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24  Abstract

25 By combining galvanic skin conductance (GSC), stratum corneum hydration (HYD)
26  and regional surface sweat rate (RSR) measurements at the arm, thigh, back and
27  chest, we closely monitored the passage of sweat from gland to skin surface. Through
28  a varied exercise-rest protocol, sweating was increased slowly and decreased in 16
29  male and female human participants (25.3 £ 4.7 yrs, 174.6 + 10.1 cm, 71.3 £ 12.0 kg,
30 53.0 + 6.8 ml'’kg'min™). AGSC and HYD increased prior to RSR, indicating pre-
31  secretory sweat gland activity and skin hydration. AGSC and HYD typically increased
32 concomitantly during rest in a warm environment (30.1 + 1.0°C, 30.0 £ 4.7% RH) and
33  only at the arm did AGSC increase prior to an increase in HYD. HYD increased prior
34  to RSR, before sweat was visible on the skin, but not to full saturation, contradicting
35 earlier hypotheses. Maximal skin hydration did occur, as demonstrated by a plateau in
36 all regions. Post exercise rest resulted in a rapid decrease in HYD and RSR but a
37 delayed decline in AGSC. Evidence for reabsorption of surface sweat into the skin
38  following a decline in sweating, as hypothesized in the literature, was not found. This
39  suggests that skin surface sweat, after sweating is decreased, may not diffuse back
40 into the dermis, but is only evaporated. These data, showing distinctly different
41  responses for the three measured variables, provide useful information about the fate
42 of sweat from gland to surface that is relevant across numerous research fields (e.g.

43  thermoregulation, dermatology, ergonomics and material design).
44 New and Noteworthy

45  After sweat gland stimulation, sweat travels through the duct, penetrating the
46  epidermis before appearing on the skin surface. We found that only submaximal

47  stratum corneum hydration was required before surface sweating occurred. However,
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48  full hydration only occurred once sweat was on the surface. Once sweating reduces,
49  surface sweat evaporation continues but there is a delayed drying of the skin. This
50 information is relevant across various research fields, including environmental

51  ergonomics, dermatology, thermoregulation and skin-interface interactions.

52  Key words: epidermal hydration, galvanic skin conductance, sweat rate, eccrine

53  sweat glands

54 Introduction

55 Eccrine sweat gland function, regulation and adaptation have been extensively
56  investigated (6, 47, 48); typically measured using surface monitors in the form of
57  ventilated or unventilated sweat capsules, technical absorbent pads or by direct sweat
58  drop analysis (18, 20, 30, 34). However, the appearance of sweat on the skin surface
59  stems from processes beginning earlier and deeper within the skin structures, which
60  may go undetected by these measurement techniques. As a result, our understanding
61  of sweat formation, how it traverses through the gland and reaches the skin surface is
62  somewhat limited. It is the main intent of this paper to contribute knowledge to this

63 area.

64 Whilst from a heat strain perspective mainly sweat appearing on the skin
65  surface available for evaporation may be relevant, from a thermoregulatory control
66  perspective the stages before the appearance of sweat are pertinent too. When
67  studying basic thermoregulatory control, measurement of the initial activation of the
68  sweat gland is relevant. When studying sensory function of the skin or sensory
69 interaction of skin with clothing (37, 38), both relevant to behavioral
70  thermoregulation (3, 15, 22, 45), sensation and discomfort have been reported to be

71  affected by changes in skin properties. These occur with increased epidermal
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72 hydration; most notably through epidermal swelling and increased surface friction (3,
73 4, 16). In addition, with recent aims to develop wearable sensor devices that monitor
74  sweat and its contents (14), knowledge of how sweat penetrates the skin could be
75  useful. Moreover, in clinical diagnostics, identifying deficiencies in the early stages of
76  sweat formation are linked to a range of illnesses, such as hypohidrosis or anhidrosis
77  that accompany diseases such as diabetes mellitus. Thus, understanding the stages of
78  sweat production prior to the appearance of surface sweating adds important

79  knowledge beyond the cooling aspect of surface sweat evaporation.

80 Sweat production begins by the secretion of an isotonic fluid into the secretory
81  coil. This pre-secretory sweat gland activity can be detected by measuring galvanic
82  skin conductance (GSC) (9); a measure of the skin’s ability to transmit an electrical
83  current that is enhanced by the presence of a weak electrolyte solution such as sweat.
84  Sweat moves from the secretory coil into the straight re-absorptive duct that traverses
85 the dermis of the skin. Here ions, namely Na+ and Cl- are reabsorbed so that a
86  hypotonic fluid is released onto the skin surface, conserving electrolytes for the body.
87 It has been suggested that epidermal hydration, i.e. moisture transfer from coil
88  directly into the skin occurs prior to surface sweating (25). This process may be
89 relevant for the delivery of important ions and peptides in maintaining epidermal
90  barrier homeostasis and antimicrobial function of the skin (46, 49). Further to the
91  surface, the stratum corneum, i.e. the outer layer of the skin is very hygroscopic, in
92 that it can hold up to 70% of its own weight in water (23). Utilizing galvanic
93  conductivity data, it has been postulated that the corneum hydrates first before sweat
94 s released onto the skin surface (5). Given that stratum corneum saturation has been
95  shown to suppress sweating (hidromeiosis) (7, 42), either by swelling of the keratin

96  ring surrounding the sweat duct pore (35) or by compression of the last convolutions
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97  of the excretory duct by hyperhydrated epidermal cells (13), it seems unlikely that

98 maximum hydration of the stratum corneum would be achieved before surface

99  sweating is visible (36). However, the extent to which the stratum corneum hydrates
100  before sweat reaches the surface remains unknown. To the authors’ knowledge this
101  has only been studied with changes in relative humidity whereby the skin absorbs
102  moisture from the environment rather than from sweat production, hence raising the
103  first research question for the present study, whether this process also occurs as
104  postulated (5) when sweating. In addition, stratum corneum thickness varies across
105  the body (scapular: ~11 um, dorsal forearm: ~20um) (41) and so too does sweat gland
106  size, density and sweat rate (43, 50, 51), leading to the second research question for

107  this study, whether regional differences in epidermal hydration may be apparent.

108 In order to research the pathways of sweat, devices that can discriminate
109  between the different locations of the fluid and the movement of sweat from the gland
110 to the skin are required. As mentioned, pre-secretory sweat gland activity can be
111  detected by measuring GSC and surface sweating can be detected using sweat
112 capsules (20, 32, 34) or sweat absorbing patches (18, 50, 51). Recent developments in
113 skin measuring devices, such as dielectric moisture meters (1), which have shallower
114  measurement depths than galvanic skin conductivity devices means it is now possible
115 to also investigate the extent at which sweat hydrates the epidermis and/or stratum
116  corneum and also what happens to epidermis hydration once sweating has subsided.
117  In 1970, Edelberg (11) suggested that the sweat on the surface, within the duct and
118  acrosyringium will either slowly diffuse into the stratum corneum or be reabsorbed
119  back into the sweat gland after sweating ceases. This leads us onto the third research
120  question for this study: what happens to sweat once sweating ceases? More studies are

121 required to confirm this finding as such data could be relevant in dermatological
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122 research, such as the sweating associated exacerbating factors for atopic dermatitis
123 (31, 54). Combining several of these technologies that measure different aspects of
124  sweat production may provide insight into the movement of sweat from the secretory
125  coil to skin surface. Therefore, the fourth research question for this paper is how
126  these difference techniques reflect the different aspects of sweat movement to the skin

127  surface.

