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Abstract: Background and Objectives: To date, understanding age-related changes in cognitive processes
during heat exposure still needs to be better-understood. Thus, the main aim of the current study
was to evaluate the effects of whole-body hyperthermia (WBH), i.e., a ~ 2.5 °C increase in rectal
temperature (Tre) from overnight-fast baseline value, on cognitive functioning in old and young
men and to explore factors, such as stress and thermophysiological strain, that could influence
such changes. Materials and Methods: Ten young (19-21 years of age) and nine old (61-80 years of
age) healthy men underwent an experimental trial with passive lower-body heating in hot water
immersion (HWI) at 43 °C (HWI-43 °C) until Tre reached 39 °C in old adults and 39.5 °C in young
adults. Cognitive performance and cortisol concentration were assessed before and after HWI, and
the physiological strain index (PSI) was assessed during HWI-43 °C. Results: PSI was lower and
cortisol concentration was greater after HWI-43 °C in the old group compared with the young group
(p < 0.05). Surprisingly, hyperthermia improved cognitive flexibility only in old adults, whereas short-
term and visual recognition memories were maintained in both age groups. Conclusions: A ~= 2.5 °C
increase in rectal temperature can improve executive function in old adults, and this increase parallels
the increased cortisol concentration and the lower thermophysiological strain under severe WBH
conditions.
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1. Introduction

More than one-fifth (21.1%) of the European Union (EU) population was aged 65 years
and over in 2022 [1], and in the EU and worldwide this population is expected to increase
rapidly in the coming years [2]. In parallel, heat waves have increased in intensity, frequency,
and duration, and heat wave changes are projected to worsen under enhanced global
warming [3]. More frequent and intense periods of extreme heat are threatening human
health, and old adults are particularly vulnerable [4]. Moreover, the elevated environmental
temperature could cause a cognitive deficit, thus bringing about a reduction in working
capacity, productivity, and safety. As a result, studies of cognitive performance under heat
exposure are of great importance [5].

The aging process is linked to structural and functional changes in the brain, leading to
a decline in cognitive performance. The prefrontal cortex (PFC) and hippocampus volume
decrease by 1-2% annually in individuals over 55 years of age [6]. Changes in brain volume,
especially in prefrontal regions and the hippocampus, have been suggested to account
for the age-related cognitive decline often occurring in memory and executive functions
tasks [7,8]. Additionally, separate brain regions that interact to subserve higher-order cogni-
tive functions show less-coordinated brain activation with aging; this reduced coordination
between the anterior medial PFC with posterior cingulate/retrosplenial is associated with
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poorer cognitive functioning, including executive functioning [9]. Paradoxically, previous
studies with exogenous administration of glucocorticoids have established that the PFC
and hippocampus are particularly sensitive to stress, and PFC-related cognitive functions
are more sensitive to acute stress than hippocampus-related cognitive functions [10,11].
Therefore, age-related cognitive decline could be further exacerbated by stress, putting old
adults at a greater risk of cognitive-functioning accidents at work or in daily life.

The severity of heat stress is directly proportional to the rise in core body tempera-
ture [12-14]. When the core body temperature reaches 38.3 °C and more, it can result in
whole-body hyperthermia (WBH) [15]. Liu et al. (2013) established that passive hyperther-
mia impaired executive function [16], especially efficient conflict resolution. Even prehy-
perthermic core temperature increases to 37.9 & 0.3 °C induce executive control changes,
accompanied by altered functional connectivities. Decreased connectivities were mainly
focused on the PFC, temporal lobe, and occipital lobe, and increased connectivities were
mainly located within the limbic system. The greater the number of hyperthermia-induced
altered functional connectivities, the greater the executive control decline evoked [17]. In
contrast to specific brain areas’ sensitivity to stress, it was established that WBH (rectal
temperature (Tre) = 39.5 °C) in young men does not affect hippocampus-related visual
recognition memory or PFC-related cognitive flexibility and short-term working mem-
ory [18-20]. It was suggested that the negative effects of passive hyperthermia on cognitive
processes could be overcome through variant regional brain activation. For example,
functional magnetic resonance imaging showed that (1) WBH increased the activity in
the right superior frontal gyrus and decreased the activity in the right middle occipital
gyrus, left inferior parietal lobule, and left culmen in the alerting network; and (2) passive
hyperthermia increased the activity in the temporal lobe and decreased the activity in the
frontal lobe, parietal lobe, and occipital lobe in the orienting network [16].

