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Determination of Heat Acclimatization by Capacitance

Hygrometer —Sweat Capture Capsule Method*
Yu—Jen FAN

Department of Environmental Physiology, Institute of
Tropical Medicine, Nagasaki University, 12—4 Sakamoto-machi,
Nagasaki 852, Japan

Abstract: Measurements of sweat rate in tropical and Japanese subjects were perform-
ed in an environmental control chamber (room temperature 28°C, humidity 60%). Local
heat load (43°C water bath) was applied on lower legs (30min, and 20min) to induce
thermal sweating responses. The indicators of thermoregulatory heat loss responses such
as sweat onset time, threshold oral temperature for sweating and sweat volumes (for 20
min during heat load, for 5min after heat load) etc. were simultaneously measured by
using thermography and capacitance hygrometer —sweat capture capsule method. By
analyzing the data of tropical inhabitants and Japanese (sportsmen and non-sportsmen),
the central and peripheral mechanism of heat acclimatization were investigated. In this
study, a new quantitative calibration by using capacitance hygrometer —sweat capture
capsule method was devised, i.e., on the top of the capsule fixed to the skin of sub-
ject, a small hole was made, through which, subject’s sweat or 30C 0.45% NaCl solu-
tions (0.01, 0.02, 0.03 and 0.04 ml) were precisely dropped into the capsule with a
micropipette and hole sealed. Relative humidity changes (%RH) of the capsule were con-
tinuously recorded by capacitance hygrometer. By calculating the absolute aumidity
from relative humidity, sweat rate (mg/cm?-min) could be obtained and sweat volume
was quantitatively decided by the sweat rate. (Fan—Kosaka method). Further, it was
found that the sweat onset time detected by thermography (i.e., change of skin
temperature) and by sweat capture capsule method were consistent. This new method
made the measurement of sweat volume simple and accurate, and that these experimen-
tal modalities may be utilized in further determination of physiological mechanisms of

heat acclimatization.

Key words: Capacitance hygrometry, Sweat capture capsule method, Calibration of sweat

volume, Heat acclimatization, Temperature regulation

Received for publication, May 15, 1987

Contribution No. 1982 from the Institute of Tropical Medicine, Nagasaki University

*A portion of this paper was presented at the 64th Annual Meeting of the Physiclogical
Society of Japan, Chiba, 1987.



108

INTRODUCTION

The onset of thermal sweating in heat-unacclimatized subject during application of
heat load does not occur untill after core temperature has started to rise and the max-
imum sweating rate (about 0.2ml/sec) is not reached until core temperature has risen by
about 1C (Benzinger, 1969; Bligh, 1973). In the process of heat acclimatization, the onset
of thermal sweating occurs after a progressively shorter delay and at a lower core
temperature, in response to repeated exposures to the same heat load on succeeding
days (Ladell, 1964; Hori, 1976; Fan ef al., 1984). Recently, there appeared to be many in-
formation about an importance for measurement of fine changes of sweat rate in the pro-
cess of heat acclimatization, and pulsatile nature of thermal sweating was observed by us-
ing various recording techniques, such as an infrared gas analyzer (Albert and Palmes,
1951), thermography (Ohwatari ef al., 1983) resistance hygrometry (Nakayama and Takagi,
1959; Custance, 1962; Ogawa an Bullard, 1971, 1972) and capacitance hygrometry (Ogawa
and Bullard, 1971, 1972; Sugenoya and Ogawa, 1985; Ogawa, 1987). Regarding capacitance
hygrometry, the response during the calibration and much finer fluctuation of sweat rate
curve during measurement by using capacitance hygrometer were quicker and more ac-
curate compared to those of resistance hygrometer (Sugenoya and Ogawa, 1985). In both
resistance and capacitance hygrometry, however, there seems to be something devised on
the calibration for measureing sweat volume. Therefore, the purpose of the present study
was to devise a new method for accurate calibration of sweat volume in the actual state
of sweating skin. And analysis of thermal sweating responses induced by heat load was
porformed by using the newly devised sweat capture capsule method from the view point
of determination of heat acclimatization.