128 In relation to our four aforementioned questions we hypothesized that after
129  sweat gland activation, submaximal epidermal hydration will occur before surface
130  sweating occurs. It is further hypothesized that due to the larger sweat gland size and
131  sweat rate (SR) on the torso, sweat will traverse the gland more quickly than at the
132 extremities and thus regional variations in the measurements will be evident. Once
133 sweating declines, we hypothesize that sweat will diffuse into the stratum corneum or
134  be reabsorbed back into the sweat gland. Finally, we hypothesized that GSC, HYD
135 and RSR measurements can distinguish different phases of the sweating process and

136  can detect regional differences.
137  Methods
138  Participants

139  Sixteen healthy human participants (eight males and eight females; 174.6 £ 10.1cm,
140  71.3+12.0kg, 25.3 + 4.7 yrs, 53.0 + 6.8ml-kg'min™) were recruited from the staff and
141  student population at Loughborough University. Participants were informed about the
142  study purpose and procedures prior to providing verbal and written consent and
143  completing a health screen questionnaire. Loughborough University Ethical Advisory
144  Committee approved the study. Participants were asked to refrain from strenuous

145  exercise, caffeine and alcohol intake in the 12 hour prior to all testing. Prior to the
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146 main experimental trial, participants were allowed to shower as per their daily routine
147  but were instructed not to use any moisturizing lotions 12 hours prior to the

148  experiment.
149  Experimental protocol
150  Preliminary tests

151  During the first visit, participants’ stature and body mass were recorded followed by a
152 submaximal fitness test based on the Astrand-Rhyming method (ACSM, 2006). The
153  submaximal fitness test was completed on a treadmill (Woodway PPS Med,
154  Woodway Inc., Waukesha, WI, USA) in 19°C, 40% RH. The test was comprised of
155  four 5-min exercise stages that aimed to raise heart rate (Polar Electro Oy, Kempele,
156  Finland) from 110 beats-min™ to 85% of their age-predicted heart rate max (220-age).
157  The work rate and heart rate during the last min of each stage was recorded, which
158  was used to predict their maximal oxygen uptake (VOzmax). A line of best fit was
159  applied to the data and extrapolated to the value corresponding to the participants age

160  predicted heart rate max (220-age). VOamax Was then predicted from the x-axis.
161  Main Experimental trial

162  Upon arrival to the laboratory, participants self-inserted a rectal thermometer 10 cm
163  beyond the anal sphincter, which was used as an indication of core temperature (Te).
164  Participants dressed in prescribed running shorts, plus sports bra for females, and their
165  own personal socks and athletic shoes. Participants then entered the preparation area
166  where the ambient conditions were 23.4 + 0.5°C, 50.0 £+ 4.7% RH. Preparation
167  involved cleaning the skin measurement areas and applying skin temperature sensors,

168  GSC electrodes and sweat rate absorbent pads to four locations on the body (detailed
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169  below). The chest, scapula, upper arm and mid anterior thigh were chosen as
170  measurement sites based on regional sweat rate data from Smith et al. (50, 51), which

171 shows these areas to be of distinctly different sweat rates.

172 To answer our research questions, we selected a protocol that would slowly increase
173 sweat production through changes in ambient conditions and exercise intensities. The
174  test was split into 3 main stages; rest (R), exercise (EX) and post exercise (PEX).
175  Seated rest consisted of two 10 min periods whereby the first 10 min was in ambient
176  conditions of 23.4 £ 0.5°C, 50.0 £ 4.7% RH (R1) and the last 10 min of rest was
177  inside an environmental chamber set at 30.1 + 1.0°C, 30.0 + 4.7% RH (R2).
178  Participants stayed in the chamber for the remainder of the experiment. The resting
179  conditions were then followed by a stepwise exercise protocol: 20 min at 30% VOzpmax
180  (EX1), 10 min at 50% V Ozma (EX2) and 20 min at 70% V Ozmax (EX3) on the
181  treadmill. Following cessation of exercise, participants rested in the chamber for an
182  additional 20 min (separated into two ten min blocks, hereafter referred to as PEX1

183  and PEX2, (see Figure 1)).
184 Measurements

185  Ambient temperature and relative humidity were monitored (Eltek/Grant 10Bit, 1000
186  series Squirrel data logger, Grant Instrument Ltd, Cambridge, UK) and recorded at 1-

187  min intervals during the trial.

188  The four designated measurement sites were cleansed with deionized water and dried
189  with sterile towels prior to the application of sensors or absorbent pads. The skin was
190 not abraded, as per the application of electrodes for electromyography (EMG)
191  measurement, as the removal of the keratin in the upper layers of the skin contributes

192 to the skins conductance (11). Figure 2 shows the (back) measurement site
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193  configuration, which covered an approximate surface area of 20cm? for all measures
194  (galvanic skin conductance (GSC) epidermal/stratum corneum hydration (HYD),
195  regional sweat rate (RSR) and Tg). Skin thermistors (Grant Instrument Ltd,
196  Cambridge, UK) were attached to the skin using 3M™ Transpore™ surgical tape,
197  (3M United Kingdom PLC) located at the chest, scapular, upper arm and thigh. Mean
198  skin temperature (mean Tg) and mean body temperature (T,) were calculated using

199 the following equations (17, 39):
200 Mean Tg = (0.3*Triceps) + (0.3*Chest) + (0.2*Quadriceps) + (0.2*Calf)
201 Tp=(0.8*Tr) + (0.2*mean Tg)

202  Adjacent to each skin thermistor a pair of pre-gelled disposable Ag/AgCI electrodes
203  (EL507, Biopac System, Goleta, California, USA) were placed 3cm apart (from the
204  medial edges of the electrodes) for the measurement of GSC (MP35 Biopac System,
205  Goleta, California, USA). The system applies a direct constant voltage (0.5V) as an
206  excitation source across the electrodes. The electrodes directly reflect the electrical
207 signal of the skin and a transducer converts this physiological signal into a
208  proportional electrical signal; expressed in micoSievert (uS). The GSC signal was
209  recorded at a gain of 2000 and 35Hz using the Biopac software (Biopac Student Lab
210  Pro); based on the manufacturers guidelines this resulted in an input resolution of
211 0.15pS. GSC was measured as a change from baseline, which was noted as the lowest

212 value recorded during R1 (AGSC).

213 The space between the electrodes was used for the measurement of stratum corneum
214  hydration (HYD), which was taken at intervals using a MoistureMeterSC Compact
215  (Delfin Technologies Ltd., Kuopio, Finland) device with an operating frequency of

216 1.3 MHz and according to the manufacturers has a resolution of 0.1%. The output is
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217  given in arbitrary units, related to the combined capacitance and dielectric constant of
218  the stratum corneum (SC). The output value is low when water content of the SC is
219  low and the dry SC layer is thick and will increase with increasing water content and
220 a decreasing dry layer thickness. Whilst both parameters are expected to change
221  together, the measurement principle makes it dependent on both (1). The typical
222 penetration depth is approximately 50 microns (1). The unit contains an inbuilt force
223 sensor to monitor the pressure of the probe application to the skin. With target
224 pressures around 1.4 to 2 Newton. The MoistureMeterSC begins measuring as soon as
225 it comes into contact with the skin and takes approximately 3sec to display the
226  reading. The same investigator took all measures for consistency. The
227  MoistureMeterSC was positioned in the central space between the GSC electrodes
228  and approximately 1cm below the lower edges of the RSR measurement site. From
229  pilot testing, these distances were deemed appropriate to provide local data, whilst

230  preventing measurement interference between methods.

231  HYD was measured every 2.5 min during all resting periods and at 5-min intervals
232 during exercise, for which the participants had to cease exercise temporarily (<30s)
233 for an effective measurement. During this measurement, the appearance of sweat on
234 the skin was confirmed visually by inspecting the measurement areas each time a
235 HYD measurement was taken. This was done under the standard lighting of the
236  chamber (650 Lux, which is well above office lighting requirements of 500 Lux).
237  After identification the sweat was dabbed dried with a paper towel before the

238  measurement of HYD.

