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Abstract
Purpose We examined whether eccrine sweat glands ion reabsorption rate declined with age in 35 adults aged 50–84 years. 
Aerobic fitness  (VO2max) and salivary aldosterone were measured to see if they modulated ion reabsorption rates.
Methods During a passive heating protocol (lower leg 42 °C water submersion) the maximum ion reabsorption rates from 
the chest, forearm and thigh were measured, alongside other thermophysiological responses. The maximum ion reabsorp-
tion rate was defined as the inflection point in the slope of the relation between galvanic skin conductance and sweat rate.
Results The maximum ion reabsorption rate at the forearm, chest and thigh (0.29 ± 0.16, 0.33 ± 0.15, 0.18 ± 0.16 mg/cm2/min, 
respectively) were weakly correlated with age (r ≤  − 0.232, P ≥ 0.05) and salivary aldosterone concentrations (r ≤  − 0.180, 
P ≥ 0.179). A moderate positive correlation was observed between maximum ion reabsorption rate at the thigh and  VO2max 
(r = 0.384, P = 0.015). Salivary aldosterone concentration moderately declined with age (r =  − 0.342, P = 0.021). Whole body 
sweat rate and pilocarpine-induced sudomotor responses to iontophoresis increased with  VO2max (r ≥ 0.323, P ≤ 0.027) but 
only moderate (r =  − 0.326, P = 0.032) or no relations (r ≤  − 0.113, P ≥ 0.256) were observed with age.
Conclusion The eccrine sweat glands’ maximum ion reabsorption rate is not affected by age, spanning 50–84 years. Aldos-
terone concentration in an aged cohort does not appear to modulate the ion reabsorption rate. We provide further support 
for maintaining cardiorespiratory fitness to attenuate any decline in sudomotor function.
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Abbreviations
ASG  Activated sweat glands
Bpm  Beats per minute
CFTR  Cystic fibrosis transmembrane conductance 

regulator
ENaC  Epithelial sodium channels

H+  Hydrogen
GSC  Galvanic skin conductance
K+  Potassium
MAP  Mean arterial pressure
Na+  Sodium
NaCl  Sodium chloride
RPM  Revolutions per minute
SGO  Sweat gland output
SR  Sweat rate
Tb  Body temperature
Tor  Sublingual temperature
Tsk  Skin temperature
VO2max  Maximal oxygen uptake
WBSR  Whole body sweat rate

Introduction

Sweat production is an important mechanism of heat loss, 
but sweat gland atrophy that accompanies age reduces evap-
orative heat loss and increases the susceptibility of older 
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adults to heat-related illness or injury (Baccini et al. 2008). 
The age-related decline in sudomotor function reportedly 
occurs around 60 years of age (Kenney and Fowler 1988; 
Abdel-Rahman et al. 1992). The evaporative potential of 
sweat is also influenced by its ion (i.e. sodium chloride) con-
centration. An elevated concentration of sweated ions on the 
skin surface reduces the water vapour pressure of the skin 
surface and thus reduces the water vapour gradient between 
the skin and ambient air attenuating evaporative heat loss for 
a given sweat rate. Hall et al. (1990) suggested that sweat 
sodium concentration increases with age and Inoue et al. 
(1991, 1995, 1999) have consistently reported attenuated 
sweat rates in older males, yet similar, if not higher, sweat 
[Na +] concentrations compared to younger counterparts. 
If sweat sodium concentration increases with age then this, 
alongside the age-related decline in sweat gland function 
may further exacerbate the heat-related illness amongst 
an older population. Alternatively, could a reduced sweat 
sodium concentration serve to counteract the effects of a 
reduced sweat gland output to increase sweating efficiency?

The literature is scant of studies investigating both sweat 
composition and the associated concentrations in an aged 
population. More research from this cohort is required, 
especially with the rapid developments of wearable (sweat) 
sensors.

The concentration of sodium chloride on the skin surface 
is influenced by the movement of ions into and out of the 
gland at two distinct portions of the sweat gland; the secre-
tory coil at the base of the gland and a straight reabsorptive 
duct that projects towards the skin surface. An essential step 
in sweat formation is the movement of sodium and chlo-
ride ions into the secretory coil following stimulation from 
adrenergic or cholinergic nerves (Quinton 2007). The accu-
mulation of these ions draws water into the lumen of the 
gland via osmosis, creating a primary sweat solution that is 
isotonic relative to plasma. Whilst the movement of these 
ions into the secretory coil is necessary for sweat formation, 
an excessive loss has the potential to disrupt homeostasis 
(Quinton 2007). The straight reabsorptive duct prevents 
this by reabsorbing sodium and chloride through epithelial 
sodium channels (ENaC) and cystic fibrosis transmem-
brane conductance regulator (CFTR) channels, respectively 
(Reddy and Quinton 2003). The reabsorption rate is limited, 
which determines the concentration of these ions in sur-
face sweat (Buono et al. 2007, 2008; Amano et al. 2016). 
The controlling mechanisms are unknown but aldosterone 
has been reported to promote sodium reabsorption in distal 
human sweat glands much akin to its function in the kid-
neys (Hegarty and Harvey 1999; Harvey and Higgins 2000). 
Decreasing aldosterone concentration reportedly accompa-
nies age (Nanba et al. 2018), which may in turn influence the 
ion reabsorption of the sweat glands. It is currently unknown 
whether the maximum ion reabsorption rate of the sweat 

glands declines with age. Furthermore, the age-related 
decline in sudomotor function is reportedly body region 
dependent, with the extremities declining faster than the 
torso (Inoue and Shibasaki 1996; Coull et al. 2020). We have 
consistently reported regional differences in the maximum 
ion reabsorption rates of young healthy adults, with attenu-
ated maximum ion reabsorption rates at the extremities in 
comparison to torso regions (Amano et al. 2017; Gerrett 
et al. 2018a). Regional differences in ion reabsorption rates 
may be associated with the structure and size of the sweat 
gland or sensitivity to regulating hormones. It is likely that 
these regional differences are also apparent in older adults 
but if the eccrine glands’ reabsorption rates decline with 
age, whether the sweat glands located in extremities show a 
tendency to deteriorate more quickly than the torso remains 
unknown.

Exercise training has been shown to enhance the sweat 
glands’ maximum ion reabsorption rates in young adults 
(Amano et al. 2017). However, there is some data suggest-
ing that sweat sodium concentration does not differ between 
young trained and untrained individuals after normalising 
for sweat rate (Hamouti et al. 2011). It remains unclear the 
role of fitness status on ion reabsorption rates. However, for 
older adults, the age-related decline in some parameters of 
sudomotor function, including sweat sodium concentrations 
are known to be moderated by maintaining good levels of 
cardiorespiratory fitness (Inoue et al. 1999).

