Journal of Thermal Biology 140 (2026) 104541

o %

ELSEVIER

Contents lists available at ScienceDirect
Journal of Thermal Biology

journal homepage: www.elsevier.com/locate/jtherbio

Thermal
Biology

Responsiveness of the CALERA Research Sensor to
heat-acclimation-induced reductions in rectal temperature

a,”

Timo van den Bogaard

, Pooh Verheijen?, Lisa Klous ", Jan van Erp "¢, Hein Daanen*

@ Department of Human Movement Sciences, Faculty of Behavioural and Movement Sciences, Amsterdam Movement Sciences, Vrije Universiteit van Amsterdam,

Amsterdam, De Boelelaan 1105, Amsterdam, 1081 HV, the Netherlands

b Netherlands Organization for Applied Scientific Research (TNO), Department of Human Performance, Unit Defence, Safety and Security, Kampweg 55, Soesterberg,

3769 DE, the Netherlands

¢ Department Human Media Interaction, Faculty Electrical Engineering, Mathematics and Computer Science, University of Twente, Drienerlolaan 5, Enschede, 7522 NB,

the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Military personnel and athletes increasingly use non-invasive methods to estimate body core temperature during
Calera r‘_%search sensor heat acclimation. This study determined the responsiveness of the CALERA Research Sensor (CRS) to changes in
Res?on,sweness resting and end-exercise body core temperature induced by heat acclimation as well as the criterion validity for
K?)Eiiiz:ive body core temperature determining the thermal dose, defined as time spent with a body core temperature >38.5 ‘C.

measurement Fifteen participants completed a nine-day controlled-hyperthermia heat acclimation protocol. Body core

temperature was continuously monitored prior to and during heat exposures using both the CRS (Ts) and a
rectal temperature (Ty.) probe. This study assessed responsiveness and criterion validity using Bland-Altman
analysis and intraclass correlation coefficients (ICC). Additionally, the analyses included a linear mixed model
to further analyze responsiveness.

Ters sShowed limited responsiveness to heat acclimation-induced changes in resting and end-exercise Ty with
wide limits of agreement (+0.32 C), proportional bias (indicating increasing underestimation with larger ad-
aptations), and low ICC (<0.18). Additionally, resting and end-exercise Ty decreased to a greater extent than
Ters, which showed a downward trend during end-exercise over the nine-day heat acclimation (P < 0.001). The
CRS showed limited criterion validity for estimating thermal dose, with wide limits of agreement (+20 min),

Heat acclimation

proportional bias (indicating increasing underestimation at higher thermal doses), and low ICC of 0.35.
These results indicate that the current version of the CRS underestimates both heat acclimation-induced
changes in Ty, and the thermal dose during controlled hyperthermia.

1. Introduction

Continuous monitoring of body core temperature (T.) is important in
military populations to maximize effective and safe performance in
warm and cold environments (Buller et al., 2018; Dolson et al., 2022).
Although there is no single proxy for T, (Taylor et al., 2014), esophageal
(Tes) and rectal temperature (Tye) are usually considered good indicators
of T, (ISO, 2004). Several disadvantages arise from the use of Tes and Ty
in a military setting as they are intrusive and impractical during in-field
activities (Priego-Quesada et al., 2025; Wartzek et al., 2011). Therefore,
there is a need for more practical tools to assess Tk.

Non-invasive wearable sensors estimating T. offer a small, easy-to-
use, comfortable, and fast alternative for continuous estimation of T,

(Wartzek et al., 2011). Reliability of estimations of T, using non-invasive
wearable sensors has improved over the years and several wearable
sensors show promising results, though further validation is required
(Dolson et al., 2022; Notley et al., 2025; Priego-Quesada et al., 2025).
The CALERA Research Sensor (CRS; CALERA Research Sensor, greenteg
AG, Riimlang, Switzerland) estimates T. based on skin temperature
(Tsx), heart rate (HR), and heat flux using proprietary algorithms that are
not publicly available. The CRS has received scientific interest, with
recent studies focusing on its use to non-invasively monitor T (T¢rs) in
both laboratory settings (Daanen et al., 2023; Januario et al., 2024;
Jolicoeur Desroches et al., 2023; Kaltsatou et al., 2024; Kubota et al.,
2025; McLaughlin et al., 2025; Priego-Quesada et al., 2025; Richard
et al., 2025; Verdel et al., 2021; Xu et al., 2025; Xu et al., 2024) and
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applied settings (Ajcevic et al., 2022; Etienne et al., 2023; Goods et al.,
2023).

