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A B S T R A C T   

The purpose of this study was to determine local sweat rate (LSR) and sweat composition during heat acclimation 
(HA). For ten consecutive days of HA, eight participants cycled in 33 ◦C and 65% relative humidity at an in-
tensity such that a rectal temperature of 38.5 ◦C was reached within ~40 min, followed by a 60-min clamp of this 
rectal temperature (i.e., controlled hyperthermia). Four participants extended HA by a 28-day decay period and 
five consecutive days of heat re-acclimation (HRA) using controlled hyperthermia. Sweat from the upper arm and 
upper back was collected three times during each heat exposure session. LSR and sweat sodium, chloride, lactate, 
and potassium concentrations were determined. Relative to HA day 1, LSR was increased at the final day of HA 
(day 10) (arm: +58%, P < 0.001; back: +36%, P < 0.05). Concentrations of sodium, chloride, and lactate 
significantly (P < 0.05) decreased to ~60% at HA day 10 compared to day 1 on the arm and back. Potassium 
concentration did not significantly differ on HA day 10 compared to day 1 (arm: +11%, P > 0.05; back: +8%, P 
> 0.05). The induction patterns of the sudomotor adaptations were different. Whilst LSR increased from HA day 
8 on the arm and from HA day 7 on the back, sodium and chloride conservation already occurred from HA day 3 
on both skin sites. Lastly, the sweat lactate reduction occurred from HA day 6 on the arm and back. Initial 
evidence is provided that adaptations were partly conserved after decay (28 days) and that a 5-day HRA may be 
sufficient to restore HA adaptations. In conclusion, ten days of exercise-induced HA using controlled hyper-
thermia led to increases in LSR and concomitant reductions of sweat sodium, chloride, and lactate concentra-
tions, whilst potassium concentrations remained relatively constant.   

1. Introduction 

Heat acclimation (HA) enhances thermoregulation as indicated by an 
increased whole-body sweat loss, plasma volume expansion, and a 
decreased heart rate and core temperature during rest and exercise in 
the heat (Periard et al., 2015, 2016). Sweating is an important avenue 
for heat loss and HA results in numerous sudomotor adaptations; a lower 
core temperature for the onset of sweating and enhanced sweating 
sensitivity as indicated by a larger sweat output for a given core tem-
perature (Periard et al., 2015). Most of the thermoregulatory and car-
diovascular adaptations occur within 4–7 days of HA and are optimised 
within 10–14 days (Periard et al., 2015, 2016), but sudomotor adapta-
tions reportedly take the longest to acquire (≥ 8 HA days) (Armstrong 
and Maresh, 1991). An increased sweat production, elicited by HA, 
enhances the evaporative power and cooling capacity of the human 
body. On the other hand, the risk of an elevated sweat production is a 
concomitant elevation in ion losses. Sodium, chloride, and potassium are 

the ions that are secreted in the largest quantities in sweat (Robinson 
and Robinson, 1954). These ions are important for maintaining body 
fluid balance through their major contribution to the osmotic pressure 
gradient between intracellular and extracellular fluid (Baker and Wolfe, 
2020). The benefit of HA is that eccrine sweat glands adapt by 
conserving sodium loss when sweat production is increased (Buono 
et al., 2018; Dill et al., 1938; Sargent et al., 1965). This is likely the result 
of an improved ability to reabsorb sodium through epithelial sodium 
channels (ENaC) in the straight reabsorptive duct (Gerrett et al., 2018a, 
2018b; Reddy and Quinton, 2003). 

Whilst changes in whole-body sweat loss may take up to eight days of 
HA, reductions in local forearm sweat sodium concentration have been 
reported to occur after just two days of HA (Buono et al., 2018). These 
reductions in sodium concentration for a given local sweat rate (LSR) 
can exceed 50%. Improved ion reabsorption to HA is well documented in 
the literature but tends to be focused on sodium (Buono et al., 2018) or 
ions in general (Amano et al., 2017), with limited information about 
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other important ions in sweat such as chloride and potassium. Research 
has shown functional interactions between ENaC and cystic fibrosis 
transmembrane conductance regulator (CFTR) channels (Reddy and 
Quinton, 2003), that passively reabsorb chloride. Hence, it is plausible 
to assume that chloride would be reduced in the presence of an elevated 
LSR following HA, along with sodium. Sweat potassium concentration is 
thought to be LSR-independent and potassium is most likely not reab-
sorbed in the straight duct of the eccrine sweat gland (Robinson and 
Robinson, 1954; Schwartz and Thaysen, 1956). Therefore, sweat po-
tassium concentration is thought to remain mostly unchanged following 
HA. 