The aim of this experiment was to determine whether 
the association between advancing age and the eccrine 
sweat glands’ maximum ion reabsorption rates across dif-
ferent regions of the body. The age-related decline in other 
sudomotor parameters reportedly occurs around 60 years, so 
we selected an age group to straddle this (50–84 years). We 
hypothesised that maximum ion reabsorption rates would 
decline with advancing age and would show the largest 
decline at the extremities compared to the torso. We also 
hypothesised that the decline in ion reabsorption rates would 
be associated with the age-related decline in aldosterone 
concentration. In line with other markers of sudomotor func-
tion, we hypothesised that there would be a positive relation 
between maximal oxygen uptake  (VO2max) and the maximum 
ion reabsorption rates. We measured other thermoregulatory 
responses to a passive heat stress test and sweat response to 
pilocarpine administrated by a transdermal iontophoresis to 
observe any concomitant age-related changes.

Methods

Participants were informed about the study purpose and 
procedures prior to providing verbal and written consent. 
The Human Subjects Committee of the Graduate School of 
Human Development and Environment at Kobe University 
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(Japan) approved the study (report no. 259), which con-
forms to the standards set out by the Declaration of Hel-
sinki. Participants visited the laboratory on two separate 
occasions. The first visit involved a submaximal assess-
ment of aerobic fitness, skin fold analysis and a sweat 
sensitivity test using iontophoresis. The second test was 
a passive heat stress test to assess thermophysiological 
responses, including the sweat glands’ maximum ion reab-
sorption rates. All testing took place in the morning, start-
ing between 0800-1000 h between the months of October 
and May (autumn through spring) in Japan. All tests have 
previously been described as part of another study using 
a small subset of the recruited participants (n = 10) for a 
different research question (Gerrett et al. 2020).

Participants

Thirty-five un-acclimated adults spanning the age of 50–84 
years were recruited for this study (Table 1). Our previ-
ous research has reported no sex-related differences in ion 
reabsorption rates so males and females were recruited 
(Amano et  al. 2017). Caffeine, alcohol and strenuous 
exercise 24 h preceding the experimental trials were not 
permitted and confirmed by all participants. All partici-
pants were instructed to consume 10 ml/kg of water 0–3 h 
prior to all experiments to promote euhydration. Hydra-
tion status was measured using a handheld refractometer 
(Atago Co.Ltd, Tokyo, Japan), with a urine specific grav-
ity value ≤ 1.025 indicating euhydration. All participants 
met the hydration requirements prior to passive heating. 
All participants were non-smokers and nine participants 
were taking Amlodipine for blood pressure regulation, 
one participant was taking Pitavastatin calcium for high 
cholesterol and one participant was taking both aforemen-
tioned drugs.

Pre‑test sessions—fitness, anthropometric 
and sweat sensitivity tests

Participants’ height and body mass were measured and sub-
sequently used to calculate body surface area (Du Bois and 
Du Bois 1916). Skinfold thicknesses were measured in trip-
licate (Eiyoken-Type, Meikosha Co., LTd., Tokyo, Japan) at 
four locations (biceps, triceps, subscapular suprailiac) with 
median scores recorded and summed. All participants com-
pleted the YMCA submaximal fitness test (Golding 2000) 
on a cycle ergometer (Aerobike 75XLIII, Combi Wellness 
Corp, Tokyo, Japan) to estimate maximal oxygen uptake 
 (VO2max).

A pilocarpine iontophoresis sweat stimulation test was 
conducted to assess sweat gland function, sweat gland sen-
sitivity, the number of activated sweat glands (ASG) and the 
sweat output per gland (SGO). Pilocarpine (1%) dissolved 
in saline was impregnated into a plastic capsule (6.15cm2) 
filled gauze (F1515; Osaki Medical, Aichi, Japan). This was 
attached to the mid-ventral forearm using a spandex rub-
ber band whilst a 1.5 mA iontophoresis current was applied 
for 5 min (cathode, HV-LLPD, Omron Healthcare, Kyoto, 
Japan). Immediately after iontophoresis, the capsule was 
removed and the skin surface wiped clean and then replaced 
by a ventilated capsule (5.31cm2) to measure sweat rate 
(SR). A 12-min sample was measured with the initial 2 min 
were discarded and then a 10 min average obtained. Upon 
completion, the ventilated sweat capsule was removed, the 
area wiped dry and then wiped with an iodine-soaked cotton 
gauze. Residual iodine was removed and then the area was 
stamped with starch paper for approximately 3 s. The iodine 
was transferred from the ASG to the paper as indicated by 
small dots. The paper was scanned and magnified to allow 
for duplicate visual counting by the same investigator, within 
a defined area  (1cm2). The SGO was calculated by dividing 
SR by the number of ASG.

Table 1  Participant characteristics by quinquennial age groups

A signifies the drug amlodipine for blood pressure regulation and P indicates the drug Pitavastin calcium for cholesterol

n Male/female Age (years) Height (cm) Weight (kg) Body surface area 
 (m2)

Sum of skinfolds 
(mm)

Estimated 
 VO2max (ml/kg/
min)

Medication

50–54 3 1M, 2F 52 ± 1.5 165.7 ± 6.4 61.4 ± 10.5 1.68 ± 0.19 64.0 ± 21.2 31.8 ± 5.4 1 × A
55–59 7 3M, 4F 57 ±1.9 163.7 ± 8.0 62.1 ± 12.4 1.67 ± 0.19 73.8 ± 18.5 29.8 ± 8.9 1 × P, 2 × A
60–64 3 3M 61 ± 0.6 154.9 ± 32.7 71.1 ± 4.0 1.70 ± 0.27 67.1 ± 11.6 30.8 ± 2.6 3 × A
65–69 13 8M, 5F 68 ± 1.3 156.0 ± 31.9 58.3 ± 11.0 1.56 ± 0.32 60.7 ± 11.6 29.8 ± 5.7
70–74 3 3M 71 ± 1.7 158.4 ± 6.1 55.1 ± 5.7 1.55 ± 0.11 53.6 ± 17.8 24.9 ± 7.2 1 × A
75–79 3 3F 77 ± 1.2 156.3 ± 10.3 52.0 ± 7.4 1.50 ± 0.15 81.5 ± 33.1 20.2 ± 3.2
80–84 4 3M, 1F 83 ± 1.0 161.5 ± 2.9 58.5 ± 5.1 1.61 ± 0.07 63.8 ± 17.9 25.4 ± 3.9 2 × A, 1 × A+P

36 21M, 15F 67 ± 9.1 159.1 ± 21.2 59.6 ± 10.1 1.6 ± 0.20 65.5 ± 18.2 28.6 ± 6.3
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Experimental sessions—passive heat stress test