METHODS

Subjects: 25 healthy tropical male residents and 38 Japanese males were the subjects of
this study. 26 out of 38 Japanese subjects, were the athletic students of Nagasaki
University and the rest were sedentary Japanese. Tropical subjects were those who had
just arrived in Japan within (the past) three months, while the experiments were being
performed. Their native countries were Southeasten Asia (Thailand, Phillipine, Taiwan, In-
donesia, Burma, Bangadesh) and Africa (Tanzania, Zaire, Sudan). Two kinds of method
for detecting the thermal sweating —thermography and capture capsule method —were ap-
plied, and 40 out of 76 experiments were carried out with capture capsule method in the
present investigation.

Experimental procedures: an environmental control chamber (28°C, 60%) as shown in
Fig. 1 was used for this study. All subjects were submitted to sit on the chair for at
least 60 minutes before the experiment began. Attachments were made as shown in Fig.
1. Ten minutes after the beginning of experiment, heat load (43°C hot water, 30min) was
applied on bilateral lower extremities to induce thermal sweating. Thermoregulatory
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EXPERIMENTAL SURVEY
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Fig. 1. Experimental survey in environmental control chamber.
(For details see text)

responses such as temperature changes of oral cavity, rectum and skin (chest, abdomen,
back, forearm) were simultaneously measured with thermistor connected to computer (PC
8801). Mean skin temperatures of a certain area of chest and abdomen were measured
every minute and analyzed by using thermography and computer system (NIHON KODEN,
K. K.) in order to detect the sweat onset time of each subject. In the present experi-
ment, a continuous quantitative measurement of thermal sweating was performed by us-
ing plastic capsules (30mm diameter, 30mm height) attached onto the chest and abdominal
skin with a liquid adhesive (10% celloidin). Dry N, gas was flowed into the capsule with
a constant flow rate of 1{/min, and the change of the humidity of effluent gas were
detected by Hygrometers (H211 TAKARA Instruments. Co.) connected to DC-pen-recorder,
as shown in Fig. 1. For the calibration of sweat volume, a new method was developed.
On the top of the capsule, a small hole to fit to the tip of micropipette (Finnpipette 2,
LABSYSTENS OY Finland) was made. At the end of experiment the subject was submit-
ted to supine position on a bed in order to calibrate the sweat volume. Through the
hole, sweat or 30C 0.45% NaCl solution was dropped into the capsule with the
micropipette precisely. Fig. 2 shows the time courses of humidity change when 0.01, 0.02,
0.03 and 0.04 ml of 0.45% NaCl solution dropped in the capsule attached to forearm
skin. The area of each tracing of hygrometer recording were quantitatively measured in
mg and plotted against the volumes of NaCl solutions added for calibration. A regression
line (Y=17.09x+0.0494 (correlation coefficient r=0.993)] for volumes 0.01, 0.02, 0.03 and
0.04 ml was obtained. (Fig. 3)

For calculating the sweat rate (mg/cm?2-min), absolute humidity (x) is induced first
by following equation from relative humidity (% RH).

o - Ps

x=0.622 X 55—
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Environmental control chamber: 28°C, 60%
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Where x:Absolute Humidity (kg/kg Dry air)
¢:Relative Humidity (%RH)
Ps:Saturated Pressure (mmHg)
Po:Whole Pressure (mmHg)

For example when Po=760mmHg t=307C (Ps=31.82unHg)
e=10% diameter of capsule:30mm
N, - gasflow:1 { /min

Therefore (%RH) 10% —— 0.416mg/cm2-min

RESULTS

The sweating responses of a tropical inhabitant and Japanese evoked by a local
heat load were monitored in an environmental control chamber. The changes of chest
and abdominal skin temperature during sweating was recorded and analyzed by ther-
mography system. The duration between starting heat load application and sweating
onset was found to be longer in tropical subjects (n=20 mean onset time and SE: 11.9+
0.6 (chest) 11.4%0.7 (abdomen) compared with those of Japanese sportsmen (n=20 mean
onset time and SE: 9.1 +0.7 (chest) 9.1i0.7 (abdomen) and Japanese non-sportsmen (n=
10 mean sweat onset time and SE: 6.5%0.6 (chest) 6.5+0.6 (abdomen)) as shown in