239  The area just above the electrodes was designated as the location for the collection of
240  surface regional sweat rate (RSR); based on a similar absorbent pad technique

241  described by Havenith et al. (18). This technique has been shown to be highly

10
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242  correlated with the ventilated capsule system (30). Individual absorbent pads, with an
243  absorbent surface area of 10 cm? and a 1.3 cm wide adhesive border (3M™
244  Tegaderm™, 3M Solutions, Bracknell, UK) were used for the measurement of RSR.
245  All patches were placed in labelled airtight zip-lock bags and weighed using
246  electronic scales prior to use (Sartorius, YACOILA, Sartorius AG, Goettingen,
247  Germany, Resolution 0.01g). One pad per location was applied to the skin for the full
248  duration of each respective stage (R1, and R2 for 10 mins each, EX1 for 20mins, EX2
249  for 10mins and EX3 for 20 mins). The area was wiped completely dry immediately
250  prior to application and individual stopwatches were used to measure the application
251  duration of each pad. Whilst the application durations were longer than previously
252 advised by Havenith et al. (18) the absorbent pads used could hold more liquid than
253  was actually absorbed in the present study. After removal, the pad was immediately
254  returned to its airtight bag, reweighed and the application period recorded. RSR was
255  calculated from the weight change of the pad, the pad surface area and the duration of
256  application using the following equation:

{(WM"WM)
SR =

SA
t

257 ]3600

258  Where,

259 SR sweat rate (gm>h™)

260 w,,  wetweight of pad (g)

261 Wy dry weight of pad (g)

262t time, duration of pad application (s)

263 SA surface area of pad (m?) (based on dry pad weight and material weight per m?)

11
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264  Gloves were worn whilst handling the pads to prevent any contamination of water and

265  oils from the researcher’s hand.

266  Reliability and validity of HYD, GSC and RSR measurement

267  Whilst there is a wealth of publications on GSC, mostly on its use for determination
268  of psychological stress, but also some on its link with higher sweat rates, clearly
269  showing its validity for the determination of sweat gland activity (2, 26, 29, 53), the
270  authors struggled to find publications on its reliability / reproducibility. A large
271 number of factors play a role in its measurement, from the use of direct versus
272  alternating current, different electrodes, polarization issues etc. (29). For the present
273  application, the most important references to show the relevance of this measurement
274  are those linking the GSC with the activation of sweat gland numbers, both in
275 increasing and decreasing number of active sweat glands (53), where a strong
276  correlation is demonstrated. Due to its high inter and intra variability, GSC is

277  standardized relative to a baseline value (GSC), which was determined during R1.

278  Similarly, for HYD, validation studies are present in the literature, but very little
279  information on repeatability / reliability exists. One study by Alanen et al. (1) reported
280 that the relative standard deviation varied between 2% and 5% for repeated individual
281  measures using the MoistureMeterSC. For the MoistureMeterSC, a number of papers
282  show its validity for measuring skin hydration (1, 27), linking the results to other
283 instruments, but it should be noted that in most cases instruments have not been
284  validated against sweating, i.e. skin wetting, but more to responses of dehydration as

285  well as to application of various skin hydration formulations.

286  Finally, for RSR, studies have compared the absorbent patch technique to the sweat

287  capsule technigue with excellent results showing the technique to have good internal

12
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288  reliability and being able to detect differences in local sweat rate as small as 0.12
289 mg/min/cm? in a variety of conditions (30). The main points to keep in mind in
290 comparing sweat absorbents versus capsules are the differences at low and very high
291  sweat rates. In the former, no sweat may be absorbed at the surface by an absorbent
292  patch, while vapor already could be drawn out of the skin by the capsules technique.
293 In the case of high sweating, using the capsule technique, the skin remains dry while
294  the absorbent patch may have more moist skin with a risk of hidromeiosis during long

295  exposures.

296 In general, whilst for GSC and HYD measurements, the evidence on reliability may
297  be limited; this should not have been a major issue in the present study where the
298  focus was on comparative measurements obtained simultaneously, with less emphasis

299  on absolute values.
300 Data Analysis

301  The physiological (AGSC, Ty, Tp, mean Ty and all four local Ts) data were averaged
302  every 2.5 min during the resting period and every 5 min during the exercising periods

303 to coincide with the measure of HYD.

304 To determine an increased sweat production from our three measures (RSR, AGSC
305 and HYD) at each location, we used a two way ANOVA (stage x location) to analyze
306 the effect of the protocol stages (R1, R2, EX1, EX2, EX3, PEX1 and PEX2) and
307 location (chest, back, arm and thigh). A single RSR sample was collected for each
308  stage of the protocol, whilst both AGSC and HYD had more frequent sampling times.
309 Rather than analyze each sample time point, which increases the risk of Type Il
310 errors, or using the mean of each stage, which reduces the overall response measured

311  for each stage, we used the final sampling time for HYD and the mean of the final 2.5

13
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312  mins for AGSC from each of the 7 stages of the protocol in the analysis. This enabled
313  us to determine if AGSC and HYD increased throughout each stage of the protocol.
314  Where main effects were observed, Bonferroni post hoc comparison were used to
315 identify if the variables were significantly different to the previous stage. Due to the
316  exploratory nature of this research project, AGSC and HYD data that was not used in
317  the statistical analysis was still monitored for relevant physiological changes,

318  especially during R1, R2 and EX1 when sweating was initiated.

319  For each location, the relation between AGSC, HYD and RSR was analyzed using
320  Pearson’s correlation. The relation between AGSC and HYD was calculated from the
321  mean of every 2.5 min during rest and every 5 min during exercise. As the sampling
322  time of RSR differed to AGSC and HYD, the final measurement of each stage (for
323 R, R2, EX1, EX2, EX3) for AGSC and HYD was used to analyze the relation with
324 RSR. The onset for sweat appearing on the skin surface is marked along the

325  regression line and defined as the threshold for external sweating.

326  To analyze the effect of each stage of the protocol, the remaining physiological data
327 (T, Tp, mean Tg and all four local Tg) were analyzed using a one-way ANOVA
328 using the final time point of each stage. Where main effects were observed,
329  Bonferroni post hoc comparison was used to identify if any of the measured variables

330  were significantly different to R1.

331  All data were analyzed using GraphPad Prism 6 and checked for normality. Any data
332 not normally distributed were analyzed using the Kruskal-Wallis non-parametric
333  equivalent. Mean and standard deviations (£ SD) are presented and significance was

334  defined as p<0.05.

335 Results

14
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336 Protocol effect

337  Table 1 summarizes the mean £ SD (n=16) Ty, Tp, mean T and local T¢ responses
338  measured during the different stages of the protocol. In summary, all physiological
339 responses remained relatively stable during R1 and R2 and increased during the
340  exercise protocols (EX1-EX3). All variables declined post exercise (PEX1-PEX2) but
341 only T returned to baseline values. Statistical analysis revealed a significant main
342  effect of the ‘protocol stage’ for Ty, Tp, mean T and each local T (p<0.05). Post
343  hoc comparisons were used to detect if each variable was significantly different to R1
344  and the results are presented in Table 1. T, did not increase from R1 to R2 (p>0.05),
345  but began to increase from EX1 and remained elevated above R1 until the end of
346  PEX1 (p<0.05). Tp, mean Tg and all local T responses increased from R2 to EX3
347  and then declined post exercise. At all stages, Ty, mean T¢ and all local Ty were all

348  significantly higher than R1 (p<0.05, Table 1).

349  Figures 3A-C illustrates HYD, AGSC and RSR, respectively, during each stage of the
350 protocol. In summary, RSR did not change during the rest periods (R1 and R2) but
351 both HYD and AGSC began to increase at all locations (see additional smaller
352 inserted graph for Figure 3A and B, respectively). All variables increased during the
353  three exercise stages and thereafter declined post exercise. A significant main effect
354  of protocol stage, location, and interaction effects were observed for RSR, AGSC and
355 HYD (p<0.05). RSR, AGSC and HYD during the pre-exercise rest periods (from R1
356 to R2) did not significantly increase (p>0.05). Non-significant (due to inter-individual
357  variability) increases were observed at all locations for AGSC and HYD data during
358 R1and R2 but it is important to note that the increases were physiological meaningful
359  based on previous findings. Exercise initiated an increase in all three variables at all

360 locations.

