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Circulatory and thermal responses of men with different
training status to prolonged physical work in dry and humid heat
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SMOLANDER J, ILMARINEN R, KORHONEN O, PYYKKO I. Circulatory and thermal responses of
men with different training status to prolonged physical work in dry and humid heat. Scand J Work Envi-
ron Health 13 (1987) 37 —46. Eight physically trained and eight untrained, unacclimated men walked on
a treadmill at 30 % of their maximum oxygen consumption up to 3.5 h in a thermoneutral {20° C/40
% relative humidity (RH)], a warm humid (30°C/80 % RH), and a hot dry (40°C/20 % RH) environ-
ment while wearing industrial work clothing. Their oxygen consumption, rectal and skin temperatures,
sweating, cardiac output, heart rate, stroke volume, and peripheral blood pressure were measured during
the tests. Thirteen of the 32 heat stress tests were prematurely stopped due to high rectal temperature,
high heart rate, subjective fatigue, or heat syncope. The physiological strain, as indicated by the rectal
temperature and heart rate, was not significantly different between the warm humid and hot dry environ-
ments (wet bulb globe temperature ~28°C). The rectal temperature and heart rate responses of the physi-
cally trained and untrained subjects did not differ in any of the environments. In the heat, the heart rate
was significantly higher than in the thermoneutral environment, but because of the markedly reduced
stroke volume the average cardiac output was not different between the three environments. The impaired
work performance in the heat seemed mainly to be related to the circulatory instability accompanying
the increased cutaneous circulation.

Key terms: body temperature, central circulation, heat stress indices, hot dry environment, peripheral cir-
culation, physical fitness, prolonged exercise, sweating, warm humid environment, work performance.

When people work for the first time in a hot environ-
ment, their work performance is often reduced, their
heart rate and internal body temperatures may increase
greatly, and they are prone to heat disorders such as
heat syncope and heat exhaustion (2, 15, 34). Depend-
ing on the severity of the environment and work load,
man can adjust to a certain extent to heat stress by in-
creased sweating and skin blood flow and thus attain
a physiological steady state.

During physical exercise in the heat, the reduction
of stroke volume has been shown to be an important
mechanism limiting physical performance (29). In a
hot environment at heavy work loads the lowered
stroke volume seems to prevent any thermally induced
rise in cardiac output (5, 18, 29, 32), and increments
in skin blood flow occur through redistribution of the
blood flow from visceral organs (27) and inactive mus-
cles (14). Therefore, unacclimated subjects cannot
reach a circulatory and thermal steady state during
heavy work in the heat, and the work periods tend to
be short.

Although the metabolic demands are usually rela-
tively low (<30 % of maximal oxygen consumption)
in hot workplaces (16), the work periods last for sev-
eral hours and work overalls are worn which can cause
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significant extra heat strain (11). Under these condi-
tions, the increase in cardiac output may provide part
of the increased skin blood flow needed to maintain
thermal balance, as suggested by Brouha (3). Earlier
observations (4, 18, 21, 30, 34) indicate that, during
light exercise in the heat, cardiac output may rise over
control values. However, it is difficult to assess the sig-
nificance of these findings in respect to work perform-
ance, because these studies employed either short-term
exercise in an unusual body position (supine, semi-
upright) or a limited number of subjects (usually three
or four).

The purpose of the present study was to investigate
the circulatory and thermal responses of unacclimated
men wearing ordinarily used industrial work clothing
during 3.5 h of light treadmill work in a warm humid
and a hot dry environment. Because the level of phys-
ical fitness has been shown to influence heat tolerance
(1, 8, 9), the measurements were made on two groups
of men with a different physical training status.

Subjects and methods

Subjects

The subjects were eight physically trained and eight
untrained healthy men, aged 28 —37 years (table 1).
The subjects were not acclimated to heat, and none
of them worked permanently in a hot workplace. Be-
fore the tests, oral and written information about the
procedures was given to the subjects, and their in-
formed consents were obtained.
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Table 1. Physical characteristics of the subjects.