In recent years, sweat lactate has been of interest to engineers and 
developers of wearable sensors as a potential biomarker of the human 
body’s glycolytic metabolism (Buono et al., 2010; Derbyshire et al., 
2012). However, sweat lactate bares no relation with blood lactate 
derived from the exercising muscles, but rather indicates glycolytic ac-
tivity of the sweat glands (Derbyshire et al., 2012). Wolfe et al. (1970) 
suggested that 99% of the sweat glands’ metabolism is glycolytic. This 
was disputed by Kealey (1983) and Sato and Dobson (1973) who sug-
gested that only ~50% of the sweat glands’ energy requirements come 
from the anaerobic glycolysis, with the remaining 50% coming from 
glucose oxidation. Although the metabolic contribution to sweat gland 
activity remains unclear, it is plausible to observe an increased sweat 
lactate production resulting from higher rates of sweat production 
following HA (Poirier et al., 2016; Ravanelli et al., 2018). However, like 
most physiological responses to a repeated stimulus, adaptations occur, 
allowing the organism to function more efficiently. Whether the sweat 
glands become more efficient during HA remains unknown. Since pre-
vious research established an inverse relation between LSR and sweat 
lactate concentration due to dilution (Buono et al., 2010), a propor-
tionally larger reduction of sweat lactate than the increase in LSR could 
be indicative of increased efficiency, a larger dependency on the aerobic 
metabolic pathways or potentially a combination. This adaptation may 
occur at the same time as changes in sweat rate, reportedly at about 
eight days of HA, or with improved ion reabsorption at reportedly just 
two days of HA (Buono et al., 2018). 

The main purpose of this study was to determine the daily changes in 
LSR and sweat sodium, chloride, lactate, and potassium concentrations 
during ten days of HA. It was hypothesised that HA would increase LSR, 
thereby conserving sodium and chloride to mitigate disturbances in the 
fluid balance. Thus, leading to lower sodium and chloride concentra-
tions. Potassium concentration was expected to remain unchanged. 
Secondly, we hypothesised that lactate would be lower after HA due to 
improved efficiency of the sweat glands or larger dependency on aerobic 
metabolic pathways. Additionally, we had the opportunity to re- 
measure four of our participants during a 5-day controlled hyperther-
mia heat re-acclimation (HRA) protocol following 28 days of decay. 
Descriptive data on this sub-group may provide initial insights into the 
sudomotor adaptations following a decay period and during a short HRA 
period. 

2. Material and methods 

2.1. Ethical approval 

Procedures were approved by the Ethics Committee of the Faculty of 
Behavioural and Movement Sciences of the Vrije Universiteit Amster-
dam (VCWE 2018-160-R1). The study was conducted in accordance 
with the guidelines of the revised Declaration of Helsinki (2013), except 
for registration in a database. Written informed consent was obtained 
from all participants before participation in the study. 

2.2. Participants 

Six un-acclimatised males (age: 36 ± 9 years, height: 180.0 ± 2.3 cm, 
weight: 76.9 ± 1.7 kg,VO2peak: 50.4 ± 7.1 mL.kg− 1.min− 1) and two un- 

acclimatised females (age: 37 ± 10 years, height: 183.1 ± 7.1 cm, 
weight: 72.7 ± 5.6 kg, VO2peak: 38.1 ± 1.2 mL.kg− 1.min− 1) participated 
in this study. Participants had not been in a warm (> 25 ◦C air tem-
perature) country in the 3 months prior to the study and were instructed 
to refrain from alcohol, strenuous exercise, and excessive caffeine con-
sumption and to consume plenty of water during the entire protocol. No 
restrictions were placed on participants’ diets. All participants were non- 
smokers, did not take any prescription medication (except for one fe-
male that completed HA only, taking 70 mg alendronic acid weekly, 500 
mg calci-chew daily, 7.5 mg mirtazapine daily), had no history of heat- 
related illnesses, cardiovascular complications, and did not have any 
known issues with thermoregulation. Menstrual cycle phase was not 
controlled for in either of the female participants as this was not feasible 
considering scheduling each part of the protocol (10-day HA, 28-day 
decay, 5-day HRA). 