Comparison of sweat—onset time
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Fig. 4. Comparison of sweat—onset time between tropical inhabitants and Japanese
in 43°C hot water stimulation. Asterisks show the significant difference of
Comparisons to the sedentary Japanese (For details see text)
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Fig. 4. Oral temperature rise rate during heat load of 12 subjects of each group were
analyzed. It was concluded that tropical residents have a higher rate (0.045°C/min) than
Japanese sportsmen (0.035°C/min) and also tropical residents showed a bigger ATo (ATo=0.
24—0.29C) than that of Japanese sportsmen (ATo=0.18—0.19C). As shown in Fig. 5, in-
dividually, the mean skin temperature on abdomen during sweating was always lower
than that on chest, and the abdomen tended to sweat faster compared to chest. After
terminating the heat load, the mean chest skin temperature instantly rised whereas the
mean abdominal skin temperature showed a little but definite dip of temperature dissocia-
tion of which origin and mechanism are not clear yet. Fig. 6 shows the experimental pro-
cedure of sweating analysis by using the sweat capture capsule method with calibration
curve obtained by Fan—Kosaka method. Sixty minutes after the entry of an environmen-
tal control chamber (28°C, 60%), the experimental recording was begun and 10 minutes
later the subjects was applied the first 30 minutes heat load (43°C water bath) on
bilateral lower extremities. After the end of heat load, it took 20 minutes before the
humidity of capsule returned to initial level. Then, the second 20 minutes heat load was
applied, 30 minutes after the end of second heat load, calibration of sweat volume was
executed by dropping 0.01, 0.02 ml of subject’s sweat into the capsule. Further in this

C
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5. Sweating onset time detected by thermography and the skin temperature
dissociation after heat load. white arrow: the sweating onset time of ab-
domen. black arrow: the sweating onset time of chest. (For details see text)
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Fig. 6. The experimental procedure of sweating analysis with calibration.
(For details see text)

figure (Fig. 6), the latent time of sweat onset (b, b’), the sweat volume during 20
minutes heat load (d, d’), the change of oral temperature (ATo) at sweating onset (c, c’)
and the sweat volume for 5 minutes after end of heat load (g, g’) were schematically
demonstrated.

Recording of thermal sweating of a Japanese sportsman induced by the first and
the second heat load (Fig. 6) is shown in Fig. 7. Sweat rate (mg/cm?-min) and calibra-
tion of sweat volume were determined by sweat capture capsule method (Fan—Kosaka
method). Mean chest and abdominal skin temperature were measured by thermography.
Sweating onset oral temperatures during the first and the second heat load were 37.01°C
and 37.06°C, respectively. These oral temperatures seem to be the threshold temperature
for the initiation of sweat response. Therefore, the threshold temperature of 37.01°C —37.
06C is the set point temperature (Hammel ef al., 1963) for sweating of this subject. The
sweat onset times dectected by the thermograghy and the sweat capture capsule method
were similar both at the chest and the abdomen. This finding indicates the universal out-
break of thermal sweating (Kuno, 1953), which may be achieved by the central
sudomotor drive, i.e., via the central mechanism for sweating located in the pre-optic
area and anterior hypothalamus (PO/AH). However, the latent time of second sweat onset
evoked by the second heat load was shorter than that of the first heat load, this being
due to the fact that the oral temperature at the beginning of second heat load was still
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Fig. 7. Sweating pattern induced by heat load (hot water: 43°C; 30min, and 20min)

on lower legs of a Japanese sportsman. A regression line of calibration was
Y=19.66x—0.0656 (correlation coefficient r=0.9997) (For details see text)

high, though the sweat rate had returned to the initial level. The sweat volume during