Dubois body Maximum oxygen consumption
Age (years) Height (cm) Weight (kg) surface area
Group (m?) I-min™! mi-min~1-kg™
Mean SD Mean SD Mean SD _
Mean sSD Mean SD Mean SD
Trained (N=8) 318 25 1753 63 72.2 6.3 187 0.12 422 052 59.1 52
Untrained (N =8) 33.6 2.8 1782 6.3 79.1 6.3 197 0.12 320 0.28 406 31

Table 2. Environmental parameters used in the present study
— Means and standard deviations for 16 tests.

Environment

P " Thermo- Warm Hot dry
arameter neutral humid

Mean SD Mean SD Mean SD
Dry bulb
temperature
(°C) 207 05 304 05 399 0.2
Wet bulb
temperature
(°C) 133 17 273 04 222 04
Globe
temperature
(°C) 206 04 306 06 399 0.2
WBGT? (°C) 154 186 283 05 275 04
Air velocity
(m-s—1) <03 <0.3 <03

2 WBGT =wet bulb globe temperature.

Experimental procedures

Before the experiments the subjects had a medical
check-up including a clinical exercise test and routine
examinations of blood and urine. Their maximum oxy-
gen consumption (VO,max) and anthropometric char-
acteristics were then determined at a neutral room tem-
perature.

The experimental part of the study consisted of three
prolonged treadmill tests performed randomly in a cli-
matic chamber, once in a thermoneutral [20°C/40 %
relative humidity (RH)] once in a warm humid
(30°C/80 % RH), and once in a hot dry (40°C/20 %
RH) environment (table 2). In addition, these three
tests were preceded by a similar training walk in the
thermoneutral climate in order to accustom the sub-
jects to the experimental procedures. The two hot en-
vironments were chosen to give the same heat stress
index value in terms of wet bulb globe temperature
(WBGT), and they were within the range of thermal
work conditions found in hot workplaces in Finland
(22). All the tests took place in the morning, with an
interval of at least one week between the tests to avoid
acclimation effects. During the tests the subjects wore
short-sleeved and short-legged cotton underwear, cot-
ton work overalls, socks, and sneakers. The thermal
insulation value of the clothing, measured from a ther-
mal mannequin, was 0.109 K-m2-W~! (0.7 clo).

During the 48 h preceding the actual tests the sub-
jects were asked to maintain their normal diet, to avoid
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any excessive physical exertion, and not to use any
medication or alcoholic beverages. They reported to
the laboratory at around 0645 after having a light
breakfast without coffee or tea. They were also asked
not to smoke in the morning before the tests. The ther-
mistors and electrodes were attached, and the subjects
had a 30-min rest period in a lying position in a ther-
moneutral environment. The treadmill tests consisted
of seven 30-min work periods at 30 % VO,max inter-
rupted by 5-min pauses for weighing. During the tests,
flavored, lukewarm water was offered ad libitum, and
drinking was encouraged. After exercising, the sub-
jects rested for 30 min as they had done before the
tests.

The tests were discontinued if the rectal tempera-
ture or heart rate increased constantly without achiev-
ing steady state. The fixed end points were 38.6°C for
rectal temperature and 160 beats-min~' for heart rate.
Other termination criteria were subjective fatigue and
syncopal symptoms.

Measurements

The VO,max of the subjects was directly measured on
a treadmill by a method modified from that of Oja
et al (24). The expired air was directed through low-
resistance tubing (modified Koegel Y-valve) to 150-1
neoprene bags. The ventilation volume was measured
with a calibrated dry gas meter. Gas analyses were per-
formed with an infrared carbon dioxide (CO,) analyz-
er (Morgan 80ld, PK Morgan Ltd, England) and a
paramagnetic oxygen analyzer (Morgan 500d). Before
each test the analyzers were calibrated with standard
gas mixtures.

During the experiments in different environments
the pulmonary ventilation and oxygen consumption
were measured for every second work period by the
Morgan Exercise Test System (PK Morgan, England),
which, in addition to the aforementioned analyzers,
includes a microprocessor and ventilometer. During
the tests the electrocardiogram was continuously moni-
tored (OLLI 332, Kone, Finland).