It was established that similar cognitive task performance responses for young and old
adults accompany a mild Tcore increase of 1 °C [21]. However, a recent study established
that despite lower thermophysiological strain (i.e., lower heart rate and lower thermal
sensation), a core temperature increase of ~2.5 °C is accompanied by greater cortisol
response in old men than young men [22]. Thus, in this case, two alternative hypotheses
could be expected. First, it can be expected that an increase in cortisol would decrease
cognition, specifically PFC-related functioning. Second, it can be expected that WBH-
induced lower thermophysiological strain in old adults would compensate for this decline
in cognitive functioning. Therefore, the current study aimed to evaluate the effects of
severe WBH (a Tre increase of ~2.5 °C) on cognitive functioning in old and young men
and to explore factors, such as stress and thermophysiological strain, that could influence
such changes. In addition, different brain-area-related cognitive tasks (i.e., hippocampus-
related visual recognition memory, PFC-related cognitive flexibility, and short-term working
memory) [19,20] were investigated to evaluate if WBH evokes brain-area-specific responses.

2. Materials and Methods
2.1. Participants

The number of participants was selected based on the calculated sample effect size
(G*Power for Windows; version 3.1.9.4; Diisseldorf, Germany), following the use of the
data involving three young and three old healthy subjects who completed the study. At
an o of 0.05 and 3 (x) value of 80%, our power analysis indicated that six participants per
group would be required to detect a main large effect of 2.0 for hypothesized executive-
functioning-related parameters (change from baseline of cognitive flexibility and working
memory) (n = 12 in total). Furthermore, six participants (three young and three old adults)
were added after considering the attrition rate and missing data.

Advertisements through public seminars and social networks were used for partic-
ipant recruitment. The criteria for inclusion were: (1) young (18-23 years of age) or old
(65-81 years of age) adult men; (2) not participating in any formal physical exercise or
sports program; (3) no involvement in any temperature-manipulation program or extreme
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temperature exposure in the previous three months; (4) nonsmokers; and (5) no diseases,
conditions, or medications that could affect natural thermoregulation or cognition and that
could be worsened by exposure to hot water. Eleven young (19-21 years) and nine old
(61-80 years) healthy male subjects were initially recruited for the current study. One young
participant did not provide data on cognitive functioning and therefore was excluded from
the study. Thus, the final study sample comprised 19 participants. The baseline characteris-
tics of the participants are presented in Table 1. Old men had a higher body fat percentage
(Mann-Whitney U = 10.00, p = 0.003), whereas anthropometric characteristics did not differ
between young and old men.

Table 1. Characteristics of the participants (1 = 19).

Young Men Old Men
Measure (n =10) n=9) p
M (SD) M (SD)

Age, years 20.8 (0.6) 68.9 (5.7) <0.001
Height, cm 180.8 (6.5) 176.6 (6.4) 0.182
Weight, kg 78.3 (11.1) 83.3 (15.7) 0.494

Body mass index, kg/ m? 23.9 (3.0) 26.5 (3.3) 0.149
Body fat, % 15.6 (6.13) 249 (6.7) 0.003

Body surface area, m? 1.98 (0.15) 2.00 (0.21) 0.849

Notes. M = mean; SD = standard deviation; # = participant’s number.

