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1 | INTRODUCTION

Nuno Koch Esteves® |

JadeWard® | GrantHSimmons® |

Davide Filingeri*

Abstract

Children are considered heat vulnerable, with the belief that maturation of sweating
occurs throughout childhood. Indeed, young children demonstrate distinct patterns
of regional sweating compared to adults, but little is known about this pattern
maturation throughout puberty. This study aimed to investigate the maturation
of regional sweating patterns and thermal perceptions in females during exercise.
Twenty-eight females aged 8-25 years, representing five Tanner stages (preadolescent
to adult) were recruited. Local sweat rates (LSR), sweat output per gland and thermal
perceptions were measured during cycling exercise at fixed evaporative requirements
for heat balance (154 + 10 W/m?) in a climatic chamber (36°C and 50% relative
humidity). Results indicated that LSR across the torso (chest, abdomen, back), but
not the limbs (hand, thigh, shin), increased linearly with age, due to increases in
sweat output per gland. The transition of regional sweating patterns from children-
like (higher LSR at extremities) to adult-like (higher LSR at torso) became meaningful
(2-fold difference) at Tanner stage 3 and age 14. Perceptions of temperature, wetness
and thermal comfort did not differ across age-groups. Our findings provide the
first detailed evaluation of regional sweating pattern maturation in females while
exercising in the heat. This could inform person-centred public health and sportswear

applications.
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and evaporation of sweat from the skin surface represents the principal

and most powerful method of heat loss during exercise and heat

Body temperature regulation in humans is an important homeostatic
process resulting from a combination of feedback and feedforward
mechanisms aimed at maintaining optimal cellular function during
thermal challenges, such as heat stress (Mitchell et al., 2025). In adults,

following behavioural thermoregulation (Attia, 1984), the production

stress (Havenith, 1999; Havenith et al., 2008). It is generally believed
that the complete maturation of sweating mechanisms in humans
may occur throughout puberty. This consideration is largely derived
from empirical observations that children present lower whole-body

sweat rates than adults during exercise and heat stress (Bar-Or,
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1998; Drinkwater et al., 1977; Inoue et al, 2004; Meyer et al,
1992). Furthermore, recent sweat mapping studies in children have
indicated that regional sweating patterns observed in pre-pubertal
girls (~8 years old (yo)) do not resemble those observed in women
(i.e., >18 yo) (Arlegui et al., 2021; Smith & Havenith, 2012), whereby
girls present their highest local sweat rate (LSR) at the extremities
(forehead, hands, feet) instead of the torso (the latter being a body
region presenting the highest LSR in women) (Blount et al., 2024; Smith
& Havenith, 2012).

This perception of a paediatric ‘thermoregulatory disadvantage’,
combined with evidence that children may find it challenging to
verbalise their thermal perception and comfort (Fabbri, 2024), has
shaped public health messaging that emphasises heightened heat
vulnerability in children (UKHSA, 2025). In contrast, the American
Academy of Paediatrics have argued that youth have an equally
effective thermoregulatory ability as healthy adults (Bergeron et al.,
2011), challenging the notion of an inherent disadvantage. These
divergent views highlight a critical knowledge gap: it remains unclear
how and when complete maturation of local sweating mechanisms
across the body occurs throughout puberty, and how such maturation
relates to age-dependent differences in sensitivity to thermal
discomfort, during both endogenous (i.e., exercise-mediated) and
exogenous (i.e., environment-mediated) heat stress. This represents
a significant fundamental and applied knowledge gap, which hinders
the ability to (a) establish critical age thresholds beyond which heat
vulnerability may align with that established in adults; and (b) inform
the design of interventions, such as age-appropriate sportswear, which
accommodate the sweating and comfort needs of children throughout
puberty.

The implications of this knowledge gap are particularly important
for the female population, who continue to be largely under-
represented in thermoregulatory studies (Filingeri, Blount, & Valenza,
2024; Filingeri, Blount, & Ward, 2024; Hutchins et al., 2021).
This is despite undergoing unique morphological and physiological
change - consider menarche and thelarche - which coincide with
rising oestrogen levels known to modulate autonomic thermoeffector
responses, such as cutaneous vasodilation and sweat secretion,
and could therefore contribute to the maturation and regional
redistribution of sweating patterns in females (Biro et al., 2008; Breehl
& Caban, 2024).

The aim of this study was therefore to investigate how and when
complete maturation of local sweating mechanisms across the whole
body occurs throughout puberty in females. A secondary aim was to
explore how these age-dependent changes may relate to variations
in children’s sensitivity to thermal discomfort, during exercise in the
heat. Leveraging validated methodologies for exercise prescription
that accommodate an unbiased comparison of sweating responses in
paediatric and adult populations (Smallcombe et al., 2025), we hypo-
thesised that LSR across the torso may increase to a greater extent
than peripheral sites over the limbs, secondary to changes in sweat
output per gland, as recently observed at rest (Amano et al., 2025).