15

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



361  HYD at all locations increased from R2, to EX1 to EX2 (p<0.05) but then started to
362  level off in EX3 with only the arm and thigh increasing further (p<0.05). AGSC
363  significantly increased during exercise. RSR increased during exercise at all locations

364  and peaked during the final exercise stage of EX3.

365 Ceasing exercise resulted in all sweat variables to decrease; RSR decreased
366  significantly from EX3 to PEX1 but levelled off in PEX2 and was still slightly above
367  baseline after the 20 min post exercise rest. AGSC also decreased from EX3 to PEX1
368  with some variation over locations, after which all started to level off but still
369  remained substantially above baseline. HYD declined in the rest period over all zones
370  though with different patterns. HYD remained significantly higher than baseline for

371  all locations (p<0.05).

372  Regional differences

373  Two way repeated measures ANOVA revealed a significant main effect of location
374  and a significant interaction between location and protocol stage (p<0.05). There were
375  no regional differences reported during the resting phases for any of the measured
376  variables. As exercise began all variables increased and regional differences were
377  generally observed between the torso and the extremities. The torso showed the
378  strongest increase in the warm-up/exercise periods and also remained highest post

379  exercise.

380 HYD initially increased significantly faster for the torso during exercise, but towards
381 EX3 HYD was similar for all locations. AGSC also increased faster on the torso
382  compared to the extremities during exercise, but in contrast to HYD these regional
383  differences remained present to the end of EX3. Further regional differences were

384  observed for RSR during EX2 and EX3, with the torso (chest and back) producing
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385  more sweat compared to the extremities (arm and thigh) (p<0.05). The arm SR was

386  only different (i.e. lower) to the thigh during EX2 (p<0.05).

387  After the cessation of exercise, RSR decreased significantly from EX3 to PEX1 for all
388 locations. The largest decrease occurred at the chest, followed by the back and smaller
389  decreases were observed at the extremities but the regional patterns were still evident.
390 RSR then only further decreased at the chest and back from PEX1 to PEX2 (p<0.05),
391  being still slightly above baseline after the 20 min post exercise rest. AGSC decreased
392  from EX3 to PEX1 but this only reached significance at the chest and back (p<0.05).
393  Then, AGSC levelled off, at different levels for different zones but remained
394  substantially above baseline. HYD also declined in the post exercise rest period,
395  starting at similar values for all zones at the end of EX3. Declines were slow for the
396 chest and back (p>0.05) but faster for the extremities (p<0.05) in PEX1, with the
397 latter levelling off substantially below the torso values in PEX2. HYD remained

398 significantly higher than baseline for all locations (p<0.05).

399 Interestingly, locations with the highest RSR or AGSC value did not always
400  correspond with the highest HYD. While HYD values at the end of exercise were
401  very similar for all zones, suggesting corneum hydration saturation (back 122 +
402  21AU, thigh (124 £ 18AU, chest 110+25AU, arm 114+23AU) the RSR (back 1178 +
403 466 g'm>h™, chest 1065 + 541 grm™h™, arm 780 + 338 g'm™?h™, thigh 674 + 322
404  gm?>h?) and AGSC (back 18 + 9 uS, chest 23 + 22 uS, arm 10+ 5 S thigh 11 + 6

405  pS) were largely different.

406  For RSR and AGSC, the general picture was that the higher the end exercise value,
407  the larger the decrease from EX3 to PEX1 and PEX2. However, this was not the case

408 for HYD, as values were very close for all regions at the end of exercise (~110-

17

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



409  123AU), and then during post exercise (PEX1 and PEX2) HYD decreased largely at

410  the extremities (to ~45 AU) but remained elevated for the chest and back (~80AU).
411  Relation between variables

412 The relations amongst the three variables (AGSC and HYD and RSR) from rest to the
413  end of exercise are illustrated in Figures 4A, B and C, respectively. An additional
414  graph is included in Figure 4A to highlight the relation between AGSC and HYD
415  during the pre-exercise rest periods, where internal sweating was likely to have been
416 initiated and values started to change from baseline. Combining the regression
417  analysis with the threshold for surface sweating was deemed important to understand
418  each measurement and how internal and external sweat affects each of the measures.
419 It was decided not to include post exercise data in these graphs, as a hysteresis in the
420  response was observed indicating a change in the relations upon sweat reduction. The
421  main factor to which this was attributed is the accumulation of sweat under the GSC

422  electrodes, which will be discussed later.

423  From Figure 4A it is possible to observe an initial increase in AGSC with no change
424  in HYD at the arms only. An exponential or bi-phasic relation was observed between
425 AGSC and HYD (Figure 4A) and between RSR and HYD (Figure 4B), with an
426  obvious threshold occurring allowing for the data to be separated into two phases.
427  Strong and very similar significant relations are observed between AGSC and HYD in
428  the first phase for all individual locations (r>>0.803, p<0.05). The threshold between
429  the two distinct portions of the relation coincided with the visible appearance of sweat
430  on the skin surface and typically occurred at ~70AU for HYD and 4uS for AGSC.
431  Above this threshold larger changes in AGSC compared to changes in HYD are

432 observed for all individual locations (r>>0.839, p<0.05) with some variation over

18

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



433  zones and the torso reaching the highest values. Similar relations for the different
434  zones were observed between RSR and HYD (see Figure 4B) and the transition in the
435  relation also coincided with the point at which sweat was first visible on the skin
436  surface, again occurring at approximately 70AU for HYD (as indicated by the dotted
437  lines). With fewer data points collected for RSR, a bi-phasic response was less
438  evident in the RSR - AGSC relation (Fig 4C), and a single, strong, significant linear
439  relation existed (all locations r*>0.71, p<0.05) across the whole range. An exponential
440  relation existed between RSR and HYD and as such the data were transformed to
441  produce an approximate linear relation. Strong significant linear relations existed

442  between HYD and RSR (all locations: r>>0.949, p<0.05).
443  Discussion

444 By simultaneously measuring GSC, HYD and RSR, this study aimed to track sweat
445  from its production in the secretory coil, to travelling through the re-absorptive duct,
446  penetrating the acrosyringium to hydrate the epidermis/stratum corneum and finally
447  being released onto the skin surface. For the interpretation of the results, HYD
448  changes are interpreted as changes in stratum corneum hydration, GSC changes as
449  changes across all layers from sub-dermis, including the actual gland and duct, to the
450  skin surface, and RSR measurements as reflecting surface sweating only. The main
451  findings of the present study revealed that, as hypothesized, epidermal/stratum
452  corneum hydration does occur prior to the release of surface sweat, but only to a
453  submaximal level and that maximal stratum corneum hydration does occur, but only
454  later on when surface sweat is also present. In relation to our second hypothesis, the
455  study demonstrated clear regional differences in the development of HYD, GSC and
456  RSR. Thirdly, in the 20 min period after the cessation of exercise, sweat does not

457  appear to diffuse into the stratum corneum, contrary to our hypothesis and what was
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458  previously suggested (11). Sweat production does not cease completely in this period,
459  and most likely exceeds epidermal/stratum corneum reabsorption. The speed of skin
460  hydration while sweating is linked to local sweat production (highest on torso), but
461  once the skin is wet for a while, hydration becomes uniform despite sweat production
462  differences. However, once sweating declined HYD drops fastest in areas where
463  absolute sweat production was lowest (extremities). Our final hypothesis was
464  confirmed as it was shown that the three methods clearly measure different aspects of
465  sweat formation, transport and absorption. These findings will be discussed in detail

466  below.

467  Asaside note, although both males and females were recruited, the aim of the present
468  study was not to determine sex differences and this thus this did not form part of the
469 analysis. In general however, there were no noteworthy differences between the sexes

470  in any of the data reported.