2.3. Design 

All experiments took place during European winter time (Jan–Apr 
2019) to limit acclimatisation through natural exposure to high envi-
ronmental temperatures. Participants visited the laboratory for ten 
consecutive HA days. Four of the participants extended HA by a 28-day 
decay period, and another five consecutive days of HRA. Standardised 
heat stress tests were performed before and after HA and HRA (Fig. 1). 
Sweat composition data from these tests are not presented here. During 
the decay period, participants performed their regular exercise activ-
ities, but were not allowed to have heat exposure. Experiments took 
place in a climate chamber (b-Cat, Tiel, The Netherlands) set to 33 ◦C 
and 65% relative humidity, and at the same time of day (± 3 h). Upon 
arrival to the laboratory, participants provided a urine sample. Urine 
specific gravity (USG) was measured with a handheld refractometer 
(PAL-S, Atago, Bellevue, USA) to make sure participants were hydrated 
(USG ≤ 1.025) (Kenefick and Cheuvront, 2012) at the start of every HA 
and HRA day. Despite following our hydration guidelines, three par-
ticipants did not meet the criteria for hydration on one occasion, whilst 
one participant did not meet the criteria on three occasions. If USG 
>1.025, participants had to drink 5 mL.kg− 1 body weight before start-
ing. Prior to the HA and HRA sessions, a rectal temperature (Tre) probe 
(MSR, Seuzach, Switzerland or Yellow Springs Instruments, Ohio, USA) 
was self-inserted 10 cm past the anal sphincter. 

2.4. Experimental trials 

During HA and HRA, participants cycled (Lode Excalibur Sport, 
Groningen, The Netherlands) at an intensity chosen such that a Tre of 
38.5 ◦C was reached within approximately 40 min (referred to as 
‘thermal drive’). As participants adapted during the HA and HRA days, 
exercise load was increased so that Tre still reached 38.5 ◦C within ~40 
min. After that, Tre was kept slightly above 38.5 ◦C for 60 min (referred 
to as ‘thermal maintenance’; i.e., controlled hyperthermia). This was 
accomplished by the researcher adjusting the exercise load and resting 
where necessary. Water consumption was allowed ad libitum at any time. 
We chose for controlled hyperthermia rather than a fixed workload 
protocol, because typically exercise duration and mean intensity are 
reduced using a controlled hyperthermia protocol with similar final 
adaptations (Gibson et al., 2015). This reduced work load is of practical 
benefit since athletes in preparation for an important event in the heat 
have to acclimatise during their taper period, when a substantial 
reduction in exercise volume is warranted (Mujika, 1998). 

2.5. Measurements 

Upper arm and upper back sweat were collected during the first and 
second 15 min in ‘thermal drive’ and immediately when Tre was 38.5 ◦C 
(also for ~15 min), using the absorbent patch technique (Morris et al., 
2013; Smith and Havenith, 2011). Absorbent patches were covering 
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zones 19 (upper arm) and 13 (upper back) as described by Gerrett et al. 
(2014). Patches were carefully replaced at the same location by using 
marks on the skin. The sweat collection period of 15 min was chosen to 
collect enough sweat for chemical analysis but to prevent saturation of 
the patch. The sample order was chosen because we expected LSR to 
increase gradually and in this manner we aimed for three different LSR. 
Before application, the skin was cleaned with alcohol, deionised water 
and dried with gauze pads. After collection, the absorbent material was 
placed in a sealed tube, centrifuged at 1800g for 5 min and frozen at 
− 20 ◦C until analysis. Concentrations of sodium, chloride, and potas-
sium were determined by ion-selective electrodes (Cobas ® 8000 
modular analyser, Roche, Almere, The Netherlands). Lactate concen-
tration was analysed enzymatically (Cobas ® LACT2, Roche, Almere, 
The Netherlands). Limits of detection, coefficients of variation, and 
sample volumes of the analysers are shown in Table 1. Six patches were 
analysed for background sodium, chloride, lactate, and potassium con-
centration and corrections were made accordingly (sodium − 7.9 mmol. 
L− 1 and chloride − 6.6 mmol.L− 1). No correction was needed for lactate 
and potassium. LSR was calculated gravimetrically according to: 

LSR=(mwet − mdry)
/

t)
/

SA  

where mwet refers to mass of the wet patch (mg) after the experiment 
(Sartorius 1419MP8-1, Sartorius, Göttingen, Germany), mdry to its dry 
mass (mg), SA to surface area of the covered skin (cm2), and t to 
application time (min). LSR is presented in mg.cm− 2.min− 1. For the 
participants that completed HRA (n = 4), decay was quantified ac-
cording to:  

% decay =
HRA1 − HA10
HA1 − HA10

x 100  

(Pandolf et al., 1977) where HRA1 represents the value of one parameter 
(LSR or sweat composition) on the first day of HRA, HA10 on the tenth 
day of HA and HA1 on the first day of HA. 