We also hypothesised that meaningful changes in regional sweating

Highlights

* What is the central question of this study?
How and when do regional sweating patterns
mature in females during puberty, and do these
physiological changes affect thermal perceptions in
heat?

* What is the main finding and its importance?
Local sweat rates increased linearly with age at
torso sites, driven by higher sweat output per gland,
while limb sweating did not. Adult-like patterns
emerged at Tanner stage 3, showing a two-fold
torso-limb difference. Despite these physiological
shifts, thermal perceptions were unchanged. These
findings advance understanding of female thermo-
regulation and inform age-appropriate public

health and sportswear design.

patterns may occur at specific developmental stages associated with
hormonal development in females.

2 | METHODS
2.1 | Ethical approval

This study was approved by the University of Southampton Ethics
Committee (approval no. 99072) and all procedures conformed to the
ethical standards set by the Declaration of Helsinki. All participants,
and guardians of those aged under 18, completed a health screen
questionnaire and provided written informed consent, or informed

assent for those aged under 18, prior to testing.

2.2 | Experimental design

This observational cohort study was conducted in a climatic chamber at
the University of Southampton between November 2024 and February
2025. Recruitment involved the purposeful sampling of girls from a
range of adolescent age groups and comparison with a control group
of adult women. Participants underwent one preliminary trial and one

experimental trial, separated by >48 h.
2.3 | Participants
Twenty-eight healthy 8- to 25-year-old (yo) females volunteered to

participate in this study. Participants were purposefully recruited
by age group to accommodate appropriate representation across
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pubertal development: 8-9 yo (n = 4), 10-11 yo (n = 4), 12-
13 yo (n = 6), 14-15 yo (n = 6), 16-17 yo (n = 4), and 18-25 yo
(h = 4). Pubertal development was assessed using self-reported
Tanner staging, completed jointly by participants and their parents
with the aid of standardised visual and written descriptors. This
approach improves accuracy in younger participants and provides a
more nuanced indication of physical and physiological maturation than
chronological age alone (Breehl & Caban, 2024). Stage 1 represents
pre-puberty and stage 5 indicates adult-level development. Participant
physical and physiological characteristics spanned the full range of
Tanner staging, as presented in Table 1. Participants were not heat-
acclimatised and seasonal variation was limited (Amano et al., 2025).
They included physically active females (i.e., performing moderate
intensity exercise >3 days per week), who were free of any injury or
illness. Of those who had begun menarche (n = 15), six participants
presented irregular periods at the time of the study and nine were
distributed across a typical 28-day menstrual cycle (mean testing day

of cycle: 13 + 4).

2.4 | Preliminary session

Body mass (KERN 150K2DL, Balingen, Germany; accurate to 0.005 kg)
and height (Seca 213 Stadiometer, Birmingham, UK) were measured.
Body surface area (BSA) was calculated using the Du Bois and Du
Bois (1916) equation which is appropriate for use in children and
adults (Haycock et al., 1978). Body fat percentage was estimated from
skinfold thickness measured at four sites (abdomen, suprailiac, triceps,
thigh) (Jackson & Pollock, 1985).

Participants performed a submaximal incremental exercise test
of five 3-min stages in temperate conditions (air temperature:
24.0 + 0.2°C; relative humidity: 50.7 + 7.0%) on a cycle ergometer
(Lode Corvial Recumbent, Groningen, Netherlands) (Figure 1). Expired
gases were measured via indirect calorimetry (Quark CPET, Cosmed,
Rome, Italy) to determine the individual exercise workload required
to elicit the target E.oq for the experimental trials, as previously
described (Cramer & Jay, 2019). Equations used to calculate partitional
calorimetry parameters, including E,q, rate of convective and radiative
heat exchange (C + R), rate of respiratory convective and evaporative
heat loss (Cres + Eres) and Hprod, are presented in Appendix A (Parsons,
2014).

2.5 | Experimental session

Participants were asked to refrain from strenuous exercise 24 h prior
to the experimental trial. Upon arrival they provided a urine sample
to measure urine specific gravity (USG) (digital refractometer, KERN,
Balingen, Germany) with euhydration confirmed by a USG < 1.025
(Casaetal., 2005). A standardised ensemble of shorts, sports braand T-
shirt was provided to the participants, and shoes and socks were worn
(~0.3 clo). All clothing items were weighed to the nearest 0.1 mg (PCB
350-3, KERN).

