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Abstract 

Purpose The purpose of the present study was to develop and describe a simple method to 

evaluate the rate of ion reabsorption of eccrine sweat glands in human using the measurement 

of galvanic skin conductance (GSC) and local sweating rate (SR). This purpose was 

investigated by comparing the SR threshold for increasing GSC with following two criteria of 

sweat ion reabsorption in earlier studies such as 1) the SR threshold for increasing sweat ion 

was at approximately 0.2 to 0.5 mg/cm2/min and 2) exercise-heat acclimation improved the 

sweat ion reabsorption ability and would increase the criteria 1. 

Methods Seven healthy non-heat-acclimated male subjects received passive heat treatment 

both before and after 7 days of cycling in hot conditions (50% maximum oxygen uptake, 60 

min/day, ambient temperature 32°C, and 50% relative humidity).  

Results Subjects became partially heat-acclimated, as evidenced by the decreased 

end-exercise heart rate (p<0.01), rate of perceived exhaustion (p<0.01), and oesophageal 

temperature (p=0.07), without alterations in whole-body sweat loss, from the first to the last 

day of training. As hypothesised, we confirmed that the SR threshold for increasing GSC was 

near the predicted SR during passive heating before exercise heat acclimation, and increased 

significantly after training (0.19 ± 0.09 to 0.32 ± 0.10 mg/cm2/min, p<0.05).  

Conclusions The reproducibility of sweat ion reabsorption by the eccrine glands in the 

present study suggests that the relationship between GSC and SR can serve as a new index 

for assessing the maximum rate of sweat ion reabsorption of eccrine sweat glands in humans.  

 

 

 

Keywords  Thermoregulation, Electrodermal response, Exercise training, Ventilated 

capsule method, Index of sweated ion reabsorption 
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Abbreviations 

ANOVA Analysis of variance 

BWR   body weight reduction 

GSC  galvanic skin conductance 

HR   heart rate 

MAP   mean arterial blood pressure 

NaCl  Sodium chloride 

RPE  rate of perceived exhaustion 

SR    sweat rate 

Tb    mean body temperature 

Tes    oesophageal temperature 

Τ sk   mean skin temperature 

V
．

O2max  maximum oxygen uptake 
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Introduction 

 

The human eccrine sweat gland reabsorbs sodium from sweat that passes through the sweat 

duct (Sato et al. 1989). Two processes are relevant to the amount and concentration of 

various ions (Na+, Cl-) secretion of sweat from the sweat gland. Firstly, isosmotic precursor 

sweat is produced in the proximal secretory coil (Buono et al. 2008; Shamsuddin et al. 2005b; 

Sato et al. 1989). Secondly, sodium and chloride ions are reabsorbed from precursor sweat in 

the distal duct, rendering sweat appearing on the skin to be hypo-osmotic (Buono et al. 2008; 

Shamsuddin et al. 2005b; Sato et al. 1989). When the sodium secretion rate exceeds that of 

reabsorption, the sweated sodium concentration increases linearly with sweating rate (SR) 

(Shamsuddin et al. 2005b; Buono et al. 2008). Therefore, the sodium concentration in sweat 

should always be evaluated with respect to the actual SR (Sato et al. 1989; Allan and Wilson 

1971; Buono et al. 2007; Buono et al. 2008; Shamsuddin et al. 2005b; Kuno 1956). 

Furthermore, the SR at which the sweated ion (e.g., sodium) concentration begins to rapidly 

increase is believed to reflect the point where the maximum rate of sweated ion reabsorption 

in sweat gland (SR threshold) is reached (Shamsuddin et al. 2005a; Shamsuddin et al. 2005b). 

Given that sweat ion reabsorption in human eccrine sweat gland is a fundamental 

physiological function to prevent excess mineral loss through sweating during heat stress and 

exercise, it is relevant to evaluate the rate of sweated ion reabsorption in human eccrine sweat 

glands for widespread applications in sports and clinical situations. 

Conventionally, filter paper, gauze pads, or commercial sweat collectors have been 

used to collect sweat for measurement of electrolyte concentrations (Buono et al. 2007; Inoue 

et al. 1998; Allan and Wilson 1971; Verde et al. 1982; Araki et al. 1981; Hamouti et al. 2011). 

However, these methods are unable to detect the SR threshold because they require sweating 

rates over 0.4 mg/cm2/min (Allan and Wilson 1971; Shamsuddin et al. 2005b), and a 
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minimum sampling period of 5 min, to obtain sufficient amounts of sweat (Araki et al. 1981). 

