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EXECUTIVE SUMMARY

This technical report provides a comprehensive overview of the normal
physiological responses to environmental and exercise-related heat stress, with
emphasis placed on acute heat exposure and acclimation produced by repeated heat
exposure. Environmental heat stress increases the requirements for sweating and
circulatory responses to dissipate body heat; an environmert that is warmer than the
skin aiso causes the body to gain heat from the environment, and thus incraases the
amount of heat that the body must dissipate. In addition, muscular exercise increases
metabolic rate, and thus also increases the rate at which heat must be dissipated to
the environment to keep core temperature from rising to dangerous levels.
Environmental heat stress and muscular exercise therefore interact synergistically, and
may push physiological systems to their imits. To regulate body temperature, heat
gain and loss are controlled by the autonomic nervous system through adjustment of:
a) heat flow from the core to the skin via the blood; and b) sweating. The
hypothalamic thermoregulatory center receives information from thermoreceptors in
the skin and body core, and processes this information via a proportional control
system to generate a signal for heat loss, by the thermoregulatory effector responses
of sweating and skin bicod flow. Repeated heat exposures that are sufficient to raise
core temperature, result in adaptations which reduce the physiological strain produced
by such exposure. The primary biomedical factors influencing effectiveness of the
thermoregulatory system in defending body temperature are the individual's
acclimation state, aerobic fitness, hydration levei, sieep status, circadian timing, health
and medication. in addition, such factors as gender, race, age, and certain medical
disorders—including skin disease and spinal cord injury—atfect thermoregulatory
respoqnses.







INTRODUCTION

Environmental heat stress increases the requirements for sweating and
circulatory responses to dissipate body heat; when the environment is warmer than
the skin, it also causes the body to gain heat from the environment, and thus
increases the amount of heat that the bedy must dissipate. In addition, muscular
exercisa increases metabolic rate above resting levels, and thus alsc increases the
rate at which heat must be dissipated to the environment to keep core temperature
from rising to dangerous levels. Environmental heat stress and muscuiar exercise
therefore interatt synergistically, and may push physiological systems {o their limits.
This technical repcrt provides an overview of the normal physiological responses to
environmental and exercise-related heat stress, with emphasis placed on acute heat
exposure and acclimation produced by repeated exposure to heat stress. More
compiete reviews of some material covered in this technical report can be found in
other recent reviews (4,122,168,195,197,198,219,240,254).

HEAT STRESS

Humans ara tropical animals, and it is primarily through cultural and behavioral
means that they have adapted to e in temperate and cold environments
(60,123,137). This generalization is based on the following evidence: (a) humans rely
primarily on physioiogical thermoregulation in the heat, but primarily on behavioral
thermoreguiation in the coid; (b) the thermenautral ambient temperature for nude
humans and the temperature necessary for undisturbed sleep are reiatively high
(~27°C); and {c) humans demonstrate substantial heat acclimatization, but only
modest cold acclimatization.

Hot climates are present over large areas of the earth and are tolerated weli by
humans. Figure 1 is a global map of Wet Bulb Globe Temperature (WBGT)® during
July, the hottest menth i the northern hemisphare (4) . During July much of North
America, South America, Europe and Asia have WBGT values above 28°C (85°F).

! WBGT is a computed index of environmental heat stress. Outdoors WBGT = 0.7 wet bulb
+ 0.2 black globe + 0.1 dsy bulb; indoors WBGT = (.7 wet bulb + 0.3 black globe
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Depending on the climate, such high WBGT values can be achieved either thrcugh
high humidity, as reflected in high wet bulb temperature, or through high air (dry bulb)
temperature and solar load, as reflected in black globe temperature.

{INSERT FIGURE 1 HERE}

Given access to shade and adequate water, heaithy persons can tolerate
extended exposure to virtually any climatic heat stress. By contrast, many
occupational situations involve heat-stress conditions so sovere they cannot be
tolerated for extended periods. Such conditions typically mvolve WBGT values above
35°C (115,136) and are encountered in deep mining, doiler room work and fire
fighting, as well as when wearing protective clothing in hot environments. The safety
of persons working in these conditions depends on either observing strict limits on
exposure time (154), or the use of microciimate cooling (215).

THERMOREGULATORY CONTROL

In contrast to the broad temperature range in places of hunian habitation,
human body temperature is usually regulated within a narrow range (35° to 41°C).
This is accomplished through two paralie! processes: behavioral temperature
regulation and physiological temperature regulation. Behavioral ternperature regulation
operates largely through conscious behavior, and may employ any means available.
Physiological temperature regulation operates through responses that do not depend
on conscious voluntary behavior, and includes control of: {a) rate of metabolic heat
production, (b) heat flow via the blood from the core to the skin, and {(c) sweating.

"Physiological controt systems can produce graded responses according to the
disturbance in the regulated variable, in this case core temperature. Usually, the
magnitudes of changes in responsas (e.g., sweating, skin blood flow) are
approximately proportional to displacement of the regulated variable from some basa!
value, and such control systems are called "proportionat-control systems®. For
convenience body thermal rsceptors can be grouped into those located in core and
tnhose in skin, but it should be remembered that netther the core nor the skin has a
uniform temperature The thermal receptors in the core are unevenly distributed, and
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have been shcwn in laboratory mammals o be concentrated especially in the
hypothalamus, where much of the integration also occurs. Temperature changes cf
only a few tenths of 1°C in the anterior preoptic area of the hypothalamus elicit
substantial changes in the thermoregulatory effector responses (21). Outside the
hypothalamus, core sites that may have thermal receptors include the heart, major
blood vessels, and spinal cord (20,48,231). Figure 2 shows how refiex control of
three heat-dissipating responses—sweating, skin blood flow, and forearm venous
volume—cepends on body core temperature (represented by esophageal temperature)
and mean skin temperature (189,241,243). At any given skin teraperature, each
response is approximately proportional to esophageal temperature; and increasing the
skin temperature lowers the threshold level of esophageal temperature for the
response, thus increasing the response at any given core temgperature.

{INSERT FIGURE 2 HERE]

The most accurate mathematical representation of reflex controt of
thermoregu'atory effector responses is probably a complicated function of different
tissue temperatures with some non-linear elements; however, it is convenient to
represent the coniro! in terms of a finear combination of core temperature (T,) and
mezn skin temperature (T,.), and to represent the contro! of each thermoregulatory
effector response by an equation like the following:

R-Ry=a T +aTa+b

where R is a tharmmoregulatory response;

R, is a basal value of R;

and a,, 8,, and b are constants.
In terms of Figure 2, g, is the slope of a particutar R:T, relation and a, is the affect of
a unit change in T,, on the R:T, relation. The ratio a,;a, is about 9:1 for the heat
dissipating responses of sweating (130), "active” vasodilation (see below) as
represented by forearm blood flow {243), and vasodilation thfough release of
vasoconstriction as represented by finger blood flow (242). For control of forearm
venous volume, seportad values of the ratio a,:a, ars substantially smalier than 9:1
(241), but the physiological significance of this differenca is not clear.




The coefficients 2, and a, represent tha sensitivity of R to changes in T, and
... respectively, and the ratio of 2:1 means that & change of 1°C in core temperature
elicits about nine times as great a change in thesmoregulatory response &s does a
1°C change in mean skin temperature. However, since skin temperature ganerally
varies over a wider range than does core temperature, the importance cf skin
temperature in thermoregulatory control is greater than what the 9:1 ratio might
suggest. The responsiveness of the thermoregulatory system to core temperature
changes is necessary if the thermoregulatory svstem is to keep core temperature
relatively constant, and the system’s sensitivity to mean skin temperature allows the
system 1o respond appropriately to large changes in environmental temperature while
permitting little change in body core temperature.

The function of the human thermoregulatory system is shown schematicatly in
Figure 3 {198). This scheme presumes that there are thermal receptors in the core
and skin that se~d information about their temperatures to some central inteptor,
which generates a "thermal command signal® that participates in the control of
sweating, vasodilation, and vasoconstriction. The nction of such a thermal command
signal is supported, first, by observations that for the thermoregulatory contro! of any
one of the heat-dissipating responses, the ratio of the contributions of core ang skin
temperature inputs is the same as for the others; secondly, by observations that
thresholds for different thermoragulatory responses are shifted simultaneously, and to
a similar degree, by factors such as circadian rhythms, fever, phase of the menstrual
cycle, and heat acclimation (77). It is useful to think of such similar and simultaneous
shifts in thresholds for a number of different thermoregulatory responses as
representing (or as being ths result of) a shift in thermoregulatory "set point®. The
notion of such a thermoregulatory set point is made move intuitively comprehensible
by the fact that changes in set point are reflected in similar-size changes in core
temperature at rest.