Prior to entering the climate chamber, participants were
familiarised with the whole-body perceptual assessment scales
for thermal sensation (TS), wetness perception (WP) and thermal
comfort (TC), leveraging adapted Likert scales for paediatric use (Teli
et al, 2013). Likert scales ranged from 1 to 4 (TS: 1 = neutral/OK,
4 = hot; WP: 1 =dry, 4 = dripping wet; TC: 1 = comfortable, 4 = very
uncomfortable). Upon entry to the climate chamber (air temperature:
36.6 + 0.2°C; relative humidity: 48.4 + 2.2%), clothed body mass
was measured (KERN 150K2DL; accurate to 0.005 kg) (Figure 1).
Whole-body sweat loss (WBSL) was calculated by subtracting post-
trial clothed body mass from pre-trial clothed body mass, corrected
for sweat trapped in clothing. This method was used instead of pre and
post nude weights for ethical reasons. Participants were then equipped
with an optical heart rate (HR) monitor (Verity Sense, POLAR, Kempele,
Finland) and seven skin temperature (Tg) sensors (iButtons, Maxim,
San Jose, USA; 0.2 Hz) were fixed on the abdomen, shoulder, upper
breast, upper back, lower back, thigh and shin. Weighted mean T, was
calculated as the weighted averaged of measurements at the chest
(0.3), shoulder (0.3), thigh (0.2) and calf (0.2) (Ramanathan, 1964).

Participants sat for 5 min such that baseline measures of HR,
tympanic temperature (Ttym), and perceptual measurements were
taken, then they cycled for 36 + 5 min, alternating between 3-min
intervals of higher (Ereq: 170 W/m?) and lower (Ereq: 140 W/m?)
intensities. Exercise prescribed at afixed E¢q in W/m? allows for amore
unbiased investigation of LSR differences by accounting for biophysical
differences in body size, thereby substantially reducing confounding
effects (Cramer & Jay, 2015). However, this approach does not fully
eliminate maturation-related differences in metabolic heat production
or sudomotor drive which may persist due to differences in lean
body mass, muscle composition, and neural factors (Baker, 2017; Hu
etal, 2018). Voz, HR and T were measured continuously throughout
exercise. TS, WP and TC were measured at baseline then at 10-min
intervals and T, at 5-min intervals (Figure 1). Ty, (ThermoScan 7+,
Braun, Bussigny, Switzerland) was used due to ethical restrictions on
the use of more invasive techniques, such as rectal sensors or ingestible
telemetric pills with children.

Following the initial 36-min of cycling, participants briefly stopped
to allow the set-up of LSR collection for the final 5-min of exercise, via
the absorbent patch technique (Smith & Havenith, 2012). Prior to the
trial, absorbent patches (max absorption = 4655 + 220 g m~2) were
cut to size (9 cm?), individually sealed in ziplock bags, marked, and
weighed to the nearest 0.1 mg (PCB 350-3, KERN). The skin was dried,
then patches were applied using a waterproof film dressing (Tegaderm,
3M, St Paul, MN, USA) to the palmar surface of the hand, bra triangle,
abdomen, upper back, lower back, thigh and shin on the contralateral
side to the T sensors. Following application, participants cycled for
5 min, then the patches were removed, sealed in ziplock bags, and
weighed. LSR (g m~2 h=1) was calculated from the relative change in
pre- to post-patch weight, divided by the surface area and application
time.

Following cessation of exercise and immediately after removal
of the LSR pads, heat activated sweat gland density (HASGD) was

assessed non-invasively at the bra triangle site using the modified
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FIGURE 1 Schematicillustration of experimental design. Preliminary session (left) and experimental session (right).

iodine technique (Gagnon et al., 2012). HASGD was quantified to
estimate maturation-dependent changes in sweat output per gland.
The bra triangle site was selected as previous work demonstrated
this site to have one of the highest levels of LSR and HASGD across
the female torso (Blount et al., 2024). Cotton paper patches were
cut to 3 x 3 cm squares and impregnated with iodine. The skin
was blotted dry to move excess water, then the iodine paper was
firmly pressed to the skin for ~5 s. Sweat from active sweat glands
appeared as small blue dots on the iodine infused paper. The paper
was sealed in air-tight bags and scanned immediately after testing at
a high resolution (600 dots/inch) then analysed using ImageJ (http://
rsbweb.nih.gov/ij/index.html). This process is explained in detail by
Gagnon et al. (2012). Once the images were processed, a sub-set of
images were assessed by two raters to ensure rigor in the analysis
(Peel et al., 2022). When raters agreed (<10% variation), the primary
investigator’s measurement was taken; where disagreement between
raters was >10%, an average from the two raters was used. An
estimation of sweat output per gland could then be calculated by
dividing the sweat rate by the density of heat-activated sweat glands
for the bra triangle site.