Despite variability in reported criterion validity,' the CRS demon-
strates high test-retest reliability” as the reported mean bias between
sessions is low (<0.03 + 0.40 'C) and the intraclass correlation coeffi-
cient (ICC) of 0.98 is high (Januario et al., 2024; Richard et al., 2025;
Verdel et al., 2021). The high test-retest reliability theoretically makes
the CRS suitable for monitoring changes in T, over time, such as during
heat acclimation (HA) to estimate HA status (Januario et al., 2024;
Richard et al., 2025). During HA, both resting and mean exercise T,
reduce by approximately 0.2 'C and 0.2-0.4 "C, respectively (McDonald
et al., 2025; Tyler et al., 2024). Moreover, HA generally lowers HR and
Tsk (McDonald et al., 2025; Tyler et al., 2024), both of which are
included in the CRS algorithm to estimate T.. Therefore, successful
adaptation may lead the CRS to generate lower T, values as HA pro-
gresses. Both the high test-retest reliability and the HA-induced re-
ductions in HR and Ty theoretically strengthen the responsiveness of the
CRS to detect reductions in T, induced by HA. Within this study, we
define responsiveness as the ability of an instrument to detect change
over time in the construct to be measured (de Vet et al., 2011; Mokkink
et al., 2010, 2021).

One scientific study used the CRS to quantify HA-induced adapta-
tions in T, reporting a 0.4 °C lower end-exercise Ters following a
treadmill exercise bout after four weeks of HA (Xu et al., 2025). How-
ever, the authors acknowledge that no gold standard measure of T, was
included, making it impossible to quantify the true magnitude of change
or evaluate the responsiveness of the CRS to HA-induced reductions in
T,. Furthermore, HA protocols are typically shorter than four weeks in
military and athletic settings (Parsons et al., 2019; Periard et al., 2015).
The responsiveness of the CRS during short- and medium-term HA
protocols remains unexamined.

The controlled hyperthermia approach is a commonly used approach
to HA (Ashworth et al., 2020; Esh et al., 2024; Parsons et al., 2019;
Periard et al., 2015). Controlled hyperthermia involves elevating and
maintaining T, the most commonly reported proxy of T. in
HA-research (Tyler et al., 2024), at and slightly above 38.5 ‘C for
approximately 60 min (Periard et al., 2021). To determine the thermal
dose during controlled hyperthermia HA, the CRS needs to accurately
estimate the time spent with a T, > 38.5 'C. One study evaluated if the
CRS could be used to quantify the thermal dose during a four-day heat
training camp for elite female hockey players (Goods et al., 2023). Their
findings indicate that the CRS underestimated the thermal dose by
10 £ 25% (~12 + 30 min) as the CRS typically underestimated
gastrointestinal temperature. However, exercise with an unstable T,
such as during hockey matches, reduces the criterion validity of the CRS
to measure T, due to the time it takes for heat to transfer from the body
core to the skin (Xu et al., 2024). It remains to be investigated if con-
ditions with a more stable T, allow for a better estimation of the thermal
dose.

The first aim of this study was to assess the responsiveness of the CRS
to HA-induced reductions in resting and end-exercise Ty, as an indicator
of T.. We hypothesized that the CRS detects HA-induced reductions in
Tre as the CRS estimates T, based on physiological variables that show a
HA-induced reduction and the CRS has high test-retest reliability for
estimating T.. The second aim of this study was to report the criterion
validity of the CRS to quantify the thermal dose as time spent with a Ty,
> 38.5 'C. We hypothesized that CRS underestimates the time spent with
a Ty > 38.5 °C based on a previous study (Goods et al., 2023).

! Criterion validity is defined as how well the scores of a new measurement
device agree with the gold standard (de Vet et al., 2011; Mokkink et al., 2010).

2 Test-retest reliability is defined as the degree to which a measurement
system is able to measure the same thing twice (de Vet et al., 2011; Mokkink
et al., 2010).
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2. Methods
2.1. Participants

Before the start of this study, potential participants filled in a
screening questionnaire (Thompson, 2010) that aimed to assess poten-
tial medical risks. Potential participants were excluded if they had
previously suffered from cardiovascular complications, had experienced
heat stroke, had not engaged in weekly physical activity, or were older
than 45 years for men or 55 years for women. Based on these criteria, all
included participants were classified as low risk according to the
American College of Sports Medicine guidelines (Thompson, 2010).
Additionally, potential participants were excluded if they had spent
seven days or more in a hot environment within the two months pre-
ceding the study to prevent heat acclimation effects.