On the other hand, we previously developed a method to continuously measure sweat 

conductivity (an index of sweat ion concentration) at lower levels of sweating, and 

determined the SR threshold at which the conductivity increases steeply with increases in SR 

(Shamsuddin et al. 2005a; Shamsuddin et al. 2005b). However, based on our experience, 

measurement of sweat conductivity requires a special technique and equipment that perfuses 

purified water through a tube and a chamber attached to the skin (e.g., the purified water must 

be perfused through the chamber without any contamination by bubbles that would induce 

substantial disturbance of the electrical signal) (Shamsuddin et al. 2005a; Shamsuddin et al. 

2005b). This is technically rather difficult and research in this topic area has not advanced. 

Hence, for more widespread applications, an alternative index of sweat ion concentration is 

required. This must be capable of continuous measurement to detect the SR thresholds where 

the sweated ion concentration rises at lower levels of sweating. 

Galvanic skin conductance (GSC), a measure of electrical conductivity between two 

electrodes attached to the skin, is an easily measurable index of sweat gland activity 

(Vetrugno et al. 2003; Wang 1957; Gutrecht 1994; Gerrett et al. 2013). For example, GSC 

correlates with the number of activated sweat glands (Thomas and Korr 1957) and also this 

was used as an index of precursor sweating (Machado-Moreira and Taylor 2012). The GSC is 

considered to be influenced by the presence and concentration of electrolytes in sweat in the 

duct and on the skin surface (Thomas and Korr 1957; Boucsein et al. 2012; Fowles 1986), 

which increases with increasing SR. Therefore, it is reasonable to assume that the relationship 

between GSC and the local SR could serve as an index for determining the point of reaching 

the maximum rate of sweat ion reabsorption of the gland. We previously reported that the 

maximum SR at which the eccrine sweat gland can completely reabsorb sweated ion ranges 

from 0.2 to 0.5 mg/cm2/min during passive heating and cycling (Shamsuddin et al. 2005a; 
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Shamsuddin et al. 2005b). In addition, the sodium in sweat is likely reabsorbed to the extent 

of approximately 90% by the duct when the SR attains 0.2 mg/cm2/min (Buono et al. 2008). 

Furthermore, it has been reported that exercise heat acclimation improves the ability of sweat 

glands to reabsorb sweat sodium, as evidenced by a rightward shift of the regression line 

obtained when the sweated sodium concentration – SR relationship is graphed, with or 

without changes in the slope (Buono et al. 2007; Allan and Wilson 1971). In light of the 

aforementioned observations, this study was designed to investigate whether the GSC-SR 

relationship is able to reproduce the characteristics of sweated ion reabsorption by human 

eccrine sweat glands of non-glabrous skin during thermal stimulation. We hypothesized that: 

1) the SR threshold for an increasing GSC would appear at a SR of approximately 0.2 to 0.5 

mg/cm2/min, and, 2) that this threshold would shift rightward, to higher local sweat rates, 

when the sweat gland capacity to reabsorb sweat ion was improved by exercise-heat 

acclimation. To test this hypothesis, we continuously and simultaneously measured both GSC 

and SR using the ventilated capsule method, on the forearm, during passive heating, both 

before and after a typical exercise-heat acclimation protocol run over 7 days.  

 

Materials and Methods 

 

Ethics approval 

 

Prior to the study, each subject was informed of the study purpose and the procedures 

involved. All subjects provided written informed consent. The study was approved by the 

Human Subjects Committee of the Graduate School of Human Development and 

Environment, Kobe University (Kobe, Japan), and conformed to the standards set forth in the 

latest revision of the Declaration of Helsinki. 
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Participants  

 

Seven healthy young male students were recruited for the present study. The subjects had not 

performed any regular physical activity for at least the past 3 years. No subjects was taking 

any medication, and all were non-smokers. Average age, height, weight, and body surface 

area before exercise heat acclimation were 21.3 ± 0.6 years, 168.3 ± 1.4 cm, 60.7 ± 2.5 kg, 

and 1.70 ± 0.04 m2, respectively. The study was performed in May (one subject) and between 

October and December (the other six subjects) to avoid any effect of heat acclimatization 

during the summer in Japan. 