471  Sweat gland stimulation

472  Sweat glands are stimulated in response to a rise in T and/or Tg or non-thermal,
473  mainly metabolic factors (24, 28, 32). According to our data Ty, Tp and mean T
474  remained stable during the initial rest period (R1) hence the lack of change in HYD,
475  AGSC and RSR (see Figure 3B & C). Movement to a warm chamber resulted in an
476  increase in ambient temperature of ~7.0°C, resulting in an initial drop in T, and an
477  increase in mean Tg. The drop in T, and rise in mean Tg is typical of the core-to-
478  periphery re-distribution of heat via a change in skin blood flow observed upon initial
479  exposure to hot conditions or with exercise (21). Such thermophysiological changes
480  stimulate the sweat glands to produce an iso-osmotic precursor fluid from the

481  secretory cells after which sweat will travel towards the skin surface. HYD and AGSC
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482  increases without RSR increases, indicate the initiation of sweat production, without
483  any release onto the skin surface in R2. While increases in HYD and AGSC failed to
484  reach statistical significance during R2 and EX1, mainly due to individual variations
485  in responses, the magnitudes of the increases observed are physiologically meaningful
486  as they are typical of pre-secretory sweat gland activity for AGSC and increases in

487  epidermal hydration (1, 12, 26).

488  In order to discriminate pre-secretory sweat gland activity in the subdermis from the
489  epidermis, an increase in AGSC prior to an increase in HYD was required.
490  Technically this was difficult to determine but it was observed on the arms (see small
491 inserted graph in Figure 4A). It is possible that the time between sweat gland
492  stimulation in the subdermis and passage of sweat towards the stratum corneum,
493  located in the epidermis, occurred more quickly than was detectable from the HYD
494  measurement, which was taken every 2.5 mins for all zones except the arm (due to

495 their higher sweat production rate).

496  For the arm, AGSC did increase at the start of R2 whilst HYD did not increase to
497  significant levels until the end of R2. This may suggest that upon stimulation the
498  passage of sweat through the coil and the duct towards the acrosyringium in the
499  epidermis is faster in the chest, back and thigh compared to the arm and thus we were
500 able to detect this only in the arm with our measuring devices. These regional
501 differences may be associated with the structure or sensitivity of the sweat glands at
502  different parts of the body. Sato & Sato (44) reported a strong significant relation
503  between sweat rate and sweat gland size (3.14 * length * diameter) (r=0.8109,
504 p<0.005) and between sweat rate and cholinergic sweat gland sensitivity (r=0.806,
505 p<0.001) measured from self-diagnosed ‘poor’ and ‘good’ sweaters. Given that Smith

506 et al. (52) found no regional differences in cholinergic sensitivity between the arm,
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507  thigh or chest, the differences in the passage speed of sweat through the skin may be
508 mainly attributed to a smaller peripheral sweat gland size compared to torso sites. It is
509  possible that GSC and HYD can distinguish between sweat in the gland and sweat in
510 the sub-dermis as evident by the responses observed at the arm. However, in order to
511  study the production of sweat in the sub-dermis before it starts to hydrate the skin in
512  higher sweat regions, future research should seek ways to continually measure skin

513  hydration, and/or raise SR even slower.

514  Sweat within the stratum corneum

515 It has been suggested that before sweat is released onto the skin surface, a process
516  known as corneal hydration occurs in which the sweat penetrates the acrosyringium
517  due to a build-up of pressure and is absorbed by the stratum corneum in the upper
518 layers of the epidermis (25). Once the sweat enters the stratum corneum, supposedly
519  substantial corneal hydration occurs due to its hygroscopy. It has been shown to be
520 able to hold up to 70% of its own weight in water (23). However, to the authors
521  knowledge, this has only been shown in experiments involving changes in ambient
522  relative humidity (23), submersion in water (36, 40) and dermatological studies of
523  topical solutions for epidermal treatments (33), but not before in studies involving
524  sweating. We hypothesized that sweating would be visible on the skin when the
525  stratum corneum is only sub-maximally hydrated. Indeed, we can confirm this as the
526  current study indicates that during sweating, the epidermis gradually hydrated with
527  the speed related to local sweat production values towards a saturation plateau that
528 was similar for all areas. Our data support previous findings that the corneum
529  hydrates substantially before sweat is released onto the skin surface (5), with the
530 threshold for the appearance of surface sweat occurring at approximately 70AU (58%

531  of the maximum value) in HYD. Maximal hydration occurred during EX3 for all
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532 locations, but was more evident on the chest and back. A saturated stratum corneum
533  has been shown to suppress sweating (i.e. in hidromeiosis) (36), which typically
534  occurs after substantially longer periods of heat exposure (> 90 min) and for higher
535  sweat rates than observed in the present study. Thus, given that a maximum hydration
536  seemed to be achieved in the present study, there also must be a time factor for the
537  development of the impact of this maximum hydration on sweat output; perhaps
538  pointing at a slow development of the skin and sweat duct swelling to which the

539  hidromeiosis is attributed.
540  Sweat on the skin surface

541  Visible sweating was typically first observed during EX1, which coincided with an
542  increase in RSR during this measurement period. During the exercise stages it is
543  assumed that sweat is present in the secretory coil, the re-absorptive duct, the
544  acrosyringium and on the skin surface. The HYD and AGSC thresholds for observed
545  external sweating are indicated in Figure 4A and B by vertical dotted lines. Prior to
546  this point we observed a strong significant relation for all locations (r>>0.80, p<0.05),
547  which is representative of internal sweat; occurring typically up to 70 AU for HYD
548 and 4 uS for AGSC. There is a clear transition in the slope of the relation between
549 RSR and HYD around this point, while the transition in the slope of RSR and AGSC
550 s not as strong, if present at all. From Figure 4B it can be seen that before external
551  sweating was visually confirmed, the RSR measurement showed some small amounts
552  of external sweating to occur below this threshold. This, and the observation that
553 HYD was well below its maximum at the threshold (70 out of 120 AU, i.e. 58%),
554  supports our first hypothesis that the skin does not need to hydrate fully before
555  surface sweating and evaporation begins. Above the external sweat threshold, HYD

556  increased less per unit of increase in RSR, while AGSC shows a stronger increase per
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557 unit of RSR increase compared to the slope below the threshold. This difference
558  suggests that HYD is mainly driven by internal sweating, but saturates when moisture
559 is added on the surface, while surface sweating has a slightly bigger magnitude of
560 impact on AGSC than internal sweating. Arguably, the latter relation could be
561  described by a single slope, however the slope change is small. As such, strong
562  significant and similar linear relations were found between local RSR and AGSC for
563 all locations (Figure 4C, r*>0.71, p<0.05). This supports previous research which
564  suggests that GSC is strongly related to increasing and decreasing number of active
565  sweat glands (53). The chest and upper back have higher maximal AGSC and RSR,
566  which coincides with the observed higher RSR at these sites and with literature
567  reporting highest sweat rates at the torso in comparison to the extremities (8, 19, 50,
568 51). Nevertheless, in Figure 3B, AGSC during EX3 was highest at the chest and
569  exceeded that of the upper back, yet RSR was similar between sites. In situations
570  where the difference in AGSC between locations is not mirrored by differences in
571  RSR this may be attributed to a higher sodium chloride (NaCl) content for a given
572  sweat output. Despite these regional differences, Fig. 4C suggests that AGSC is a
573  good overall indicator of sweat generation. HYD on the other hand would not be a
574  good indicator across the range of sweat generation due to its clear saturation once
575  surface sweating starts. The different observations for the different methods confirm
576  our final hypothesis and support previous research that the different methods measure

577  different parts of the sweating process.
578  Decline in sweat production

579  Once exercise was terminated, AGSC and RSR declined sharply despite Ty and Ty
580 remaining elevated, consistent with earlier observations (21), most likely due to a