Cardiac output during each 30-min exercise period
was estimated two to four times by a simplified
CO,-rebreathing technique (6, 18, 23) utilizing a rap-
idly responding infrared CO, analyzer (Datex CD
101, Datex, Finland) and a portable chart recorder
(YEW 3057-21, Yokogawa Electric Works, Japan).
During the first training walk the subjects became ac-
customed to the rebreathing protocol.



The analysis of the obtained curve and the calcula-
tions were done with a digitizer (HP9111A Graphics
Tablet, Hewlett-Packard, United States) connected to
a desk-top computer (HP85). A standard CO, disso-
ciation curve for oxygenated blood was used to esti-
mate CO, concentrations in the arterial and mixed ve-
nous blood (17, 26). For all the accepted
CO,-rebreathing curves, the correlation coefficients in
the estimation of CO, pressure in the mixed venous
blood were over 0.90. Heart rate at the beginning of
the rebreathing was used to estimate the stroke vol-
ume. The cardiac output determinations within one
30-min work period were averaged for the analysis. For
one subject working in the warm humid environment,
the CO, rebreathing was not done for technical rea-
sons.

During the last 5 min of each work period the digi-
tal systolic blood pressure was measured by strain-
gauge plethysmography (Medimatic SP2, Medimatic,
Denmark) from the left middle finger as described pre-
viously (7). For the measurement the forearm was
placed on a padded support at heart level. The digital
systolic blood pressure of the physically trained men
was also measured while the men stood beside the
treadmill. However, this procedure appeared to pro-
voke syncopal symptoms (see the Results section), and
it was not used with the untrained men.

Internal body temperature was measured during the
tests with a rectal probe (YSI 401, Yellow Springs In-
struments, United States) inserted 10 cm beyond the
anal sphincter. Skin temperatures were measured with
thermistors (YSI 427) attached at nine sites with sur-
gical tape (Scanpor, Norgesplaster, Norway). The
mean skin temperature was calculated as the area-
weighted average of the nine skin temperatures (11).
Body temperatures and heart rate were recorded every
minute with a desk-top computer (HP85) via an ana-
logue digital converter (HP2397A).

The total body evaporation rate was determined af-
ter each 30-min period from changes in clothed body
weights, and the total body sweat rate was estimated
by adding the weight gain in clothes to the total amount
of evaporation, adjustment being made for water in-
take and urination. The weight gain in clothes was
measured at the end of each test before the recovery
period. In our tests, the amount of dripping sweat
(from hands, legs, and face), which is difficult to quan-
tify, was not accounted for, and it is thus included in
the obtained evaporation rates. A differential balance
with an accuracy of + 10 g (Schember, Austria) was
used.

Total skin blood flow was estimated from calcula-
tions of the whole-body thermal conductance (21).

Statistical methods

The differences in the circulatory and thermal param-
eters were tested between the three environmental con-
ditions and between the two groups by the two-way

analysis of variance with repeated measures on ambient
temperature (33). If a significant main effect was found
between the environments, the Newman-Keuls proce-
dure was performed to locate the significant differences
between the means. In the case of significant interac-
tions a modified F-test was used to test the group dif-
ferences for each environmental condition. Because of
the dropouts during the tests (see the Results section),
the analysis of variance was performed over values ob-
tained for the steadily changing variables (heart rate,
stroke volume, digital systolic blood pressure, mean
skin temperature, rectal temperature) during the fourth
work period or over the mean values of the steady var-
iables (oxygen consumption, thermal conductance,
evaporation rate, cardiac output) and the derived var-
iables (weight loss, sweat rate) over the entire test. The
linear regression technique was used to correlate the
thermoregulatory responses with changes in cardiac
output. The differences were considered statistically
significant when p<0.05.