2.6. Statistics 

Statistics were reported for HA (n = 8), but not for HRA (n = 4) 
considering the small sample size. For the latter, only descriptive data 
are reported. Generalised Estimating Equations (GEE) modelling (Liang 

and Zeger, 1993) was used to evaluate LSR and sweat sodium, chloride, 
lactate, and potassium concentrations over time for the arm and back 
separately because of large regional differences in sweat rate and 
composition on different skin sites (Smith and Havenith, 2011, 2012) 
(IBM SPSS Statistics 26.0). This approach to regression analysis con-
siders measurements within participants (sample order, HA days) as 
repeated measures and accounts for this dependency. GEE does not as-
sume normally distributed data. An exchangeable correlation structure 
was used. The independent variables were time (HA day 1− HA day 10) 
and sample order (first− third). The dependent variables were LSR and 
sweat sodium, chloride, lactate, and potassium concentration. In-
teractions of time x sample order and LSR, sweat sodium, chloride, 
lactate, and potassium concentration were explored for significance (P 
< 0.05) and only included in the model when significant. 

3. Results 

Eight participants (6 males, 2 females, age: 36 ± 9 years, height: 
180.7 ± 4.3 cm, weight: 75.9 ± 3.7 kg, VO2peak: 47.3 ± 8.2 mL.kg− 1. 
min− 1) completed ten consecutive days of HA and, as an addition, we 
had the opportunity to remeasure four of the males (age: 38 ± 6 years, 
height: 180.9 ± 1.8 cm, weight: 77.0 ± 1.3 kg, VO2peak: 51.8 ± 8.3 mL. 
kg− 1.min− 1) during five consecutive days of HRA, after a 28-day decay 
period. Tables 2 and 3 summarise the daily average (baseline) Tre and 
power output data during each day of the HA protocol (n = 8), as well as 
HA followed by HRA (n = 4), respectively. 

3.1. LSR 

Fig. 2 shows the average LSR on the arm and back during HA for the 
first, second, and third sample, that respectively were taken during the 
first and second 15 min of ‘thermal drive’ and the first 15 min of ‘thermal 
maintenance’ (collection period ~15 min). A significant main effect of 
sample order was found (P < 0.001). The parameter estimates revealed 
that LSR was significantly higher in the second compared to the first 
sample on the arm (P < 0.001) and back (P = 0.013). Interactions of 
time (HA day 1− HA day 10) x sample order (first− third) were non- 
significant (P ≥ 0.279), indicating that LSR and sweat sodium, chlo-
ride, lactate, and potassium concentrations over time were similar for 
the three samples. Therefore, data of three samples were pooled for 
further analysis. 

3.2. Heat acclimation 

There were significant main effects of time on LSR, sweat sodium, 
chloride, lactate, and potassium concentration (P < 0.001, Fig. 3). LSR 
increased significantly from HA day 8 (P = 0.004) on the arm and from 
HA day 7 (P = 0.012) on the back, whilst sweat sodium and chloride 
concentration were already significantly lower from HA day 3 on the 
arm and back (P ≤ 0.033). Sweat lactate concentration decreased from 

Fig. 1. Schematic overview of the study. The protocol started with a heat stress test (HST), followed by ten consecutive days of heat acclimation (HA), the second 
HST, a 28-day decay period, the third HST, five consecutive days of heat re-acclimation (HRA), and a final fourth HST. Sweat samples were taken every day during 
HA (n = 8) and HRA (n = 4) (grey rectangles). 

Table 1 
Characteristics of the analysers for sodium, chloride, lactate and potassium 
concentration in sweat.   

Limit of detection 
(mmol.L− 1) 

Coefficient of 
variation (%) 

Sample volume 
(μL) 

Sodium 0.4 < 1.0 15 
Chloride 0.4 < 2.2 15 
Lactate 0.2 < 3.6 2 
Potassium 0.2 1.0–1.3 15  
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HA day 6 on the arm and back (P ≤ 0.046). Lastly, sweat potassium 
concentration significantly increased on HA day 3–6 on the arm (P ≤
0.028) and HA day 3–7 on the back (P < 0.001). 

