26) 0.65 (-0.49; 1.79) —0.06 (0.86) —0.005 (-0.05; 0.04) 2.96 (1.15; 4.78)
9min Overall 0.40 (0.07) 0.22 (-0.006; 0.43) 0.09 (-1.51;1.69) 0.54 (<0.05) 0.09 (0.008; 0.16) 2.74 (1.13; 4.35)
Group A 0.42 (0.23) 0.18 (-0.12; 0.45) —0.56 (-1.52; 0.39) 0.37 (0.30) 0.08 (-0.03; 0.10) 2.50(1.12; 3.88)
Group B 0.26 (0.45) 0.08 (-0.13; 0.28) 0.69 (-0.38; 1.76) —0.03 (0.93) —0.002 (-0.05; 0.05) 2.95(1.19; 4.70)
Cold room condition (T=-18.7+1.0°C)
Agreement with esophageal sensor Agreement with tympanic sensor
Time Groups r (p) CCC (Cl) MD (LoA), °C r (p) CCC (C)) MD (LoA), °C
3min Overall 0.10 (0.68) 0.006 (-0.02; 0.03) 3.05(0.91; 5.18) —-0.24 (0.29) —0.009 (-0.03; 0.009)  9.94 (5.10; 14.8)
Group A -0.28 (0.44) —-0.02 (-0.06; 0.03) 2.67 (0.36; 4.98) 0.21 (0.56) 0.007 (-0.02; 0.03) 9.76 (6.21; 13.3)
Group B 0.43(0.18) 0.02 (-0.01; 0.06) 3.39 (1.569; 5.19) —-0.64 (<0.05)  —0.02 (—0.06; 0.006) 10.1 (4.17; 16.0)
6min Overall 0.06 (0.79) 0.005 (-0.083; 0.04) 2.82(0.01; 5.64) -0.27 (0.24) —0.01 (-0.083; 0.009) 10.8 (5.26; 16.3)
Group A -0.38 (0.27) —0.03 (-=0.10; 0.03) 2.18 (-0.89; 5.25) 0.09 (0.80) 0.004 (-0.02; 0.03) 10.3 (6.23; 14.4)
Group B 0.47 (0.14) 0.03 (-0.01; 0.07) 3.41(1.33; 5.48) —-0.67 (<0.05)  —0.03 (—0.06; 0.005) 11.2 (4.56; 17.9)
9min Overall 0.02 (0.94) 0.002 (-0.05; 0.06) 2.16 (-0.89; 5.22) -0.19 (0.42) —0.009 (-0.03; 0.01) 10.7 (6.32; 16.1)
Group A -0.32 (0.37) —-0.05 (-0.17; 0.07) 1.44 (-1.88; 4.77) 0.11 (0.76) 0.005 (-0.03; 0.04) 10.1 (5.75; 14.5)
Group B 0.28 (0.41) 0.02 (-0.03; 0.07) 2.82 (0.60; 5.04) —-0.58 (0.06) —0.02 (-0.05; 0.007) 11.3 (5.08; 17.5)

Data are given as Pearson’s correlation coefficient (r) with p-value (p), Lin’s concordance correlation coefficient (CCC) with confidence interval (Cl), and mean difference or bias (MD)
and limits of agreement (LoA, mean + 1.96 standard deviation) between the forehead double sensor (DS) and the esophageal/tympanic sensors.

does not reflect ambient temperature. Since the top part of
the DS is the most exposed to the external environment,
T, undergoes the fastest changes, and its dynamics initially
drive the estimation of CBT by Equation 1. Consistently,
the low values of Tps observed in group A after passing
from the cold to the warm room setting may be associated
with a fast increase of T, when exposed to the warm
environment. The following slow increase toward more
reliable values during the warm room condition, where the
bias with the esophageal sensor decreased from —1.85°C
to —0.56°C, may be the result of the slow adaptation of
the rest of the system to the new conditions. In a specular
way, the fast increase in Tps in both groups when passing
from the warm (or pre-test) condition to the cold setting
may be driven by the rapid drop in T, in the cold environment.
The delayed tendency to decrease during cold exposure may
again result from a slow adaptation of the system. In addition
to heat dynamics at the top DS surface, heat loss from the
lateral wall is expected to be increased in the cold setting
due to the increasing temperature gradient with the
environment. Increased heat loss may have contributed, as
a secondary factor, to the observed delayed decrease of Tp.
In the warm setting, the progressive warming of the lateral
surface of the DS may have led to reduced heat loss and
thus to an increase of the measured Tps (i.e., reduced
underestimation). To mitigate the impact of sudden
environmental temperature changes on DS temperature
monitoring, additional insulating layers may be inserted