Results

The subjects had no difficulties in accomplishing the
exercise task in the thermoneutral environment, as in-
dicated by the stable heart rate and rectal temperature.
In both of the hot environments, however, a physio-
logical steady state was achieved only in nine of the
32 tests. A total of 13 heat stress tests were prematurely
discontinued (table 3). Three syncope episodes
took place in the warm humid environment, and they
all occurred in the trained group as the subject stood
still beside the treadmill for a blood pressure mea-
surement. (See the Subjects and Methods section.)
Eight of the 13 premature cessations took place in the
trained group.

Metabolic and thermal responses

During the prolonged tests in the thermoneutral envi-
ronment the physically untrained subjects had a lower
absolute level of oxygen consumption in comparison
to that of the trained men (table 4), but the relative
work levels (% VO,max) of the groups were equal,
the mean and standard error (SE) of the mean being
30.7 and 1.0 %, respectively, for the untrained and
31.4 and 1.2 %, respectively, for the trained groups.

Table 3. Distribution of the tests discontinued in the warm
humid and hot dry environments according to the criterion for
discontinuation.

Environment

Criterion Warm Hot

humid dry
Rectal temperature =38.6°C 4 1
Heart rate >160 beats-min~1 - 1
Subjective fatigue 1 2
Syncopal symptoms 3 1
Total 8 5




Table 4. Metabolic and thermal responses of the physically trained (N = 8) and untrained (N = 8) groups to prolonged light exer-
cise in the thermoneutral, warm humid, and hot dry environments and the results from the analysis of variance. The means
and standard errors of the means are presented for the fourth work period (mean rectal and skin temperature) or for all the
work periods averaged over the entire test (thermal conductance, sweat rate, evaporation rate, weight loss, oxygen consump-

tion).
Environment
: Thermoneutral Warm humid Hot dry Main eftects
Variable (A (B) ©) i
Environment  Training
Mean SE Mean SE Mean SE

Rectal temperature (°C)
Trained group 37.7 0.2 38.3 0.2 38.1 03 = NS
Untrained group 376 04 38.0 0.4 38.0 0.3 A<B,C

Mean skin temperature (°C)
Trained group 31.3 0.2 36.2 0.2++ 36.0 0.2+ b *
Untrained group 315 0.5 35.0 0.5 353 0.8 A<B,C

- Thermal conductance (W-m-2.°C~—1)
Trained group 34 5 101 L Rk 106 9++ - re
Untrained group 24 1 54 5 59 6 A<B,C

Sweat rate (g-m-2h-1)
Trained group 169 5 475 35 468 23++ wx ¥
Untrained group 107 10 270 30 340 25 A<B,C

Evaporation rate (g-m~2.h—1) .

Trained group 163 5 231 9 390 14 = b
Untrained group 102 10 178 10 300 14 A<B<C

Weight loss (%)
Trained group 0.7 0.1 1.1 0.1 1.7 0.3+ o NS
Untrained group 0.6 0.1 11 0.1 0.9 0.1 A<B,C

Oxygen consumption (I'min—1)
Trained group 1.31 0.03 1.34 0.04 1.30 0.04 == L
Untrained group 0.98 0.05 1.04 0.05 0.98 0.05 A<B>C

+ p<0.05, ++ p<0.01, for interaction effects between the environment and training.
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Figure 1. Sweat rate of the physically trained (T) and un-
trained (UT) subjects in the thermoneutral (20°C/40 %), warm
humid (30°C/80 %) and hot dry (40°C/20 %) environments. The
values are given as the means and standard errors of the
means. The hatched areas indicate the corresponding evapora-
tion rates, and the ambient temperature and the percentage
of humidity are shown under the columns.

In both groups, the mean oxygen consumption was
slightly higher (p<0.01) in the warm humid environ-
ment than in the thermoneutral and hot dry environ-
ments.