[INSERT FIGURE 3 HERE]
Since skin temperature generally is not uniform, the contribution of skin
temperature to thermoregulatory control is usually expressed in terms of an
appropriately weighted mean skin temperature. Neurophysiological studies show three
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types of thermal receptors in skin (82,9C), one type responding to heating with a
transient burst of activity and an increase of static activity; one type responding to
cooling with a transient burst of activity and an increase of static activity, and one type
responding to severat stimuli, inciuding warming, with a continuous discharge. The
transient discharges that occur at the beginning of heating or cooling give the central
integrator information about changes in skin temperature as they are occurring, and
this f2ature may account for the sensitivity of sweating not only to skin temperature,
out alsc 10 the rat2 at which skin temperature is changing (131)

CORE TEMPERATURE

Measurement of Core Temperature

Fundamenta! to the experimental study cf human temperatura regulation is the
measurement of body core temperature. Core temperature is measured either to
estimate average intemal temperature to compute changes in heat storags in the core,
ur to srovide an estimate of the core temperature input to thermoregulatory control.
Thers is no one "true® cora temperature because of temperature difference among
different sites in the core. However, temperatures at 2ll core sites are close to {within
about 1°C) central btood temperature at therma! steady state. An ideal site to
measure core temperature should be convenient and unbiased by envircnmantal
conditicns, and should rapidly and quantitatively reflect smak changes in central
arterial blood temperatute. Cora temperature is often measured at the esophagus,
rectum, mrouth, tympanum, and auditory mestus,

Esophageal temperature is obtained with A sensor passed through the nose
and throat into the esophagus to the level of the left atrium, where the heart and
esephiagus are in contact and virtually isothermal for several centimetors (22).
Esorhageal temperature responds rapidly (lims constant ~ 1 minj and quantitatively to
changes i central blood temperature (41,158,208), and most thermal physiologists
consider esophageal temperaturs to be the best non-invasive index of core
temperature for humans. Recial temperature is measured from S to 20 centimeters
past the anal sphincter, since temperature is relatively uniform in that region
(16,101,133). Racta! temperature typically is higher than {emperatures at other core
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sitss, and responds more slowly {time constant = 12 min) {o rapid transients in core
temperature, 6.g., during exercise (7,158,176,177), probably because of a
comparaiively low rate of biood fiow (78,127). However, steady-state rectal
temperature is a good inCex to assess body core heat storage (177,225). Oral
{sublingual) temperature is widely used clinically, but less commoniy in physiological
research (222). The tongue’s high blood flow per gram of tissua (85) makes #t an
effective heat exchanger with central blood. However, ora! temperature is somelimes
biases by head and face skin temperatures (126), and may be artificially lowered by
evapnration if the subject breathes throigh the mouth.

Tyrapanic temperatura is obtained with a sensor resting against the tympanic
membrane. Some subjects find the sensor, whan properly slaced, to be
uncomfortable (22), and occasionafly, the sensor may pericrate the tympanic
membrane (226.235). Because of these probiems, some investigators have instead
chosen to measure the temperature of the extemal auditory meatus. Placement of the
sensor is important since there is a substantial (~0.5°C) teinperature gradient along
the wall cf the meatus {(40). To avoid the direct influence of ambient 2ir temperature
on the sensor, the meatus should be plugged or covered when cbtaining either
tympanic or auditory meatus temperatures. Tympanic and auditory meatus
temperaturas respond to core temperature transients more rapidly than recta:
temperature (tine constant for tympanic temperature ~ & min), though not so rapidly
as esophageal temperature (158). A major attraction of tympanic temperature has
been the notion that, because of the proximity of the external auditory meatus to the
cranium, tympanic temperature is uniquely suited to serve as a noninvasiva measure
of intracranial temperature (17).

“The importance of this supposed advantage for tympanic temperature is
increased, in the view of 3ome investigators, in fight of the notion that the brains of
hyperthermic humans are selectively cooled, as blocd enroute to the brain is cooled in
the haad and neck by heat exchange with coot venous biood {29). !f this latter notion
is cormect, then the brains of hyperthermic humans must be cooler than the asterial
blood in the trunk, so that measurements of trunk core temperature, such as rectal or
esophageal temperature, ars not valid indices of brain temperature under such
conditions. It is proposed that tympanic tamperature reflects brain temperature rather
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than trunk core temperature, and therefore, under these conditions, is supetior to
rectal or esophageal temperature as an index of brain temperature (see Reference
#28, for a diLcussion). Evidence cited in support of the concept of selective drain
cooling in hyperthemmic humans consists of measurements of tympanic temperature
that ase lower than measurements of trunk core temperature taken at the same time.
Such an interpretation depends criticafty on the assumption that when tympanic
temperature differs from trurk core temperature in approximately steady-state themat
conditions?, tympanic temperature is reliably the beiter index of Srain temperature.
The truth of this assumption has never been established. in fact, direct measurement
in cne surgical patient indicates that esophageal temperature reflects brain
temperature considerably better than does tympanic temperature (209). In addition,
tympanic and auditory meatus temperaturas may, depending cn environmental
conditions, be either lower or higher than simultaneously measured steady-state rectal
{80,132} and esophageal (124,125,126) temperat -es. This is because local heating
eor cooling of the haad surface affects the temperature of the tympanic membrane (98)
and edemal meatus (124,125,126). Brengelmann (22) provides a critical review of
tympanic {emperature as a measure of brain and core temperature.

Core Temperature Resporses to Exercise

During exercise, the rate of heat production increzses above its level at rest
because of heat produced as a by-product of skeletal muscle contraction. The
increase in heat production ccclirs almost imimediately at the onset of exercise, so that
during the early stages cf exercise, rate of heat production exceeds rate of heat
dJissipation, and the difference is stored as heat, primarily in the core, causing core
temperature 0 rise. As core temperature rises, heat-dissipating reflaxes are elicted;
as the raie of heat dissipation increases, the rate of heat storage decreases and core
temperature rises mora slowly. Finally, as exercise continues, heat dissipation

*The condition of thermal steady state is incleded here 10 avoid anifacts due to differences
among sites in the speed with which their temperatures respond ts r2pid changes in ceatral blood
temperateTe.
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ncreases sufficiently to balance heat production, and essentially steady-state values
are achigved {198}

Ouring exercise, the magnitude of core temperature elevation at steady state is
largely independent of the environmenta! condition: over a wids rangs, and is
proportional to tie metabolic rate (221), as first reporied by Nielsen (141). Nielsen'’s
subjects exercised at oxygen uptakes up to 3.0 L-min™ in ambient temperatures
between 5° and 36°C. Figuce 4 presents heat-exchange data fcr one subject during
an hour of cycle exercise at a metabolic rate of approximately 650 watts in each
ambient temperature. The difference between metaboliic rate and total heat loss
represents the energy used for mechanical work and the heat storage. Note that total
heat loss, and therefore haat storage and elevation of core temperature, were
essentially the same in ali environments. The relative corntributions of dry heat
exchange (i.2., by convaction and radiation) and evarorative neat exchange to the
total heat loss, however, varied with the environmerital conditions. At 10°C the large
skin-to-ambient temperature gradient faciitated dry heat exchange, which accounted
for =73% of the total heat loss. As the ambient temperature increased, the gradient
for dry heat exchange diminished and there was a greater refiance upon evaporative
hezt exchange.

{INSERT FiGURE 4 HERE]

Nieiser's finding that tie steady-state level of core temperature is independent
of the environmental conditions, cordiicts with the personal experience of most
athletes. For example, a runaer will experience greater hyperthesmia competing in a
35°C than in a 20°C environment. Lind (116) showed that core iemperature elevaticn
during exercise is independent ¢f the environment only within a range of conditions or

*Reaching such a steady staie depends on two cenditions, first, that it is possible to achieve
sufficient hcat dissipation to restore heat balance in the given environmental conditions; and
second, that the control characteristics of the heat-dissipating responses to core and skin
temperatures do not change with time. Under some circumstances, however, the second conditioa
is not met, and core temperature continucs to rise throughout exercise, though more slowiy than
curing earlier stages. This may occur as a result of changes in fluid and electrolyie balance,
hidromeiosis, or other factors.
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a "prescriptive zone®. Figure 5 presents steady-state core temoerature responsas
during exercise performed at three metabolic intensities in a broad range of
environmentai conditions. Environmental conditions are represented by the *old®
effective temperature, an index that combines the effects of air temperaiure, humidity
and air moton. Note that the greater the metabolic rate during exercise, the lower is
the upper imit of the prescriptive zone.