2.2. Experimental Procedures

The study comprised two trials with the same participants, a familiarization trial
and an experimental trial (Figure 1). To ensure consistency in performance, participants
were introduced to the experimental procedures and asked to practice the cognitive testing
exercises until a stable level of performance was achieved one week before the experiment.
The experiment was conducted around 8:00 am on the trial day to avoid circadian rhythms’
influence. To standardize the hydration status of the participants, they were allowed to
drink still water as per their requirement until 60 min before the experiment. The study was
conducted in a room maintained at a temperature of 24 °C and relative humidity of 60%.

'

Body heating till:
the old subjects reach 39°C
the young subjects reach 39.5°C

HWI-43°C trial

one

T ] - weak
Familiarization |break

Figure 1. Schematic representation of the protocol. Notes. HWI-43 °C = passive lower-body
heating in 43 °C water, BS = blood sampling, COG = cognitive functioning, Tre = rectal temperature,

REST 15 min

HR = heart rate, SS = subjective sensations.

All experiments were conducted at a consistent time of day to prevent any potential
variations in thermoregulatory and hormonal responses due to circadian rhythms [23,24].
The participants received instructions to sleep for at least 7-8 h the night before the experi-
ment. They were also advised to avoid consuming alcohol, engaging in heavy exercise, or
consuming caffeine for at least 24 h before the experiment. In addition, they were instructed
to abstain from consuming food for at least 12 h before arriving at the laboratory.

2.3. Study Design and Experimental Protocol

A before and after study design was used (Figure 1). The study occurred at the
Institute of Sports Science and Innovations, Lithuanian Sports University, from January
2015 to October 2017. Upon arriving at the laboratory, body weight was measured, a rectal
thermometer was inserted to record the internal temperature, and a heart rate (HR) sensor
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was attached to the chest. To ensure a stable condition, the subjects were instructed to
rest semi-recumbently for 15 min while wearing a T-shirt, swim shorts, and socks. HR
(see Section 2.4.3) was recorded, and a blood sample (see Section 2.4.7) was taken upon
reaching a rest of 15 min. Within 2 min of these resting measurements, the participant
was seated at a table and underwent cognitive function testing (see Section 2.4.6). Then,
the participants were immersed up to the waistline in a water bath with a temperature of
approximately 43 °C. HR and Tre (see Section 2.4.2) were recorded throughout immersion.
Several epidemiological studies have shown that geriatric men (aged 65-95 years) generally
have a lower internal (core) body temperature (by approximately 0.4 °C) than younger
adult men (aged 20-64 years) [14]. Given this, the immersion was continued until the
participant’s Tre increased by approximately 2.5 °C; at this point, the immersion ceased for
the young group at a Tre of 39.5 °C and for the old group at a Tre of 39.0 °C. The duration
of the exposure required to achieve this Tre was recorded. Once the target Tre was reached,
ratings of subjective sensations (see Section 2.4.5) were recorded. Within one minute of
exiting the water bath, the participants were towel-dried, their cognitive function testing
was repeated, and their body weight was assessed.

2.4. Measures
2.4.1. Measurement of Sweating Rate

The participant’s body weight was measured using a Tanita TBF-300 body composition
analyzer (West Drayton, UK), and the sweating rate was assessed using the following
equation: sweating rate = body weight before HWI-43 °C — body weight after HWI-43 °C.

2.4.2. Measurement of Rectal Temperature

The participant’s Tre was measured at rest and throughout the immersion procedure
using a thermocouple (Rectal Probe; Ellab, Hvidovre, Denmark; accuracy £0.01 °C) inserted
to a depth of 12 cm beyond the anal sphincter. Each participant placed the rectal thermistor
Sensor.

2.4.3. Measurement of Heart Rate

The participant’s HR was measured at rest and immersion using a Polar HR monitor
(RCX5; Kempele, Finland). The HR data were downloaded to a computer equipped with
the Polar Pro Trainer version 5 software (Polar, Vantaa, Finland), where data were analyzed.