Before the subjects walked in the thermoneutral,
warm humid, and hot dry environments, their rectal
temperatures did not differ between the groups, the
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p<0.05, ** p<0.01 for the main effects of environment or training (NS = not statistically significant).

average being 36.7 (SE 0.06)°C, 36.7 (SE 0.06)°C, and
36.8 (SE 0.05)°C, respectively, for the three environ-
ments. During the second work period in the thermo-
neutral environment, the rectal temperatures steadied
to a similar level in both groups (table 4). In the heat,
the rectal temperature increased constantly in most of
the subjects, and five tests were discontinued because
the subject’s rectal temperature reached =38.6°C (ta-
ble 3). No significant group differences were found for
the rectal temperatures, although they tended to be
slightly higher in the trained group in the heat. At the
end of the 30-min recovery period, the rectal temper-
atures were higher (p<0.01) after work in the warm
humid and hot dry environments, but the differences
between the groups were not significant.

The mean skin temperatures were higher (p <0.01)
in the warm humid and hot dry environments, and
those of the physically trained subjects were about
1.0°C higher than those of the untrained men (p <0.01
in the warm humid environment, p<0.05 in the hot
dry environment). Consequently, the mean whole-body
thermal conductance in the heat was 47 W-m~2.°C~!
higher (p<0.01) in the physically trained than in the
untrained men (table 4).

The physically trained subjects had higher (p <0.01)
evaporation and sweat rates as compared to the un-
trained subjects (table 4 and figure 1). The sweat rates
did not differ in the warm humid and hot dry envi-



ronments, but the evaporation rate was significantly
lower in the warm humid environment, in which 49
% of the sweat produced by the physically trained sub-
jects evaporated as compared to 66 % of the sweat of
the untrained subjects (p <0.01). The deficits in nude
body weight after work in the two hot environments
were higher (p<0.01) than the corresponding values
in the thermoneutral environment.

Cardiovascular responses

Altogether 788 acceptable CO,-rebreathing curves (17
per test) were analyzed for cardiac output estimation.
The consecutive determinations of cardiac output var-
ied little in the tests in the thermoneutral environment,
the coefficient of variation (standard deviation/mean
X 100) averaging 7.2+0.7 %.

Due to the higher absolute work loads, the physi-
cally trained subjects exhibited a higher (p <0.05) lev-
el of cardiac output than the untrained subjects (table
5 and figure 2), but there was no significant difference
in cardiac output between the three environmental con-
ditions. In the warm humid and hot dry environments,
however, the individual variation in the cardiac out-
put responses was higher than in the thermoneutral en-
vironment. Elevated, unchanged or lowered cardiac
output was found in different tests (figure 3). In spite
of the individual variability, the time courses of the
cardiac output responses were rather steady through-
out each test. The changes in the cardiac output val-
ues in the warm humid and hot dry environments re-
lative to the corresponding values under the thermo-
neutral conditions correlated significantly (r=0.51,
p<0.01, N=31) with the changes in thermal conduct-
ance but not with the changes in the evaporation
(r=—0.11, NS) or sweat rate (r= —0.05, NS).

As shown in figure 2, the mean stroke volume de-

clined similarly in the warm humid and hot dry envi-
ronments (p<0.01) as compared to mean stroke vol-
ume under the thermoneutral conditions. Most of the
reduction occurred during the first 2 h of exercise, af-
ter which the stroke volume reached a relatively steady
level of about 100 ml in the physically trained and 90
ml in the untrained subjects. In the thermoneutral en-
vironment, the stroke volumes were constant, the mean
level varying from 131 to 138 ml for the trained men
and from 105 to 118 ml for the untrained men. In all
the environments the stroke volumes of the physical-
ly trained subjects were significantly (p <0.01) higher.

Because the mean level of cardiac output was not
different in the three environments, the reductions in
stroke volume in the heat were compensated by ele-
vated heart rates (p<0.01). As both groups exercised
at similar relative work loads, the heart rates were
nearly on the same level in the thermoneutral environ-
ment (figure 2). In the heat the heart rate response did
not significantly differ between the groups.

At the end of the rest period before and after the
tests the mean heart rate of the physically trained men
was lower (p<0.01). Thirty minutes after the work in
the warm humid and hot dry environments was com-
pleted, the mean heart rate was 15 beats-min~! higher
than 30 min after the test in the thermoneutral envi-
ronment. Heart rate recovery was similar in both
groups.