[INSERT FIGURE 5 HERE]

Within the prescriptive zons, the propostional relationship between metabolic
rate and steady-state core temperature elevation hokis for a given individual, bit does
not, in general, hold well for comparisons between different individuals. Astrand (5)
first reported that use of relative exercise intensity, expressed as a percent of maximal
oxygen uptake (Vo,max), rather than actual metaboiic rate (absolute intensity),
removes most of the inter-subject variability in the relation: of core temperature
elevation to exercise intensity. Davies and his colleagues (43,45) evploted this
relationship further, in laboratory and field studies. Their subjects exercised at
intensities between 20% and 90% of their Vomax, at dry-buib temperatures ranging
from 5° to 25°C, with relative humidlty <50%. Figura 6 is redrawn from their data. In
Figure 68, note the curvitinear relationship between steady-state core temperature
and relative intensity (45). Figure 6b presents two subjects’ steady-state core
temperaturs values during exercise, at 85% and 85% Vo,max, in relation to the
ambilent dry-Gulb temperature (43). Core temperature was ndependent of dry-bulb
temperature from 5 to 20°C at 65% Vomax; but at 85% Vo,max, cere temperature
was infkienced by dry-bub temperature over the entira range of dry-buld temperaturs.

[INSERT FIGURE 6 HERE]

Since core temperature changes ara reiated 1o the relative exercise intensity, #t
wauld soem logical to expect that any condition that iowers maximai oxygen uptake
{and thus increases relativa intenisity) would also eficit a greater core temperature
response at a given absolute (thus higher relative) inteasity. Evidence from several
studies, in which subjects’ Vo,max was reduced with simulated high atitude in
hypobaric chambers (81,110) or induced carboxyhemoglobinemia (138), suggests that

11




this i3, in fact the case. However, contrary results have also been reported (172).
Interpretation of such data is complicated by the fact that some experimental
condttions decreasad core temperature at rest, so that exercise would need {0 cause a
greater net increase in core temperature to produce the same steady-state core-
temperature level. Conversely, data from two studies in which autologous erythrocyte
infusion was used to increase subjects’ Vo,max suggest that conditions which increase
Vo,max (thus lowering relative intensity} may lower the core temperaturs elicited by
exercise at a given metabofic rate (187,192).

METABOLISM

Metabolic Rate

Most investigators find that Vo,max is lower in hot than in temperate
environments (107,171,175,205). For example, Vo,max was 0.25 L-min" lower at
43°C than at 21°C in one study (199), and the state of heat acclimation in this study
did not alter the size of the decrement in Vomax. However, some investigators repot
no effect of ambient temperature on Vo,max (169,245).

What physiological mechanisms might be responsible for such a reduction in
Vo,max? Thermal stress, by dilating the cutaneous vascular beds, might divert some
of the cardiac output from skeletal muscle to skin, thus leaving less blood flow to
support the metabolism of exercising skeletal muscle. {n addition, dilation cf the
cutaneous vascular bed may increase cutaneous blood volume at the expense of
centra! blood volume, thus reducing venous retum and cardiac output. For exampie,
Rowell et al. (174) reported that during intense (=73% V0,) exercise in the heat,
cardiac output can be reduced by 1.2 L-min™ below control levels. Such a reduction in
cardiac output during heat exposure could account for a 0.26 L-min” decrement in
Vo,max, assuming each fiter of blood delivers ~0.2 L of oxygen (1.34 mi O,-gHb" x 15
gHb-100 mi” of bloed).

Acute heat stress increases resting metabolic rate (38,39,46), but the effect of
fieat stress on an individual's metabolic rats for performing a given submaximal
exercise task is not 50 clear. Many investigators report that to perform a given
submaximal exercise task, the metabolic rats is greater in a hot than a temperate

12




environment (38,39,46,56). Sume investigators, however, report lower matabolic rates
in the heat (24,157,245,255). The state of heat acclimation does not account for
whether individuals demonstrate an increased or decreased metabolic rate dunng
submaximal exercise in the heat. However, other mechanisms may expiain this
discrepancy. Most investigators have cnly calculated the aerobic metabolic rate
during submaxirnal exercise ignoring the contribution of anaerobic metabolism to total
metabolic rate.

Dimri et al. {46) attempted to account for both asrobic and anaerobic
metabolism in a study in which six subjects performed six-min exercise bouts at three
intensities in each of three environments. Figure 7 presents their subjects’ total
metabolic rate (bottom) and the percentage of this metabolic rate which was
centributed by aermbic and anaerobic metabolic pathways. The anaerobic metabolism
was calculated from the post-exercise nxygen uptake that was in excess of resting
basefine levels. The aerobic metabolic rate i @ given power output decreased with
increasing ambient temperature. However, caiculated anaerobic metabolic rate
increased more than aerobic metabolic rate decreased, and they concluded that the
total metabolic rate required to perform exercise at a given power output increases
with higher ambient temperature. Their calculations of anaerobic metabolic rate may
be chatenged, and it is difficult to extrapolate these observations to predict what
would occur during icnger-term exercise, in which anasrobic metabolism would
presumably be a smalier fraction of ths iotal. Nevertheless, this study illustrates the
pitfalis of ignoring anaerobic meiabolism in approaching this guestion.

[INSERT FIGURE 7 HERE}

“Invastigations which report a lower metabolic rate during exercise in the heat
also repert increased plasma or muscle laMate levels {157,245,255) or an increased
respiratory sxchange ratio (24), also suggesting an increased anaerobic metabeiism.
Howaver, ary inference about metabolic events within the skeletal muscle based on
changes in piasma lactate is open {0 debate (144). Plasma factate concentration
reflects the balance between efflux into the blood and removal from the blood. Rowel!
et al. (170) have shown that during exercise in the heat, the splanchnic
vasocconstriction reduced hepatic removal of plasma lactate. Therefore, the greater
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bload lactate accumudation during submaximal exercise in the heat can be attributed,
at least in pant, to a redistribution of blood flow away from the splanchnic tissues.

Skeletal Muscie Metabolism

Several investigations examined the effects of environmental heat stress on
skeletal muscie metabolism during exercise. Fink et al. {58) had six subjects perform
45 minutes of cycle exarcise (70 10 85% of Vomax) in a cold (9°C) end a hot (41°C)
environment. They found greater plasma lactate concentrations and increased muscle
glycogen utilization during exercise in the heat. Also, muscle triglyceride utilization
was reduced during exarcise in the heat as comparad to the cold. In addition, serum
glucose concentration increased, and serum triglyceride concentration decreased
during exercise in the heat, compared to the opposite responses difing exercice in the
cold. During exercise in the heat, the increased muscle glycogen utifization vas
attributed to an increased anaerobic glycolysis resulting from local muscle hypoxia,
caused by a reduced muscie bicod fiow. Since these investigators (58) did not
perform control experiments in a temperate environment, the differences reported
could be due partiaily to the effects of the cold axposure.

Young &t al., (255) had 13 subjects perform 30 minutes of cycle exercise (70%
of Vo,max} in & temperate (20°C) and a hot (43°C) environment. They found skeletal
muscle and plasma lactate concentrations were greater during exerciss in the heat,
but there was no difference in muscle glycogen utilizatiors between the two
experimental conditions. They speculated therefore that during exercise in the heat,
an altemative substrate for glycolysis, such as bicod giucose, might have baen
utiized. Rowell et al., (170) demonstrated a dramatic increase in hepatic glucose
release into the blood curing exercise in a hot compared 1o a temperate environment.
Such an increased release of hepatic glucose could account for the elevated serum
glucose concentration reported in the hot environment by Fink et al, (58).

Two studies (140,184) have measured antsrial and venous lactate concentration
across the active musculature during exercise in the heat. Savard and colleagues
(184) haa subjects wear a water-perfusad suit under a water-impermeable coverai
and perform cycle exercise (~25% Vo,max) for a 25-min control period with o water
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circulating, and then perfused the suit with =45°C water as exercise continued for
another 25 min. They found heat stress did not alter oxygen uptake, lactate
concentrations or muscle blood flow. Nielsen et al. (140) had subjects perform
treadmill exercise (55-77% Vo,max). During the initial 30 min they exercised in a
temperate (=20°C) environment, and then exercised in a hct (40°C) enviconment for
an additional 60 min or until exhaustion. They found that heat stress increased
oxygen uptake, but did not alter lactate concentrations, glycogen utilization rate, or
muscie blood flow. Generalizations from these two studies are limited, since neither
compared two identical bouts of exercise with and without heat strain.