2.6 | Statistical analysis

Statistical analyses were carried out using SPSS (version 28.1; IBM
Corp., Armonk, NY, USA). Normality testing using the Shapiro-Wilk
test was performed for all datasets, and significance was set at P < 0.05.
Subsequently, descriptive data are reported as means and standard
deviation (SD).

Partitional calorimetry was performed to ensure exercise pre-
scription at a fixed Eyq in W/m? and to assess the relative contribution
of evaporative and dry heat exchange in relation to age. One-way
analyses of variance (ANOVA) were performed to assess the impact of
age groups on E¢q, Hproq and Ty throughout exercise.

To address the primary aim, Pearson correlation analyses were
performed to assess the relationships between age and local sweating
responses at each skin site (i.e., LSR, heat activated sweat gland density
and sweat output per gland) To assess the evolution of regional
sweating patterns with ageing/development, skin sites were grouped
into torso and extremity sites to allow comparison between central
vs. peripheral body regions. Two levels of grouped body sites were
selected for two reasons: (i) to investigate the hypothesis that LSR
across the torso would increase to a greater extent than the peri-
phery to align with sweating patterns seen in adulthood; and (ii) to
consider applications to sportswear, for which one predominantly
designs separate clothing items for the torso and lower body. Two
separate two-way ANOVAs were used with the factor of either
age groups (6 levels: 8-9, 10-11, 12-13, 14-15, 16-17, 18-25) or
Tanner staging (1-5), and body site (2 levels: torso and extremities).
When a significant interaction was observed, a post hoc analysis
for multiple comparisons was conducted using Bonferroni’s multiple
comparisons test. Categorical analyses by age group/Tanner stage
were pre-specified as secondary, exploratory comparisons given small
subgroup sizes and are interpreted cautiously.

The Kruksal-Wallis test was used to investigate the impact of age
(6 levels: 8-9, 10-11, 12-13, 14-15, 16-17, 18-25) on perceptual
outcomes (TS, WP, TC) at each time point. The effect of time on

perceptual outcomes (TS, WP, TC) was analysed using Friedman'’s test.

85U8017 SUOWILIOD BAeaI 3|qedljdde aup Aq peuenob afe sejoe YO ‘8sN JO Se|nJ Joj Afeiq)T8UlUO A8]1/M UO (SUOPUOD-PUE-SUWLBY WO A8 | 1M AlRIq 1 BU1UO//SANY) SUORIPUOD PUe S | 841 885 *[0202/70/ST] Uo AriqiTauluo A8 (1M ‘uoiduryinos JO AiseAlun Aq 88/£60d3/STTT OT/I0P/L00" A3 1M Akeiq 1 jpulu0-oesAud)/:sdny wouy pepeojumod ‘0 ‘XSi69tT


http://rsbweb.nih.gov/ij/index.html
http://rsbweb.nih.gov/ij/index.html

BLOUNT ET AL.

* LwiLEY
3 | RESULTS

3.1 | Descriptive exercise, physiological and
calorimetric data

Anthropometric, heat exchange and exercise intensity data for all
participants are presented in Table 1. Pubertal stage defined by Tanner
staging, had a statistically significant positive correlation with age
(r=0.85,P <0.001).

As per the study design, there was no statistically significant effect
of age group on E¢q (P = 0.488) or Hyroq (P =0.383) in W/mZ2, nor on
mean Ty (P = 0.307). By contrast, there was a statistically significant
effect of age on: (i) absolute Hpoq in W (P < 0.001), with the youngest
girls having lower Hpoq in W than adults, and (i) Hproq in W/kg
(P =0.005), with the youngest girls having greater Hp, 4 in W/kg than
adults (Table 1).

3.2 | Relationship between age, local sweat rates,
activated sweat gland density and sweat gland
output

A statistically significant positive linear correlation was found between
age and LSR at the four torso sites, namely the bra triangle (r = 0.858,
P < 0.0001), abdomen (r = 0.602, P < 0.001), upper back (r = 0.481,
P = 0.010) and lower back (r = 0.519, P = 0.005) (Figure 2). In
contrast, no statistically significant correlation was found between
age and LSR at the extremities, namely the hand (r = —0.295,
P =0.127), thigh (r = 0.242, P = 0.215) and shin (r = 0.242, P = 0.214)
(Figure 2).

Subset analyses of HASGD at the bra triangle (n = 9) demonstrated
no statistically significant correlations with age (r=-0.087, P =0.824).
Conversely, estimated sweat output per gland at the bra triangle had
a statistically significant positive linear correlation with age (r = 0.865,
P =0.003) (Figure 3).