between the upper temperature sensor and the top surface
of the DS or a buffering zone of warm air may be created
around the DS by inserting the device within a helmet
(Gunga et al., 2008). This would help avoiding abrupt
temperature transitions in the exposed DS regions and T,
overshoot, and it would promote a global adaptation of the
device to the new condition. The worse agreement between
Tps and Ty and the augmented Tpg in the cold room setting
are consistent with previous studies. A reduction in the
accuracy of DS measurements compared to rectal CBT was
observed in a set of experiments, where the ambient
temperature was reduced from 25°C/40°C to 10°C (Gunga
et al., 2008). A progressive increase in DS temperature was
observed in parachutists during free fall and interpreted in
the light of meteorological conditions (i.e., effects of wind
blow on the sensor; Werner et al., 2013). Although in the
opposite direction, the tympanic sensor also displayed a
worsened performance in the cold condition. Tryyp
experienced a substantial decrease over time when exposed
to the cold room, resulting in a loss of correlation and an
increased bias (10.7°C at 9 min) between the tympanic sensor
and the DS. This is consistent with previous works showing
the detrimental effects of cold environments on tympanic
measurements (Gagnon et al., 2010; Teunissen et al., 2011;
Skaiaa et al., 2015; Strapazzon et al., 2015). Of note, these
works demonstrated that the effects of cold could be reduced
when insulation was applied to protect the sensor, as
we suggested here to improve DS performance.
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FIGURE 4 | Agreement between temperature values measured by the forehead double sensor (Tps) and the esophageal sensor (Tes) after 9min in the warm (left)
and cold room (right) settings. Bland-Altman plots and correlation plots are displayed in the upper and lower panels, respectively, and subjects are color-coded
according to the randomization groups (group A, blue; group B, green). In the Bland-Altman plots, the solid line indicates the mean difference and the dashed lines
the limits of agreement (mean +1.96 standard deviation) for the overall population. In the correlation plots, the linear regression line (dashed line), Pearson’s
correlation coefficient (r) with value of p (p), and Lin’s concordance correlation coefficient (CCC) and confidence interval, are indicated for the overall population.
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In addition to technical factors, differences or similarities
in temperature dynamics among body sites in diverse
conditions may be partially explained in the light of
physiological factors. A higher cooling rate characterizes
the forehead site—combined with a very high perfusion
rate—compared to invasive locations, with the head acting
as a thermal window through its extraordinary network of
veins (scalp, emissary, and diploic veins; Nunneley et al,
1982; Hershkovitz et al.,, 1999). In the cold environment,
peripheral vasoconstriction can slowly build up, increasing
body insulation and decreasing skin temperature to preserve
core temperature (Castellani and Young, 2016). The rise of
vasoconstriction and increased insulation can be roughly
modeled in terms of a decrease in the heat transfer coefficient
of the body. Since body thermal conductivity, K, is assumed
constant in Equation 1, Tps may slightly underestimate CBT
values when vasoconstriction occurs. Thus, this factor may
have partially contributed to the delayed decreasing trend
of Tps observed in the cold environment. The asymmetric
behavior at different ambient temperatures associated with

the randomization procedure may also be partially attributed
to physiological aspects. The effect of the warm/cold condition
order on CBT may be related to the amount of work done
in absorbing and dissipating heat (Parkhurst, 2010; Opatz
et al., 2013). It has been shown that the gradient among
different sensor positions is influenced by vasomotor responses
(Parkhurst, 2010), which are not simply determined by
instantaneous thermal input to central controllers, but may
also depend on the direction of core temperature changes
and skin temperature perception (Ozaki et al., 1993; Sessler,
1993; Kiyatkin, 2018). Following these assumptions and
previous studies, it is possible that the low local cutaneous
temperature experienced in group A prolonged—in the warm
room condition—the shunt constriction induced by a centrally
mediated drive to reduce heat dissipation (Ozaki et al.,
1993). On the other hand, the significant correlation observed
between the DS and the tympanic probe in the warm room
may be attributed to the fact that the vasculature patterns
supplying both the ear canal and head skin derive from
the external and internal carotid arteries (Benzinger and
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and cold room (right) settings. Bland-Altman plots and correlation plots are displayed in the upper and in the lower panels, respectively, and subjects are color-
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Taylor, 1963; McCarthy and Heusch, 2006), which may favor
thermal equilibrium between the two sites.

LIMITATIONS

The study was performed on healthy and normothermic
subjects. Results cannot be extrapolated to patients with
acute and/or chronic pathological states (for instance, affecting
blood flow and peripheral circulation). The lack of coverage
of the DS may have contributed to the worsening of its
performance in the cold room setting. Protection of the
sensor with proper insulation [e.g., positioning inside a helmet
as in (Gunga et al., 2008)] may help limiting environmental
effects and improving performance. Correction terms to the
model in Equationl may also be considered to reduce bias
due to increased heat loss (Gunga et al., 2008) in the cold
or due to physiological changes and vasoconstriction. The
study protocol was composed of two 10 min exposition

windows separated by a short transfer time of 3-5min. Given
the observed long re-equilibration time of the DS, further
studies with extended exposition and recovery periods should
be performed for a thorough assessment of the DS response
and performance compared with other sites for core
temperature monitoring.

CONCLUSION

We showed a significant deterioration of DS performance in
estimating CBT at very low ambient temperatures. DS-based
temperature values showed lower bias with the esophageal
temperature at room ambient temperature, which may open
the possibility of continuous recording under stable conditions.
Nevertheless, the effects of the previous exposure to cold settings
require that an adequate re-equilibration period is granted to
obtain reliable measurements, precluding applications in the
presence of fast temperature dynamics and environmental
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temperature changes. Integrating the DS sensor into helmets
or covering it with a cap might help reducing the effects of
cold air on the sensor and lateral heat loss, potentially improving
performance. However, future studies and parallel technological
developments are needed to allow in-field temperature monitoring
by the DS under cold and/or changing environmental settings.
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