Heat Acclimation

The oxygen uptake response to submaxima! exercise appears to be affected by
heat acclimation {196). Most reports incicate oxygen uptake and aerobic metabolic
rate during submaximal exercise are reduced by heat acclimation
(54,74,100,165,196,203,213,224), although a significant effect is not always observed
(33,159,173,238,252). Large effects (14-17% reductions) have been reported for stair-
stepping (203,213,224), but some of the reduction in oxygen uptake required for stair
stepping can be attributed to increased skill and improved officiency acquired during
the acclimation program. By contrast, other studies (54,74,100,165,196) report
acclimation-induced reductions in the oxygen uptake required for treadmill and cycle-
ergometer exercisa that, although statistically significant, were much smaller than the
large reductions reported for stair stepping.

Lactate accumulation in blood and muscle during submaximal exercise is
generally found to be reduced following heat acclimation. King et al., {194} and
Kirwan et al., (106) both observed that heat accimation reduced muscle giycogsn
utilization during exercise in the heat by 40-50% compared to before acciirnation.
Young et al., (255) also observed a statistically significant glycogen-sparing effect due
to heat acchmation, but the reduction in glycogen utilization was small, and apparent
only during exercise in cool conditions. Glycogen utilization during exzrcise in the
keat was negligibly affected. The mechanism(s) for reduction in lactate accumulation
during exercise after heat acclimation remains unidentified.
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HEAT LOSS MECHANISMS
Evg) on

When ambient temperature increases, there is a greater dependence upon
evaporative heat loss to defend core temperature during exercise (Figure 4). The
sweat glands secrete sweat onto the skin surface which cools the body when it
evaporates. When a gram of sweat is vaporized at 30°C, 2.43 kilojoules (kJ) of heat
(the fatent heat of evaporation) is absorbed in the process (239). The rate of
evaporative heat loss is proportional to the product of the water vapor pressure
gradient between the skin and environment, multipliad by the evaporative heat transfer
coefficient and the wetted area of skin. The wider the gradient, the greater the rate of
evaporation for a given evaporative heat transfer coefficient. The evaporative heat
transfer ceefficient incorporates the effects of such factors as air movement and the
geometry of the surface. In addition, the water-vapor permeability of any clothing that
is wom has a major effect on the rate of evaporation.

During cycle ergometer exercise a fit man may easily sustain a metabolic rate
of 800 W (Vo, ~2.3 L-min™). If the exercise performed is 20% eificiont then the
remaining 80% of the metabolic rate is converted to heat in the body, so that 640 W
{i.e., 0.64 ki-s” or 38.4 kJ-min") needs to be dissipated to avoid body heat storage.
The specific heat of body tissue is «3.5 kJ-kg'-°C" so that a 70-kg man has a heat
capacity of 245 kJ-°C". 1f this man performed exercise in an environment that
enabled only dry-heat exchange, and he did not sweat, body temperature woukd
increase by =1.0°C every 6.4 min (245 kJ.°C'+38.4 kJ-min™). Since the fatent heat of
evaporation for sweat is .43 kJ-g", this man wouk! need to evaporate ~16 g of sweat
per min {38.4 kJ-min"+2.43 kJ-g") to achiave a steady-state body temperature.

Thermorsgulatory sweating can begin within a few seconds to minutes after
starting muscular exercise (190,233). The increase in thermoregulatory sweating
closely paraliels the incraase in body temperature (79,133,176). As sweating rate
ncreases, there is initially a recruitment of sweat glands and then an increased sweat
secretion per gland (178). Therefore, the sweat secretion for a given region of skin is
dependent upon both the density of sweat giands as well as the sweat secration per
glard. Different skin regions have different sweating responses for a given core
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temperature (91,133). The back and chest havs the greatest sweating rates, while the
limbs have relatively low sweating rates.

The sudomotor s%;.:a! descends through the brain stem and spinal tracts to exit
into the paravertebral ganglionic chain. The post-ganglionic sympathetic fibers which
innervate tha sweat gland are noninyelinated class T fibers that are primarily
cholinergic. The sweat glands respond to thermal stress primarily through
sympathetic chiolinergic stimulation, but circulating catecholamines, in particular
epinephrine, may facilitate thermeregulatory swaating as there are o and § adrenergic
receptors associated with eccrine sweat glands (180,181,182). Tha ralative effects on
sweat secretion are 4:1:2 for cholinergic, o adreniergic and P adrenergic receptor
stimulation, respectively (178). In addiion, sweat gland metabolism is primarily
oxidative phosphorytation with plasma gilucose being the principal substrate (178).

For a given sudomcior signal to the sweat giand, local skin temperature and
skin wettedness influence the amount of sweat gacreted. Bullard ¢ al., (26) were
among the first ta systematically evaluate the refationship between local skin
temperature and thermoresulatory sweating. They found that in actively sweating
skin, raising local skin temperature induced a graater sweating rate. These resulis
have been vesified and extended by many other investigators (56,130,143). Nadel et
al., (130) measured local sweating rate frem patches of skin whose temperature they
varied, between 30 and 38°C, independently of core temperature and whois-body
mean skin temperature. They concludad that local skin temperature affects the
sensitivity of the sweating response to the reflex sudomotor signal, Setermined by core
and whnole-body mean skin temperatures.

"The physiological mechanism by which elevated focal skir: temperatures
enhances the sweating response is not entirely clear, buf several factors may
contribute. Local skin heating may increase the amount of neurctransmitter released
by each sudomotor nerve impulse arriving at the sweat gland (26,56,130,143). The
greater neurotransmitter release would, in tum, stimulate grester sweat production and
release. In addition, Ogawa and Asayama, (143) provided evidence that local heating
increases the sweat glands' responsivenass to a given amount of neurotransmitter
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substance. # is unknown ¥ this increased glandular responsiveness is receptor-
mediated or reflects increased cellular mstabolism within the secretory coil.

As mentioned previously, the evaporation rale is dependent upon the water
vapor pressure gratient between skin and the environment, and on the evaporative
heat transfer coefficient. The drier the air, or the wammer and wetter the s«in, the
wider the gradient and thus the greater the rate of evaporation for a given evaporative
heat transfer coefficient. The evaporative heat transfer coefficient, in tum, depends on
air movement, and thus sweat tends to collect on the skin in still or moist air. Wetting
the skin gradually reduces sweat secretion (79,135}, an effect called hidromeiosis.
Several mechanisms are proposed to account for hidromeiosis (31,135,156). Peiss et
al., (156) suggested that wetting the skin might cause the stratum comeum to swell
and mechanically obstruct the sweat duct. A systematic test of this idea by Brown
and Sargent {25) supported the concept that hydration of the stratum comeum is
responsible for hidromeios!s.

Heat Loss and Skin Blood Flow

Blood flow transfers heat by convection from the deep body tissues to the skin.
When core and skin temperatures are iow enough that sweating does not occur,
raising skin blood flow brings skin temperature nearer to blocd temperature, and
lowering skin blood flow brings skin temperature nearer to ambient temperature.
Thus, the body can control dry heat loss by varying skin bicod flow, and thereby skin
temperature. In conditions in which sweating occurs, the tendency of skin blood flow
to warm the skin is approximately balanced by the tendency of sweating to cool the
skin. Therefore after sweating has begun, skin blood flow serves primarily to deliver
to the skin the hsat that is being removed by sweat evaporation. Skin biood fiow and
sweating thus work in tandem to dissipate heat under such conditions.

Skin circulation is affected by temperature in two ways: locaf skin temperature
afiects the vascular smooth muscle directly, and temperatures of the core and of the
skin elsawhere on the body affect skin blood flow by refiexes operating through the
sympathetic nervous system. Blood flow in much cf the human skin is under a dual
vasomotor control (102,168,188). In the hands, feat, lips, ears, and nose, adrenergic
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vasoconstrictor fibers are probably the predominant vasamotor innervation, and the
va.: ‘ilation that occurs in these regions during heat exposure is largely the result of
withdrawing vasoconstrictor activity. Over most of the skin area, however, there is
relatively little vasoconstrictor activity under conditions of thermal comfort, and
vasodilation during heat exposure depends on intact sympathetic innervation. Since it
depends on the action of neural signals, such vasodilation is sometimes referred to as
active vasodilation. Both active vasoconstriction and active vasodilation piay a majer
part in controiling skin blood flow of the upper am, foream, thigh, and calf (18).
Howaver, active vasodilation is believed to ba primarily responsible in controlling skin
blood flow on the trunk and on most of the head (19,66).