3.3. Decay and heat re-acclimation 

Decay was 39% and 19% for LSR on the arm and back, respectively 
(Fig. 4). Sweat sodium, chloride, lactate and potassium decay was 69%, 
72%, 73%, and 53% on the arm and 75%, 78%, 62%, and 100% on the 
back. During HRA, LSR was elevated compared to HA day 1 (Fig. 4). As 
with HA, sweat sodium, chloride and lactate gradually decreased during 
HRA and changes in sweat potassium concentrations were limited 
(Fig. 4). 

4. Discussion 

This is, to our knowledge, the first study to assess the daily changes in 
LSR and sweat sodium, chloride, lactate, and potassium concentrations 
on two skin sites during HA using controlled hyperthermia. Exercise- 
induced HA limited excretion of sweat components in the presence of 
an elevated LSR from the eccrine sweat glands on the arm and back as 
shown by the considerable decreases in sweat sodium, chloride, and 
lactate concentrations. The induction patterns of these sudomotor ad-
aptations were not similar for each of the sweat components. Whilst LSR 
was increased from HA day 8 on the arm and HA day 7 on the back, 
sweat sodium and chloride conservation already occurred from HA day 
3 on both skin sites. Lastly, sweat lactate reduction occurred from HA 
day 6 on the arm and back. The first hypothesis that HA conserves 
components in sweat is confirmed for sodium and chloride, and as ex-
pected this was not the case not for potassium. Following HA, sweat 
lactate concentration is lowered, confirming hypothesis two. We have 
also provided some initial evidence that considerable parts of the 

Table 2 
Mean (SD) baseline rectal temperature (Tre) (i.e., Tre at t = 0), daily time to reach a Tre of 38.5 ◦C (referred to as ‘thermal drive’), Tre during ‘thermal drive’, Tre during 
the 60-min Tre clamp (at 38.5 ◦C; referred to as ‘thermal maintenance’), power output (PO) during ‘thermal drive’, PO during ‘thermal maintenance’, and the amount of 
rest during ‘thermal maintenance’ for heat acclimation (HA) (n = 8).  

HA 
(Day) 

Baseline Tre 

(◦C) 
Thermal drive 
(min) 

Tre - thermal drive 
(◦C) 

Tre - thermal 
maintenance (◦C) 

PO - thermal drive 
(W) 

PO - thermal 
maintenance (W) 

Rest - thermal maintenance 
(min) 

1 37.4 (0.4) 39 (5) 37.88 (0.43) 38.65 (0.19) 132 (29) 51 (44) 23 (15) 
2 37.3 (0.4) 37 (10) 37.75 (0.46) 38.60 (0.25) 125 (34) 55 (48) 21 (12) 
3 37.2 (0.4) 37 (5) 37.77 (0.46) 38.59 (0.04) 131 (31) 46 (41) 24 (12) 
4 37.3 (0.4) 36 (5) 37.70 (0.49) 38.57 (0.26) 140 (37) 49 (45) 22 (17) 
5 37.3 (0.3) 38 (6) 37.79 (0.42) 38.60 (0.13) 136 (38) 41 (45) 21 (17) 
6 37.3 (0.4) 41 (8) 37.83 (0.44) 38.57 (0.12) 126 (52) 57 (45) 19 (12) 
7 37.2 (0.3) 41 (6) 37.77 (0.47) 38.58 (0.08) 131 (39) 62 (37) 11 (8) 
8 37.2 (0.4) 39 (6) 37.74 (0.50) 38.60 (0.11) 134 (37) 59 (40) 13 (7) 
9 37.3 (0.3) 37 (5) 37.81 (0.42) 38.61 (0.14) 137 (33) 55 (37) 13 (14) 
10 37.2 (0.4) 43 (9) 37.79 (0.49) 38.52 (0.14) 128 (37) 65 (36) 11 (9)  

Table 3 
Mean (SD) baseline rectal temperature (Tre) (i.e., Tre at t = 0), daily time to reach a Tre of 38.5 ◦C (referred to as ‘thermal drive’), Tre during ‘thermal drive’, Tre during 
the 60-min Tre clamp (at 38.5 ◦C; referred to as ‘thermal maintenance’), power output (PO) during ‘thermal drive’, PO during ‘thermal maintenance’, and the amount of 
rest during ‘thermal maintenance’ for heat acclimation (HA) and heat re-acclimation (HRA) (n = 4).  