This study commenced with twenty healthy, regularly active, and
unacclimatized Caucasian volunteers. We included data from all par-
ticipants who completed the entire protocol to answer the research
question regarding the responsiveness (N = 15) and all participants who
executed at least one session to answer the research question regarding
the criterion validity for thermal dose (N = 20). Table 1 represents
participant characteristics.

Prior to the study, participants were informed about the procedures
and provided verbal and written consent. The ethics committee of the
Faculty of Behavioral and Movement Sciences of the Vrije Universiteit
Amsterdam approved all procedures (VCWE-2023-144R1), which were
conform to the standards set out by the Declaration of Helsinki (2013).

2.2. Experimental design

Fig. 1 illustrates the study timeline. At least seven days (range: 7-31
days) before the HA protocol commenced, participants completed a
preliminary visit to the laboratory for measurement of individual
characteristics, including a maximal oxygen uptake (VO2pax) test. One
day before the HA protocol commenced, participants performed a pro-
gressive heat stress test (HST) to assess thermoregulatory upper limits as
elaborately described elsewhere (van den Bogaard et al., 2025). In short,
the HST included cycling at ~1 W/kg external power output for
~120 min in a climatic chamber clamped at 38 “C dry-bulb temperature
(T4qp) with progressively increasing relative humidity (RH). On the
following day, participants started a nine-day controlled hyperthermia
HA protocol, which included another progressive HST on the day be-
tween the fifth and sixth day of HA (Fig. 1).

Before each HA session, participants were instructed to hydrate ac-
cording to protocol (500 ml the night before and approximately 10 ml/
kg body mass in the hours before) and to abstain from exercise and
alcohol 24 h and from caffeine 12 h prior to the session. Upon arrival at

Table 1
Participant characteristics.

Responsiveness group Thermal dose group

N 15 20
Sex

Male 6 9

Female 9 11
Age (years) 26.5+ 5.9 26.8 £ 6.5
Height (cm) 174.0 + 6.9 1748 +7.8
Body mass (kg) 69.2 +9.2 69.0 + 8.2
BSA (m?) 1.8 £0.1 1.8 +0.1
BSA-to-mass ratio (cm?/kg) 267.0 £ 16.1 267.2 + 14.4
VOzmayx (ml/kg/min) 46.3 £ 7.5 46.4 + 7.4

Note. Characteristics of the participants included in both the criterion validity
and responsiveness analysis. Values are average =+ standard deviation.
Tye = rectal temperature. N = number of participants. BSA = Body surface area.
VOomax = maximal oxygen uptake. No statistically significant differences
(P > 0.05) were observed between the criterion validity and responsiveness
groups.
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Fig. 1. Study timeline. HST = heat stress test. HA = heat acclimation. VOyy,.x = maximal oxygen uptake test.

the lab, participants provided a urine sample to verify euhydration,
defined as urine-specific gravity <1.020 (PAL-10S, Atago Co. Ltd,
Tokyo, Japan) (Kenefick and Cheuvront, 2012). If participants were
hypohydrated, they were asked to drink 200 ml of water before they
started the HA session. Participants performed the HA sessions in a cli-
matic chamber set to warm-humid conditions (35 'C Tgp, 65% RH, 31 C
wet-bulb globe temperature (WBGT)) with minimal airflow of 0.2 m/s.
Each HA session consisted of three phases, all conducted in the
warm-humid climate chamber: a constant resting phase, a constant
cycling phase, and a controlled hyperthermia phase. During the constant
resting phase, participants sat quietly for 15 min. During the constant
cycling phase, participants cycled for 30 min on a cycle ergometer at an
external workload of 1.75 W/kg. Immediately following the constant
cycling phase, participants briefly exited the climatic chamber to have
their body mass measured. During the controlled hyperthermia phase,
participants adjusted cycling power output and resting intervals to
accumulate 60 min with a Ty at and above 38.5 "C. Fig. 2 illustrates the
three phases during each HA session.

2.3. Measurements

2.3.1. Preliminary visit

Participants visited the laboratory for measurement of body mass
and height, and calculation of body-surface-area (BSA) using the for-
mula proposed by DuBois and DuBois (Du Bois and Du Bois, 1916). Body
mass was measured using a platform scale (SATEX SA-1 250, Weeg-
techniek Holland B.V., Zeewolde, The Netherlands) and height using a
stadiometer (Seca 217, Seca, Hamburg, Germany). Next, participants
performed a graded exercise test to volitional exhaustion on a cycle
ergometer (Monark LC7TT, Monark Exercise AB, Vansbro, Sweden) to
determine VOgpax in a temperate condition (~20 °C, ~30% RH).
Cycling started at an external workload of 0 W for 3 min, after which the
external workload increased linearly until participants reached voli-
tional exhaustion. Workload increments were individualized a priori to
elicit volitional exhaustion within approximately 8-12 min.