The passive heat stress test was conducted in an environ-
mental chamber (SR-3000; Nagano Science, Osaka, Japan) 
maintained at 25 °C, 50% RH with minimal air movement. 
Participants provided a urine sample to confirm hydration 
status. Nude body weight was also measured using platform 
scales (ID1 Mettler-Toledo, Germany; resolution of 1 g). 
Participants wore shorts (and sports bra for females) and 
donned a water-perfused suit covering the entire body except 
the head, neck, hands and below the knee. Participants rested 
in a semi-supine position whilst measuring instruments were 
prepared, this included skin  (Tsk) and sublingual tempera-
ture  (Tor), SR, galvanic skin conductance (GSC), skin blood 
flow, mean arterial pressure and the collection of a salivary 
aldosterone sample. During this time (approx. 35 min) water 
at 34 °C was passed through the suit to maintain a uniform 
and stable resting  Tsk. After 5-min baseline measurement, 
participants submerged their lower legs into a water bath set 
at 42 °C and the water inside the suit was increased to 38 °C. 
We aimed for all participants to complete 60 min of passive 
heating but some found it too uncomfortable and the test 
was terminated earlier. During the test, once sweating began, 
the right volar forearm or right anterior thigh was cleaned 
and a customised sweat patch (Parafilm containing a cot-
ton gauze) was attached for the measurement of sweat NaCl 
concentration. Prior to the end of the experiment, another 
salivary aldosterone sample was collected. From the chest, 
forearm and thigh the number of heat-ASG using the starch 
iodine technique was measured. After terminating the test, 
participants towel-dried themselves and were weighed nude 
body for the assessment of whole-body sweat rate.

Measurement and calculations

Sublingual temperature was used as an index of core body 
temperature. A sublingual thermocouple (RET-1, Type T, 
Copper Constantan thermocouple, Physitemp Instruments, 
Inc., Clifton, NJ, USA) was inserted into the mouth and 
positioned under the tongue (sulcus). Participants were 
instructed to keep their mouths closed during the experi-
ment. Skin temperature  (Tsk) was measured using copper-
constantan thermocouples (Inui Engineering, Higashi 
Osaka, Japan) from 8 locations (forehead, chest, back, upper 
arm, forearm, hand, thigh and calf). Mean  Tsk was calculated 
from 8 sites (Stolwijk and Hardy 1966) and mean body tem-
perature  (Tb) using 0.9  (Tor) and 0.1 (mean  Tsk) weightings 
(Gisolfi and Wenger 1984).

SR, GSC and skin blood flow were measured from the 
midventral forearm, mid-chest and thigh (one third the 
length of the thigh from the knee cap). SR was measured 
using the ventilated capsule technique, whereby dry nitrogen 
gas passes through a capsule (3.46  cm2) affixed to the skin 

at a flow rate of 500 ml/min. The outflow temperature and 
humidity were measured using a capacitance hygrometer 
(HMP50; Vaisala, Helsinki, Finland). The apparatus was 
flushed approximately 1 h prior to each experiment and once 
the capsule was affixed to the skin and for a further 30 min 
prior to data collection to ensure stable readings. Capsules 
were attached to the skin using collodion. Either side of the 
capsule were two Ag/AgCl electrodes (Vitrode J, Nihon 
Kohden, Tokyo, Japan) for measuring GSC (MP100 and 
GSC100C; Biopac, Goleta CA, USA). GSC is expressed as 
a change from baseline (∆GSC), recorded during the 5-min 
resting phase prior to heating. Cutaneous vascular conduct-
ance was estimated by measuring skin blood flow on each 
site using laser-Doppler velocimetry (ALF21; Advanced, 
Tokyo, Japan) adjacent to the sweat capsule and affixed to 
the skin with tape (3 M Transpore surgical tape, 3 M Health 
Care, USA). Cutaneous vascular conductance was calculated 
as a percentage of the baseline value (recorded during the 
resting phase prior to heating).

Tor, local  Tsk, skin blood flow, SR and GSC were recorded 
every second by a data logger (MX100; Yokogawa, Tokyo, 
Japan). The core temperature onset thresholds for SR and 
cutaneous vasodilation at each site were determined using 
segmental linear regression (Cheuvront et al. 2009). The 
slopes were defined as the linear portion of the changes 
in SR and cutaneous vascular conductance after the onset 
thresholds.

Heart rate and arterial blood pressure were continu-
ously measured on the left middle finger using a Finometer 
(Finometer; Finapres Medical Systems, Amsterdam, The 
Netherlands); mean arterial pressure (MAP) was subse-
quently calculated.

A sweat sample was collected for the measurement of 
sodium chloride concentration. Despite research suggest-
ing that the thigh sweat samples are most representative of 
the entire body (Patterson et al. 2000), sweat production 
from the thigh was often too low for our older adults, so in 
most cases, the forearm was also sampled and used. After 
wiping with alcohol, rinsed with distilled water and dried 
with a sterile towel a 4 × 4 cm custom-made sweat patch 
(100,601; Askul, Tokyo, Japan) was attached to the skin. 
Sterile gloves were worn during application and removal 
to prevent any contamination and sterile tweezers used to 
remove patches from the skin. The patch application time 
varied per participant, depending upon visual inspection of 
the patch and skin surface sweat. The sampling time was 
recorded. After removal, patches were immediately placed 
inside an airtight plastic tube (Sarstedt Salivettes), centri-
fuged at 4000 RPM for 10 min and re-weighed. Extracted 
sweat was analysed using the Wescor (3120 Sweat-Chek™, 
Wescor, Logan, UT, USA) which provided a unit of mmol/L 
(equivalent sodium chloride: NaCl) based on the calcula-
tion from the sweat conductivity. The cotton gauze patch 
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(Medical cotton 70,975,000, Suzuran Medical Inc, Japan) 
was checked for background contamination. The SR (mg/
cm2/min) of these samples were determined using the mass 
(mg) of the patch pre- and post-application, the surface area 
 (cm2) of the patch and the sample time (min). Sweat patches 
were weighed on scales (AB54 Mettler-Toledo, Germany; 
resolution of 0.1 mg).

To confirm the acute thermal load of the passive heating 
test on aldosterone concentration, a saliva sample was col-
lected prior to, and after the passive heat tests. Saliva was 
collected from the participants by chewing a plain cotton 
swab for 60 s. The cotton swab was placed into a Salivette™ 
(Sarstedt, Newton, NC, USA) tube and spun at 4000RPM 
for 10 min. Salivary samples were frozen at −30 °C until 
later analysis. After thawing, aldosterone (pg/ml) levels were 
quantified by competitive ELISA (LDN, GmbH & Co.KG, 
Germany).