2.4.4. Measurement of Physiological Strain Index

The approach utilized to measure the physiological strain index (PSI) has been de-
scribed in previous research [25]. The normalized PSI was computed using the following
formula: PSI =5 (Tret — Tre0) x (39.0 [or 39.5] — Tre0) ! + 5 (HRt — HRO) x (180 — HR0) L.
Measurements for PSI were collected prior to passive heating (Tre0 and HRO0) and at the
conclusion of passive heating (Tret and HRt). Tre and HR were given equal weight by a
constant value of 5. The index was scaled to a range of 0-10: 1-2 (no or minimal heat stress),
3—4 (low heat stress), 5-6 (moderate heat stress), 7-8 (high heat stress), and 9-10 (very high
heat stress), with the following limits: 36.5 < Tre < (end Tre of 39.0 °C for old men) or (end
Tre 39.5 °C for young men) and 60 < HR < 180 bpm.

2.4.5. Measurement of Subjective Sensations

The scales used to evaluate the subjective thermal, sweating, and comfort sensations
for the entire body have been described previously [18,22], and these scales are presented
in Table 2. Participants provided their subjective sensations when their Tre reached 39 °C
for old individuals and 39.5 °C for young individuals.
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Table 2. Measurement of subjective sensations.

Rating  Thermal Sensation Shivering/Sweating Sensation Comfort Sensation
1 Very cold Vigorously shivering Comfortable
2 Cold Moderately shivering Uncomfortable
3 Cool Slightly shivering Little comfortable
4 Slightly cool Not at all Comfortable
. . Extremely
5 Neutral Slightly sweating uncomfortable
6 Slightly warm Moderately sweating
- Heavily sweating Sweating running off in many
places
8 Hot
9 Very hot

2.4.6. Measurement of Cognitive Functioning

A programmed cognitive test battery assessed cognitive functioning before and after
HWI—43 °C. All tasks were computer-controlled, and the information was presented on
the screen of a laptop (Samsung R538 (San Jose, CA, USA)) positioned 40 cm in front
of the participant. Measurement of cognitive functioning was performed in a quiet and
semi-darkened laboratory. The cognitive test battery included an odd/even test to evaluate
cognitive flexibility, a forward digit-span test to evaluate short-term working memory, and
a forced-choice recognition memory test to assess visual recognition memory [18,26-28].
The reliability of the chosen tests was considered acceptable, as indicated by the intraclass
correlations of R > 0.80 and a coefficient of variation for repeated tests of less than 5% [18,27].
The cognitive test battery took ~10 min to perform and included the tests presented in
randomized order.

Forced-Choice Recognition Memory Test

After viewing 9 visual figures presented for 15 s in the center of the screen, the
participant was instructed to recognize these figures from a list of 28 in any order. The
number of correctly identified images was recorded.

Forward Digit-Span

The participant was instructed to remember a seven-digit sequence displayed for three
seconds in the center of the screen. The participant then immediately entered the seven-
digit sequence using a numeric keyboard in the same consecutive sequence as presented. If
the digits were identified correctly, for the next attempt, the sequence was increased by one
digit; if the digits were identified incorrectly, the next sequence was decreased by one digit.
There were 16 sequences, and the mean number of digits identified correctly was recorded.

Odd/Even Test

The test comprised 40 randomized single-digit stimuli ranging from 0 to 9; each
was presented for 180 s with varying interstimulus intervals in the center of the screen.
The participant was instructed to press the appropriate button corresponding to the digit
presented (right for even, left for odd) as quickly as possible.