20 minutes of the second heat load was larger than that of the first heat load. The in-
creased sweating capacity observed during the second heat load may depend not only on
increased activity of the central sudomotor drive but also on the increased activity of the
peripheral sweat gland (Kuno, 1956, Nadel ef al., 1974). The sweat volume for 5 minutes
after the end of the second heat load was less than that of the first heat load. The
decreased sweating capacity is possibly due to the phenomenon of the so-called
hidromeiosis (Brown, ef al., 1965). During sweating, the chest and abdominal skin
temperature decreased by evaporative heat loss which was able to detect with ther-
mography system. At the same time, on the contrary, the sweat rate detected by the
capsule method increased. So the decreased and increased curves composed a mirror im-
mage as shown in Fig. 7. The sharp spike of sweat rate curve appeared at the beginn-
ing of the second heat load is considered to be mental sweating.
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Fig. 8 demonstrates a similar recording of thermal sweating of a Chinese sport-
sman. Both sweating onset oral temperatures during the first and the second heat load
were 37.01°C and 37.04C respectively. These threshold temperatures for the initiation of
sweating are similar to those of Japanese sportsman in Fig. 7. The other ther-
moregulatory responses such as sweat volume and sweat onset time observed during
sweating induced by the first and the second heat load were considerably similar to
those of Japanese sportsman as summarized in Table 1. However, after terminating both
the first and the second heat load, definite dips of temperature dissociation were observ-
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Fig. 8. Sweating pattern induced by heat load (hot water: 43°C; 30min, and 20min)
on lower legs of a Chinese sportsman. A regression line of calibration was
Y =15.33x—0.0288 (correlation coefficient r=0.9973) (For details see text)
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Table 1. Analysis of oral temperature changes and sweat volumes correspond to Fig. 6
A: Japanese sportsman B: Chinese sportsman
C & D: Tropical residents (For details see text)

a b [¢ d e f g
(C) (min) (C) (mg) () () (mg)
subject | initial To  latent time ATo of sweat vol. ATo of ATo of sweat vol.
of 1st of Ist Ist sweat  of Ist 20min Ist 30min  5min after of 5min after
H. L. sweat onset onset H.L.duration H. L. H. L. off 1Ist H. L.
A 36.70 9 0.31 15.0 0.82 0.53 13.0
B 36.55 12 0.46 10.6 1.04 0.83 13.6
C 36. 82 17 0.10 0.4 0.46 0.39 0.4
D 36. 34 12 0.20 0.8 0.55 0.36 32.5
a’ b’ c’ d’ e’ f’ g’
subject | initial To  latent time ATo of sweat vol. ATo of ATo of sweat vol.
of 2nd of 2nd ond sweat of 2nd 20min  2nd 30min  5min after of Smin after
H. L. sweat onset onset H.L.duration H. L. H. L. off st H. L.
A 36.83 6 0.23 33.0 0.69 0.41 0.3
B 36. 88 7 0.16 20.0 0.56 0.44 0.9
C 36.98 6 0.03 20.0 0.37 0.34 0.3
D 36. 40 7 0.26 74.0 0.47 0.29 30.6

ed between chest and abdominal skin temperatures as shown in Fig. 5. The change of
the chest skin temperature in the capsule (in ch. cap.) measured with thermistor during
sweating showed the same tendency as those detected by thermography.

Fig. 9 shows a recording of thermal sweating of a tropical inhabitant just arrived
in Japan one month before the experiment was performed. The threshold oral
temperatures of the first sweat onset and the second sweat onset were 36.92°C and 37.01
C, respectively. These threshold temperatures were almost similar to those of Japanese
sportsman and Chinese sportsman as shown in Fig. 7 and Fig. 8, respectively. However,
the first latent time of the first heat load (17 minutes) is markedly longer compared to
those of Japanese sportsman (9 minutes) and Chinese sportsman (12 minutes). This long
latent time caused the small amount of sweat volume in first 20 minutes heat load. This
result clearly indicates the phenomenon of tropical heat acclimatization.

Analytical results of sweating responses of 4 typical subjects: Japanese sportsman
Chinese sportsman and 2 tropical residents were summarized in Table 1. Subjects A, B,
and C correspond to subjects of Fig. 7, 8 and 9, respectively. The figure of subject D is
exceptionally omitted in this paper. The alphabets of this table (a-g, a’-g’) were also cor-
responded to those of Fig. 6, respectively. The analytical data on heat loss responses of
thermoregulation—the present indicators of thermal sweating —were not complete, never-
theless, the tendency in the present results demonstrated in this table was expectable.
Therefore, the results of the present experiment may be utilized in further determination

of physiological mechanisms of heat acclimatization.
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Fig. 9. Sweating pattern induced by heat load (hot water: 43°C ; 30min, and 20min)
on lower legs of a tropical inhabitant. A regression line of calibration was
Y=16.96x—0.0011 (correlation coefficient r=0.9971) (For details see text)