The determination of the sweat glands’ maximum reab-
sorption rate of the sweat glands was obtained by plotting 
ΔGSC against ∆SR (Amano et al. 2016, 2017; Gerrett et al. 
2018a). By plotting this relation, it is possible to identify 
three distinct phases; representing different stages of sweat 
production. In the first phase, there is an increase in ∆GSC 
but no change in ∆SR, which represents the isosmotic pre-
cursor sweat production in the proximal secretory coil. 
Such changes in ∆GSC and no changes in ∆SR are fre-
quently utilised to identify pre-secretory sweat gland activ-
ity (Machado-Moreira et al. 2009; Gerrett et al. 2018b). In 
the second phase, an increased ∆SR without an increase in 
ΔGSC can be observed. As ∆GSC is influenced by both the 
amount of sweat produced as well as the electrolyte concen-
tration the fact that ∆SR increases but there is no change in 
∆GSC represents reabsorption of sweated ions in the sweat 
duct. Once the rate of sweat ion secretion exceeds its reab-
sorption limit in the duct then the third phase occurs where 
there is a proportional increase in ΔGSC with increasing 
∆SR. The point at which the 2nd and 3rd phases intersect 
is used to identify the maximum rate of sweat glands’ ion 
reabsorption. In the present study, the thresholds were deter-
mined using segmented regression analysis.

Data analysis

Statistical analyses were carried out using SPSS (Version 
25). Figures were produced using GraphPad Prism (version 
7). Significance was set at P < 0.05 and data are presented 
as mean and standard deviations (± SD), unless otherwise 
stated. To assess the normality of the data, frequency his-
tograms and Q–Q plots were visually inspected and Kol-
mogorov–Smirnov test was conducted. Data that violated 
normality were transformed using either natural-log or 
square root prior to further statistical tests. All transformed 
data are illustrated as raw data for clarity. To determine the 

relation between the sweat glands’ maximum ion reabsorp-
tion rates and age,  VO2max or aldosterone concentration, 
Pearson’s product-moment correlation was conducted. The 
relation between thermoregulatory responses to the passive 
heat test with age or  VO2max was also explored using Pear-
son’s product-moment correlation. Pearson’s correlation 
coefficient was classifieds as being weak (0.10 ≤ r < 0.30), 
moderate (0.30 ≤ r < 0.50), and strong (r ≥ 0.50). The 95% 
confidence interval (95% CI) of the Pearson’s coefficient was 
included. To determine any age-related regional differences, 
the slopes were compared between the three locations with 
univariate analysis.

One-way repeated measure ANOVAs were conducted to 
determine any regional differences in the following sudomo-
tor and vasomotor responses: sweat glands’ maximum ion 
reabsorption rates, local SR, the  Tor threshold and slope for 
sweating and vasodilation. Bonferroni adjusted Students 
t tests were used post hoc for analysis of the main effect 
of regional location. All regional data were compared to 
each other (i.e., forearm, chest and thigh). All data were 
adjusted using Greenhouse–Geisser method when the sphe-
ricity assumption was violated. Non-normal data were log 
transformed prior to analysis, this applied to the maximum 
ion reabsorption data. A student paired t test was used to 
compare pre- and post-passive heating salivary aldosterone 
concentrations.

Results

Prior to passive heating, the mean resting heart rate, mean 
arterial pressure, mean  Tsk and  Tor for all participants 
were 64 ± 10 bpm, 97.7 ± 10.2 mmHg, 33.76 ± 0.56 °C, 
36.76 ± 0.25 °C, respectively. We aimed for all participants 
to complete 60 min of passive heating and the average test 
duration was 54 ± 7 min. Two participants requested for the 
test to be terminated early after 35 min due to thermal dis-
comfort. The thermophysiological, sudomotor and hormonal 
responses to the passive heating test are shown in Table 2, 
whilst the cardiovascular responses are shown in Table 3. 
Due to the different passive heating duration, relevant data 
are presented as the mean of the last 5 min of passive heat-
ing. Regardless of their passive heating exposure time, the 
thresholds and slopes for sweating and vasodilation could be 
identified in all participants. The ion reabsorption rates at 
the chest and forearm were identified in all participants, but 
in three participants, the thigh maximum ion reabsorption 
was not achieved.

The group average ∆SR threshold for an increas-
ing ∆GSC was 0.29 ± 0.16 mg/cm2/min for the forearm, 
0.33 ± 0.15 mg/cm2/min for the chest and 0.18 ± 0.16 mg/
cm2/min for the thigh. There was a main effect of location 
(P = 0.001) and post hoc analysis indicated that the forearm 
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Table 2  The group mean (± SD) thermophysiological, sudomotor and hormonal responses during the passive heat stress test and the associated 
relation with age and  VO2max

Data are presented for the mean of all participants (n=36) and also categorised into age group by decades

50–59 years 
(n=10)

60–69 years 
(n=16)

70–79 years 
(n=6)

+80 years 
(n=4)

Average 
(n=36)

r (age) P value r  (VO2max) P value

Ion reabsorption rates
  Forearm$ (mg/

cm2/min)
0.34 ± 0.23 0.22 ± 0.08 0.38 ± 0.14 0.29 ± 0.17 0.33 ± 0.15 −0.067 0.350 0.012 0.472

 Chest (mg/
cm2/min)

0.30 ± 0.17 0.33 ± 0.16 0.39 ± 0.11 0.31 ± 0.11 0.29 ± 0.16 −0.001 0.497 −0.134 0.222

  Thigh$ (mg/
cm2/min)

0.20 ± 0.12 0.16 ± 0.19 0.22 ± 0.19 0.14 ± 0.13 0.18 ± 0.16 −0.232 0.101 0.384 0.015

Local SR when ∆Tor +0.8 ˚C
 Forearm (mg/

cm2/min)
0.47 ± 0.19 0.45 ± 0.21 0.47 ± 0.27 0.46 ± 0.08 0.46 ± 0.20 −0.128 0.228 0.560 0.00

 Chest (mg/
cm2/min)

0.51 ± 0.19 0.61 ± 0.39 0.4 2± 0.22 0.49 ± 0.10 0.54 ± 0.29 −0.286 0.045 −0.134 0.222

  Thigh$ (mg/
cm2/min)

0.26 ± 0.13 0.26 ± 0.22 0.29 ± 0.18 0.23 ± 0.10 0.26 ± 0.17 −0.163 0.171 0.219 0.100

 Whole body 
sweat 
 rate$(L/m2/
hr)

0.34 ± 0.18 0.30 ± 0.13 0.31 ± 0.19 0.22 ± 0.09 0.28 ± 0.17 −0.326 0.032 0.484 0.002

Temperature (last 5 mins of passive heating)
  Tor (˚C) 37.8 ± 0.25 37.7 ± 0.26 37.8 ± 0.29 37.7 ± 0.21 37.70 ± 0.26 0.098 0.286 −0.113 0.256
 ∆Tor (˚C) 0.77 ± 0.88 0.87 ± 0.22 1.1 ± 0.31 0.72 ± 0.28 0.86 ± 0.50 −0.066 0.350 −0.139 0.210

Hormonal response
 Pre-aldoster-

one (pg/ml)
75.54 ± 21.65 85.26 ± 36.77 77.78 ± 14.73 108.11 ± 108.91 84.5 ± 44.7 −0.342 0.021 0.198 0.139