3.3 | Regional patterns of local sweat rates
3.3.1 | Age groups

Statistically significant main and interactive effects of age groups
and grouped body sites (torso vs. extremities) were observed for
LSR (all P < 0.001). Post hoc analyses of interaction effects indicated
no statistically significant differences in LSR between the torso and
extremity sites for the 8-9 yo (P = 0.956), 10-11 yo (P = 0.565) and
12-13 yo (P = 0.095) groups. In contrast, a statistically significantly
difference in LSR was found at the torso relative to the extremities,
such that the torso had a 1.8-fold higher LSR than the extremities in the
14-15 yo (P = 0.003), a 2.8-fold higher LSR than the extremities in the
16-17 yo (P < 0.001), and a 2.4-fold higher LSR than the extremities in
the 18-25 yo (P < 0.001) groups (Figure 4a).

3.3.2 | Tanner stages

Statistically significant main and interactive effects of Tanner stage
and grouped body sites (torso vs. extremities) were observed for
LSR (all P < 0.001). Post hoc analyses of interaction effects indicated
no statistically significant differences in LSR between the torso and
extremity sites at Tanner stage 1 (P = 0.717) and 2 (P = 0.786). In
contrast, a statistically significantly difference in LSR was found at the
torso relative to the extremities, such that the torso had a 1.9-fold
higher LSR than the extremities at stage 3 (P = 0.003), a 1.7-fold higher
LSR than the extremities at stage 4 (P = 0.001), and a 2.6-fold higher
LSR than the extremities at stage 5 (P < 0.001) (Figure 4b).

3.4 | Perceptual measures

Time was identified as having a statistically significant effect on TS
(P < 0.001), WP (P < 0.001) and TC (P < 0.001) (Figure 5). Post hoc
tests indicated no statistically significant effect of age group at any
time point for TS or TC (P > 0.05). On average, participants felt ‘a bit
warm'’ at baseline (median + interquartile range; 1 + 0) and increased to
between ‘warm’ and ‘hot’ by the end of exercise (2 + 1). All participants
also felt ‘comfortable’ at baseline (0 + 1) and increased to between ‘a
bit uncomfortable’ and ‘uncomfortable’ by the end of exercise (2 + 1).
Post hoc tests for WP showed no statistically significant effect of age
group at minute 0, 20 and 30 (P > 0.05), with all participants feeling
‘dry’ at baseline (0 + 0.25) and increasing to ‘wet’ by the end of exercise
(2 + 0). However, at minute 10, WP was statistically significantly lower
in 10-11yo (0 + 0.25) than all other age groups (1 + 0) (P=0.012).

4 | DISCUSSION

The aim of this study was to investigate how and when complete
maturation of local sweating mechanisms across the whole-body
occurs throughout puberty in females, and how these age-dependent
changes may relate to variations in children’s sensitivity to thermal
discomfort, during exercise in the heat. In line with our primary hypo-
theses, our results indicated that LSR across the torso (i.e., chest,
abdomen, upper and lower back), but not the limbs (hand, thigh,
shin), increased linearly with age (see Figure 2), due to age-dependent
increases in sweat output per gland (see Figure 3b). The transition
of regional sweating patterns from children-like (i.e., higher LSR at
extremities than torso) to adult-like (i.e., higher LSR at torso than
extremities) became apparent and meaningful (i.e., 2-fold difference
between torso and limbs) at a specific developmental stage associated
with Tanner stage 3 and a chronological age of 14-15 yo (see Figure 4).
Our results also indicated that perceptions of temperature, wetness
and thermal comfort during exercise in the heat did not differ across
age-groups. Altogether, these findings are novel and important, as they
provide the first detailed accounting of the maturation of regional

sweating patterns across the body in females exercising in the heat.
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FIGURE 2
the extremities (hand (e), thigh (f), shin (g)) (n = 28).

4.1 | Maturation of sweating

The regional sweating patterns observed in our oldest female cohort
(i.e., 18-25 yo) aligns with the findings of Smith and Havenith (2012),
who reported women (i.e., 21 + 1 yo) to present higher LSR at the
torso than the limbs. Similarly, the regional sweating patterns observed
in our youngest female cohort (i.e.,, 8-9 yo) support the findings of
Arlegui et al. (2021), who reported girls (i.e., 8 yo) to present higher
LSR at the extremities (forehead, hands, feet) than the rest of the
body. Our detailed evaluation of regional sweating patterns across the
full pubertal development period in women (i.e., age range 8-25 yo
and Tanner stages 1-5) critically extends those previous insights to
demonstrate a specific developmental stage associated with sweating
maturation in women, who are a group that undergo unique hormonal

changes during puberty and throughout the lifespan.