2.3.2. HA sessions

T. was continuously estimated using the CRS device and a rectal
probe (MSR, Seuzach, Switzerland; or Yellow Springs Instruments,
Yellow Springs, OH, USA). The rectal probe, self-inserted ~12 cm past
the anal sphincter, measured T, at 4-sec intervals. The CRS device
estimated T continuously at 1-sec intervals. The CRS device was
attached to a HR chest band monitor (Polar H10, Kempele, Finland),
according to the manufacturer's guidelines, and estimated T using the
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Fig. 2. Protocol for heat acclimation sessions. The experiment was executed in
a climatic chamber set to warm-humid conditions (35 "C Tgp, 65% RH). Each ses-
sion consisted of three phases: a constant resting phase were the participant sat
quietly, a constant cycling phase were the participant cycled with an external power
output of 1.75 W/kg, and a controlled hyperthermia phase were the participant
altered cycling and resting intervals to accumulate 60 min with a rectal temperature
above 38.5 'C. The sessions had a maximal duration of 120 min.

algorithm implemented on greenteg consumer wearables at the time of
the study (2024; firmware version, core 0.8.4). The algorithm calculated
Ters based on heat flux and Ty, measured by the CRS and HR measured by
the HR chest band monitor. Moreover, iButtons (DS192, Maxim Inte-
grated Products, Inc., San Jose, CA, USA), placed on the neck, scapula,
thigh, and shin, continuously measured Tg at 1-min intervals. Weighted
averages were used to calculate average Tg, (ISO, 2004).

2.4. Data processing

All data were synchronized, formatted, and analysed using R soft-
ware (version 4.3.2, R Foundation for Statistical Computing, Vienna,
Austria) in the RStudio environment (version 2023.12.1.402, RStudio,
Inc., Boston, MA, USA).

After data extraction, 1-min averages were taken for all data. Sub-
sequently, Tye, Ters, Tsk, and HR responses were visualized for every
participant. Two researchers (PV, TB) assessed the shape of the curves
and discussed abnormalities through case-by-case review. Ty, for the
entire session was removed if outliers persisted for more than 10 min. If
outliers lasted less than 10 min, data were interpolated. HR data points
were excluded if resting values were below 40 bpm or if values were
below 100 bpm after 10 min of cycling. Because T.s depends on HR,
corresponding T.s data points were excluded if HR values were
excluded.

HA adaptations were determined during both the constant resting
and constant cycling phase by calculating the average of the final 5 min
of each phase (Alkemade et al., 2021). The final 5 min were selected to
minimize the T, time lag due to poor rectal perfusion (Taylor et al.,
2014) and to ensure a steady state to better estimate the true criterion
validity of the CRS (Wartzek et al., 2011). To assess the responsiveness
of the CRS and quantify adaptation, Ty and T values from each HA
session were compared with those recorded in the first session (or sec-
ond session in case of missing values (N = 3)) to generate change scores.
To quantify the thermal dose, the number of minutes at and above a T,
and Ters of 38.5 C per session was calculated over all phases of each HA
session.

2.5. Statistical analysis

2.5.1. Responsiveness

To estimate the responsiveness of the CRS to HA-induced changes in
T, this study employed two complementary approaches.

First, as proposed by de Vet et al. (2011), responsiveness was eval-
uated using a criterion-based approach to longitudinal validity by
analyzing the agreement of the HA-induced adaptation of T and Tre
during rest and end-exercise. These adaptations were used to calculate
the ICC and perform a Bland-Altman visualization. The Bland-Altman
visualization shows systematic error (mean bias) and random error
(limits of agreement) (Bland and Altman, 1985). For each participant i
and session j, we defined the difference in adaptation as dj = ATcgs;; —
ATy and the mean adaptation as my = (ATcpsj + ATrey)/ 2. To ac-
count for repeated measures within participants, d; was modelled using
a random-intercept mixed model d; = f, + b; + e;; with 3, as mean bias,
b; ~N(0,6%) and e; ~N(0, 62). Population-level LoA for a single

observation were computed as f, + 1.96,/67 + 62 using the estimated

between-participant and residual variance components. Proportional
bias was assessed by extending the model to dj = f, + pym;; + b; + ey;

when f3; # 0, bias was presented as b/ia\s(m) = Bo + p1m with LoA(m) =
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b/izs(m) +1.96,/62 + 62. Confidence intervals for the mean bias and