The vasoactive agonist responsible for active cutaneous vasodilation in man
has not been identified. Roddie et al. (166) proposed that acetylcholine has a major
role, although they allowed that it may not be the only vasodilator responsible jor
active cutaneous vasodilation. Such a role for acetyicholine has not been definitively
tested, but ks received relatively little attention in recent years. Other investigators,
because of the leng-known association between the occurrences of sweating and
active cutaneous vesodilation, have proposed that the vasodilation may depend in
some way on activation of the sweat glands (69,120). Fox and Hilton (69) proposed
that when sweat glands are stimulated to secrete sweat, they also release bradykinin,
a powerful vasodilator, into the skin, thus causing the cutaneous arierioles to dilate.
Their hypothesis now seems unlikely, and Rywell (167) has summarized the
arguments against it. However, Brengelmann and colleagues (23) have provided
further evidence for some such link between sweating and cutaneous vasodilation by
demonstrating that patients with congenital ahsence of active sweat glands do not
undergo active vasodilation during heat exposure.

Recently, vasoactive intestinal pclypeptide (VIP) has been proposed as a
candidate for the link between sweating and vasodilation. Lundberg and associatas
{121) have shown that VIP and acetyicholine are concomitantly refeased from the
same post-gangiionic fibers innervating exocrine glands of the cat. Although both
transmitters caused exocrine secretions, the VIP primarily acts by dilation of ocal
vasculature to facilitate sweat gland function. Thers!ore, it has been proposed that co-
release of acetyicholine and VIP at the human sweat giand might help explain the

19




relationship be'ween sweating and active vasodilation (108,121,232). Recently,
Savage and colleagues (183) reported that men with cystic fibrosis shcw @sseniially
normal active vasodilation in response to increases in core temperature. They slso
reported that inmunohistochemical analyses of skin biopsies from these subjects
showed that VIP innervation was sparse, while calitonin gene-related peplide (CGRF)
and substance F were present in normal amounts. They therefore expressed caution
about a dominant role for VIP in active cutaneous vasodilation, and proposed that
release of one or both of the ather peptides, CGRP and substance P, may be the
mechanism responsibie for active cutaneous vasodilation.

In skin regions where skin blood flow is controliad primarily through
vasoconstrictor fibers, the effect of local temperature on skin blood flow depends
largely on iocal temperature’s medifying the vasoconstriclor resgonse 10 nerve signa's
or directly applied constrictor agonist (for discussion see Reference # 24¢). This
effect appears to be mediated through changes in a-adrenergic receptor affinity (97).
However, in human skin regions where active vasodilation has a major role in
controlling blood flow, local temperature has a large effect on skin biood flow that
seems to be largely independent of nervous signals, since it is unaffected by complsie
rerve tlock (244).

In the limbs especially, the relation between core-to-skin heat transfer and skin
blood fiow can be modified by altering the caliber of the superficial veins. This is
possible because of the dual venous drainage of the limbs, which consists of deep
veins, which cidinarily drain blood mainly from the muscles; and superficial veins,
wvitich lie in the skin and subcutanecus tissue and ordinarily drain blood mainty from
the skin. However, since many penetrating veins connect the deep veins with the
superficial veins, biood frem anywhere in the limbs can potentially retum to the heart
through either deep or superficial veins. The sympathetic innervation of the deep
veins is rather sparse, but the superficial veins have a rich sympathetic innesvation
(237), and dilate when the body core or skin is warmed, and constrict when the core
or skin is cooled (236,241). Thus in a cool subject, most Licod from the limbs retums
to the core via the deep veins, and does not readily exchange heat with the
environment, so that heat tends to be conserved. In a warmm subject, by contrast, the
superficial veins dilate, allowirg large amounts of venous bilood to refumn to the core
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aleng paths close to the skin surface, so that heat exchange with the skin and the
environment is facilitated. In addition, dilation of the smaller superficial veins may
further impreve heat transfer by increasing the time that the blood remains in tho skin,
as suggesled by evidence that the degree of venous fiiling affects heat transfer to the
skin (78). Though advantageous for thermoregulation, peripheral venodilation in the
heat adds to the burden on cardiovascular homeostasis, as discussed in the next
section.

Cardiovascular Support for Thermorequlation and Exercise

As noted earfier, skin temperature is higher in warmmer environments, while core
temperature is relatively unaffected by environmental temperature over a wide range.
Thus as ambient temperature increases, the core-to-skin thermal gradient becomes
narrower, and skin blced flow increases in response to the high skin temperature, so
as o achieve core-to-skin heat transfer sufficient for therma! balance. Durinn
exercise, metabolic rate and heat production may be ten times their fevels at rest, and
gelivery of heat to the skin must increase progortionately, in order to re-establish
thermal balance. Core temperature does rise during exercise, thus widening the core-
to-skin temperature gradient. However, the increase in the core-to-skin gradient is not
proportionate to the increase in heat production, so that only by an accompanying
increase in skin blood flow does core-to-skin heat transfer increase enough to
eventually match the increase in metabolic heat production, and aliow heat balance to
be reestablished. Since the core-to-skin temperature gradient is relatively narrow in
hot environments, skin biood flow must be rather high to achieve sufficient heat
transfer to maintain thermal balance during exercise (168,198). Aciua! levels of skin
blood flow attained during exercise-heat stress, though not preciseiy known, are
probatly ws high as several fiters per minute (168).

During exercise in the heat, the primary cardiovascular challenge is to provide
simultaneously anough blood flow to exercising skeletal muscie to support its
metabolism, and enough blood flow to the skin to dissipate heat. High skin blood flow
often is associated with reduced cardiac filling and stroke volume, which require &
higher heart rate to maintain cardiac output (129,168,198). This reduction in cardiac
filling occurs because the venous bed of the skin is large and compfiant, and dilates
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reflexively during heat stress. For these reascns, the venous bed of the
skin—aespecially below heart level—tends {0 become engorged with blood, &t the
expensd of central blood volume, as skini tlood flow increases. in addition, swaat
secretion can result in a net loss of body water, and thereby reduce tlood voiume
(188,200). Therefore, heat stress can raduce cardiac filling both through pooling of
biood in the skin and through reduced blood voluma.

Several reflex adjustments compensate for peripheral pocling of biood and for
decreases in dlood volume due to changes in fluid balance, and help to maintain
cardiac cutput and arterial pressura during exercise-heat stress. Spianchnic and renal
biood flovrs are reduced during exercise in proportion to relative exarcise intensity
(168). These blood flows also undergo a graded and progressive reduction in subjects
heated while resting; and in the splanchnic bed, at least, the vasoconstrictor effects of
temperature and of exercise appear to be additive, so that at any exercise intensity
the reduction in splanchnic blood flow is greater at a higher skin termparature (168).
Reduction of renal and splanchnic blood flow aliows 2 corresponding diversicn of
cardiac output to skin and exercising muscle. Moreover, secondarily to the reduction
in spianchiic blocd tiow, a substantial volume of blood can be mobilized from the
compliant splanchnic beds to help maintain cardiac filling during exercise and heat
stress. In addition, there may be an increased cardiac contractifity, to help defend
stroke volume in the face of impaired cardiac filing. If these compensatory responses
are insufficient, skin and muscle blood flow will be compromised, leading to reduced
exercise performar.ce and possibly dangerous hyperthermia.

HEAT ACCLIMATION

Induction and Decay

Repeated heat expcsure wili reduce physiological strain and improve exercise
performance during subsequent heat exposures® . Exercise in the heat is the most

*According to a frequently-observed coavention, such changes are called acclimatization if
they are observed following a change in a natvrally-occurring eavironment, and acclimation if
they are produced in a controlied experimental setting.
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effective metihod for ceveloping heat acclimation; however, even resting in the haat
results in some acclmation, though to a lesser degree (15,53,240). The full
davelopment of exercise-heat acclimatica need not involve daily 24-h exposure. A
continuous, daily 100-min period of exposure appears to produce an optimal heat
acclimation response in dry heat (118)°.

The elfect of heat accliimation 0a performance can be quite dramatic, so that
acclimatized subjects can easily complete exercise ir: the heat which earlier was
difficult or impossibie. Figurs 8 depicts the improvement in exercise-heat tolerance
for 24 men who attempted 100 min of treadmil exercise at 49°C, 20% relative
humidity, for seven days. This figure shows that no subjects completed the 100-min
walkk on day 1; however, 40% were successful by day 3, 80% by day 5, and all but
one of these men were successiul by the seventh accimation day (155).

{INSERT FIGURE 8 HERE]

During acclimation through daily exercise in a hot environment, most of the
improvemenrt in heart rate, skin and core temperatures, and sweat rate is achieved
during the first week of exposure although there is no sharmp end to the improvement
{1). Heart rate shows the most rapid reduction (148,165,250}, most of which occurs in
four to five days (148). After seven days, the reducticn in heart rate is virtually
complete while most of the improvement in skin and core temperatures has also
occurred (95,148,165). The thermoregulatory acclimation response is about thres
quarters developed by the end of the first week of exposure, and is generally thought
to be complets after 10-14 days of exposure (155). The improved sweating response
and ease of waking reported during heat acciimation may take longer tc achieve
(95,240).