Relationship between age and local sweat rate at the torso sites (bra triangle (a), abdomen (b), upper back (c), lower back (d)) and

A plausible explanatory framework for the transition in regional
sweating patterns around mid-puberty is endocrine maturation. While
we did not measure circulating sex hormones, and thus cannot suggest
a mechanistic inference, we did measure Tanner stages, which can act
as a developmental marker. Previous evidence has indicated that key
hormonal changes occur when girls reach Tanner stage 3, such as a
20- to 40-fold increase in luteinising hormone relative to pre-pubertal
stages, which in turn causes a rise in circulating oestradiol levels
for the first time in female development (DiVall & Radovick, 2009;
Rosenfield et al., 2013). Increased circulating oestrogens in humans
have been demonstrated to increase heat dissipation responses,
including cutaneous vasodilation and sweating (Stephenson & Kolka,
1999). Elevated oestrogen levels during the female menstrual cycle,
unopposed by progesterone, have also been associated with small

decreases in female body temperature, an observation which further
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highlights the role of oestrogens in modulating heat exchange and
body temperature in females (De Mouzon et al., 1984; Marshall, 1963).
Our observations did highlight an apparent shift in regional sweating
patterns coinciding with Tanner stage 3 in our female cohort, yet
it is necessary to add the caveat that the subgroup sizes for this
categorical analysis were small (n = 4-6) and Tanner staging was self-
reported. However, this generates an interesting hypothesis for future
mechanistic studies to investigate to more directly establish causality
between the levels of circulating sex hormones during puberty and
sweating maturation.

The upregulation of sweat output per gland at the bra triangle
during pubertal development in girls observed in this study (see
Figure 3b) aligns with recent findings that forearm sweat output per
gland also increases in children under cholinergic stimulation at rest
(Amano et al., 2025). Because pharmacological cholinergic stimulation
bypasses the centrally mediated thermal drive that operates during
exercise - and can therefore elicit higher sweat rates (Saltin & Gagge,
1971; Shibasaki & Crandall, 2010) - both approaches suggest that
sweat gland output capacity increases with maturation across body
sites, though its expression during exercise may be region-specific. In
our cohort, chest subset analyses showed no age-related change in
HASGD, but sweat output per gland increased with age, indicating
functional upregulation at this torso site. At limb sites, however,
adolescent skin expansion may reduce sweat gland density, consistent
with significantly lower forearm gland density with age (Amano et al.,
2025). This variation in the extent of skin stretch across different body
sites potentially offsets the age-related gains in sweat output per gland
and yields the flat age-LSR relationship we observed at the extremity
sites. However, we acknowledge that the subgroup analysis of chest
HASGD had a smaller sample size (n = 9). Additionally, the absent
age-LSR relationship at the hand may reflect distinct sweat control
patterns at the hands/feet, as originally proposed by Kuno (1956),
and supported by both our findings and prior adult and paediatric
sweat mapping studies (Arlegui et al., 2021; Smith & Havenith, 2012).
Although neither this study, nor Amano et al. (2025) was designed
to interrogate the mechanisms underlying the regulation of sweat
output per gland, similar hypotheses can be proposed: age-related
changes may arise from anatomical maturation of the sweat glands
(e.g., duct length, secretory coil area) (Sato & Sato, 1983), and gross
body morphological development causes variation in sweat gland
density, and potentially an increased exposure to circulating growth
and sex hormones, for which eccrine sweat glands express receptors
(Choudhry et al., 1992; Lobie et al., 1990; Pelletier & Ren, 2004).

From a methodological standpoint, the present study provides a
more rigorous mechanistic evaluation of age-dependent change in
LSR patterns during exercise than previous research to date. For
example, Smith and Havenith (2012) and Arlegui et al. (2021) leveraged
experimental models using exercise prescribed at a fixed percentage
of maximal HR or vozmax to study LSR patterns. Conversely, our study
adopted an exercise prescription designed to achieve equal levels of
Ereq in W/m?2 across all age groups (see Table 1). This is because
individual variations in Er¢q in W/m? (which can occur when exercise

is prescribed at a fixed percentage of maximal HR or vozmax) have

been demonstrated to explain a large proportion of variance in LSR
when comparing groups that differ in size and surface area (Cramer
& Jay, 2014; Cramer & Jay, 2015). Nonetheless, fixed E,cq prescription
cannot guarantee independence from maturation-related differences
in metabolic heat production or neural drive to sweat which can also be
influenced by lean mass, and muscle composition may persist (Baker,
2017;Huetal., 2018).