 

General procedures 

 

Although it is considered that the GSC is affected by the changes in sweat electrolytes 

concentration, to our knowledge, no one has investigated whether the changes in GSC would 

actually depend on the changes in sweat electrolytes concentration. Therefore, as a technical 

preliminary study, we have confirmed if the changes in GSC depend on the changes in sweat 

electrolyte concentrations. For the main experiment, we measured maximum oxygen uptake 

(V
．

O2max), SR, and GSC of the forearm during passive heating on different days before and 

after exercise heat acclimation for 7 days. Subjects reported to the laboratory at similar times 

of the day (within 2 h), at least 2 h after their last meal, and having abstained from caffeine 

and alcohol for 24 h prior to testing.  

 

Technical study 
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We measured sweat electrolytes concentration and GSC on the chest during a stepwise 

cycling exercise. We employed endogenous heat load (cycling exercise) rather than the 

exogenous because exercise is easier to produce a large amount of sweat. A healthy active 

male subject was recruited in the study. This subject conducted a 4 steps cycling exercise at 

an ambient temperature of 30°C and relative humidity of 50% with target chest sweat rate of 

0.2, 0.8, 1.4, and 2.0 mg/cm2/min measured by ventilated capsule method as described below. 

Once the sweat rate reached to the given value, the sweat on the skin was wiped and a 

Macroduct sweat collector (Wescor, UT, USA) was quickly and firmly placed on the chest to 

collect sweat samples. We used a rubber band to attach the sweat collector on the skin for 

preventing a leakage and contamination of sweat. Exercise intensity was manipulated during 

the period of sweat collection to maintain the target local sweat rate. The sweat collector was 

removed when the minimum amount of sweat was collected for analysis of sweat electrolytes 

concentration. Sweat electrolytes concentration was measured by a sweat conductivity 

analyzer (3120 Sweat chek; Wescor, UT, USA) which provide an unit of mmol/L (equivalent 

sodium chloride: NaCl) based on the calculation from the sweat conductivity. This equipment 

would satisfy an estimation of approximate actual Na+ and Cl- concentrations in sweat 

(Boisvert and Candas 1994). The changes in GSC were plotted against the equivalent NaCl 

concentrations of sweat during exercise. 

 

V
．

O2max 

 

Subjects cycled on an ergometer-equipped stationary bicycle at a pedalling frequency of 60 

rpm. After a 2-min warm-up at 20 W, the workload was increased by 15 W each minute until 

exhaustion. Respired gases obtained from samples drawn continuously from a face mask 

were analyzed using a gas analyzer (AE300S; Minato Medical Science, Osaka, Japan). The 



Amano et al. 9 

 

V
．

O2max was calculated as the average oxygen consumption over the final 60 s of the test. 

 

Exercise heat acclimation 

 

All subjects performed a cycle ergometer exercise at 50% V
．

O2max for 60 min/day, consisting 

of two sets of 30 min of exercise, each followed by a 10 min rest, for 7 consecutive days, in a 

hot environment (32ºC with 50% relative humidity). heart rate (HR), oesophageal 

temperature (Tes), rate of perceived exertion (RPE), and body weight reduction (BWR) during 

exercise were recorded on the first and seventh days. HR was continuously monitored via a 

telemetric transmitter strapped around the chest (RS400; Polar Electro Oy, Kempele, Finland). 

Each subject was asked to rate his RPE on a scale from 6 to 20 at the end of each exercise 

session (Borg 1982). Dry nude weight was measured on a balance scale (ID1s; 

Mettler-Toledo, Greifensee, Switzerland) before and immediately after each exercise session. 

Tes was measured as described in Passive heating test. 

 

Passive heating test 

 

Passive heating was measured by partial immersion in a hot water bath. Subjects wore only 

shorts and rested in a semi-supine position for 50 min before heating, while instruments were 

attached. After recording baseline data for 5 min, both lower legs were inserted into hot water 

(43°C) for 50 min in an environmental chamber (SR-3000; Nagano Science, Osaka, Japan) 

maintained at an ambient temperature of 27°C and a relative humidity of 50%, with minimal 

air movement. 