The mean digital systolic blood pressure remained
stable during the 3.5 h of work in the thermoneutral
environment (table 5). In the warm humid and hot dry
environments it decreased during the first hour, where-
after it remained steady.

Figure 4 illustrates the circulatory responses of two
subjects. One had an elevated cardiac output in the
warm humid and hot dry environments, his heart rate
increased continuously, and his stroke volume was

Table 5. Circulatory responses of the trained (N = 8) and untrained (N = 8) subjects to prolonged light exercise in the thermo-
neutral, warm humid, and hot dry environments and the results from the analysis of variance. The means and the standard error
of the means are presented for the fourth work period (stroke volume, heart rate, digital systolic blood pressure) or for all the

work periods averaged over the entire test (cardiac output).

Environment

Main effects

; Thermoneutral Warm humid Hot dry
Variable (A) (B) ©) - —
Environment  Training
Mean SE Mean SE Mean SE

Stroke volume (ml)
Trained group 135 7 100 6 105 6 ** =
Untrained group 107 7 91 6 84 5 A<B,C

Heart rate (beats-min—")
Trained group 89 3 134 6 121 5 b NS
Untrained group 99 4 123 7 121 5 A<B,C

Digital systolic blood

pressure (mmHg?3)
Trained group 117 7 108 8 112 8 i NS
Untrained group 111 6 104 4 105 2 A<B,C

Cardiac output (I'min-7)
Trained group 121 0.4 12.9 0.4 12.9 0.7 NS *
Untrained group 11.0 0.5 11.2 0.6 10.5 0.7

1 mmHg~133.3 Pa

* p<0.05, ** p<0.01 for the main effects of environment or training (NS = not statistically significant).
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Figure 2. Cardiac output, stroke volume, and heart rate response of the physically trained (a) and untrained (b) subjects to
prolonged exercise in a thermoneutral (¢), warm humid {a), and hot dry (O) environment. The values are given as the means
and standard errors of the means. Due to dropouts from the heat stress tests the number of subjects decreased with time

as indicated in parentheses in the heart rate figure.
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markedly reduced. The other subject reached a steady-
state level in both heat stress tests and had a slightly
lowered cardiac output. The digital systolic blood pres-
sure of both subjects remained steady throughout the
experiments, although it varied markedly with time.

Discussion

During the prolonged treadmill work requiring 30 %
VO,max in the warm humid and hot dry environ-
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ments, as compared to similar performance in the ther-
moneutral environment, our subjects exhibited the typ-
ical signs of unacclimated persons when initially ex-
posed to work in a hot environment (2, 5, 15, 34), ie,
elevated heart rate and rectal temperature and reduced
physical performance, as evidenced by the 41 % rate
of premature test interruptions. Only three subjects
were able to achieve a circulatory and thermal steady
state in both of the hot environments. It is therefore
obvious that, in workplaces with thermal work con-
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ditions similar to our test environments (WBGT val-
ue of about 28°C as the heat stress index), it is neces-
sary to reduce the heat stress, as indicated also by the
reference values in the international heat stress stan-
dard (12). However, in spite of the equivalent WBGT
values, the warm humid environment seemed to be
somewhat more severe, as indicated by the slightly
higher heart rates and higher incidence of heat syn-
cope, than the hot dry environment.

With the use of the recently proposed (13) analyti-
cal heat stress index (‘‘required sweat rate’’) the warm
humid environment was also predicted to exert the
highest thermal strain, especially in the physically
trained group working at a higher metabolic rate.
According to the model the duration-limited exposure
times (danger level) predicted for humid heat were 1
h 8 min and 3 h 46 min for the physically trained and
untrained men, respectively. The corresponding fig-
ures for the dry heat were 2 h 53 min and 6 h 18 min.
The latter values are in contrast to our result of no sig-
nificant difference in physiological strain between the

two groups. The higher sweat rates observed for the
trained men in our study, as compared to the maxi-
mum criterion value of 650 g-h~! (250 W-m~2) used
in the model, probably explains some part of this dis-
crepancy. Actually, the predicted limit for exposure
duration for an acclimated person in the hot dry envi-
ronment would be 7 h 7 min. Therefore it is possible
that the higher sweat rates coupled with aerobic phys-
ical fitness (1, 8, 9) should be accounted for in the
criteria used for unacclimated persons in calculations
of allowable work times.