limits of agreement were estimated using parametric bootstrapping of
the mixed effects Bland-Altman model and visualized as 95% confi-
dence bands across the observed range of mean change scores. As no
acceptability thresholds for the adaptation exist, mean bias and LoA
were interpreted relative to the measured adaptation in Tye. Within this
context, relatively large bias and wide LoA were considered indicative of
limited responsiveness of the CRS to HA-induced changes in T.. ICC
estimates were based on a single-rater, absolute-agreement, 2-way
mixed-effects model and calculated as the ratio of between-participant
variance and total variance (de Vet et al., 2011; Koo and Li, 2016).
This conservative ICC reflects ratio of between-participant variability to
measurement error, with inference restricted to the specific devices used
in this study. Total variance included both systematic differences be-
tween devices and residual variance. Variances were estimated using a
mixed-effects model containing device as fixed effect and a random
intercept for each participant. ICC's > 0.7 were interpreted as indicating
acceptable agreement (de Vet et al., 2011).

Second, a linear mixed model was fitted to estimate the influence of
HA over time across devices on the absolute values of T.. The main aim
of this analysis was to evaluate if changes over HA sessions, i.e. the
slope, in T, differed between devices. The model included: device (two
levels: rectal probe, CRS) and HA session (modelled as a continuous
variable (van Wely, 2024)) as independent variables, T. as dependent
variable, and a random intercept for each participant to account for
baseline differences in T, across individuals. The interaction term device
x HA session indicated whether the slope of HA-induced changes in T,
differed between devices. The linear mixed model assumes a linear
change in T, over time whilst HA-induced changes in T, are usually not
linear (e.g. most adaptations happen in the first five days) (Periard et al.,
2021). However, visual inspection of our data and linear mixed model
showed that linear modelling of HA-induced changes in T. was appro-
priate (appendix 1). To aid physiological interpretation, overall
HA-induced changes in T. were additionally quantified as the
model-based estimated difference between the first and final HA session
for each device, derived from the linear mixed model. Standardized
within-subject effect sizes (Cohen's d,) were calculated based on
first-to-last session differences. Additionally, the SD of individual
first-to-last session adaptations was calculated to describe
inter-individual variability.

2.5.2. Criterion validity for thermal dose

To estimate the criterion validity to quantify the thermal dose, the
amount of minutes with a Ty and T > 38.5 °C were used to calculate
the ICC and perform the Bland-Altman visualization. As acceptability
thresholds for the amount of minutes with a T. > 38.5 °C do not exist,
agreement of thermal dose between the CRS and rectal probe was
evaluated descriptively. Mean bias and LoA were interpreted relative to
its practical implications for controlled hyperthermia HA, where time
spent above T, guides HA.

2.5.3. HA adaptation

To evaluate if our HA protocol also resulted in the expected adap-
tations in Tgx and HR, a paired t-test was executed using the first and last
HA session. When the Shapiro-Wilk test indicated a violation of the
assumption of normality, the Wilcoxon signed-rank test was reported.

3. Results
3.1. Responsiveness

A significant proportional bias during rest (f; = —1.419 (95% CIL:
—1.617 to —1.228), P < 0.001) and exercise (f; = —0.396 (95% CI:

—0.607 to —0.178), P < 0.001) indicated that larger adaptations (more
negative change scores) were associated with an increasing mean bias,
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reflecting increasing underestimation of the CRS. Consequently,
regression-based mean bias and LoA are presented. Resting mean bias

and LoA regressions were Ea\s(m) =0.005 —1.419 * m and LoA(m) =
I;Es(m) + 1.96 * 1/0.011 + 0.015, respectively. Exercising mean bias
and LoA regressions were l;i;s(m) =0.005 — 0.396 * m and LoA(m) =

bias(m) + 1.96 + /0.035 + 0.027, respectively. To aid interpretation,
at the average T, adaptation of —0.2 °C found in the literature (Tyler
et al., 2024), mean bias and LoA of change scores during rest and ex-
ercise were 0.28 + 0.32 °C and 0.08 + 0.49 °C, respectively. Fig. 3 shows
the Bland-Altman visualization for adaptations in rest and exercise.

The ICC was 0.134 (95% CI: 0.023 to 0.241) and 0.180 (95% CI:
0.024 to 0.364) for HA-induced adaptations during rest and exercise,
respectively.