 

During passive heating, Tes, local skin temperature at 10 sites (forehead, chest, right and 
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left scapula, lateral lumbar, biceps, forearm, thigh, calf, and palm), SR and GSC of the left 

forearm, HR, and arterial blood pressure, were recorded. Tes and local skin temperatures were 

measured using a copper-constantan thermocouple. For Tes, the tip of the thermocouple was 

covered with silicone, and Tes was measured at a distance of one-fourth of the standing height 

from the external nares. Mean skin temperature (Τ sk) was calculated using the following 

formula (Hardy and DuBois 1938):  

 

Τ sk = Tforehead × 0.07 + Tbiceps × 0.07 + Tright scapula × 0.09 + Tleft scapula × 0.09 + Tlateral 

lumbar × 0.09 + Tchest × 0.09 + Tforearm × 0.07 + Tpalm × 0.11 + Tthigh × 0.16 + Tcalf × 0.16. 

 

SR of the forearm (the centre of the left ventral forearm) was measured continuously 

using the ventilated-capsule method. Dry nitrogen gas was flushed through the apparatus for 

at least 1 h prior to each experiment to ensure stable readings. The humidity of the nitrogen 

flowing out of the capsule was measured using a capacitance hygrometer (HMP50 

YAN1A1X; Vaisala, Helsinki, Finland). Tes, local skin temperature, and SR were recorded 

every second by a data logger (MX100; Yokogawa, Tokyo, Japan). GSC of the forearm was 

measured every second using Biopac systems (MP100 and GSR100C; Biopac, Goleta, CA, 

USA). Two Ag/AgCl electrodes (Vitrode J, Nihon Kohden, Tokyo, Japan) were transversely 

attached to the forearm after cleaning with alcohol, separated by 3 cm, and the sweat capsule 

was located between the electrodes. HR and arterial blood pressure were continuously 

measured on the left middle finger using a Finometer system, to check for physiological 

stress developing during passive heating (Finometer; Finapres Medical Systems, Amsterdam, 

The Netherlands); mean arterial pressure (MAP) was subsequently calculated. 
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Oesophageal/mean body temperature thresholds and slopes for increasing SR and GSC  

 

All variables were averaged over each minute during passive heating. SR and GSC were 

expressed as changes from baselines (ΔSR and ΔGSC, respectively). Oesophageal and mean 

body temperatures (Tb) were used to calculate the thresholds and slopes of ΔSR and ΔGSC 

during passive heating. Tb was calculated as 0.8 × Tes + 0.2 × Τ sk (Stolwijk and Hardy 1966). 

The Tes/Tb thresholds for the onset of sweating and the slope of the response were defined 

using the segmented linear regression analysis method of Cheuvront et al. (2009). This 

method was also used to determine ΔGSC. When the ΔGSC increased slightly before a rapid 

increase in the response, we excluded the values obtained before the slight increase.  

 

SR threshold and slope of increasing GSC 

 

Figure 1 shows data obtained from one subject in a pilot study, and indicates that the 

relationship between ΔGSC and ΔSR during passive heating can be separated into three 

phases: (a) increased ΔGSC without a change in ΔSR, representing isosmotic precursor sweat 

production in the proximal secretory coil (Machado-Moreira and Taylor 2012; Thomas and 

Korr 1957; Darrow 1964); (b) increased ΔSR without an increase in ΔGSC, which represents 

reabsorbtion of sweated ions in the duct (Shamsuddin et al. 2005b; Bulmer and Forwell 

1956); and, (c) a proportional increase in ΔGSC with increasing ΔSR after the rate of sweat 

ion secretion exceeds its reabsorption limit in the duct (Bulmer and Forwell 1956; Buono et 

al. 2008; Shamsuddin et al. 2005b). The data of “b” and “c” were used to calculate the ΔSR 

threshold and slope of the increasing ΔGSC during passive heating using the segmented 

linear regression analysis method (Cheuvront et al. 2009). When phase “b” was not observed, 
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which could be attributable to low-level ion reabsorption by the sweat gland, the intercept of 

phases “a” and “c” was used to identify the SR threshold for the increasing ΔGSC.  

 

Exercise heat acclimation 

 

End-exercise physiological values on the first and seventh days of training were calculated as 

the averages over the final 1 min of exercise.  

 

Statistics 

 

Paired t-tests were used to compare differences in physiological parameters pre- and 

post-heat acclimation, and between the first and seventh days of training. Two way-repeated 

measured analysis of variance (ANOVA) was performed to evaluate differences during 

passive heating (exercise training × passive heating time). All data exhibited homogeneity of 

variance. When the normality test (Shapiro-Wilk test) was violated, Wilcoxon’s signed-rank 

test (comparing pre- and post-exercise training data) was performed. The statistical 

significance was set at P < 0.05. 