Circulatory adjustments

The present study employed a simple, noninvasive
CO,-rebreathing technique to estimate pulmonary
blood flow, ie, cardiac output. Ohlsson et al (23) com-
pared this technique with the direct Fick method at
rest. In the determination of stroke volume there was
no significant difference between the two methods
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(r =0.90), but cardiac output was, on the average, 22
% higher with the CO, method because of increased
heart rate. We observed that under neutral conditions
the hyperventilation needed in the rebreathing proce-
dure increased heart rate by 5— 10 beats-min~!, and
probably cardiac output also increased, but in the heat
at a higher heart rate the increase was negligible. Thus,
in our tests, possible increases in cardiac output in the
heat, relative to that in the thermoneutral environment,
may have been underestimated. In addition changes
of about 0.8 I-min~! or less (coefficient of variation
7.2 %) were probably undetectable. We feel, however,
that using the averaged cardiac output values and ac-
cepting only CO, curves with a steady exponential rise
(r >0.90) considerably reduced the inherent variation
caused by the methodology.

In the present study, during prolonged treadmill
work requiring 30 % VOzmax, the heart rate was sig-
nificantly higher in the warm humid and hot dry en-
vironments than under the thermoneutral conditions,
but, because of the marked reduction in stroke vol-
ume, the average cardiac output was not different in
the three different environments. The mechanism be-
hind the reduced stroke volume in the heat seems to
be related to the increased level of skin blood flow (30),
which, together with the reduction in the tone of dis-
tensible cutaneous veins (35), increases the pressure and
blood volume of the veins. Because 70 % of the blood
volume is below heart level in humans and most of it
is in the veins, the venous pooling of blood under heat
stress reduces cardiac filling, central blood volume, and
stroke volume (30). In an upright walking man the
muscle pump empties the veins during each contrac-
tion, but the arterial inflow is so high that the average
venous pressure and volume are increased (10). Dehy-
dration also reduces venous return to the heart by
lowering circulating blood volume (19).

In spite of the unchanged mean cardiac output in
the heat, there was substantial variation in the indi-
vidual cardiac output responses (figure 3). A signifi-
cant part of this variation was probably caused by the
aforementioned methodological limitations and by
day-to-day biological variation. In addition our sub-
jects were voluntarily dehydrated to different degrees
(from 0.1 to 2.9 %), and this difference may have aug-
mented the variation, especially with respect to the
lowered cardiac output values (19). On the other hand,
the increases in cardiac output were significantly re-
lated to increases in skin blood flow, as estimated by
the thermal conductance. Similarly, a significant cor-
relation (0.74) between increases in cardiac output and
skin temperature was found during light exercise in
water-perfused suits, in which the skin temperature was
maintained at different levels (30). Thus at lower work
loads higher thermal stress, as indicated by skin tem-
perature or skin blood flow, may be coupled with ele-
vated cardiac output, despite reduced stroke volume.
However, in our study, the cardiac output rose over
the control value in only one of the nine tests with
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steady-state responses (figure 4). In six tests it remain-
ed unchanged, and in two it decreased slightly. High
cutaneous blood flows probably cannot be maintained
for long periods of time because of the negative ef-
fects on central circulation.

During the prolonged walking tests in the warm hu-
mid and hot dry environments the average peripheral
systolic blood pressure was significantly lower than in
the thermoneutral environment, but after the second
bout of exercise it remained stable. Three of the heat
stress tests were terminated due to exhaustion of the
subjects, whose systolic blood pressures, however, did
not show any significant lowering. This result is in
agreement with the finding of a relatively constant
mean aortic blood pressure during exhaustive work in
dry heat (28). Naturally, in the cases of heat syncope,
a drastic fall in mean aortic blood pressure must have
occurred. In the three exhausted subjects the exhaus-
tion was characterized by a high heart rate (> 150
beats-min~'), a rectal temperature of =38.4°C, and
a steadily decreasing stroke volume. In two of the sub-
jects cardiac output was elevated over the control
values. The relatively low rectal temperatures imply
that, during acute exercise-heat stress, circulatory in-
stability rather than hyperthermia may be a factor lim-
iting prolonged work performance.