4.2 | Maturation of thermal perception

Our observations on the maturation of sweating in girls, and their
relevance for our basic understanding of autonomic body temperature
regulation, is well complemented by our results on the perceptual
responses of our female cohort during exercise in the heat. This
is particularly important given the paucity of evidence on thermal
sensation of children in the heat. Inoue et al. (2009) has previously
observed similar thermal sensations between boys (9-11 yo) and men
during passive heat exposure (from 28 to 40°C), for the same change in
Tk Our results extend these findings to exercising females, as our girls
presented equal thermal sensations and discomfort to adult females
under exercising conditions resulting in similar elevations in mean Ty
(i.e., ~36°C - see Table 1). These observations indicate that younger
girls are likely to be equally sensitive to warmth and discomfort as
their older counterparts. Furthermore, our findings indicated that
perceptions of whole-body wetness during exercise in the heat did
not differ across age groups. One could speculate that this provides
evidence that younger girls may have a greater wetness sensitivity than
older girls as this same magnitude of perceived wetness in the younger
girls occurred in the presence of much lower LSR at certain body sites.
This theory may not be entirely speculative, as our group has recently
observed boys and girls aged 7-12 years old to report greater wetness
perceptions than adults during the application of the same local wet
stimuli onto their skin while at rest (Valenza et al., 2026). However,
future studies would have to investigate further whether this potential
age-dependent variation in whole body wetness perception in girls is
indeed robust and whether this impacts meaningful age-dependent
differences in thermal behaviours under a paradigm that allows free

behaviour (e.g., cool-seeking, drinking, etc.) (Schlader & Vargas, 2019).

4.3 | Public health and industrial applications

Beside their relevance to understand the basic biological mechanisms
underlying sweating maturation and perception in females, we believe
that our findings have important implications for public health and
industrial applications.

From a public health messaging standpoint, the American Academy
of Paediatrics (Bergeron et al., 2011) has recently issued a position
statement suggesting youth have an equally effective thermo-
regulatory ability as healthy adults and therefore are not at a
‘thermoregulatory disadvantage’ during exercise in the heat as pre-

vious research suggested (Davies, 1981; Drinkwater et al., 1977;
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Meyer et al., 1992; Rivera-Brown et al., 2006; Wilk et al., 2013).
Our observations on the presence of lower LSRs across the torso in
our youngest girls, secondary to lower sweat output per gland and
despite the same E.q in W/m2, may at first appear in contrast with
the American Academy of Paediatrics’ position, i.e., those younger
girls were locally secreting less sweat than needed to meet the
evaporative requirements for heat balance. Yet, despite these lower
LSRs across the torso, and the fact that these younger girls were
exercising at a greater level of heat production per unit of body mass
than the older girls (i.e., 5.72 vs. 4.31 W/kg - see Table 1), they did not
develop a greater change in core (tympanic) temperature than their
older counterparts (see Table 1). This observation aligns with recent
evidence from Smallcombe et al. (2025), who also found children aged
10-16 to be at no greater risk of hyperthermia than adults during
exercise in ambient temperature of up to 40°C. We speculate that
this apparently effective maintenance of heat balance in children,
despite developing sweating mechanisms, may be supported by a body
morphology (e.g., higher body surface area to mass ratio - see Table 1),
which could favour heat distribution across the body and dissipation
with the environment.

From an industrial standpoint, our observation of a critical age for
changes in regional sweating patterns in girls has important applied
implications for the sportswear industry, which leverages knowledge
of LSR patterns to guide the design of clothing that satisfies the
thermal requirements of the user. It isimportant to note that clothing is
commonly designed based on age ranges for specific consumer groups
(i.e., kids vs. adults), rather than stages of hormonal development (e.g.,
Tanner stages). As age and tanner stages were strongly correlated in
our study cohort, it allowed us to consider the critical stage for changes
in regional sweating patterns in girls as a function of chronological
age (see Figure 3a). This analysis indicated that an ~2-fold difference
in LSR between torso and extremities became apparent in the age
group 14-15 yo, which included girls spanning Tanner stages 3 to 4.
Consequently, we believe that the meaningful shift in regional sweating
patterns observed at 14 yo could inform design considerations such
as the need for greater moisture management for the torso vs. limbs
from this age onwards, to help maximise comfort for adolescent girls.
This approach may have broader benefits, such as improving exercise
participation at a time when factors such as body appearance (e.g.,
perceived sweatiness) may in part contribute to sport drop-out in
girls (Eime et al., 2016; Ogden et al., 2025). This may ultimately
increase clothing comfort and performance, thus reducing barriers to

participation in sport for women of all ages in a warming climate.