HA 
(Day) 

Baseline Tre 

(◦C) 
Thermal drive 
(min) 

Tre - thermal drive 
(◦C) 

Tre - thermal 
maintenance (◦C) 

PO - thermal drive 
(W) 

PO - thermal 
maintenance (W) 

Rest - thermal maintenance 
(min) 

1 37.3 (0.5) 41 (6) 37.84 (0.48) 38.78 (0.17) 138 (32) 39 (49) 36 (10) 
2 37.2 (0.4) 42 (9) 37.70 (0.51) 38.66 (0.21) 127 (44) 54 (55) 29 (12) 
3 37.1 (0.3) 40 (5) 37.69 (0.47) 38.61 (0.12) 139 (30) 42 (45) 30 (8) 
4 37.0 (0.3) 37 (6) 37.53 (0.51) 38.62 (0.34) 145 (45) 45 (51) 34 (15) 
5 37.1 (0.3) 41 (6) 37.71 (0.45) 38.63 (0.16) 136 (45) 43 (48) 33 (15) 
6 37.1 (0.1) 43 (6) 37.74 (0.49) 38.60 (0.12) 119 (66) 65 (50) 25 (11) 
7 36.9 (0.1) 43 (6) 37.66 (0.51) 38.60 (0.07) 132 (43) 54 (44) 17 (2) 
8 36.9 (0.1) 41 (8) 37.57 (0.52) 38.58 (0.07) 137 (39) 61 (39) 16 (6) 
9 37.2 (0.2) 40 (5) 37.72 (0.43) 38.68 (0.16) 140 (32) 46 (36) 22 (15) 
10 37.1 (0.3) 43 (4) 37.76 (0.47) 38.59 (0.10) 125 (43) 59 (37) 16 (9) 
HRA (Day) 
1 37.0 (0.4) 44 (6) 37.61 (0.50) 38.67 (0.08) 139 (38) 41 (42) 26 (11) 
2 36.9 (0.4) 43 (6) 37.56 (0.55) 38.58 (0.11) 141 (32) 60 (44) 18 (5) 
3 36.9 (0.2) 42 (6) 37.64 (0.53) 38.68 (0.22) 143 (35) 48 (43) 22 (17) 
4 37.2 (0.5) 45 (9) 37.69 (0.50) 38.66 (0.14) 138 (35) 45 (41) 24 (18) 
5 36.9 (0.2) 47 (6) 37.51 (0.54) 38.66 (0.15) 135 (44) 48 (46) 24 (13)  

Fig. 2. Mean (SD) upper arm (black bars) and upper back (grey bars) local 
sweat rate (LSR) during the first, second and third sample for all heat accli-
mation sessions (n = 8). * denote significant differences from the first sample. 
LSR on the arm was overall lower compared to the back (P = 0.007). 
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Fig. 3. Mean (SD) of (a) local sweat rate (LSR), (b) sweat sodium, (c) chloride, (d) lactate, and (e) potassium concentrations for the arm (left panels) and back (right 
panels) during ten consecutive days of heat acclimation (n = 8). Data includes three samples (first to third sample during each heat exposure). * denote significant 
differences (P < 0.05) relative to heat acclimation day 1. 
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Fig. 4. Mean (SD) of (a) local sweat rate (LSR), (b) sweat sodium, (c) chloride, (d) lactate, and (e) potassium concentrations for the arm (left panels) and back (right 
panels) during ten consecutive days of heat acclimation and five consecutive days of heat re-acclimation (n = 4). Data includes three samples (first to third sample 
during each heat exposure). Statistics were not reported due to the small n. 
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sudomotor adaptations were conserved after 28 days of decay (~70%) 
and that HRA of five days was sufficient to restore HA adaptations. 

4.1. Heat acclimation 

The three sweat samples during each heat exposure (first and second 
15 min of ‘thermal drive’ and first 15 min of ‘thermal maintenance’) 
were taken with the expectation that LSR would gradually increase due 
to the increase in Tre (Nadel et al., 1971). In fact, LSR was lower in the 
third compared to the second sample on both the arm and back in the 
presence of a higher Tre (Fig. 2, Table 2). Due to the ~two-fold lower 
power output in ‘thermal maintenance’ compared to ‘thermal drive’, 
metabolic rate was lower in ‘thermal maintenance’. As per the heat 
balance theory, the lower metabolic rate causes a lower required 
evaporation rate in ‘thermal maintenance’ (Cramer and Jay, 2016), 
which occurred in the presence of a higher absolute Tre. Even though 
sweat rate per se is not equal to required evaporation, both are closely 
related, explaining our findings. 