2.4.7. Measurement of Cortisol Concentration

Venous blood samples were collected via venipuncture into vacuum tubes for a serum
containing a gel separator (5 mL) before and after HWI-43 °C. Blood samples were allowed
to clot for 30 min, and serum was separated via centrifugation (1200x g, 15 min) at 4 °C.
Then, the separated serum samples were stored at —80 °C until analysis. The cortisol
concentration was measured using an AIA-2000 automated enzyme immunoassay analyzer
(Tosoh Corp, Tokyo, Japan).
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2.5. Data Analyses

Statistical analysis was performed using IBM SPSS Statistics for Windows (version
28.01.0; Armonk, NY, USA). Data are reported as mean (M) + standard deviation (SD).
Because of the small sample size, the Mann—-Whitney nonparametric U test was used to
compare results between the young and old groups. The Wilcoxon signed-rank test was
used to compare the results within the experimental trial (before and after HWI-43 °C).
The level of significance was set at p < 0.05. If a significant effect was found, the effect size
(r) was calculated by dividing the absolute standardized test statistic Z by the root mean
square of the number of pairs (for the Wilcoxon signed-rank test) or by the root mean square
of the sample size (for the Mann—-Whitney U test). The commonly accepted interpretation
of r values was used: small effect size: r = 0-0.3, moderate effect size: r = 0.3-0.5, and large
effect size: r > 0.5.

3. Results
3.1. Effects of HWI on Sweating Rate and Subjective Sensations

Old men tended to feel cooler (Mann-Whitney U = 25.00, p = 0.054, r = 0.44); however,
sweating and comfort sensation did not differ between young and old men (Table 3). The
mean sweating rate adjusted to time spent in the bath in old men was lower (0.015 (0.001)
vs. 0.025 (0.002) g min~!; Mann-Whitney U = 13.00, p = 0.012, r = 0.65) than that in young
adult men.

Table 3. Sweating rate and subjective response to passive heating in old and young men (n = 19).

Old Group (n=9) Young Group (n = 10)
Measure M (SD) M (SD)
Weight loss, kg 1.36 (0.34) 1.43 (0.38)
Comfort sensation, points 1.56 (0.73) 2.10 (0.74)
Sweating sensation, points 5.67 (0.50) 5.85 (0.47)
Thermal sensation, points 7.00 (0.50) 7.50 (0.53)

Notes. M = mean; SD = standard deviation.

3.2. Physiological Response to Passive Heating

The physiological response to passive heating is presented in Table 4. Baseline HR did
not differ between young and old men. The Wilcoxon signed-rank test showed that passive
heating increased HR (Z = —2.67, p = 0.008, r = 0.89 for the old group; Z = —2.80, p = 0.005,
r = 0.89 for the young group) in both groups. A significantly lower HR after HWI—43 °C
was observed in the old group than in the young group (Mann-Whitney U = 9.00, p = 0.002,
r = 0.69), and HR significantly increased more in the young group (81.73 (20.91) bpm) com-
pared with the old (56.44 (9.99) bpm) group (Mann-Whitney U = 8.50, p = 0.003, r = 0.68).
Furthermore, old men’s HR during HWI-43 °C was lower than young participants (Mann—
Whitney U = 11.00, p = 0.003, r = 0.67). The heating duration required for old men to reach
the required Tre was longer than that for young men (Mann-Whitney U = 15.50, p = 0.016,
r = 0.55), and their PSI (Mann-Whitney U = 9.00, p = 0.003, r = 0.67) was lower than that of
young participants.

The cortisol response to passive heating is presented in Figure 2. Baseline cortisol
concentration did not differ between young and old men. The Wilcoxon signed-rank
test showed that WBH increased cortisol concentration only in the old group (Z = —2.67,
p =0.008, r = 0.89), and cortisol change was significantly greater in the old group than in
the young group (Mann-Whitney U = 14.00, p = 0.019, r = 0.55).
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Table 4. Physiological response to passive heating in old and young men (1 = 19).