 

Results 

 

Technical study 

 

As the results of manipulation of exercise intensity, average sweat rate on the chest 

throughout the sweat collection during stepwise exercise test were 0.24, 0.84, 1.45, and 2.10 
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mg/cm2/min, respectively. Figure 2 shows a relationship between GSC and equivalent NaCl 

concentration of sweat during the exercise. In general, the changes in GSC is dependent on 

the changes in equivalent NaCl concentration of sweat evidenced by a significant high 

correlation between these parameters (p < 0.05, R = 0.95, Fig. 2). 

 

Exercise heat acclimation and V
．

O2max  

 

Exercise heat acclimation induced a significant reduction in end-exercise HR (172 ± 3 and 

155 ± 4 beats/min on the first and seventh days of training, respectively; p < 0.01); RPE (15.6 

± 0.6 and 12.9 ± 0.3, respectively; p < 0.01); and Tes (38.09 ± 0.09 and 37.74 ± 0.14°C, 

respectively; p = 0.07). On the other hand, BWR during exercise was unchanged between the 

first and seventh days of training (0.52 ± 0.03 and 0.50 ± 0.04 kg/m2, respectively; p = 0.19), 

while V
．

O2max increased 12% following heat acclimation (40.2 ± 1.3 and 45.1 ± 1.5 ml/kg/min, 

respectively; p < 0.01).  

 

Passive heating 

 

Changes in HR, Tes, and Tb during passive heating were significantly reduced following heat 

acclimation, while ΔSR and ΔGSC were uninfluenced by acclimation (Table 1). In contrast, 

the effect of heat acclimation on ΔSR and ΔGSC during passive heating, as function of Tes 

and Tb, differed. As shown in Figure 3, the relationship between ΔGSC and ΔTb was 

significantly shifted to the right following heat acclimation, while the relationship with SR 

was virtually unaffected (p < 0.05). Although the Tes and Tb thresholds showed similar trends, 

the statistical inferences were inconsistent, likely due to an influence of Tsk during passive 
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heating both before and after heat acclimation (Table 2). Furthermore, the slopes of both 

parameters were unaffected by heat acclimation (Table 2, Fig. 3).  

When ΔGSC was plotted against ΔSR during passive heating, a significant increase in 

ΔSR threshold for an increasing ΔGSC was evident following heat acclimation (Fig. 4, Table 

3), indicating an increased rate of sweat ion reabsorption to that of secretion. While the 

relationship appeared linear before heat acclimation, this was not the case after acclimation. 

Nevertheless, the calculated ΔSR threshold for increasing ΔGSC was 0.19 ± 0.09 

mg/cm2/min before heat acclimation, which increased significantly to 0.32 ± 0.10 

mg/cm2/min after acclimation (p < 0.05, Fig. 4, Table 3). However, the slope of the 

relationship between ΔGSC and ΔSR was uninfluenced by heat acclimation (p > 0.05, Fig. 4, 

Table 3). 

 

Discussion 

 

The present study was designed to investigate whether a continuously measured GSC-SR 

relationship reflected the previously reported characteristics of sweated ion reabsorption by 

the human eccrine sweat glands of non-glabrous skin. As hypothesised, we confirmed the 

capability of the new method to determine the ΔSR threshold for increasing ΔGSC during 

passive heating. In addition, the threshold was determined to develop at the rate of 0.19 

mg/cm2/min SR before exercise heat acclimation, similar to the predicted maximum rate of 

sweated ion reabsorption of eccrine sweat glands (Buono et al. 2008; Shamsuddin et al. 

2005a; Shamsuddin et al. 2005b). Furthermore, the ΔSR threshold was significantly shifted to 

the right following heat acclimation, but this did not affect the slope of the GSC-SR 

relationship above the threshold. This is in agreement with previous studies that reported the 
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effect of exercise heat acclimation on sweated sodium ion versus SR (Allan and Wilson 1971; 

Buono et al. 2007). Based on these findings, we believe that the ΔSR threshold for increasing 

ΔGSC as evident in the GSC-SR relationship can serve as a new index of the maximum rate 

of sweated ion reabsorption of eccrine sweat glands. Perhaps the most remarkable finding of 

the present study is the utility of the method; GSC measurement is simple and can be easily 

performed in basic laboratories. 