DISCUSSION

Observation and measurement of sweating responses have been determined by
Minor method, Ohara’s filter paper method, thermography system available for various
skin areas (Ohwatari ef al., 1983), and Galvano-Skin-Reflex (GSR) technique of electric
resistance change of the skin. Pulsatile nature of mental and thermal sweating was
observed under various experimental conditions using newly developed techniques, such
as an infrared gas analyzer (Albert ef al, 1951), resistance hygrometry (Nakayama and
Takagi, 1959; Custance, 1962) and capacitance hygrometry technique for measuring local
sweat rate (Ogawa and Bullard, 1971, 1972; Sugenoya and Ogawa, 1985). The comparison
of two recording curves taken by the use of a capacitance hygrometer and a resistance
hygrometer indicated a quickened response during the calibration and much finer fluctua-
tions of sweat rate curve during measurement in the record by capacitance hygrometry
(Sugenoya and Ogawa, 1985). Therefore, in the present investigation recording of sweat
rate was achieved by the capacitance hygrometry by using a newly developed hygrometer
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(H211, TAKARA Instruments, Co.) which is highly suitable for picking up fluctuations of
sweat expulsion. Here, a new trial was performed to develop a new accurate method for
calibration of sweat volume in the actual experimental state of the subject’s skin under
the sweat capture capsule. To attain the aim, a small hole fit to the tip of micropipette
was made on the top of capsule. In addition to Fig. 2 and Fig. 3, calibration of humidity
change of 0.01, 0.02 and 0.03 ml 0.45% NaCl solution was carried out, and a regression
line Y=18.6x—0.0109 (correlation coefficient r=0.998) was obtained. The results of these
two regression lines with two correlation coefficients indicate a high reliability of the pre-
sent method for the determination of sweat volume.

The principle and developmental process of thermography and its application to the
measurement of sweating were theoretically and experimentally reported in the previous
paper (Ohwatari ef al., 1983). And the sweat onset time detected by thermography were
consistent with those of the present sweat capture capsule method which confirmed the
reliability and accuracy of these two different methods for measurement of sweating.
Therefore, we called this measuring method as sweat capture capsule method (Fan-
Kosaka method). The results of the sweat onset times demonstrated in Fig. 4 agreed
with other investigators. According to Hori et al., (1976) in similar environment condition
(30°C, 70%), inhabitants of Naha, Okinawa and Honshu showed the sweat onset time of 8.
9 and 3.5 minutes by 42°C water bath heat load on the legs, respectively.

Regarding the longer sweating onset time of tropical inhabitants (see Fig. 4, Fig. 9
and Table 1) compared to Japanese inhabitant, though there exists some differences bet-
ween Japanese sportsman and sedentary Japaneses the following explanations are possi-
ble: a) a shift of threshold core temperature of sweating onset time, b) a set of core
temperature to lower level, and c) a decline of rising curve of core temperature during
heat load. The factor which determine the set-point of body temperature are lower basal
metabolism concerning to heat production and the physical constitution relating to heat
dissipation of the tropical inhabitants (Hammel et al., 1963).

The universal outbreak of sweating (Kuno, 1953) was confirmed not only at the
chest and abdominal skin but also the face, neck, back and extremities surface areas of
present subjects. However, the phenomenon of temperature dissociation between the
chest and abdominal skin was observed after terminating the heat load. (see Fig. 5 and 8)

Although the origin and thermoregulatory mechanism of the temperature dissocia-
tion is not clear, but the following factors: a) regicnal differentiation of sympathetic ef-
ferents on the chest and abdominal skin blood flow during thermal stimulation (Iriki, 1976,
1983), h) active vasoconstriction of abdominal skin vessel, c) difference of subcutaneous
fatty layer between the chest and abdomen, d) the effect of skin pressure reflex caused
by sitting position (Takagi and Sakurai, 1950), e) difference of concentration and distribu-
tion of active sweat glands between the chest and abdominal skin, f) air flow of en-
vironmental control chamber, g) the phenomenon of hidromeiosis due to exhaustion of
sweat gland activity (Brown and Sargent, 1965; Ogawa 1987), h) after heat load off, an in-
creasing of evaporative heat loss capacity due to the decrease of sweat rate on the ab-
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dominal skin etc, are considered.