 Post-aldoster-
one (pg/ml)

95.22 ± 32.07 91.43 ± 31.02 93.68 ± 36.16 132.69 ± 45.62 98.1 ± 34.9 0.225 0.112 0.242 0.095

Tor sweating threshold
 Forearm sweat 

(˚C)
36.89 ± 0.31 37.08 ± 0.29 37.20 ± 0.19 37.17 ± 0.13 37.06 ± 0.29 0.351 0.018 0.172 0.158

 Chest sweat 
(˚C)

37.00 ± 0.33 37.14 ± 0.31 37.18 ± 0.27 37.24 ± 0.11 37.12 ± 0.30 0.276 0.052 0.151 0.190

 Thigh sweat 
(˚C)

36.85 ± 0.35 37.09 ± 0.33 37.16 ± 0.19 37.19 ± 0.13 37.05 ± 0.32 0.377 0.012 0.037 0.416

Tor sweating slope
 Forearm $ 

(mg/cm2 /
min/°C)

0.70 ± 0.43 0.93 ± 0.63 1.45 ± 0.43 0.81 ± 0.40 0.94 ± 0.58 0.173 0.157 0.168 0.164

  Chest$ (mg/
cm2 /
min/°C)

0.90 ± 0.63 1.69 ± 1.63 1.22 ± 0.20 1.02 ± 0.48 1.32 ± 1.2 0.093 0.294 0.160 0.176

  Thigh$ (mg/
cm2 /
min/°C)

0.27 ± 0.16 0.43 ± 0.37 0.84 ± 0.94 0.34 ± 0.16 0.45 ± 0.48 0.129 0.227 0.145 0.199

Pilocarpine test
 ASG (gland/

cm2)
105 ± 29 107 ± 27 105 ± 20 116 ± 21 107 ± 25 0.033 0.425 0.323 0.027

 SGO (μg/
gland/min)

5.33 ± 1.72 5.63 ± 2.33 5.02 ± 1.60 5.48 ± 1.08 5.4 ± 1.90 −0.113 0.256 0.482 0.001

 SR (mg/cm2/
min)

0.57 ± 0.27 0.60 ± 0.26 0.54 ± 0.23 0.61 ± 0.07 0.58 ± 0.24 −0.104 0.273 0.562 0.000
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and chest were both higher than the thigh (P = 0.007 and 
P = 0.001, respectively). The forearm and chest were not 
different (P = 0.999). There were no differences in the 
slopes of the regression lines between the three locations 
(P = 0.777). For the three measured locations, the relation 
between the ∆SR threshold for an increasing ∆GSC with 
age,  VO2max and aldosterone concentration is illustrated in 
Fig. 1. The ∆SR threshold for an increasing ∆GSC, across 
the three measured locations, were weakly correlated with 
age (r ≤  − 0.232, P ≥ 0.05). There was also no correla-
tion between the ∆SR threshold for an increasing ∆GSC 
and  VO2max at the forearm (r = 0.012, P = 0.472) or chest 
(r =  − 0.134, P = 0.222) but a moderate positive correla-
tion for the thigh (r = 0.384, P = 0.015). Weak correlations 
were observed between the ∆SR threshold for an increasing 
∆GSC and pre-passive heating salivary aldosterone concen-
trations for all locations (r = 0.013 to − 0.180, P ≥ 0.179).

Sweat samples, from the forearm, were collected and 
analysed for the equivalent sweat NaCl concentration. Due 
to low forearm SR in our cohort, it was only possible to 
collect enough sweat for NaCl analysis from 21 of our 35 
participants. The group average sweat NaCl concentration 
after passive heating was 50 ± 13.5 mmol/L. After being cor-
rected for local SR the average was 33.4 ± 20.4 nmol/cm2/
min. The relation between sweat NaCl concentration and 
age and  VO2max are displayed in Fig. 2. There was no rela-
tion between sweat NaCl and age (r = 0.06, P = 0.796) and 
a weak positive relation between sweat NaCl and  VO2max 
(r = 0.104, P = 0.653). Whilst a weak positive relation was 
observed between sweat NaCl corrected for SR with age 

(r = 0.124, P = 0.593), a strong relation was observed with 
 VO2max (r = 0.527, P = 0.014).

The group average whole body sweat rate after passive 
heating was 0.28 ± 0.17 L/m2/hr. There was a moderate 
negative relation between whole body sweat rate and age 
(r =  − 0.326, P = 0.032) and a moderate positive relation 
between whole body sweat rate and  VO2max (r = 0.484, 
P = 0.002, Fig. 3). When  Tor increased by + 0.8 °C, the 
local SR at the forearm, chest and thigh were 0.46 ± 0.20, 
0.54 ± 0.29 and 0.26 ± 0.17  mg/cm2/min, respectively. 
There was a main effect of location (P = 0.001) and post 
hoc analysis indicated that SR was greater at the chest than 
both the forearm (P = 0.016) and thigh (P = 0.001). Forearm 
SR was also greater than the thigh (P = 0.001). Local SR at 
all locations was weakly correlated with age (r ≤  − 0.286, 
P ≥ 0.045) and there were no differences in the slopes of 
the regression lines between the three locations (P = 0.829). 
Forearm SR was strongly correlated with  VO2max (r = 0.560, 
P = 0.001) whilst weak correlations with  VO2max were 
observed with the chest (r =  − 0.134, P = 0.222) and thigh 
(r = 0.219, P = 0.100).

Pilocarpine was administered via iontophoresis and 
the density of ASG from this test was 107 ± 25 glands/
cm2. The SR was 0.58 ± 0.24 mg/cm2/min and the SGO 
was 5.4 ± 1.9 µg/gland/min. There were weak correlations 
between these parameters and age (r ≤ -0.113, P ≥ 0.256). 
However, moderate-to-strong correlations were observed 
between  VO2max with the number of ASG (r = 0.323, 
P = 0.027), the SGO (r = 0.482, P = 0.001) and local SR 
(r = 0.562, P < 0.001) (see Fig. 4).