GSC has been used in psychophysiological studies as a sensitive index of bodily 

arousal related to emotion and attention, and is usually measured on glabrous skin where the 

sweat gland density is high (Vetrugno et al. 2003; Gutrecht 1994; Wang 1957). More recently, 

GSC has also been used as an index of precursor sweating (Machado-Moreira and Taylor 

2012) and skin wetness in thermal comfort studies (Gerrett et al. 2013). Regardless of such a 

widespread applications of GSC, it was unclear whether the conductance actually reflects to 

the changes in sweat electrolytes concentration. Our follow-up study showed that the overall 

changes in GSC depend on the sweat electrolytes concentration (Fig. 2), suggesting that the 

GSC seems appropriate as an index of sweat electrolytes concentration against the changes in 

local sweat rate in the present study. 

We directly compared GSC and thermoregulatory sweating of non-glabrous skin based 

on continuous measurement of local SR, as well as the relevance of body temperature 

changes. We previously evaluated the capacity of sweat glands to reabsorb sweated ion using 

the relationship between sweat conductance and local SR (Shamsuddin et al. 2005a; 

Shamsuddin et al. 2005b). Although we strongly believe that GSC can serve as an index of 

sweat ion concentration, replacing sweat conductance, it is important to note that sweat 

conductance and skin conductance may be influenced by different features. More specifically, 

sweat conductance is mainly influenced by the electrolyte concentrations of sweat that 
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actually appears on the skin, while GSC is influenced by both the concentrations of sweat in 

the duct and stratum corneum (Thomas and Korr 1957; Boucsein et al. 2012), which may 

increase during passive heating upon leakage of sweat from the sweat gland duct and 

subsequent appearance on the skin surface. Irrespective of these differences between sweat 

conductance and GSC, we found that the ΔSR thresholds associated with ΔGSC were similar 

to those associated with sweat conductance, as determined in previous studies (Shamsuddin 

et al. 2005a; Shamsuddin et al. 2005b). In addition, an effect of heat acclimation on the ΔSR 

threshold was evident. These results suggest that the GSC-SR relationship is valid for 

assessing a threshold in SR reflecting the maximum rate of sweat ion reabsorption of the 

eccrine sweat glands, irrespective of differences between sweat and skin conductance. 

Buono et al. (2007) measured sweat sodium concentrations and SR relationships during 

exercise, as well as pre- and post-exercise heat acclimation. A macroduct collector was used 

to collect sweat for 30 min during three exercise bouts, data from which were then plotted to 

evaluate the influence of exercise heat acclimation on sweat sodium concentration. It was 

shown that the slope of the sweat sodium-SR relationship shifted significantly to the right 

following heat acclimation, as evidenced by a significant reduction in the y-intercept of the 

relationship without any change in slope (Buono et al. 2007). The results of our present study 

are consistent with these findings on the effect of heat acclimation on the capacity of sweat 

glands to reabsorb sweated sodium, and further demonstrate that the shift in the slope is 

caused by a significant increase in the SR threshold at low levels of sweating (0.13 

mg/cm2/min). 

Our results provide important information on the use of GSC as an index of sweat gland 

activity. For example, the relationship between ΔSR and ΔTb was independent of heat 

acclimation, whereas the relationship between ΔGSC and ΔTb shifted significantly to the 
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right without affecting the slope (Fig. 3). Furthermore, a ΔSR threshold at an increasing 

ΔGSC was indeed evident, and was shifted to the right following heat acclimation, without 

affecting the slope (Fig. 4). These results suggest that the changes in GSC are not a simple 

function of the amount of sweat appearing on the skin, rather, would be affected by the rate 

of ion reabsorption in sweat glands as well as the amount of sweat on the skin surface. 

Therefore, caution should be exercised when using GSC as a direct index of SR at low levels 

of sweating, especially in individuals who may have higher sweat ion reabsorption capacities, 

including those who are both heat-acclimated and highly aerobic (Buono et al. 2007; Allan 

and Wilson 1971). 

It is well-known that exercise heat acclimation induces a significant reduction in HR, 

and core and skin temperatures during exercise, as well as a significant increase in SR 

(Gisolfi and Cohen 1979; Eichna et al. 1950; Mitchell et al. 1976; Wyndham et al. 1976). As 

we did not observe a significant increase in whole-body SR throughout exercise heat 

acclimation, or an increase in local SR during passive heating, it is likely that the magnitude 

of the adaptation induced by heat acclimation was mild in the present study. Nevertheless, the 

maximum rate for reabsorbing the sweated ion in eccrine sweat duct, evaluated by the 

ΔGSC-ΔSR relationship, may improve with exercise, as shown in the present study. This 

suggests that improvement of the sweat gland capacity to reabsorb sweated ions would occur 

prior to an increase in the overall SR. Further studies are warranted to confirm at what point 

the improvement of sweat gland capacity to reabsorb sweat ions occurs, compared with other 

physiological adaptations to heat acclimation. 