581 drop in non-thermal feedback to the brain. The decline was most notable (with more
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582  significant differences) during the first 10 minutes (PEX1) but sweating was still
583  present after 20 minutes (PEX2). In the present study, the sharp drop in RSR
584  coincided with a sudden decrease in AGSC occurring immediately upon the cessation
585  of exercise with the magnitude of the drop linked to the absolute sweat rate in
586  exercise as well as to the size of the drop in RSR after exercise ceased, i.e. strongest
587  at the back and chest (see Figure 3B). Edelberg (10) suggested that after sweating
588  stops, sweat within the duct, and acrosyringium will either slowly diffuse into the
589  stratum corneum or will be reabsorbed into the sweat gland. If this were the case, we
590 might expect to see an increase in HYD. Though as the skin was already fully
591 hydrated across the areas tested before exercise ceased this is not a plausible
592  explanation. Indeed, HYD does not increase further, and at the extremities actually
593  decreased immediately. This, together with the lower RSR at the extremities during
594  exercise, suggests the skin surface sweat may dry up faster and thus HYD reduces
595 faster at these body regions accordingly, without an indication of a stratum corneum
596  reabsorption phase. It is plausible that more sweat will be present on the skin’s
597  surface at the end of exercise for the chest and back due to their higher RSR, while
598 sweat rates on the torso remain higher after exercise, for longer than at the
599  extremities. Thus, while all skin sites were saturated, the higher RSR and surface
600  sweat layer may have kept HYD higher for the chest and back after exercise while the

601  skin starts to dry out earlier for the extremities.

602  Overall, the present data does not confirm a relevant role for the re-absorption of
603  sweat back into the skin and sweat glands as we hypothesized and previously
604  suggested (12). If this would take place at all in relevant quantities, the present data
605  suggest that this would only be observed if exercise ceases before skin hydration

606  reaches saturation, i.e. at quite low to moderate sweat rates. Hence, if these processes
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607  are to be investigated further to add more certainty to our hypothesis, future studies
608  should consider recovery after periods with lower heat loads and lower sweat rates, as
609  well as using much longer post exercise rest periods that allow variables to return to
610  baseline. In terms of application of these findings, e.g. in clothing design, the data
611 indicates that for the torso, material that quickly wicks sweat away may be beneficial
612  from a thermoregulatory, behavioral and sensorial perspective. In addition, the data
613  provides useful information for those aiming to develop wearable sensors, monitoring

614  sweat and its contents to discern what occurs at the skin once sweating declines.

615 Interms of using the different methods to describe sweating in this stage, Figure 3a-c
616  shows that while RSR data converge after 20 min post exercise, HYD and AGSC still
617  discriminate between regions, separating those with high sweating during exercise
618  (torso) and early post exercise from those with lower values (extremities). For AGSC,
619 a practical limitation may be present that prevents it from returning to baseline in a

620  timely accurate manner. This will be discussed in the next section.

621 Limitations

622 A limitation to AGSC in its presently used method is that the metal electrodes cover a
623  section of, and remain in contact with, the skin and thus any sweat produced
624  underneath cannot be evaporated. As sweat production decreases, AGSC will
625  therefore not return to baseline, as any sweat formerly produced will be contained in
626  the skin under the electrodes’ contact point, keeping skin hydration directly under the
627  electrodes high. After a quick decline post exercise, AGSC remained stable while in
628  contrast, HYD measured in an uncovered area with free evaporation continued to
629  decline. In this case, it is possible that the sweat within the epidermis was being

630  reabsorbed into the sweat glands; however, as no marked changes in AGSC were
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631  noted, this process would be slow. Pilot testing using artificial sweat sprayed onto
632  skin and electrode from the outside (i.e. without the moisture under the electrodes),
633  confirmed that the issue is not with sweat on the skin but with sweat under the
634  electrode. In general, for GSC, hysteresis effects from increasing to decreasing sweat
635  have been described in the literature, even when the electrodes are placed outside the
636  sweating region (53). Thus apart from the occlusion issue by the electrode, other

637  factors may influence this too.

638  In the present experiment, absorbent pads were left on longer than previously advised
639 (5 mins) (30, 50, 51) and therefore the Tg underneath the absorbent pad may have
640  been higher than measured by the neighbouring skin thermistor. Our longer pad
641 application durations may have caused an elevated local Ty and a subsequent
642  increased sweat production. However the risk of hidromeiosis that could have been
643 initiated by having longer applications of potentially wet pads, would be low as the
644  patches used could hold substantially more moisture than was collected in any
645 sample. In addition, previous studies utilizing the absorbent patch technique used
646  plastic sheeting and tight fitting clothing to keep the absorbent patches affixed to the
647  skin. This was not possible in the present study, as clothing would have interfered
648  with epidermal/stratum corneum hydration, which also would have been difficult to
649  measure. Therefore, we utilized a patch with an adhesive covering affixed to the
650  absorbent material and a 1.3 cm wide border to affix to the skin. The adhesive tape
651  does not absorb moisture but some sweat may have been present on the adhesive
652  material when weighed, which may have resulted in a higher estimation of sweat rate.

653  However, this would be rather consistent across all measurements.

654  Conclusion
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655  Sweat gland activation before skin hydration changed was detected at the arms by
656  changes in AGSC but no changes in HYD. As hypothesized, the epidermis hydrates
657  prior to surface sweating being detected but did not do so to full saturation. Once
658  surface sweating was visible, the skin continued to gradually hydrate to a maximum.
659 At the cessation of exercise, sweat rate dropped, and surface sweat appeared to
660  evaporate quickly, while AGSC and HYD trailed behind, indicating that surface

661  sweating disappeared first whilst skin dried up slowly.

662  As hypothesized, regional differences were evident on all measured sweat variables,
663  with the responses strongly linked to the absolute sweat productions at the different
664 locations. Higher sweat productions on the torso led to distinctly higher values for
665 HYD and AGSC, during and after exercise. Contrary to the hypothesis, no evidence
666  was found for sweat re-absorption into the stratum corneum or the sweat gland, after
667  sweating was reduced. The three different measurement techniques provided distinct
668  information on different sweat stages and regions, but also had overlapping responses.
669 The data from this study provides useful information for research pertaining to
670  environmental ergonomics, dermatology, thermoregulation, skin-interface interactions

671  and wearable physiological monitoring devices.

672 Grants

673  The present research was done in the context of an industry-co-funded PhD by
674  Oxylane Research (Decathlon R&D Department) and Loughborough Design School
675  (Environmental Ergonomics Research Centre). Bernard Redortier and Thomas
676  Voelcker, members of the sponsoring industry (Oxylane Research), contributed to the

677  conception and design of the experiment and contributed to the paper write-up. Nicola

28

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



678  Gerrett, Katy Griggs and George Havenith were fully responsible for the design and

679  conduct of the trials, data analysis and write up.

680 Disclosures

681  The authors declare that they have no conflict of interest.

682  Acknowledgements

683  Dr Nicola Gerrett is now at the Laboratory for Applied Human Physiology, Graduate
684  School of Human Development and Environment, Kobe University, Kobe, Japan. Dr
685 Katy Griggs is now at the Department of Sport, Health Sciences and Social
686  Work, Faculty of Health and Life Sciences, Oxford Brookes University, Gipsy

687 Lane, Oxford, OX3 0BP, UK.

688 References

689 1. Alanen E, Nuutinen J, Nicklen K, Lahtinen T, Monkkonen J. Measurement
690 of hydration in the stratum corneum with the MoistureMeter and comparison

691 with the Corneometer. Ski Res Technol 10: 32—37, 2004.

692 2. Amano T, Hirose M, Konishi K, Gerrett N, Ueda H, Kondo N, Inoue Y.
693 Maximum rate of sweat ions reabsorption during exercise with regional

694 differences, sex, and exercise training. Eur J Appl Physiol 117, 2017.

695 3. Berglund LG. Comfort critieria - humidity and standards. In: Proceedings of

696 the Pan Pacific symposium on Buildings and Urban Environmnetal
697 Conditioning in Asia. 1995, p. 369.
698 4. Berglund LG, Cunningham DJ. Parameters if Human Discomfort in Warm
699 environments. ASHRAE Transcations, 1986.
29

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



700 5. Boucsein W. Electrodermal activity. New York, USA: Springer, 2011.