Before HWI-43 °C After HWI-43 °C

Measure Group (n) M (SD) M (SD)
old (9) 58.22 (10.07) 114.67 (12.32) *
HR, bpm Young (10) 66.7 (12.34) 149.3 (24.71) * #
) o O1d (9) 96.8 (12.0)
HR during HWI-43 °C, bpm Young (10) 134.1 (21.1) #
. R Old (9) 7.32(0.41)
PSI during HWI-43 °C Young (10) 8.68 (0.97) #
. ) 01d (9) 88.2 (16.2)
Time to target Tre, min Young (10) 62.7 (21.3) #

Notes. M = mean; SD = standard deviation; n = participant’s number; HWI-43 °C = passive lower-body heating
in 43 °C water; HR = heart rate; PSI = physiological strain index. * p < 0.05, compared with before HWI-43 °C;
#p < 0.05, compared with the old group.

1500 mm Old group
3 Young group

=
© i *
£ 1000
s #
2 i
t 500
o
(]

0_

Before  After A

Figure 2. Effects of severe whole-body hyperthermia on cortisol concentrations of old (1 = 9) and
young men (1 = 10). Notes. Data are presented as mean (standard deviation). A = change from
baseline. * p < 0.05, compared with before passive lower-body heating in 43 °C water; # p < 0.05,
compared with old group.

3.3. Effects of WBH on Cognitive Functioning

The cognitive functioning response to passive heating is presented in Table 5. Before
WBH, young adults identified a greater number of figures during the forced-choice recog-
nition memory test than old adults (Mann-Whitney U = 6.00, p < 0.001, r = 1.10), and this
difference was maintained after WBH (Mann—-Whitney U = 8.00, p = 0.002, r = 1.02). The
Wilcoxon signed-rank test showed that WBH improved reaction time during odd/even
tests only in old adults (Z = —2.31, p = 0.021, r = 0.77). Nevertheless, young adults had
significantly faster reaction times after HWI-43 °C (Mann—-Whitney U = 17.00, p = 0.022,
r =0.52), and a similar tendency was also observed before HWI-43 °C (Mann-Whitney
U =22.00,p =0.060, r = 0.43).

Table 5. Effects of WBH on cognitive functioning of old and young men.

M . Gr ) Before HWI-43 °C After HWI-43 °C A
easure oup n M (SD) M (SD) M (SD)
Forced-choice recognition memory test
. o 0ld (9) 4.89 (0.93) 5.11 (1.27) 0.22 (1.20)
Figures identified, n Young (10) 7.30 (1.06) # 7.70 (1.49) # 0.40 (1.90)
Forward digit-span test
e 0ld (9) 6.35 (0.67) 6.39 (0.65) 0.04 (0.57)
Mean digits identified, Young (10) 6.65 (0.58) 6.45 (0.63) —0.21 (0.40)
Odd/even test
Reaction ti Old (9) 692.4 (105.0) 636.5 (49.2) * —55.8 (61.5)
caction time, ms Young (10) 600.5 (83.4) 587.5 (82.3) # ~13.0 (55.0)

Notes. M = mean; SD = standard deviation; A = change from baseline; 1 = participant’s number; HWI43 °C = passive
lower-body heating in 43 °C water. * p < 0.05, compared with before HWI-43 °C; # p < 0.05, compared with the old

group.
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4. Discussion

We investigated the effect of WBH on cognitive performance in healthy old and young
men, with an increase in rectal temperature of ~2.5 °C (ATre 2.5 °C) from overnight-fast
baseline value. Our main finding was that healthy elderly individuals improved cognitive
flexibility with an increase in Tre of ~2.5 °C, but their memory was maintained. This
improvement paralleled the lower physiological strain and greater cortisol response to
WBH compared with young adults.

Regarding cognitive functioning, we found that visual working memory and executive
functioning were worse in the older adults than in their younger counterparts. Our data
suggested that attenuated cognitive functioning is linked with advanced age, consistent
with previous research [6,29-32]. Surprisingly, WBH improved cognitive flexibility only
in the old adult group. The PFC is responsible for executive functioning, and one of
the core executive functions is cognitive flexibility [20]. It has been suggested that PFC
is the brain region most sensitive to the effects of stress exposure [11], and an inverted
U-shape function between stress hormones and cognitive processes has been reported in
previous human and animal studies, as very low or high levels of stress hormones impair
it, whereas moderate levels can improve it [10,11,33]. Therefore, WBH-induced cortisol
increases together with lower thermal distraction in old adults supports the improvement
of PFC-related cognitive flexibility. By contrast, PFC-related working memory was not
affected. These results support the previous findings that cortisol can modulate cognitive
processes and that the effects of cortisol on executive functions are selective [34].