Heat acclimation is transient and gradually disappears if not maintained by
repaated heat exposure. It is believed that the heart rate improvement, which
develops more rapidly during acclimation, is also lost more rapidly than are the other

SAlthough this seems to be irue for dry heat, loager daily heat exposurts may be nceded o
produce optimal acclimation in humid heat, as discussed later.

23




improvements in thermoregulatory responses (118,148,246). However, there is
considerable variability in the literature conceming the rate of decay for heat
acclimation (240). Lind (117) believed that heat acclimation might be retained for two
weeks after the last heat exposure, but then be rapidly lost during the next two weeks.
However, Williams and colleagues (246) report some loss of acclimation in sedentary
individuals after one week, with the percentage loss being greater with increasing time;
and, by three weeks losses of nearly 100% for heart rate and 50% for core
temperature. Other authors (178), however, report greater retention of the acclimation
benefits in physically trained and aerobically fit persons. Warm weather may also
favor retention of acclirnation (53), but there is some conflicting evidence on this issue
(246).

Underlying Mechanisms

The three classical signs of heat acclimation are lower heart rate and core
temperature, and higher sweai rate during exercise-heat stress. Skin temperature is
lower after heat acclimation than before, and thus dry heat loss is less (or, if the
environment is warmer than the skin, dry heat gain is greater). Figure 9 illustrates the
effects on three healthy young men, acclimated by daily treadmill watks in the heat for
10 days {54). To compensate for the changes in dry heat exchange, there must be an
increase in evaporative heat loss, in order to achieve heat balance. As noted earlier,
changes in sweating develop more slowly than those in heart rate and rectal
temperature, <o that changes in sweating probably cannot account completely for the
other changes.

(INSERT FIGURE 9 HERE)

After acclimation, sweating starts earfier and at a lower core temperature, ie.,
the core tempetature thresho!d for sweating is decreased. The sweating response to
local application of a standard dose of methacholine, a synthetic cholinergic agonist,
increases (37,111) and a given elevation in core temperature elicits a higher sweat
rate. The sweat glands also become resistant to hidromeiosis and *iatigue”® (36,67) so
that higher sweat rates can be sustained. These changes reduce the levels of core
and skin temperatures reached during a given exercise-heat stress, increase the
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sweat rate, and prolong tolerance time. In addition, the threshold for cutaneous
vasodilation is reduced so that heat transfer from core to skin is maintained. The
concomitant reduction in thresholds for both sweating and cutaneous vasodilation is
evidence that heat acclimation is an example of a set-point change.

On the first day of exercise in the heat, heart rate reaches much higher levels
than in temperate conditions, and stroke volume is lower. Thereatfter, heart rate
begins to decrease and, usually, stroke volume starts to increase as early as the
second day of heat acclimation (e.g., Reference # 250). These changes are rapid at
first, but continue more slowly for about a week. The time course of the decrease in
heart rate is roughly similar to that of the increase in plasma voiume, and the two
changes are significantly correlated (204), though the maximum decrease in heart rate
appears to precede the maximum increase in plasma voiume (Figure 10).

(INSERT FIGURE 10 HERE)

Perhaps it is an oversimplification to expect a single explanation 1o account for
the heart rate reduction during exercise in the heat after heat acclimation. There may
be several mechanisms that participate, and their relative contributions may vary, both
over the course of the heat acclimation program and also among subjects. Three
explanations have been proposed for the decrease in heart rate during heat
acclimation.

One explanation is the decrease in heart rate results from a plasma volume
expansion. The plasma volume expansion at rest during the first week of acclimation
probably contributes somewhat in reducing heart rate and circulatory strain; however,
plasma volume at rest retums toward control levels after one to two weeks of
acclimation (14,206). A second explanation is the decrease in heart rate results from
an increased venous tone, since venoconstriction can mobilize up to 25% of the blood
volume (14). Wood and Bass (247), however, found a significant reductisn in forearm
venous velume only on the third and fourth days of heat acclimaticn, wel! after much
of the reduction in heart rate had already occurred. Thus, although peripherat
venomotor adjustments may play a transiticnal role in heat acclimation, there is no
evidence of their making a persistent contribution early in the acclimation program. It
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is possible, however, that other (non-cutanecus) venous beds participate in the
circulatory changes that occur with acclimation, but this matter has not been
investigated. A third explanation is the decrease in heart rate is secondary to the fall
in core and skin temperatures with heat acclimation (173). Since heart rate at a given
cere temperature is the same or higher after acclimation than before (67,68), lower
body temperatures are a necessary condition for lcwer heart rate with a given
exercise-heat stress aftar accliimation. However, besides lowering core and skin
temperatures during exsrcise-heat stress, acclimation lowers the core temperature
thresholds for vasodilation and venodilation, so that lower core and skin temperatures
by themselves are not a sufficient explanation for lower heart rate after acclimation. A
final reservation with respect to this explanation is that exercise heart rate usually
decreases more rapidly than exercise core temperature over the course of heat
acclimation (249).

The effacts of heat acclimation on stroke volume responses to exercise-heat
stress are not clear-cut. For example, two studies (173,250) report increased stroke
veiume with little change in cardiac output as heart rate feli; another study (248)
reports a decrease in cardiac output, associated with a decrease in *surface blood
flow" (estimated calorimetrically) as heart rate fell, and tle change in stroke volume;
still another study (252) reports a mixed patiern, with two subjects showing a steady
increase in stroke volume, one a transient increase, reversing after the sixth day, and
one showing no increase. The reason for these differences is not clear. Roweli et al.
{173) describe dry heat acclimation, and Wyndham (248) and Wyndham and
colleagues {250,252) all describe humid heat acclimation.

Heat acclimatization increases total body water, but the division of tha total
increase between intraceliular fiuid and extraceliular fiuld is quite variable (see
Reference # 240, for a discussion). Much of the increase is accounted for by an
expansion of resting plasma volume (14,204,206); however, Young and colieagues
(256), recently have demonstrated that an expanded plasma volume is not always
present after repeated exercise-heat exposure. The mechanism(s) responsibie for this
hypervolemia are unclear, but may include an increase in extracellular fiuid mediated
by retention of crystalloids (primarily sodium chioride) and perhaps an increase in
plasma volume sefectively mediated by the oncotic effect of intravascular protein (84).
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Heat acclimated persons also exhibit 2 more stable plasma volume and more
consistent intravascular fluid response to exercise-heat stress than do persons who
are not heat acclimated (185). The increase in total body water can be explained in
part by increased aldosterone secretion and/or renal sensitivity to a given plasma
concentration. Francesconi and colleagues (70) have shown that exercise-heat
exposure markedly increased plasma aldosterona concentration which was
subsequently abated by heat acclimation. Heat-acclimation effc~ s on other
hormones that affect fiuid conservation, such as vasopressin and atrial natriuretic
factor, have not been reported.

An unacclimatized person may secrete sweat with a sodium concentration of 60
meq-L"* or higher® and thersfore, if sweating profusely, can lose iarge amounts of
sodium. With acclimatization, the sweat giands become abje to conserve sodium by
secreting sweat with & sodium concentration as lcw as 5 meqL" (164). Figure 11
shows the effects of heat acclimation on sweat sodium concentration overs a range of
sweating rates (1). This sali-conserving effect of acclimation depends on the adrenal
cortex, and aldosterone, which is secreted in response to exercise and heat exposure
as well as to sodium depletion, appears to be necessary for its occuirence (see
Reference # 240 for a discussion). However, it is not clear that aldosterone (together
with other endogenous steroids with a mineralocorticoid action) is solely responsible
for causing the sweat glands to conserve salt; an altemative explanation is that other
factors associated with acciimation have a contributory role, but are effective only in
the presence of aldosterone. Based on comparisons of sweat sodium content and
plasma aldosterone concentration ove. the course of acclimation, Kirby and
Convertino (105) proposed that acclimation increases sweat gland responsiveness to
aldostarone. The interpretation of such changes is complicated, however, by the
rather slow response of the sweat giands to aldosterone {34,35) with the result that
the effect of aldosterone on the sweat glands is cumulative, and not due solely to its
presant concentration. The conservation of sak also helps to maintain the nuraber of

“This is near the upper limit of sodium concentrations usually observed in sweat from
normally aerated skin, although substantially highes concentrations have been repoited in sweat
collected from skin areas enclosed in impermeable barriers (164)
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osmoles in the extracellular fiuid, and thus to maintain extracetiular fiuid volume at the
expenss of intracellular fiuid, as a subject becomes dehydrated (185).