HA had a significant main effect on T, at both rest and end-exercise
(P < 0.001), while device effects were significant during exercise
(P < 0.001) but not during rest (P = 0.054). There was a significant
interaction between HA and measurement device during rest (F (1,
245.05) = 23.09, P < 0.001) and at end-exercise (F (1, 247.03) = 6.17,
P = 0.014). Across HA sessions, reported as mean + SE, T, decreased by
0.04 + 0.01 'C/day (total decrease: 0.33 =+ 0.05 'C, d, = 1.06) during
rest and by 0.04 + 0.01 DC/day (total decrease: 0.30 + 0.05 OC, d,=1.4)
at end-exercise. Across HA sessions, T during end-exercise signifi-
cantly decreased by 0.02 + 0.01 "C/day (total decrease: 0.15 + 0.05 C;
P < 0.001, d, = 0.8) but not during rest (0.004 + 0.006 ()C/day,
P = 0.187). The SDs in Ty, adaptations were 0.27 "C during rest and
0.19 'C at end-exercise. Fig. 4 shows resting and at end-exercise T and
Tre.

3.2. Criterion validity for thermal dose

On average, the thermal dose, quantified as the time spent with a
T, > 38.5 °C, reported as mean + SD, was 38 + 23 min for the rectal
probe and 19 + 16 min for the CRS. A significant proportional bias
($; = —0.403 (95% CI: —0.572 to —0.234), P < 0.001) indicated that
higher thermal dose was associated with larger mean bias, reflecting
increasing underestimation of the CRS at higher thermal dose. Conse-
quently, regression-based mean bias and LoA are presented. Mean bias

and LoA regressions were b/ia\s(m) = —8.117 — 0.403 xm and LoA(m) =

bias(m) + 1.96 * /219.496 + 160.190, respectively. To aid interpreta-
tion, at the average thermal dose of 29 min measured across devices
within this study, mean bias and LoA were —20 + 19 min. Fig. 5 shows
the Bland-Altman visualization for thermal dose.

The ICC was 0.350 (95% CI: 0.094 to 0.536) for thermal dose.

3.3. HA adaptations in HR and Ty

The Shapiro-Wilk test showed that HR and Ty, data at rest and end-
exercise were normally distributed (P > 0.118). The dependent t-test
showed that HR, reported as mean + SD, was significantly lower on HA9
compared to HAl during rest and at end-exercise (t (14) = 3.9,
P = 0.002; t (14) = 2.6, P = 0.020) by 6 + 6 bpm and 6 + 9 bpm,
respectively. Also, Tk was significantly lower on HA9 compared to HA1
during rest and at end-exercise (t (14) = 2.8, P = 0.014; t (14) = 2.6,
P = 0.022) by 0.3 & 0.4 °C and 0.3 + 0.5 °C, respectively.

4. Discussion
4.1. Responsiveness

The first goal of this study was to assess the responsiveness, defined
as the ability of an instrument to detect change over time in the
construct to be measured, of the CRS to HA-induced reductions in resting
and end-exercise T.. We hypothesized that the CRS could detect HA-
induced reductions in T. due to the high test-retest reliability of the
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Fig. 4. Average body core temperature across heat acclimation sessions. The average body core temperature (T.) during rest (left panel) and end-exercise (right
panel) across nine heat acclimation (HA) sessions for fifteen participants. T, was measured using a rectal probe (T,., orange) and a CALERA Research Sensor (T, blue). Dots
represent mean values of each participant and symbol X represents the mean value of that HA session.

CRS as reported by Januario et al. (2024) and the HA-induced reductions the CRS did not detect HA-induced reductions in T, similarly to a rectal
in HR and Tg. Contrary to our hypothesis, and despite the HA-induced probe. Agreement analyses showed a proportional bias, wide LoA, and
reduction in HR and Ty, observed in this study, our findings show that low ICC of adaptations measured using the CRS compared to a rectal
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Fig. 5. Bland-Altman plot of the time spent with a body core temperature (T.) at and above 38.5 °C during each heat acclimation session. The time spent
with a T, was measured using a rectal probe and the CALERA Research Sensor (CRS) for twenty participants. The solid line indicates the mean bias; dashed line
indicates the upper and lower limit of agreement. A positive value indicates that CRS overestimated the time spent with a T, at and above 38.5 °C. Dots outside the

“V-shape” indicate sessions where T, > 38.5 °C for longer than 60 min.

probe. Importantly, both mean bias and LoA are relatively large in
magnitude compared to the measured adaptation in T.. As a result,
disagreement in change scores was large relative to inter-individual
variability in adaptation magnitude. This is reflected by low ICC
values and indicates limited relative agreement. Collectively, these
findings indicate limited agreement of HA-induced changes in T, during
rest and exercise and therefore, within the criterion-based approach to
longitudinal validity, suggest limited responsiveness of the CRS to
HA-induced reductions in T, during rest and at end-exercise.