In the present study, LSR was rather high compared to previous re-
ported LSR (Buono et al., 2018; Neal et al., 2016; Poirier et al., 2016), 
potentially because of the high relative humidity (65%). When exam-
ining this from a biophysical control perspective, in a humid environ-
ment the water vapour pressure gradient is low, which limits the ability 
to evaporate sweat. The limited ability to evaporate sweat causes core 
temperature to increase. To still meet the cooling demands, there is a 
greater need for a higher sweat excretion rate than what is calculated 
from required evaporation (Cramer and Jay, 2016; Gagnon et al., 2013; 
Ravanelli et al., 2020). In addition, sweating in a humid environment is 
not 100% efficient as some sweat drips from the body, which further 
limits evaporation and increases sweat excretion rate (Baker, 2017). 

LSR was found to increase from HA day 8 on the arm and from HA 
day 7 on the back (Fig. 3). This is in accordance with research on fixed 
workload HA protocols, showing that whole-body sudomotor adapta-
tions take a relatively long time (~8 HA days) to acquire (Periard et al., 
2015). Research into controlled hyperthermia showed earlier sudomotor 
adaptations, with whole-body sweat rate increasing from HA day 4 (Neal 
et al., 2016). In the study by Neal et al. (2016), LSR on the upper back 
did not significantly increase following eight days of HA. Controlled 
hyperthermia may therefore elicit a more rapid whole-body sweat rate 
response compared to a fixed workload protocol, but LSR elevations on 
the upper arm and upper back do not adhere to this pattern. The 
discrepancy between whole-body and local sudomotor adaptations is a 
well-known phenomenon and is probably due to regional differences in 
sweating (Poirier et al., 2016). 

Initial sweat sodium and chloride concentrations were rather high in 
the present study (Fig. 3), presumably caused by the high LSR (Buono 
et al., 2008), but are within the range of previous reported values 
(Baker, 2019). Following the HA protocol, sweat sodium concentration 
decreased from HA day 3 in the presence of an elevated LSR (Fig. 3), 
indicating improved ability to reabsorb sodium by the eccrine sweat 
glands. This result is in agreement with a recent study, in which a linear 
decrease in sweat sodium concentration during a 7-day HA protocol was 
observed (Buono et al., 2018). 

For chloride, we observed a comparable pattern during the 10-day 
HA protocol as for sodium (Fig. 3). Indeed, Reddy et al. (2003) 
observed a functional interaction between ENaC and CFTR, which play 
an important role in sodium and chloride reabsorption in the straight 
duct, respectively. This functional interaction may account for the 
similar pattern of sweat sodium and chloride during HA found in the 
present study, mitigating disturbances in the body’s fluid balance. From 
all adaptations studied here, sodium and chloride show the most rapid 
response, occurring from HA day 3. Exercise-induced elevations in 
plasma aldosterone levels were previously associated with improved 
reabsorption rates of sodium in the eccrine sweat glands (Collins, 1966; 
Grand et al., 1967). The reduced sweat sodium concentrations to high 
plasma aldosterone levels were already observed after 24 h with 

reductions still present after five days. The conservation response to 
aldosterone most likely explains the rapid and continuous decrease of 
sodium in final sweat observed here. Since sodium transport by ENaC 
requires CFTR activation (Reddy and Quinton, 2003), the conservation 
response to aldosterone may explain the concomitant and rapid chloride 
decrease as well. 

In the present study, a decrease in sweat lactate concentration was 
found after HA day 6 on both measurement locations (Fig. 3). Meta-
bolically, an elevated lactate concentration could be expected because 
LSR was higher and lactate in sweat is a metabolic waste product of the 
eccrine sweat gland (Derbyshire et al., 2012). However, the inverse 
relation between LSR and sweat lactate concentration due to dilution is 
well-established (Buono et al., 2010). Therefore, Buono et al. (2018) 
investigated the lactate excretion rate (LSR x sweat lactate concentra-
tion) and reported that the lactate excretion rate increased at higher 
LSR. Such a finding suggests that an increased sweat production is 
associated with a higher glycolytic rate in the sweat gland. In the present 
study, a decrease in lactate concentration in the presence of an increased 
LSR was found. The increase from HA day 1 to HA day 10 in LSR (arm: 
+58%, back: +36%) was equal or larger compared to the lactate 
reduction (arm: − 40%, back: − 37%), indicating that the lactate excre-
tion rate is not reduced. Therefore, our findings cannot exclude that the 
lactate reduction with the progression of HA is attributed to dilution, 
confirm a lower glycolytic energy production for a certain LSR (i.e., 
improved efficiency), or confirm more dependency on aerobic energy 
production. The reduction in sweat lactate concentration occurred from 
HA day 6, coinciding most closely with adaptations in LSR (Fig. 3). This 
suggests that the adaptations in sweat excretion rate and lactate con-
centration may relate and potentially implies that lactate enters sweat in 
the secretory coil of the gland, where precursor sweat is produced, 
rather than in the reabsorptive duct where sodium and chloride are 
reabsorbed. Future research should investigate the source of lactate 
production. 