701 6. Bovell D. The human eccrine sweat gland: Structure, function and disorders. J

702 Local Glob Heal Sci 2015: 5, 2015.

703 7. Candas V. Adaptation to Extreme Environments. In: Adaptations to Extreme

704 Environments. S. Karger AG, p. 76-93.

705 8. Cotter JD, Patterson MJ, Taylor NAS. The topography of eccrine sweating

706 in humans during exercise [Online]. Eur J Appl Physiol 71: 549-554, 1995.
707 http://dx.doi.org/10.1007/BF00238559.

708 9. Darrow CW. The rationale for treating the change in galvanic skin response as
709 a change in conductance. Psychophysiology 1: 31-38, 1964.

710 10. Edelberg R. Electrical properties of skin. In: Methods in psychophysiology,

711 edited by Brown CC. Baltimore, USA.: Williams & Wilkins, 1967, p. 1-53.

712 11. Edelberg R. Electrical activity of the skin: Its measurement and uses in
713 psychophysiology. In: Handbook of Psychophysiology, edited by Greenfields

714 NS. 1972, p. 1011.

715 12. Edelberg R. Electrical activity of the skin: Its measurements and uses in
716 psychophysiology. In: Handbook of psychphsiology, edited by Greenfield R.A.

717 NS&. S. New York, USA: Holt, Rinchart & Winston, 1972, p. 367-418.

718 13. Fox RH, Goldsmith R, Hampton IF, Lewis HE. The nature of the increase in
719 sweating capacity produced by heat acclimatization [Online]. J Physiol 171:

720 36876, 1964. http://www.ncbi.nIm.nih.gov/pubmed/14193926 [17 Feb. 2018].

721 14. Gao W, Brooks GA, Klonoff DC. Wearable physiological systems and

30

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

15.

16.

17.

18.

19.

20.

21.

technologies for metabolic monitoring [Online].
https://www.physiology.org/doi/pdf/10.1152/japplphysiol.00407.2017 [27 Mar.

2018].

Gerrett N. Body mapping of perceptual responses to sweat and warm stimuli
and their relation to physiological parameters [Online]. © Nicola Gerrett: 2012.

https://dspace.lboro.ac.uk/dspace-jspui/handle/2134/11000 [10 Jan. 2018].

Gerrett N, Redortier B, Voelcker T, Havenith G. A comparison of galvanic
skin conductance and skin wettedness as indicators of thermal discomfort

during moderate and high metabolic rates. J Therm Biol 38: 530-538, 2013.

Hardy JD, Du Bois EF, Soderstrom GF. Basal Metabolism, Radiation,
Convection and Vaporization at Temperatures of 22 to 35° C. J Nutr 15: 477—

497, 1938.

Havenith G, Fogarty A, Bartlett R, Smith CJ, Ventenat V. Male and female
upper body sweat distribution during running measured with technical

absorbents. Eur J Appl Physiol 104: 245-255, 2008.

Hertzman AB. Individual differences in regional sweating. J Appl Physiol 10:

242-248, 1957.

Inoue Y, Havenith G, Kenney WL, Loomis JL, Buskirk ER. Exercise- and
methylcholine-induced sweating responses in older and younger men: effect of

heat acclimation and aerobic fitness. Int J Biometeorol 42: 210-216, 1999.

Kenny GP, Reardon FD, Giesbrecht GG, Jetté M, Thoden JS. The effect of
ambient temperature and exercise intensity on post-exercise thermal

homeostasis. Eur J Appl Physiol Occup Physiol 76: 109-115, 1997.

31

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

22,

23.

24,

25.

26.

27.

28.

29.

30.

Kerslake M. D. The stress if hot Environment. Cambridge: Cambridge

University Press, 1972.

Kilgman AM. h. In: The epidermis, edited by Montagna W.Cr,Jr. W& L. New

York, USA: Academic Press, 1964.

Kondo N, Tominaga H, Shiojiri T, Shibasaki M, Aoki K, Takano S, Koga
S, Nishiyasu T. Sweating responses to passive and active limb movements. J

Therm Biol 22: 351-356, 1997.

Kuno Y. Chemistry of sweat. In: Human perspiration. Springfield: charles,, C.

Thomas Publishers, 1956, p. 222.

Machado-Moreira CA, Taylor NAS. Psychological sweating from glabrous
and nonglabrous skin surfaces under thermoneutral conditions.

Psychophysiology 49: 369-374, 2012.

Mayrovitz HN, Bernal M, Brlit F, Desfor R. Biophysical measures of skin
tissue water: variations within and among anatomical sites and correlations

between measures. Ski Res Technol 19: 47-54, 2013.

Mccook RD, Wurster RD, Randall WC. Sudomotor and vasomotor
responses to changing environmental temperature. J Appl Physiol 20: 371-378,

1965.

Montagu JD, Coles EM. Mechanism and measurement of the galvanic skin
response. [Online]. Psychol Bull 65: 26179, 1966.

http://www.ncbi.nIm.nih.gov/pubmed/5325891 [17 Feb. 2018].

Morris NB, Cramer MN, Hodder SG, Havenith G, Jay O. A comparison

32

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



767 between the technical absorbent and ventilated capsule methods for measuring

768 local sweat rate. J Appl Physiol 114: 816-823, 2013.

769 31. Murota H, Matsui S, Ono E, Kijima A, Kikuta J, Ishii M, Katayama |I.
770 Sweat, the driving force behind normal skin: An emerging perspective on

771 functional biology and regulatory mechanisms. J Dermatol Sci 77: 3-10, 2015.

772  32. Nadel ER, Mitchell JW, Saltin B, Stolwijk JA. Peripheral modifications to
773 the central drive for sweating. [Online]. J Appl Physiol 31: 828-33, 1971.

774 http://www.ncbi.nlm.nih.gov/pubmed/5123659 [23 Mar. 2017].

775 33. Nakagawa N, Sakai S, Matsumoto M, Yamada K, Nagano M, Yuki T,

776 Sumida Y, Uchiwa H. Relationship Between NMF (Lactate and Potassium)
777 Content and the Physical Properties of the Stratum Corneum in Healthy
778 Subjects. J Invest Dermatol 122: 755-763, 2004.

779  34. Nilsson G. Measurement of water exchange through skin [Online]. Med Biol

780 Eng Comput 15: 209-218, 1977. http://dx.doi.org/10.1007/BF02441040.

781 35. Peiss CN, Randall WC. The Effect of Vapor Impermeable Gloves on
782 Evaporation and Sweat Suppression in the Hand. J Invest Dermatol 28: 443—

783 448, 1957.

784  36. Peiss CN, Randall WC, Hertzman AB. Hydration of the skin and its effect on

785 sweating and evaporative water loss. J Invest Dermatol 26: 459-470, 1956.

786  37. Raccuglia M, Hodder S, Havenith G. Human Wetness Perception: From Skin

787 To Clothing. Med &amp 49: 511, 2017.

788 38. Raccuglia M, Hodder S, Havenith G. Human wetness perception in relation

33

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

39.

40.

41.

42.

43.

44,

45.

to textile water absorption parameters under static skin contact. Text Res J 87:

2449-2463, 2017.

Ramanathan NL. A new weighting system for mean surface temperature of
the human body A new weighting system for mean surface temperature of the

human body1. J Appl Physiol 19: 531-533, 1964.

Randall WC, Peiss CN. The Relationship Between Skin Hydration and the

Suppression of Sweating. J Invest Dermatol 28: 435-441, 1957.

Sandby-Moller J, Poulsen T, Wulf HC. Epidermal thickness at different body
sites: relationship to age, gender, pigmentation, blood content, skin type and
smoking habits [Online]. Acta Derm Venereol 83: 410413, 2003.

http://ukpmc.ac.uk/abstract/ MED/14690333.