The rate of change of HA-induced changes in T, differs between the
CRS and rectal measurements. Specifically, the CRS showed no HA-
induced reduction in resting T, whereas resting T;. decreased over
the days. At end-exercise, CRS showed an HA-induced reduction in T
which was smaller than that in T,.. These observations indicate that HA
status may affect the criterion validity of CRS for estimating absolute Ty
because Ty decreases to a greater extent than T Supporting this
interpretation, additional analyses (Appendix 2) reveal that mean bias
increases and becomes more positive across HA sessions, reflecting
greater overestimation over the course of acclimation. A plausible
explanation for the observed increase in bias is that HA induces physi-
ological adaptations that modify heat transfer from the core to the skin
and from the skin to the environment, thereby altering the relationship
between T, and the variables used by the CRS to estimate T.. Specif-
ically, HA lowers the T, threshold for sweating, increases whole-body
sweat loss and skin wettedness, and redistributes blood flow (e.g.
greater muscle and core perfusion and reduced skin perfusion at a given
workload) (Lynch et al., 2025; Periard et al., 2015, 2016). Collectively,
these adaptations enhance heat flux at a lower T, which may cause T,
measured at the rectum to decrease while the effect on T estimated from
skin-based parameters remains more complex. This interpretation is
speculative, as the CRS algorithms are not publicly available; therefore,
no definitive conclusions can be drawn. Nevertheless, incorporating HA

status into CRS algorithms could potentially improve criterion validity
during HA, but this requires further investigation.

Despite the limited responsiveness in the current study, end-exercise
Ters showed a statistically significant HA-induced reduction of 0.02 °C/
day and overall adaptation of 0.15 "C. The magnitude of overall adap-
tation was larger than the smallest detectable change in the CRS signal of
0.07 "C (derived from previous literature using intraclass correlation
data (Januario et al., 2024)), indicating that the observed change re-
flects a detectable change in the CRS signal beyond measurement error.
Additionally, the magnitude of this reduction is similar to the only
available study using the CRS to determine HA-induced adaptations in
end-exercise T.s (Xu et al., 2025). Specifically, this study shows a
reduction of 0.4 °C T after twenty HA sessions during a four-week
period. However, because no gold standard measure of T. was
included in that study, the true magnitude of T adaptation and therefore
CRS's responsiveness cannot be directly compared between studies. Our
results indicate that changes in end-exercise T, — although directionally
consistent with Ty - are an underestimation of the HA-induced changes
in end-exercise Tr. Therefore, when using CRS to quantify HA T.
changes, researchers should either include a gold standard measurement
(e.g., Tre) for validation or explicitly acknowledge that CRS-derived
changes represent a conservative estimate of true T, adaptations. This
raises the broader question of how HA status is quantified outside
research settings. Different from the current study, greenteg reports a
heat adaptation score based on multiple physiological parameters rather
than T, alone, acknowledging that HA-induced adaptations extend
beyond changes in core temperature (Periard et al., 2021). By inte-
grating Ters, Tsk and HR into a single adaptation metric, the device aims
to provide a more holistic assessment of HA status (Heat Adaptation
Score, 2025). Although the simplicity of a single score may facilitate
athlete uptake of HA practices (Esh et al., 2024), formal validation of
this score against established physiological markers of heat adaptation
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remains necessary.

Combined, these findings indicate that CRS shows limited respon-
siveness, as characterized by limited longitudinal validity of change
scores and different adaptation patterns, to HA-induced reductions in Ty
at rest and end-exercise. This limited responsiveness reflects an
increasingly positive bias over the course of acclimation, resulting in
reduced criterion validity of CRS estimates of T, after multiple HA
sessions.

4.2. Criterion validity for thermal dose

The second goal of this study was to assess the criterion validity for
quantifying the thermal dose measured by the CRS compared to a rectal
probe. We hypothesized that the CRS would underestimate the thermal
dose, quantified as the time spent with a T, > 38.5 °C. Aligning with our
hypothesis, agreement analyses showed a proportional bias, wide LoA,
and low ICC of thermal dose measured using the CRS compared to a
rectal probe. Importantly, both mean bias and LoA are relatively large in
magnitude compared to the thermal dose measured in Tr.. These find-
ings indicate low criterion validity of the CRS for quantifying the ther-
mal dose during controlled hyperthermia HA, as evidenced by
proportional bias and wide limits of agreement relative to the magnitude
of the thermal dose measured in Tre.