 

Limitations 
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It is possible that sweat electrolytes may accumulate on the skin surface or stratum corneum 

during passive heating, which could potentially affect the GSC response. It is assumed that 

the slope of the GSC plotted against changes in SR during passive heating would be modified 

by such accumulation, especially if the test was protracted. However, the SR threshold for 

increasing GSC should not be affected by any accumulation of electrolytes on the skin 

surface as such an accumulation would only take place after the reabsorption limit, and thus 

the threshold, would have been surpassed. Therefore, it is believed that the change in SR 

threshold upon increasing GSC during passive heating, before and after exercise heat 

acclimation in the present study, is a reliable phenomenon.  

Although we found a significant correlation between GSC and sweat electrolytes 

concentration in a technical study, it is considered that the actual continuous measurement of 

sweat sodium concentration during passive heating would be needed to completely validate 

our proposed new method of using the GSC-SR relationship. To our knowledge, such a 

method to measure sweat sodium concentration continuously is not available. Instead of a 

direct measurement of sweated sodium concentration, we thought that we could evaluate a 

validity of our method by comparing the SR threshold for increasing GSC with two criteria of 

sweat ion reabsorption in earlier studies. The GSC-SR relationship in the present study were 

in good agreement with the characteristics of sweat gland ion reabsorption as reported 

previously (Buono et al. 2007; Allan and Wilson 1971; Shamsuddin et al. 2005a; Shamsuddin 

et al. 2005b), indicating that the GSC-SR relationship would reflect the characteristics of 

sweated ion reabsorption of the sweat glands. However, future development of continuous 

measurement of actual sweated ion concentration is expected to precisely validate the 

GSC-SR relationship in the present study.  

Based on the reproducibility of the predicted characteristics of sweat gland reabsorption 

of sweated ions using the GSC-SR relationship of the present study, we conclude that the 
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relationship can serve as a new index for the determination of the maximum rate of sweat 

glands ion reabsorption. The method is useful, and of interest to thermal and exercise 

physiologists, and, given that it is simple, can be performed easily in a basic laboratory, and 

may add reliable information on sweat gland capacities to reabsorb sweated ions. 
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Table 1 Physiological parameters during passive heating pre- and post-heat acclimation 
 

BL Passive heating (min)  
10 20 30 40 50 

HR 
(beats/min) 

Pre 70 ± 2 85 ± 2 89 ± 2 96 ± 3 98 ± 2 101 ± 3 
#, ∗ 

Post 61 ± 2 78 ± 3 83 ± 2 90 ± 3 92 ± 3 94 ± 2 

MAP 
(mmHg) 

Pre 87 ± 2 90 ± 4 86 ±3 88 ± 3 90 ± 3 91 ± 3 
 

Post 84 ± 3 84 ± 3 83 ± 3 86 ± 4 87 ± 4 89 ± 4 

Tes 
(°C) 

Pre 36.88 
± 0.10 

37.18 
± 0.11 

37.47 
± 0.10 

37.56 
± 0.12 

37.67 
± 0.11 

37.75 
±0.13 

#, ∗ 
Post 36.61 

± 0.08 
36.93 
± 0.12 

37.18 
± 0.12 

37.30 
± 0.15 

37.46 
± 0.16 

37.50 ± 
0.17 

Τ sk 
(°C) 

Pre 34.28 
± 0.14 

36.25 
± 0.11 

36.57 
± 0.13 

36.75 
± 0.11 

36.88 
± 0.09 

36.94 ± 
0.11 

 
Post 34.01 

± 0.17 
35.89 
± 0.15 

36.32 
± 0.09 

36.55 
± 0.07 

36.71 
± 0.08 

36.73 ± 
0.08 

Tb 
(°C) 