Table 3  The group mean (± SD) cardiovascular responses during the passive heat stress test and the associated relation with age and  VO2max

Data are presented for the mean of all participants (n-36) and also categorised into age group by decades
$ indicates data that were not normally distributed and was natural-log transformed for correlation analysis

50–59 years 
(n = 10)

60–69 years 
(n = 16)

70–79 years 
(n = 6)

 + 80 years 
(n = 4)

Average 
(n = 36)

r (age) P value r  (VO2max) P value

Cardiovascular (last 5 min of passive heating)
 HR (bpm) 93 ± 12 81 ± 11 81 ± 16 67 ± 10 83 ± 14 −0.523 0.001 0.067 0.348
  MAP$ 

(mmHg)
91.7 ± 9.8 94.1 ± 15.9 92.3 ± 13.1 96.8 ± 17.1 93.4 ± 13.6 0.118 0.247 0.187 0.138

Tor vasodilatory threshold
 Forearm ( °C) 36.90 ± 0.39 37.15 ± 0.36 37.06 ± 0.36 37.42 ± 0.18 37.10 ± 0.38 0.403 0.007 0.179 0.147
 Chest ( °C) 36.94 ± 0.42 37.16 ± 0.42 37.22 ± 0.16 37.40 ± 0.18 37.14 ± 0.38 0.379 0.011 0.019 0.455
 Thigh (°C) 37.10 ± 0.44 37.25 ± 0.36 3.35 ± 0.18 37.48 ± 0.27 37.25 ± 0.36 0.357 0.016  − 0.028 0.436

Tor vasodilatory slope
  Forearm$ 

(AU/
mmHG/°C)

792.8 ± 424.9 875.5 ± 616.3 778.2 ± 410.2 1074.7 ± 782.7 858.4 ± 541.8 0.090 0.301 0.114 0.254

  Chest$ (AU/
mmHG/°C)

699.1 ± 443.0 1211.8 ± 2762.2 928.5 ± 670.2 355.8 ± 218.9 927 ± 1865  − 0.137 0.213  − 0.022 0.449

Thigh$ (AU/
mmHG/°C)

1053 ± 914.4 1566.8 ± 1512.1 2091.9 ± 630  553.4 ± 354.6 1399 ± 1214  − 0.102 0.277 0.142 0.205
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The group average  Tor onset for sweating was 37.06 ± 0.29 
°C for the forearm, 37.12 ± 0.30 °C for the chest and 
37.05 ± 0.32 °C for the thigh. There was a main effect of 
location (P = 0.040) but location differences were not iden-
tified post hoc (P ≥ 0.098). For the three measured loca-
tions, the relation between  Tor onset for sweating and age 
is illustrated in Fig. 5. Moderate correlations were observed 
between the  Tor onset for sweating on the forearm r = 0.351, 
P = 0.018) and thigh (r = 0.377, P = 0.012) but not the chest 
(r = 0.276, P = 0.052). There were no differences in the 
slopes of the regression lines between the three locations 
(P = 0.855). There was also no correlation between  VO2max 
and the  Tor onset for sweating at any location (r ≤ 0.172, 
P ≥ 0.158). There was a main effect of location for the slopes 
for sweating (P = 0.001), with all locations being signifi-
cantly different from each other (P ≤ 0.040). The  Tor slopes 
for sweating (i.e., sweat) were weakly correlated with age 
for all locations (r ≤ 0.173, P ≤ 0.294) but no differences in 

the slopes of these regression lines between the three loca-
tions were found (P = 0.942). The  Tor slopes for sweating 
(i.e. sweat) were weakly correlated with  VO2max (r ≤ 0.168, 
P ≥ 0.164, see Table 2).

The group average  Tor onset for vasodilation was 
37.10 ± 0.38 °C for the forearm, 37.14 ± 0.38 °C for the 
chest and 37.25 ± 0.36 °C for the thigh. There was a main 
effect of location (P = 0.002) with a lower onset  Tor for 
vasodilation occurring at the forearm compared to the 
thigh (P = 0.039) but no differences were found between 
the chest- and forearm (P = 0.052), or the chest and thigh 
(P = 0.937). For the three measured locations, the relation 
between  Tor onset for vasodilation and age is illustrated 
in Fig. 5. Moderate correlations were observed between 
the  Tor onset for vasodilation on the forearm r = 0.403, 
P = 0.007) and chest (r = 0.379, P = 0.011) and the thigh 
(r = 0.357, P = 0.016). There were no differences in the 
slopes of the regression lines between the three locations 
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Fig. 1  The relation between age (left-side panels),  VO2max (middle 
panels), pre-passive heating saliva aldosterone concentration (right-
side panels) and the ∆SR threshold for an increasing ∆GSC at the 
forearm (n = 35), chest (n = 35) and thigh (n = 32). The middle line 

is the regression line and the outer lines are the borders of the 95% 
confidence intervals for the regression lines. Black circles indicate 
individual data points for males, whilst open circles are female par-
ticipants
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(P = 0.958). There was also no correlation between 
 VO2max and the  Tor onset for vasodilation at any location 
(r ≤ 0.179, P ≥ 0.147). There was a main effect of loca-
tion for the slopes for cutaneous vascular conductance 
(P = 0.003), but location differences were not identified 
post hoc (P ≥ 0.076). The  Tor slopes for cutaneous vascu-
lar conductance were weakly correlated with age for all 
locations (r ≤ −0.137, P ≥ 0.301) and there were no dif-
ferences in the slopes of the regression lines between the 
three locations (P = 0.828). The  Tor slopes for cutaneous 
vascular conductance were weakly correlated with  VO2max 
(r ≤ 0.142, P ≥ 0.449, Table 3).

Pre- and post-passive heating salivary aldosterone 
concentrations were not different (84.5 ± 44.7 pg/ml and 
98.1 ± 34.9 pg/ml, P = 0.124). There were weak correla-
tions between pre and post-passive heating salivary aldos-
terone concentration and age (r = 0.198–0.225, P ≥ 0.112) 
and no relation with urine aldosterone concentration and 
age (r = 0.196, P = 0.137).

There was a moderate negative correlation between 
 VO2max and age (0.342, P = 0.021).

Discussion

The primary aim of this study was to investigate the relation 
between advancing age (50–84 years) and the maximum ion 
reabsorption rates of eccrine sweat glands. In contrast to our 
hypothesis, we found that, unlike other sudomotor responses, 
the maximum ion reabsorption rate of eccrine glands is not 
affected by age (spanning 50–84 years). We found no relation 
between ion reabsorption rate and aldosterone concentration, 
which has previously been proposed as a reason for reduced 
sweat sodium output in older individuals. Our data do not 
support this hypothesis. We found some evidence providing 
further support for the importance of maintaining cardiorespi-
ratory fitness to attenuate any decline in sudomotor function, 
but for the ion reabsorption rate, this was not homogenous 
across the body.
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Ion reabsorption rates with age