Comparison of the responses of the trained
and untrained men

In 1965 Piwonka et al (25) began the discussion on
whether physical training can substitute heat acclima-
tion. At present, the experimental evidence indicates
that endurance-type physical training enhances sweat-
ing (8, 9, 20) and may increase heat tolerance by 50
% of that achieved by heat acclimation (1). Frequent
rises in internal body temperature during training ses-
sions seem to be the prerequisite for these changes (1,
8).

A strict comparison of the trained and untrained
groups is not justified in our study because the trained
men were exposed to extra postural stress during the
blood pressure measurement in a standing position.
(See the Subjects and Methods section.) In the ther-
moneutral environment the trained subjects, because
of their higher absolute work loads, had a higher mean
cardiac output, a higher stroke volume and a higher
oxygen consumption than the untrained men, but, due
to the higher evaporation rates and thermal conduct-
ances of the trained men, the heart rates and rectal tem-
peratures of the two groups were similar. However,
in the light of earlier studies (1, 8, 9), it was somewhat
surprising to note that, in the heat, the heart rate and
rectal temperature responses did not differ between the
two groups, and actually they were slightly higher in
the trained men. The physically trained men had sig-
nificantly higher sweat rates in the heat, but the rela-
tive amount of evaporation was significantly lower,
especially in the warm humid environment (reduced



sweating efficiency). Actually, in the warm humid en-
vironment, the predicted required skin wetness level
(13) for the trained men exceeded unity (1.13). There-
fore the evaporation rate required to maintain heat bal-
ance would be very difficult to achieve even by accli-
mated persons. Because the study was performed in
the wintertime and most of the physically trained sub-
jects exercised outdoors (skiing, jogging), these sub-
jects may have not experienced the same elevations in
internal body temperature as in other studies (1, 8, 9).
During long-distance skiing requiring 75 % VO,max,
the mean skin temperature of one man varied between
21.0 and 24.0°C and the rectal temperature between
37.5 and 38.0°C (31).

It is important to note, however, that in our study
the advantage of physical training in respect to work
performance was nearly maintained in the warm hu-
mid and hot dry environments, because the absolute
amount of physical work done by the trained men was
higher. In other words, in hot workplaces with fixed
work tasks, the physiological strain will be lower in
the more physically fit person.

In summary, a warm humid and a hot dry environ-
ment with nearly equal WBGT values produced
marked circulatory and thermal strain in unacclimat-
ed men performing prolonged, light physical work
while wearing work overalls. On the basis of heart rate
and rectal temperature no statistically significant dif-
ference in physiological strain was found between the
warm humid and hot dry environments or between the
physically trained and untrained subjects. In the heat,
heart rate was significantly higher than under ther-
moneutral conditions, but because of reduced stroke
volumes the mean cardiac output was not different in
the three environments. At the individual level, the in-
creases in cardiac output were related to increases in
skin blood flow, but not to an attainment of a physi-
ological steady state during prolonged work. The pres-
ent results indicate that during acute heat exposure
impaired work performance is mainly related to cir-
culatory instability caused by peripheral circulation
that is increased for heat dissipation.

Practical conclusions

The marked extra circulatory and thermal strain ob-
served in the heat stress tests indicates that continu-
ous work at the WBGT value of about 28°C should
be avoided and rest pauses in cooler environments
should be incorporated into the workshift. New work-
ers in hot workplaces are at increased risk for heat syn-
cope, and they should be warned about stationary
work positions. Physically trained persons seem to be
as affected by acute heat exposure as untrained per-
sons if the relative aerobic strain is the same. Heart
rate monitoring may be a useful method for assessing
workers’ physiological strain in a hot environment be-
cause, during prolonged work, it was associated with
reduced stroke volume rather than with increased car-
diac output.
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