Pre 36.36 
± 0.09 

37.00 
± 0.09 

37.29 
± 0.07 

37.40 
± 0.10 

37.51 
± 0.09 

37.60 ± 
0.11 

#, ∗ 
Post 36.09 

± 0.09 
36.72 
± 0.10 

37.00 
± 0.10 

37.15 
± 0.12 

37.31 
± 0.13 

37.35 ± 
0.14 

ΔSR 
(mg/cm2/min) 

Pre 0 0.13 ± 
0.06 

0.38 ± 
0.06 

0.58 ± 
0.51 

0.54 ± 
0.56 

0.59 ± 
0.07 

# 
Post 0 0.07 ± 

0.04 
0.32 ± 
0.06 

0.47 ± 
0.07 

0.57 ± 
0.08 

0.61 ± 
0.08 

ΔGSC 
(µS) 

Pre 0 17.4 ± 
9.1 

38.8 ± 
11.3 

52.8 ± 
11.6 

63.4 ± 
10.8 

69.5 ± 
11.7 

 
Post 0 6.3 ± 

2.5 
13.5 ± 
5.2 

25.6 ± 
6.7 

42.0 ± 
11.4 

50.9 ± 
15.0 

Values shown represent means ± standard errors (SE). HR, heart rate; MAP, mean blood 
pressure; Tes, oesophageal temperature; Τ sk, mean skin temperature; Tb, mean body 
temperature; ΔSR, sweat rate of the forearm; ΔGSC, galvanic skin conductance on the 
forearm. #A main effect of passive heating is significant (p < 0.05). *A main effect of heat 
acclimation is significant (p < 0.05).  
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Table 2 Oesophageal and mean body temperature thresholds, and slopes, for the sweat 
response and galvanic skin conductance during passive heating 
  Threshold (°C)  ΔThreshold (°C)  Slope 

  Mean SE  Mean SE  Mean SE 

ΔSR versus 
Tes 

Pre 37.12 0.12  0.24 0.12  1.10 0.12 
Post 36.91 * 0.13  0.30 0.10  1.23 0.24 

ΔGSC versus 
Tes 

Pre 37.25 0.12  0.37 0.14  173.4 47.9 

Post 37.16 0.09  0.56 0.10  126.9 42.7 
          

ΔSR versus 
Tb  

Pre 36.91 0.09  0.55 0.09  0.99 0.09 

Post 36.68 0.11  0.60 0.07  1.06 0.20 

ΔGSC versus 
Tb  

Pre 37.06 0.10  0.62 0.15  166.1 44.5 
Post 36.98 0.10  0.89 * 0.11  150.6 71.1 

Values shown represent the means ± standard errors (SE). Tes, oesophageal temperature, Tb, 

mean body temperature; ΔSR, sweat rate of the forearm; ΔGSC, galvanic skin conductance 

on the forearm. ΔThreshold indicates the changes in Tes or Tb thresholds from baselines in 

each trials. *Significantly different from pre-exercise heat acclimation (p < 0.05). Slopes for 

Tb or Tes versus ΔSR: (mg/cm2/min)/°C and for Tb or Tes versus ΔGSC: µS/°C. 
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Table 3 Sweat rate threshold and slope for galvanic skin conductance during passive heating 

  Threshold 
(mg/cm2/min)  Slope 

[µS/(mg/cm2/min)] 

  Mean SE  Mean SE 

ΔSR versus 
ΔGSC 

Pre 0.19  0.09  127.0 19.0 

Post 0.32 * 0.10  143.6 48.0 
Values shown represent the means ± standard errors (SE). ΔSR, sweat rate of the forearm; 

ΔGSC, galvanic skin conductance on the forearm. *Significantly different from pre-exercise 

heat acclimation (p < 0.05).  
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Figure legends 

 

Fig. 1. Example of the relationship between changes in galvanic skin conductance (ΔGSC) 

and sweat rate (ΔSR) in a subject from a pilot study.  

 

Fig. 2. Relationship between changes in galvanic skin conductance (ΔGSC) and equivalent 

NaCl concentration of sweat on the chest during a stepwise cycling exercise in hot condition 

in a technical study (n = 1).  

 

Fig. 3. Relationship between changes in sweat rate (ΔSR) and mean body temperature (upper 

panel) and changes in galvanic skin conductance (ΔGSC) and mean body temperature (lower 

panel) during passive heating pre- and post-exercise heat acclimation. 

 

Fig. 4. Relationship between changes in galvanic skin conductance (ΔGSC) and sweat rate 

(ΔSR) during passive heating pre- and post-exercise heat acclimation. 
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