Potassium concentrations increased during several consecutive HA 
days (Fig. 3). The short increase in sweat potassium concentration mid- 
way the HA period may relate to the simultaneous decrease in sweat 
sodium concentration (Robinson and Robinson, 1954), which were both 
associated with increased adrenal cortical activity during thermal stress. 
Another explanation could be that the increased LSR during HA poten-
tially caused accumulation of potassium in the absorbent patches, which 
may account for the (spurious) increases in sweat potassium 
concentrations. 

4.2. Heat re-acclimation 

The 28-day decay period in the present study was selected to allow 
for complete, or at least a substantial, loss of the adaptations that were 
gained during HA (Weller et al., 2007). Quantitively, LSR decay was 
39% and 19% on the arm and back, respectively. Decay on both the arm 
and back was ~70% for concentrations of sodium, chloride, and lactate. 
Relative to HA day 1, LSR was elevated and concentrations of compo-
nents gradually decreased during HRA (Fig. 4). There is limited research 
on sudomotor adaptations during decay and HRA, but a consistent 
finding with whole-body sudomotor research that does exist (Ashley 
et al., 2015; Henschel, 1943; Pandolf et al., 1977; Saat et al., 2005; 
Stephens and Hoag, 1981; Weller et al., 2007; Wyndham and Jacobs, 
1957) points to a shorter HRA program compared to HA with similar 
final adaptations in phenotype. Indeed, final HRA adaptations appear to 
approach final HA adaptations here (Fig. 4), but future 
adequately-powered research on HRA should confirm this. 

4.3. Limitations 

In the present study, a small sample size was included during HRA (n 
= 4). Please note that similar induction patterns of the adaptations over 
time were observed for all individuals so we feel confident that the 
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findings from these four participants are representative for the others. 
Nevertheless, future research should include more participants. 

Another potential limitation is that we did not control for menstrual 
cycle phase of our two female participants. It is known that core tem-
perature is regulated ~0.4 ◦C higher in the luteal phase of the menstrual 
cycle and that simultaneously the core temperature threshold for 
sweating and vasodilation is increased (Lei et al., 2017). Whilst sweat 
sodium, chloride and potassium were reported to be unaffected by 
menstrual cycle phase, it potentially affected our LSR results (Wells and 
Horvath, 1974). However, logistically it is not feasible to have females in 
the same phase of their menstrual cycle when utilising a consecutive 
10-day HA, 28-day decay and 5-day HRA protocol. 

It should be considered that we included middle-aged individuals (≤
45 years) since aging is thought to affect sweating. However, previous 
research found that reduced whole-body and LSR were mostly associ-
ated with a decline in fitness level and HA status rather than aging per se 
(Inbar et al., 2004; Inoue, 1996; Kenney and Fowler, 1988). The afore-
mentioned studies also include old (> 60 years) rather than middle-aged 
participants. Since our participants had a relatively high fitness level, 
were all classified into the same performance level (i.e., recreationally 
trained) (De Pauw et al., 2013; Decroix et al., 2016), and we only 
recruited un-acclimatised individuals, aging is not expected to signifi-
cantly affect our LSR results. Limited data on aging and its effects on 
sweat composition is available, but one study found no differences in 
sweat sodium concentration as a function of age (Inoue et al., 1999). The 
extent to which inclusion of middle-aged individuals affected our sweat 
composition outcomes remains unknown. 

Another factor that potentially affected our results is that we allowed 
ad libitum drinking. If participants were not allowed to drink during the 
heat exposures, this might have caused more dehydration, which 
probably would have had unwanted effects on LSR and sweat compo-
sition (Montain et al., 1995; Morgan et al., 2004). 

5. Conclusions 

Exercise-induced heat acclimation by controlled hyperthermia 
conserved excretion of components from the eccrine sweat glands. The 
reduction of sodium and chloride concentration occurred from the third 
day of heat acclimation, whilst lactate concentration was lower from 
heat acclimation day 6. During heat acclimation, potassium concentra-
tions remained relatively constant. The ability to reabsorb sodium and 
chloride was presumably improved, whereas sweat lactate may be lower 
because of dilution. 
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