Our findings are in accordance with the only study investigating the
criterion validity of the thermal dose and that showed limited agreement
with ICC of 0.36, a large mean bias of 10% deviation (~12 min), and
wide LoA of £59% (~30 min) compared to gastrointestinal temperature
(Goods et al., 2023). Goods et al. (2023) argue that the low ICC and large
mean bias might be caused by a reduction in CRS's T, prediction accu-
racy at high T,. This argument is supported by later studies showing that
CRS's T, prediction accuracy varies during exercise and deteriorates at
higher T, values (McLaughlin et al., 2025; Priego-Quesada et al., 2025).
McLaughlin et al. (2025) suggests that the CRS shows reduced reliability
and phase-dependent shifts in criterion validity, as indicated by wide
LoA and changes in bias direction. Specifically, the shift in bias (i.e.
larger under- or overestimation) occurs around a Ty, of ~38.1-38.5 ‘C.
This suggestion is supported by the Bland-Altman visualization in
appendix 3, which shows increasingly negative mean bias and widening
of the LoA for CRS at higher Ty, values (>~38.2 °C). In other words, the
CRS tends to underestimate T, around the 38.5 "C threshold, therefore
underestimating the thermal dose. To enhance CRS accuracy to deter-
mine the thermal dose, future algorithm development could incorporate
additional data at higher T. values during algorithm training
(McLaughlin et al., 2025). Taken together, the results of our study and
Goods et al. (2023) suggest that the current version of the CRS should
not be used to quantify thermal dose during controlled hyperthermia
HA.

Controlled hyperthermia HA protocols, where thermal impulse is
defined by the time spent with T, > 38.5 °C, were originally proposed to
be the most effective HA protocols as they maintain a consistent thermal
stimulus across sessions (Periard et al., 2015). However, a recent study
indicates that controlled hyperthermia is not more effective than other
methods (McDonald et al., 2025), and various other approaches that
elevate T, and T and elicit profound sweating appear effective (Periard
et al., 2021). In this context, the CORE sensor and associated app (i.e.
consumer sports product by greenteg similar to CRS) quantify heat strain
using T¢rs and Tgk and determines thermal dose based on time spent at
elevated heat strain (Heat Adaptation Score, 2025). Users are advised to
train in Heat Zone 3, which can be reached with lower T, than 38.5 °C
when Ty is elevated (>34 °C). However, whether prescribing HA based
on these heat-strain zones elicits physiological adaptations comparable
to established HA methods remains unknown and warrants future
investigation.
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4.3. Future directions

Collectively, our findings suggest that the current version of the CRS
algorithm is unsuitable to measure HA-induced changes in T, or
determine the thermal dose during controlled hyperthermia HA. As HA
status might influence the criterion validity of the CRS, HA status might
be considered in the calculation of Ts. HA status is not only determined
by changes in T, but also by changes in HR, Ty, sweat rate, and thermal
sensation, among others (Periard et al., 2015; Tyler et al., 2024). Future
research might focus on computing an individual's adaptation status
using multiple variables such as estimated T, the input parameters
(Tsk, HR) of the CRS, and a thermal sensation score. Additionally, to
improve the performance of the CRS to quantify the thermal dose, more
data at high T. values are required (McLaughlin et al., 2025;
Priego-Quesada et al., 2025).

4.4. Limitations

Some aspects of the current study may limit the generalizability of
the findings. First, T, was chosen as the sole proxy of T, as it is the most
commonly reported measurement location in HA research (Tyler et al.,
2024). However, T, varies across measurement location and the time
course of HA-induced changes might differ (Taylor et al., 2014; Tyler
et al., 2024). For example, reductions in resting gastrointestinal tem-
perature are slightly smaller and more variable compared to resting T
and Tes (Tyler et al., 2024). Therefore, the findings on limited respon-
siveness cannot be generalized to other measurement locations of T..
Second, the experiment was performed in a single environmental con-
dition in a climatic chamber, which limits the generalizability to other
environmental factors such as wind or solar radiation often encountered
in a more practical setting, which might impact the validity of the CRS
(Xu et al., 2025). Third, body fat of the healthy and regularly active
participants in the current study was not measured. Higher body fat
potentially increases the CRS bias (McLaughlin et al., 2025) and might
therefore impact the bias found in the current study. Future studies
should include the measurement of body fat.

5. Conclusion

Our results indicate that the current version of the CALERA research
sensor underestimates HA-induced changes in rectal temperature (as an
indicator of core temperature) and the thermal dose when quantified by
the time spent with a rectal temperature at and above 38.5 'C. To
improve the performance of the CALERA research sensor, it is recom-
mended to include more data at high core temperature values and heat
acclimation status in the training set for the estimated core temperature
by the CALERA research sensor.
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