Normative data on sweat sodium and chloride concentration 
in older adults are sparse, with findings suggesting either 
similar or greater sweat sodium concentration in older com-
pared to younger individuals (Hall et al. 1990; Inoue et al. 
1991, 1995, 1999). In contrast to previous studies, we did not 
compare groups of distinctly different ages. We assessed the 
relation between sweat NaCl and age in healthy adults span-
ning an age range of 50–84 years and found no relation. The 
mean sweat sodium chloride concentration in the present 
study (50 ± 13.5 mmol/L) is similar to previously reported 
concentrations in younger athletic adults (age 34 ± 4 years, 
midventral forearm sodium: 51.3 ± 21.5 mmol/L and chlo-
ride: 36.9 ± 23.2 mmol/L) (Baker et al. 2020). However, it 
is important to note that these values are not corrected for 
sweat rate, which is typically lower in older adults. The lower 

sweat rates in older individuals would suggest a higher sweat 
sodium concentration for a given sweat rate, indicating an 
impaired ion reabsorption capacity. However, we found no 
relation between the sweat glands’ maximum ion reabsorp-
tion rate and age, ranging from 50 to 84 years. Previously, 
we have conducted similar passive heating protocols with 
young adults (21.7 ± 3.0 years, n = 12) and observed local 
maximum reabsorption rates (chest: 0.39 ± 0.27 and fore-
arm: 0.36 ± 0.40 mg/cm2/min (Gerrett et al. 2018a) that are 
comparable to the average of the older adults in the present 
study (chest and forearm; 33 ± 0.15 and 29 ± 0.16 mg/cm2/
min, respectively). The slightly lower maximum ion reab-
sorption rates in our older participants are most likely asso-
ciated with small methodological differences (i.e. the use of 
a water perfused suit) between the two studies. For explora-
tory purposes, we included this data into the correlation 
analysis and we still observed no relations between ion reab-
sorption rate and age at the chest (r =  − 0.071, P = 0.633) or 
forearm (r = 0.094, P = 0.528). Collectively, the data does 
not indicate any effect of advancing age (> 50 years) on the 
sweat glands’ capacity for ion reabsorption.

Alongside assessing sweat glands’ ion reabsorption rate, 
we also measured other sudomotor responses to passive 
heat stress and pilocarpine stimulation via iontophoresis. 
As expected, we did observe a moderate negative relation 
between age and whole body sweat rate. However, local SR 
at all locations was weakly correlated with age. This rela-
tion was assessed using local SR data that corresponded to 
an increased ∆Tor of 0.8 °C at all locations, and as such 
removed the influence of the age-related difference in body 
core temperature. Previous studies have reported a delay or 
higher body temperatures for the onset of sweating (Inoue 
and Shibasaki 1996; Smith et al. 2013) and we did observe 
moderate correlations with the  Tor threshold and the slope 
for sweating with age. The age-related decline in sudomo-
tor function has been associated with attenuated sudomotor 
innervation (Vilches et al. 2002) sweat gland atrophy and/
or decreases in cholinergic sensitivity (Kenney and Fowler 
1988; Inoue et al. 1999). The latter has recently been dis-
puted by Smith et al. (2013) and our data supports this, as we 
observed no relation between age and sweat rate responses to 
pilocarpine stimulation via iontophoresis. Collectively our 
data suggest that the decline in sudomotor function, which 
reportedly occurs around 60 years of age, is specific to cer-
tain parameters of sudomotor function, of which the sweat 
glands’ ion reabsorption rate and cholinergic sensitivity is 
not one of them.

Cardiorespiratory fitness

It is well known that sweat glands adapt to repeated heat 
exposure (i.e., heat acclimation) by increasing the sweat out-
put per gland and enhancing the ion reabsorption capacity 
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to prevent an excess sweated ion loss. Most of the evidence 
for this is on young adults (Buono et al. 2007; Amano et al. 
2016) but we have recently reported this adaptation can also 
occur in healthy older adults if the stimulus for sweating dur-
ing heat acclimation is strong enough (Gerrett et al. 2020). 
Habitual exercise training shares common heat acclimation 
phenotypes (Ravanelli et al. 2020), but it is not fully clear if 
enhanced sodium reabsorption is one of them. Amano et al. 
(2017) previously investigated the effect of exercise training 
on maximum ion reabsorption rates and found that sedentary 
young adults had a lower ion reabsorption rate compared to 

trained sprinters and endurance athletes. However, Hamouti 
et al. (2011) reported no differences between training status 
and  Na+ reabsorption rate. They categorised continuous data 
 (VO2max) and compared groups, whilst we have used linear 
regression to assess if any association exists. Furthermore, 
they tested young adults, whilst we sampled an older popu-
lation (> 50 years) and research suggests that maintaining 
good cardiorespiratory fitness attenuates the deterioration 
in numerous thermoregulatory responses to heat stress. In 
older adults, we observed moderate correlations between 
maximum ion reabsorption rates at the thigh and  VO2max 
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but not the chest or forearm. It is not clear why this differed 
regionally across the body but one possibility could reside 
in the aforementioned hypothesis proposed by Inoue et al. 
(2004) regarding regional decline in sweat gland function. 
If sweat gland function does decline at the lower extremities 
first with advancing age but exercise training attenuates the 
decline in sweat gland function, maybe those with a higher 
 VO2max can preserve sudomotor function, especially at the 
thigh.

Whilst the estimated  VO2max of our older cohort is much 
lower than the aforementioned studies with young adults, 
they are representative of the fitness status of our sampled 
age group (Kaminsky et al. 2015). In response to the pilo-
carpine stimulation via iontophoresis, there was no asso-
ciation with advancing age but moderate correlations with 
 VO2max. In line with previous studies, we also observed posi-
tive relations between whole body sweat rate and  VO2max 
(Greenhaff 1989; Ichinose-Kuwahara et al. 2010). Inoue 
et al. (1999) suggested that that regular aerobic training and 
a high  VO2max (e.g., 47.5 ± 4.1 ml/kg/min) can delay the 
age-related decline in sweat gland output and ion reabsorp-
tion. Whilst we did observe positive relation between some 
sudomotor responses and  VO2max, only one participant had 
an estimated  VO2max that exceeded 40 ml/kg/min. It may 
be that higher levels of aerobic fitness are required in older 
adults for cardiorespiratory fitness to have an effect on ion 
reabsorption rates.

Aldosterone and ion reabsorption rates 
with advancing age

The previously reported higher sweat sodium concentrations 
in older adults have been linked to the reduced circulating 
aldosterone concentration that accompanies ageing (Nanba 
et al. 2018). However, we observed no correlation between 
aldosterone concentration and advancing age and no relation 
between the maximum ion reabsorption rate and aldosterone 
concentration. The role of aldosterone on sodium reabsorp-
tion is better understood in kidneys, with sodium reabsorp-
tion occurring through genomic (slow) and nongenomic (fast 
response) mechanisms (Harvey and Higgins 2000). The non-
genomic response of aldosterone has been shown to target 
the basolateral K + pump and Na + /H + exchanger via the 
activation of protein kinase C and calcium signalling, which 
stimulate  Na+ reabsorption by increasing ENaC activity. 
This mechanism is well known to occur in the kidneys and 
despite structural differences, researchers have suggested 
that this occurs within the sweat gland due to similar func-
tionality (i.e., ion perseveration). There is some evidence 
indicating that this also occurs in distal human sweat glands 
(Hegarty and Harvey 1999) but we are yet to find a relation 
between aldosterone and ion reabsorption rates in an age-
ing population. It is also feasible that end-organ sensitivity 
may affect ion reabsorption rate but there is no evidence 
to suggest that this declines with ageing. More research is 

Fig. 5  The relation between age or  VO2max with the  Tor threshold for 
sweat onset (left-sided panels) and the  Tor threshold for vasodilation 
(right-sided panels) (n = 35). The middle line is the regression line 

and the outer lines are the borders of the 95% confidence intervals for 
the regression lines. Black circles indicate individual data points for 
males, whilst open circles are female participants
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required to determine the humoral mechanism that regulates 
ion reabsorption in the straight duct of eccrine sweat glands. 
Ten (of 35) participants were taking Amlodipine, which may 
have lowered circulating aldosterone concentration in these 
individuals.