Hemihidrotic phenomenon i.e., the inhibition of thermal sweating in human beings
as a consequence of postural changes (Kuno, 1953; Ogata and Ichihashi, 1935) was prov-
ed to be the effect of mechanical pressure applied on the skin (Takagi and Sakurai, 1950;
Kawase, 1952). The mechanism of afferent pathway of the skin pressure reflex was par-
tially clarified by the findings of reflex inhibition of shivering by pressure stimulation on
the skin surface of the rabbit (Takagi, 1960; Kosaka, 1967, 1969). Therefore, effect of
this skin pressure reflex during sitting on a chair may be considered as an important fac-
tor of the present temperature dissociation between the chest and abdominal skin.

The origin and physiological mechanism of hidromeiosis (Brown and Sargent, 1965;
Ogawa, 1987) is recently proved to be the decreased sweat rate due to organic displace-
ment of sweat gland caused by excess sweating during severe heat load. This
phenomenon may be available to explain the physiological mechanism concerned with
temperature dissociation and the decreased sweating capacity for 5 minutes after ter-
minating the second heat load as shown in Figs 7, 8, 9 and Table 1. Concerning sweat
volume in the present experiment, sweat volume collected from sweat skin during the
first and the second heat load applied on bilateral under extremities was not enough to
analyze the concentrations of electrolytes such as sodium, chloride and potassium, the
result of which could explain the mechanism of Hidromeiosis and of increased sweat
volume during 20 minutes of the second heat load (Fujishima and Kosaka, 1971).

In fact, natives in the tropical zones have the high capacity of sweating but they
have acquired the ability to avoid excess sweating by heat acclimatization (Kuno, 1956).
The long term heat acclimatization in contrast to short term heat acclimatization is
enigmatic except to the teleologic thinking which can’t be ruled out as incorrect in the
present investigation.

The present results of sweating responses in Japanese and tropical sportsmen sub-
mitted to heat load and physical training agreed with those of the similar experiments
designed from the view-point of cross adaptation (Hori, 1977), and which is marked by in-
creased sweating capacity observed in a Japanese sportsman (Fig. 7) and of a tropical
sportsman (subject D in Table 1) This may be due to both increased activity of the cen-
tral sudomotor mechanism in the pre-optic area and anterior hypothalamus (PO/ARH)
through heat load and of the peripheral vaso-motor activity on the sweat gland through
mechanical stimulation of physical training (Kuno, 1956; Nadel ef al., 1974).
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HEFEEE—RIT » 7 2 B &5 BB O BT
U BLC (RIGRFHGESHFATRIELM)

%in28°C, BE60XICHHET XN R HIHEREE CEAMERSCHRAA R~V v Y Of
FEGCIR BRI (43°CIRK, 30%0) %AW L CHRRFAMOBBEBRIL (BcRBRET) ¥BH
L, ¥—x777 WEPAERNBE —FHT 7 7w VB X - TRITHBIRE, RFHREQ
Teim, fiEb Q7RD, REE (59M) DR ER S MBI & R - L
T, BRHWHER - BAAAR =Y ~v HRAFAR -V v v D IFCOWTCT — & — & LG
L EBE L o st - R AR I L
KPFE Tz (1) FERBET—RBT» 7w R L 5 ETFEEOKIEME (calibra-
tion) DM HFE L RAA, HRECESE LLETFH 7w OIATIC S 5 Fohilnb s 7«
T ORED LCFR30TC - 0.45% NaCl ###% 0.01, 0.02, 0.03, 0.04ml DEEF><A
e, P EROCTEBEA, BREAREBE YA L CHMEE (%GRH) iR Bt
L, THEMENBECER, ERACERTEY mg/om? min OB CRIEL, ELigt$o
T BEOHAREE L.

(2) k&, BF» 7erh: (Fan—Kosaka method)ic & % RAEES, SyTEatAMME N s
= x 75 7 HEWC L AR - P EEROER ST b 0—FK, IHERR
BEF—RT S 72 VERRTFEOEMABEN TR TS B 5, RITBITICED CEY e F B
ThHHI ENPLI IR - T,

BEIERY H20% 2% 107—121H, 198746 A