It is worth noting that the chosen cognitive tasks had motor elements (i.e., tests were
performed with the dominant right hand); thus, spinal- and supraspinal-level changes can
affect task performance. In general, older individuals have longer latencies, smaller ampli-
tudes, and slower conduction velocities than younger individuals [35,36]. Previously, it was
established that WBH accelerates spinal and supraspinal excitability in the transmission
of neural drive, along with greater response in old adults than in young adults [35]. Con-
sequently, WBH supports improved reaction times in old adults and maintains cognitive
processes in young adults.

Young adults are worse than old adults at ignoring distracting negative stimuli [37].
Nevertheless, young adults spent a shorter time in HWI-43 °C; young adults tended to
show greater thermal perception of heat (see Table 3) and greater physical strain (PSI;
see Table 4) than old adults, which is in line with recent studies [22,38]. Therefore, one
plausible explanation for the limited improvements in cognitive flexibility in young men is
the distraction hypothesis. Based on this hypothesis, it can be assumed that greater physical
and psycho-emotional strain provide competing stimuli that interfere with the response
elicited by the reaction signal, and thus produce increased latencies [39].

Limitations and Future Directions

Our study has several limitations. First, our experiment included only nine old and
ten young subjects. Nevertheless, significant changes had large effects (r = 0.55-1.10)
within and between groups. Second, the generalizability of the results is limited because
the sample included only healthy individuals. Thus, it would be beneficial to replicate
this research in old individuals with cognitive impairments and to determine whether
any cognitive improvements may occur in such groups. Furthermore, individuals with
obesity, hypertension, pulmonary or cardiovascular disease, or long-standing diabetes have
physiological impairments in regulating body core temperature in hot conditions [40], and
the physiological and cognitive responses to passive heating may also differ. Thus, this
aspect should be addressed in future research. Third, acute short-term WBH was induced
in young and old men. Therefore, the results of WBH should be interpreted cautiously
when extrapolating for prolonged WBH (e.g., climatic heat wave conditions). Fourth, we
cannot separate and evaluate the degree of influence of the effects of increased cortisol and
decreased latency at the spinal and supraspinal level on improved reaction time in old
adults, and further mediation analysis with a greater sample size is required to evaluate
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whether WBH-induced changes in serum cortisol and latency mediate the improvement
in cognitive flexibility. Fifth, the importance of further studies to examine the association
between age-related emotional regulation differences and WBH-induced evoked cognitive
improvement should be pointed out. As discussed earlier, older adults are better than
young adults at ignoring distracting negative stimuli [37], which may favor cognitive
improvements. Sixth, acute short-term thermal stimuli may evoke a residual response to
cortisol [41]. Still, a recent study did not evaluate the residual response to cortisol and its
effect on cognitive function. Therefore, evaluating if the evoked cognitive improvement
is maintained in old adults is important. Lastly, only men were included in the current
study, and the results cannot be applied to women. It has been well-demonstrated that
core body temperature changes across the menstrual cycle in women [42] and is lower
in postmenopausal women than premenopausal women [43]. Therefore, the response to
WBH might differ between cycles, between men and women, and might show age-related
differences between women. Future studies should consider including women to gain a
more comprehensive understanding of the gender-related similarities and differences in
responses.

5. Conclusions

Our data showed that a = 2.5 °C increase in rectal temperature greatly affects executive
function improvement in old adults, and this increase may be related to increased cortisol
concentration and lower thermophysiological strain under severe WBH conditions.
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