(INSERT FIGURE 11 HERE)

Dry vs. Humud Heat

Although heat acciimation in a dry environment confers a substantial advantage
in humid heat (15,53), the physiclogical and biophysical differances between dry and
humid heat lead one to expect that humid heat acclimation would produce somewhat
different physiological adaptations from dry heat acclimation. Though the pertinent
literature is rather meager, there is evidence to support this expectation.

Fox et al., (64) compared the effects of acclimation to dcy and to humid heat on
the inhibition of sweating. They acclimated resting subjects with controlied
hyperthermia, maintaining core temperature near 38.2°C for 2 hours a day for 12
days, using dry heat for one group and moist heat for the other group. To collect
sweat, both groups had their left arms in plastic bags, which created a warm, humid
microciimate. After acclimation, both groups showed similar decreases in heart rate
and core and skin temperatures, with similar increases in sweating during an exercise-
heat test. In a two-hour controlled hyperthermia test while they rested in very humid
heat, both groups had about the same whole-body sweat rates. The arms that were
exposed tc humid heat during acclimation had—compared to pre-acclimation
responses—similar and {arge increases in their sweat production during this test, and
sweat rates of these amns daclined more slowly during the test. During the same test
the right amms of the *dry” group, which had not experienced humid heat during
acciimation, also had a higher initial sweat rate than before acciimation, but thereafter
their sweat rate daciined as fast as before azclimation, so that their total sweat
secretion duting the test was substantially less than that either of the contralateral
ams or of the amns of the *humid® group. Thus most of the improvement in the ability
to maintain high sweat rates in high humidity after acclimation was apparently owad o
a diminution of hidromeiosis.




Strydom and Williams (223) tested subjects’ responses to 4 h of exercise in a
humid environment both before and after a program of physical training, and
compared their responses to those of ancther group of subjecis who were weil
acclimated to humid heat. During the first hour of exercise, subjects in the training
group showed better heat tolerance after training than before, and their responses
after training approached those of the well-acclimatec group. During the second hour
of exercise, however, thair heart rates and rectal temperatures increased more than
those responses for the well-acclimated subjects, and by the end of the second hour
their responses after training had come to appear more like their responses before
training, and less like the responses of the well acclimated subjects. Except during
the first hour of the exercise-heat exposure, the physically trained subjects sweated
considarably less than the well acclimated subjects (223). Therefore, the probable
reason for the greater physiological strain that the physically trained subjects
experienced in the second hour and beyond was their inability to secrete and
evaporate sweat at a rate sufficient to achieve thermal balance.

To achieve a high evaporative cooling rate in a humid environment, it is
necessary to overcome the high ambient water vapor pressure by maintaining either a
higher va~or pressure at the skin (which requires a higher skin temperature) or a
larger wetted skin area, as compamed to what would be necessary in a dry
environment. Unless core temperature is aliowed to rise along with skin temperatures,
thie higher skin temperature must be achieved by increasing core-to-skin thermal
conductance, which requires a higher skin biood flow. Therefore, one expected
difference between acclimation to humid heat and acclimation to dry heat is for the
former to involve greater circulatory adaptations, to support higher skin blood flow with
minimal circulatory strain. Unfortunately, the differences in circulatory adaptations to
humid versus dry heat acclimation have not been investigated.

Ancther difference that might bo expected between acciimation to humid heat
and dry heat is for the former to enable more efficient use of the skin as an
evaporating surface. In humid heat, a greater portion of the sweat production is on
the limbs after acciimation than before (65,94,112,211). We are not aware of any
raports of changes in the regional distribution of sweating after acclimation to dry heat.
Before acclimation, mean sweating intensity (ie., sweat rate per unit area) is much
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lower on limbs than on the trunk, so acclimation fends to make the sweating intensity
more uniform over the skin surface. This is an advantage in humid heat, because it
increases the wet body surface area, and therefore sweat evaporation rate, and
probably reduces the extent to which sweating in some regions is in excess of the rate
it can be svaporated.

BIOMEDICAL FACTORS MODIFYING EXERCISE-HEAT PERFORMANCE
Aerobic Fitness

An improvement in aerobic fitness achieved through endurance training in a
temperate environment reduces the physiological strain and increases tolerance to
exercise in the heat (74,75,76,134,159,160), and endurance-trained individuals
exercising in the heat exhibit many of the characteristics of heat-acclimated individuals
{see Figure 9) (76,148,159,160,213). In addition, high aerobic fitness facilitates
acquisition of heat acclimation {148).

Several authors suggest that high maximal aerobic power is related to improved
exrrcise-heat tolerance (213) or a rapid rate of heat acclimation (148). These two
groups of investigators utilized different hot climates (wet or dry) and independently
reported that an individual's Vo,max accounts for approximately 44% of the variability
in core temperature after 3 h of exercise in the heat, or the number of days of heat
acclimation required to achieve a steady state in final core temperature as illustrated
in Figure 12. Howsver, endurance training alone does not totally replace the benefits
of heat acclimation produced by a program of exerciss in the heat (4,145,224). Some
investigators (9,89) have proposed that in order for endurance training to improve
thermoregulatory responses curing exercise in the heat, tha training sessions must be
associated with substantial elevations of core temperature and sweating rate. Henane
and colleagues (89) compared thermoregulatory responses of six skiers (Vo;max=6€.5
mi-kg*-min"") with those of four swimmers (Vo,max = 65.8 mi-kg*.min""), found that
skiers were more heat tolerant and better acclimatized than swimmers, and aitributed
the differance to a smaller increase in the swimmers' core temperature produced by
training in cold water. In support of this interpretation, Avellini et al. (9) found that four
weeks of training by cycle exercise in 20°C water increased Vo,max by about 15%,
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but did not improve thermoregulation during exercise-heat stress. Thus high aerobic
fitness is not always associated with improved heat tolerance.

(INSERT FIGURE 12 HERE)

To achieve optimal thermoregulatory results from endurance training in
temperate environments, either strenuous interval training or continuous training at an
intensity greater than 50% Vo,max should be employed (74,89,134,145,161). Lesser
training intensities produce questionable effects on performance during exercise-heat
stress (212). The endurance training must last at least one week (134,161,214), and
some authors (74,89) show that the best improvements require 8-12 weeks of training.

Dehydration

Generally, loss of body water impsirs aerobic exercise performance in the heat
{195); the wammer the environment, the greater the adverse effect of dehydration.
Furthermore, the thermoreguiatory advantages conferred by high aersbic fitness and
heat acclimation are negated by dehydration (27,30,187). In comparison to
euhydration, a water deficit of as little as 1% of body weight increases core
temperature during exercise in both comfortable and hot environments (55); the
greater the water deficit, the greater is the elevation of core temperature during
exercise (128,2C0). Dehydration impairs both dry and evaporative heat loss (or. if the
air is warmer than the skin, dehydration aggravates dry heat gain) (186,195). In
addition, dehydration causes exhaustion from heat strain to occur at lower core
temperatures during exercise-heat stress (201).

" Dehydration may be asscciated with either reduced or unchanged sweating
rates at a given metabolic rate in the heat. However, even when dehydration is
associated with no change in sweating rate, core temperatura is usually elevated, so
that sweating rate for a given core temperature during dehydration still is lower (195).
The physiologicat mechanisms mediating the reduced sweating rate during
hypohydration are not clearly defined, but both *he separate and combined effects of
plasma hyperosmolality {63,202) and hypovolemiu (62,191) have been suggested to
play a part (see Refarence # 186 for discussion).
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Dehydration also affects cardiovascular responses to exercise-heat stress.
During submaximal exercise with moderate to severe the/mal strain {128.131,193),
dehydration by 3%-4% of body weight increases heart rate and decreases stroke
volume and cardiac output reiative to euhydration. Dehydration also reduces
cutanecus blood flow for a given core temperature (61,63,131,230), and therefore the
potential for dry heat exchange. Likewise, hyperosmofality, in the absence of
hypovolemia, can also reduce the cutaneous bloud flow respernse during exercise-heat
strass (61).