Thermoeffector function and regional variations

Inoue and Shibasaki (1996) suggested that the decline in 
sudomotor function with ageing occurs sequentially across 
the body with the lower limbs declining first, then the upper 
body, upper limbs and the head last. In healthy older adults 
we did observe a lower maximum ion reabsorption rate at 
the thigh, but no differences between the chest and forearm. 
Ion reabsorption rates in young healthy adults have con-
sistently been reported as heterogeneous across body sites 
(Amano et al. 2017; Gerrett et al. 2018a, 2020); with the 
torso area having a higher maximum ion reabsorption rate 
than the extremities. Whilst regional differences were appar-
ent in our older adults, the information to date would suggest 
that this is an inherent physiological response as opposed 
to an age-related regional decline. We have previously sug-
gested that these regional differences may be associated 
with structural differences in the sweat gland, particularly 
the length of the reabsorptive duct. Sato and Sato (1983) 
reported that persons with greater sweat gland output have 
larger glands. Although not reported in the results, we did 
observe a moderate relation between sweat gland output and 
the maximum ion reabsorption rate at the forearm (r = 0.439, 
P = 0.05) and chest (r = 0.277, P = 0.06) but not the thigh 
(r =  − 0.047, P = 0.404). This provides some initial evidence 
that maximum ion reabsorption rates could be influenced by 
sweat gland size, but further exploration is warranted.

Regional differences in heat loss effector functions (i.e., 
sweating and cutaneous vasodilation) are frequently reported 
in the literature and our findings agree with these general 
observations: chest > forearm > thigh. The age-related 
decline in heat loss effector functions has been reported to 
occur at a non-uniform rate over the body (Inoue and Shiba-
saki 1996; Coull et al. 2020) but our data does not support 
this. We did not observe any differences between the slopes 
of the regressions lines for advancing age and sweat rate, 
sweat onset, or the sensitivity of the sweat glands to changes 
in  Tor (i.e., the slope). This contrasts to the findings of Inoue 
and Shibasaki (1996) and Coull et al. (2020) but is in agree-
ment with Smith et al. (2013) who also did not observe the 
aforementioned age-related sequential decline in regional 
sweat rate or sweat onset. The disparities between studies 
may be associated with the different heating methods (pas-
sive heating or exercise). Furthermore, the influence of age 
on some sudomotor functions has been reported to occur by 
the 5th decade (Larose et al. 2013) and thus any noticeable 
influence of age may have already taken place in our cohort.

We observed stronger relations between age and the onset 
and sensitivity for vasodilation than for sweating. This sup-
ports the findings of Inoue (1996) and Inoue et al. (2004) 
who proposed that the reductions in cutaneous vasodilation 
with age occur prior to sudomotor function loss. The onset 
for vasodilation occurred at a lower oral temperature at the 
forearm than the thigh. The onset for vasodilation was mod-
erately correlated with age, but the slopes of the regressions 
lines for age and the  Tor threshold for vasodilation did not 
differ significantly. The regional differences we observed in 
heat loss effector functions, in the present study, appear to be 
a result of natural heterogeneity across the body, as opposed 
to any age-related regional decline. Smith et al. (2013) noted 
no regional differences in cutaneous vasodilatation thresh-
olds when data were expressed relative to a maximum CVC. 
The discrepancy amongst studies may be associated with 
normalisation procedures. We acknowledge that standard-
ising to a baseline is dependent on a true baseline and our 
results may be confounded by this approach, especially the 
regional variations reported. We also analysed the absolute 
values (laser doppler flow, data not shown) and our results 
remain unchanged, so to our interpretation.

Limitations

The presented data are inclusive of male and female par-
ticipants and the number of each sex was not balanced in 
each age group (Table 1). We included both sexes based on 
the assumption of no sex-related differences from our pre-
vious findings (Amano et al. 2017). Furthermore, D’Souza 
et al. (2020) reported that whilst age and sex are determi-
nants of whole body heat exchange, the effects of increasing 
age on whole body heat loss are not different between men 
and women. Both of these findings are based on exercise 
heat stress, but we employed a passive heating protocol to 
remove any potential differences in water regulatory hor-
mones released during exercise. Although these aforemen-
tioned findings were confirmed during exercising protocols, 
we have no reason to believe that sex would modulate ion 
reabsorption rates during passive heating protocols.

It must be noted that 10 (of 35) participants were taking 
Amlodipine, to treat high blood pressure. This calcium 
channel blocker may inhibit the renin–angiotensin–aldos-
terone system, increase nitric oxide bioavailability, 
improve endothelial activity and vascular function. We 
do not know the impact of habitual medication use on 
our results. Whilst exploring the data, the 10 medicated 
users were removed and this had no impact on our reported 
findings or interpretation. However, we cannot rule out 
that our medicated user may have influenced the data, and 
indeed more research is needed to investigate the effect 
of medications on thermoregulatory response with age. 
However, taking medication is increasingly common in 
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an aged population and whilst it is important to under-
stand the true ageing effect on heat loss effector function, 
excluding habitual prescribed drug users limits the gen-
eralisability of the findings and bears little resemblance 
to real-world situations. The rising number of medicated 
adults, especially in a globally advancing population will 
warrant more research comparing non- versus medicated 
groups in the future. However, we acknowledge that there 
may be limitations with our data set and readers should 
consider this in their interpretation.

We aimed to collect sweat samples from all participants 
but we only managed to collect enough sweat from 60% of 
our participants. The measurement technique or the sam-
ple location is not appropriate for individuals with very 
low sweat rates, as is often the case for older adults and 
those with low aerobic fitness. Our results may be con-
founded by this and more data from this cohort is required 
to confirm the relation between advancing age and aerobic 
fitness on sweat NaCl concentration.

Conclusion

Whilst there is evidence that age affects some aspects of 
sudomotor function, our data indicate that the maximum ion 
reabsorption rate of eccrine sweat glands is not affected by 
age, spanning 50–84 years. Although aldosterone concentra-
tion declined moderately with age, this does not appear to 
modulate the eccrine sweat glands’ ion reabsorption rate. 
Maintaining cardiorespiratory fitness can attenuate the age-
related decline in some sudomotor parameters but the sweat 
glands’ maximum ion reabsorption rate was not associated 
with  VO2max in older adults (> 50 years).
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