4.4 | Limitations

There are limitations to this study. First, our study cannot establish the
extent by which the observed differences in LSRs in younger vs. older
girls may differentially impact the maintenance of heat balance at both
lower ambient temperatures than we tested and under greater thermal
stress, i.e., uncompensable heat stress. Indeed, previous research has

indicated that children may have an increased dependence on dry

heat loss mechanisms to compensate for a less developed sweating
capacity (Davies, 1981; Drinkwater et al., 1977). Our experiment was
designed to maximise the reliance on evaporative heat exchange and
minimise reliance on dry heat exchange, which was achieved by setting
the environmental temperature to a level equal to skin temperature
during exercise (i.e.,, 36°C). Future studies may therefore consider
exposure to ambient conditions that may highlight a ‘thermoregulatory
advantage’ of children under less warm conditions, where the larger
body surface area to mass ratio of younger children may favour
dry heat exchange mechanisms and facilitate water conservation.
Future studies may also consider different exercise modalities such
as running, which may facilitate achieving greater levels of heat
production than cycling and associated sweating requirements. We
indeed noted in our investigation that the absolute level of cycling
workload was primarily limited by the level of leg strength of our
youngest participants (i.e., higher workloads to induce higher thermal
loads were not achievable due to early onset fatigue). In addition,
the use of tympanic temperature as an indirect measure of core
temperature likely resulted in a conservative estimation of internal
heat strain, as this index is known to underestimate core temperature
relative to more direct measures (i.e., rectal or gastro-intestinal pills)
(Huggins et al., 2012). Finally, HASGD represents an instantaneous
snapshot of active glands, whereas LSR was integrated over 5 min; thus,
age-related differences in pulsatile activation frequency could add
variance to the LSR/HASGD estimate. To minimise timing mismatch,
HASGD imaging was performed immediately after LSR collection,
and the iodine imprint duration was standardised (~ 5 s) using the
modified iodine technique, but future work could consider duplication
of HASGD imaging.

4.5 | Conclusions

Our study provides the first detailed account of the maturation of
regional sweating patterns across the female body, a commonly under-
represented cohort in thermoregulatory studies. We provide novel
evidence that the maturation of regional patterns of LSR occurs
primarily because of linear increases in LSR across the torso but
not the limbs, and at a particular stage of maturation, which we
identified to coincide with Tanner stage 3 and 14-15 years of age.
We also provide evidence that perceptions of temperature, wetness
and thermal comfort during exercise in the heat did not differ across
age-groups. Our results advance our fundamental understanding of
the maturation of sweating in females, and they also have important
applied implications for person-centred public health messaging and

sportswear design.
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APPENDIX A
CALCULATIONS
Calculation 1. Body surface area (Du Bois & Du Bois, 1916)

0.425 0.725

BSA = Wt (kg) x Ht (cm) x 0.007184.
Calculation 2. Body fat percentage (Jackson & Pollock, 1985)

BF% = (0.29669 x sum of skinfolds) — [0.00043 x (sumofskinfolds)2]

+(0.02963 x age) + 1.4072

Calculation 3. Rate of evaporation required for heat balance (Ecq)
(Parsons, 2014)

Ereq=Hprod = (Csk + Rsk) = (Cres + Rres) [W/m?]
where the rate of metabolic heat production (Hyoq) is calculated as:
Horod = M = Wk [W/m?]
where W is the rate of mechanical work (i.e., power output; W)

and M is the metabolic rate, which was estimated by measuring the

rate of oxygen consumption and carbon dioxide production using the
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equation: where Igis 0.3 (Tang et al., 2022). h is the combined heat transfer
coefficient (h. + h,) where h; is the radiative heat transfer coefficient
RER-0.7 1.0-RER . .
, [(_0 5 ) X ec] + [( o3 ) X ef] estimated using:
M= Vg, x . : x 1000

60 x BSA

where e is the caloric equivalent per litre of oxygen for the oxidation of
carbohydrates (21.13 kJ), and e is the oxidation of fat (19.62 kJ) (Nishi,
1981).

The rate of dry heat exchange from the skin (Cg + Rg) is calculated
as the sum of convective (C) and radiative (R) heat transfer from the skin

using the equation:
Tsk - To

Rcl + (fc%h)

Ty is skin temperature and T, is operative temperature:

Csk + Rei =

+ _hTi+h,
° h, + hc

R is the dry heat transfer resistance of clothing and was calculated

as:

Ry = 0.155 x Ig[m2 °CW-1]

3
Tt Toy pwijme /)

h, = 4ecri[273.2 +
Ap

¢ is the emissivity of the body surface (0.95), o is the Stefan-

Boltzmann constant (5.67 x 1078 W m=2 K-1), A./Ap is the effective

radiative area of the body (0.7 m2) for a sitting person, and T, is the

mean radiant temperature (°C) which was equivalent to the dry-bulb
temperature as tests were conducted indoors.

Cres + Eres is respiratory heat exchange and was calculated as the

sum of convective (C) and radiative (R) heat transfer from respiration

using the equation:

Cres + Eres = (0.001516 x M x (28.56 + 0.641P, — 0.885T,)

+[0.00127 x M x (59.34 + 0.53T, — 11.63P,)] [W/mz]

where P, is the ambient water vapor pressure (kPa).
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