Sargent F. Depression of sweating in man: so-called ’sweat gland fatigue. In:
Advances in biology of the skin, edited by Montagna W, RA E, Al S. New

York: Pergamon Press, 1962, p. 163-211.

Sato K, Dobson RL. Regional and individual variations in the function of the
human eccrine sweat gland. [Online]. J Invest Dermatol 54: 443-9, 1970.

http://www.ncbi.nlm.nih.gov/pubmed/5446389 [23 Mar. 2017].

Sato K, Sato F. Individual variations in structure and function of human

eccrine sweat gland. Am J Physiol 245: R203-R208, 1983.

Schlader ZJ, Simmons SE, Stannard SR, Mindel T. The independent roles
of temperature and thermal perception in the control of human

thermoregulatory behavior. Physiol Behav 103: 217-224, 2011.

34

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



811 46. Schrdoder JM, Harder J. Antimicrobial skin peptides and proteins. Cell Mol

812 Life Sci 63: 469-486, 2006.

813 47. Shibasaki M, Kondo N, Crandall CG. Non-thermoregulatory modulation of

814 sweating in humans. Exerc Sport Sci Rev 31: 34-39, 2003.

815 48. Shibasaki M, Wilson TE, Crandall CG. Neural control and mechanisms of
816 eccrine sweating during heat stress and exercise. J Appl Physiol 100: 1692—

817 1701, 2006.

818 49. Shin Y-S, Kim HW, Kim CD, Kim H-W, Park JW, Jung S, Lee J-H, Ko Y-

819 K, Lee YH. Protease-Activated Receptor-2 Is Associated with Terminal
820 Differentiation of Epidermis and Eccrine Sweat Glands. Ann Dermatol 27: 364,
821 2015.

822 50. Smith CJ, Havenith G. Body mapping of sweating patterns in male athletes in
823 mild exercise-induced hyperthermia. Eur J Appl Physiol 111: 1391-1404,

824 2011.

825 51. Smith CJ, Havenith G. Body mapping of sweating patterns in athletes: A sex

826 comparison. Med Sci Sports Exerc 44: 2350-2361, 2012.

827 52. Smith CJ, Kenney WL, Alexander LM. Regional relation between skin

828 blood flow and sweating to passive heating and local administration of
829 acetylcholine in young, healthy humans. Am J Physiol Regul Integr Comp
830 Physiol 304: R566-73, 2013.

831 53. Thomas PE, Korr IM. Relationship between sweat gland activity and

832 electrical resistance of the skin. J Appl Physiol 10: 505-510, 1957.

35

Downloaded from www.physiology.org/journal/jappl by ${individual User.givenNames} ${individualUser.surname} (154.059.124.076) on May 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



833

834

835

836

837

838

839

840

841

842
843
844
845
846
847
848

849
850
851
852

853
854
855
856
857
858

54.  Williams JR, Burr ML, Williams HC. Factors influencing atopic dermatitis-a

questionnaire survey of schoolchildren’s perceptions. Br J Dermatol 150:

1154-1161, 2004.

Figure Title

Figure 1: Schematic diagram of the testing protocol indicting time periods for R1
(pre exercise rest in 23.4 £ 0.5°C, 50 * 4.7% relative humidity), R2 (pre exercise rest
in 30.1 £ 1.0°C, 30 % 4.7% relative humidity). EX1, EX2 and EX3 corresponding to
three different exercise intensities (30%, 50% and 70% of VOzmax On a treadmill,
respectively), which were then followed by two post exercise recovery periods,
labelled PEX1 and PEX2. R2 to PEX2 were all conducted 30.1 + 1.0°C, 30 = 4.7%

relative humidity.

Figure 2: The measurement area of the upper back indicating the location of a) an
electrode for galvanic skin conductance (AGSC), b) thermistor for skin temperature,
c) absorbent patch for regional sweat rate (RSR), d) MoistureMeterSC for epidermal

hydration (HYD), which was applied periodically.

Figure3: Mean (n=16) a) HYD, b) AGSC, c¢) RSR at the chest, back, arm and thigh
during rest in temperate condition (23.4 + 0.5°C, 50 + 4.7%, R1), rest in a warm
condition (30.1 + 1.0°C, 30 + 4.7%, R2), exercise at 30% VO,max (EX1), exercise at
50% VO,max (EX2), exercise at 70% VO,max (EX3) and post exercise rest in a warm
environment (PEX1 and PEX2). Additional smaller graphs are inserted to a) and b) to
increase the resolution of HYD and AGSC (respectively) during the resting periods.
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859  Note: RSR has a different measuring frequency to AGSC and HYD with only one
860  sample per stage measured.

861  Figure 4: The relation between A) AGSC and HYD B) RSR and HYD, C) RSR and
862  AGSC. Data points in A are the mean of all participants (h=16) measured during rest
863  (samples taken every 2.5 min) and exercise (samples taken every 5 min). Data points
864 in B for AGSC and C for HYD are the mean of all participants (n=16) of the final
865  measurement of each stage. In Figure 3A the vertical and horizontal dotted line

866 indicates the approximate means for HYD (~70AU) and AGSC (~4uS) at which

867  sweat was noted as being visually present on the skin surface. Below the dotted lines
868  astrong significant linear relation is observed for all locations (r*>0.803, p<0.05).
869  Above the dotted lines strong significant linear relation is observed for all locations
870  (r*>0.839, p<0.05). The smaller inserted graph (in A) highlights the relation between
871  the two parameters measured from R1 to EX1 when internal sweating was likely
872  initiated. In Figure 3B and C the vertical dotted line indicates the approximate mean
873  for when sweat was noted as being visually present on the skin surface. Strong

874  significant linear relations existed between HYD and RSR (all locations: r>0.949,
875  p<0.05) and between RSR and AGSC (all locations >>0.71, p<0.05).

876

877
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878
879
880
881
882

Table 1: Physiological responses (mean + SD, n=16) measured during each stage of the protocol. Values for R1, R2, PEX1 and PEX2 are the
mean of the final 2.5 min whilst EX1, EX2 and EX3 are the mean of the final 5 min, * and ** indicates significant difference (p<0.05 and
p<0.001, respectively) to R1. T, = rectal temperature, T, = body temperature, Ts = skin temperature. R1- rest in temperate condition (23C, 50%
RH), R2=rest in a warm condition (30°C, 30% RH), EX1 =exercise at 30% VOmax, EX2 = exercise at 50% VOmax, EX3= exercise at 70%
VOzmax, PEX1 and PEX2 = and post exercise rest in a warm environment.

R1 R2 EX1 EX2 EX3 PEX1 PEX2
Tre (°C) 37.3+0.3 37.2+0.3 37.3+£0.2* 37.6 £ 0.4** 38.1 +£0.3** 37.7£0.2** 37.5+0.2
Ty (°C) 36.2+0.3 36.4 +0.3* 36.6 + 0.2** 36.9 £ 0.3** 37.4+0.3** 37.0 +£0.3** 36.8 £ 0.2**
Mean T (°C) 31.5+0.8 33.3+0.6** 33.8 £ 0.5** 34.0 £ 0.5** 34.5 +0.8** 34.2 £0.7** 33.9+0.8**
Chest T (°C) 325+1.2 34.1 +0.8** 343 +£0.7** 34.4+0.7** 34.6 £ 0.9** 33.9+£1.1** 33.6 £1.2*
Back T (°C) 318+1.1 33.7+0.8** 33.8+0.7** 33.6 £0.9** 33.8 +1.8** 34.4 +0.8** 34.0 £0.9**
Arm T (°C) 30.3+1.2 324 +0.7* 33.1+0.8** 34.0 £1.2** 35.1 +£1.6** 34.3 £1.8** 34.2 +£1.2**
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Thigh T« (°C) | 31.0+0.9 328+ 0.6  33.8+05%  343+06%  350+07*  343+08%  34.0+0.7**
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