Circadian Patterns and Sleep Loss

Time of day affects thermoregulatory set point. Core temperature at rest varies
with time of day in a sinusoidal fashion, with the minimum at night, and the maximum,
which is 0.5 to 1°C higher, occurring in the late aftemoon or evening. This pattem
coincides with pattems of activity and eating, but does not depend on them. This
pattern is an example of a circadian rhythm, i.e., a rthythmic pattem in a physiological
function with a period of about one day. Since the circadian thythm in core
temperature results from a similar circadian rhythm in the thermoregulatory set point, it
is accompanied by corresponding changes in the thresholds for all the
themoregulatory responses that have been studied (220) as Figure 13 shows for
sweating and neurogenic vasodilation. At the time when core temperature at rest is at
its minimum, the sensitivity of the forearm vasodilator response to changes in coze
temperature {i.e., the slope of the forearm blood flow/core temperature relationship
during leg exercise) is also at its minimum (218,218). Thesa changes are consistent
with the observation that exercise at a given intensity produces a greater core-
temperature change when core temperature at rest is at its minimum (218).

{(INSERT FIGURE 13 HERE)

Sleep deprivation disrupts the circadian rhythm, and delays the time of
minimum core temperature at rest. The slope of the forearm blood flow/core
temperature relation is reduced, and this reduction in slope seems not to be affected
by phase of the circadian cycle. Recently, two studies demonstrated that sleep loss
decreases the thermosensitivity of both sweating and peripheral blood flow, with no
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evidence for a change in core temperature threshold during exercise (109,190). in
addition, sleep deprivation is reported to negate the effects of heat acclimation
(13,122).

Skin Disorders

Centain skin disorders will impair the ability to dissipate body heat and cause
increased thermal strain (146). Both heat rash and sunbum may have profound
thermoregulatory effects, and their adverse effects on exsrcise-heat tolerance deserve
the same attention as {ack of heat acclimation, low aerobic fitness, dehydration, and
heavy clothing.

Attificially induced miliaria rubra (heat rash) over as little as 20% of the body
surface causes an observable reduction in exercise-heat tolerance (153}; involvement
of 40% or more of the body surface markedly reduces tolerance time during exercise
in the heat (49°C, 20% rh), and causes greater heat storage compared to responses
in a non-rash state (152). Thess effects were observed both 7 and 14 days aftera
72-h miliaria-induction period (152), and may persist for up fo three weeks after the
heat rash has resolved clinically (153). The relation of the degree of heat intolerance
to the total area of skin affected by heat rash appears to depend on the specific region
of the body and that ragion’s normal sweating responses; smaller rashed areas cf the
trunk, because of the greater sweating capacity of normal trunk skin, may affect
responses to dry-heat stress as much as larger rashed areas of the limbs. These
investigators suggest that the absence of observable sweating in the rashed areas
results from a physical occlusion of the affectea sweat giands by keratotic plugs. Had
the humidity of the test environment been highor, it is possible that the resultant
impainment in thermoregulation and heat tolerance after heat rash would have been
even more dramaiic (152).

Mild artificial sunbum, induced with twice the minimal erythemat dose (MED) of
ultraviolet light, impairs sweat giang activity during exercise in the heat (49°C, 20% rh)
(150). Both the local sweating sensitivity and steady-state sweating rate from the
bumed areas are reduced 24 h post-sunbum comparad to pre-sunbum values, but
return to nomal within oné week. Mild sunbum thus appears to have a locally-
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mediated effect cn both the responsiveness of the sweat gland and its capacity to
deliver sweat to the skin surface. These investigators suggest that this effect results
from damage 10 the cubcidal epithelial cells composing the sweat duct, which blocks
the egress of sweat from the affected duct. More severe levels of artificially-induced
sunbum such as three or four MEDs may have more profound thermoregulatory
consequences during exercise-heat exposure. In addition, artificiaily-induced sunbum
also results in impaired ability to vasoconstrict during cold-water immersion (¥,=22°C),
resulting in greater heat loss (151). These adverse thermoregulatory effects in the
cold were still present one week after sunbum when the associated erythema had
disappeared.

Medications

Many drugs inhibit sweating (most obviously those used for their antichclinergic
effects), such as atropine and scopoiamine. Since the miilitary had fielded atropine
citrato to protect personnel from nerve gas poisoning, considerable research has been
performed on its tharmoreguiatory effects during exercice-heat stress (108). In
addition, several drugs used for other purposes, such as giutethimide (a sleep
medicine), tricyclic antidepressants, phencthiazines (trangeilizers and antipsychotic
drugs), and aritihistamines, aiso have some anticholinergic action, and all of these,
olus a number of others (32), have been associated with heat stroke. 1t is likely that
many such drugs, whethar or not they possess an anticholinergic action, also aiter
thermoregulation through their effects on neurotransmission. A specific example that
has particular importance to the defense community is the anticholinesterase drug
pyridostigmine, used as a pie-treatment against nerve 5as poisoning, which, in
addition to increasing sweating, inhibils cutaneous vasodilation during exercise-heat
siress (217). The mechanism by which pyridostigmine inhitits cutaneous vascdilation
is nct known, although a direct action on the central nervous system is unlikely, since
pyridestigmine contaias a quaternary ammonium group and thus does not readily
cross the “bicod-brain barrier”. Howeves, it is hard to reconcite this effect on skin
blocd flow with the notion that active cutaneous vasodilation is mediated by cholinergic
sympathetic fibers {(168).

SPECIFiC POPULATIONS




Women

Core temperature changes in a cyclical fashion according to the phase of the
menstrual cycle (216,219). Core temperature is at its lowest point just before
ovulation, and over the next few days rises 0.4 12 0.6°2 10 a plateau which persists
throughout the l.teal phase. The variation in core temperature during the course of
the menstrua! cycle results from a similar variation in the thermoregulatory set point,
and thus is accompanied by corresponding changes in the thresholds for all the
thermoregulatory responses (82). During the follicular phase, thresholds for women's
themoregulatory responses are similar to those of men in the same condition of
physical training and heat accEmation, and, if suitable adjustments are made for these
factors and anthropometric factors, so are the sensitivities of these responss: to
changes in core temperature (216,219). There is some evidence that sensitivities of
the thermoreguiatory responses to changes in core temperature differ betweer the
follicular and luteal phases, but other studies show no difference between phases
(216,219). In addition, estrogen replacement therapy can reduce themoreguiatory
strain in middie-aged women during exercise in the heat (228).

it was once believed that women were less tolerant to heat strain than men;
however, # now seems that studies on which that belief was based compared
reiatively unfit women to moxe fit men: {216,219). Themoreguiatory responses to heat
exposure at rest appear to be similar for both genders (42). Recent research
damonstrated that if male and female populations are matched for aerobic fitness (or
relative exercise intensity), they have similar tolerance and body-temperature
responses to exercise in dry and humid heat (8,10,72,73,207), heat acclimation (8,9)
and dehydration (197).

Blacks

in a study of American soldiers, black soldiers had slightly lower heart rates,
rectal temperatures, and sweating rates than white soidiers curing marches in hot
humid weather (11). Thess differences between black and white soldiers seemed
unrelated to where the soldiers had kved before, since southern white soldiers were no
more heat tolerant than northemers. The diffarences disappeared in hot dry weather,
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if the scidiers marched in the shade or were fully clothed, so as 1o eliminate
differences in absorption of solar radiation by the skin.

in a study of Mississippi sharecroppers in summer, white sharecroppers had
slightly higher final rectal and skin temperatures, and heart rates than black
sharecroppers after a two-hour treadmill wak in humid heat (163). The differences
were partly due to a higher metabotic rate for the whites, both absolutely and in
relation to body weight. The whites also sweated more, both absolutely (by 14%) and
in relation to their heat dissipation. Since the blacks had mean skin temperatures
0.54°C lower than the whites, ditferences i dry heat exchange are in the wrong
direction to explain differences in sweating. Thus the blacks apjarently used their
sweat more efficiently, evaporating mcre of their swezt tc obtain cooling and wasting
less by dripping.

Some of the above differences between black and white Americans find
paralisis in data repcrted fream Africa. At high wet bulb temperatures, acchimated
African laborers sweated much less, and had slightly lower heart rates than reported
for acclimated Europeans at similar heat stross leveis (251). In another study,
unacclimated whites were less heat-tolerant {as indicated by symptoms of heat strain)
than unacclimated Bantu during four-hour exaicise in humid heat, and had highers
rectal temperatures even though they sweated significantly more (253). The whites
aiso had a greaier metaboiic rate during a given exerciza task. After acclimation,
ditfarences in heat tolerance and rectal temperature disappeared, and diiferences in
metabofic rate were less, but persisted. However, aiter the first hcur the whites still
sweated more, and the difference in sweat rate increasad with time.

_Fully acclimated Europeans and Nigerians have similar rectai teniperatures and
sweat rates early during exercise under savera conditions, tut the Nigerians can
continue longer and are less likely 1o collapse (113). Tha sweat of Nigesians fully
acclimated to humid heat is more dilute than that of similarly acchmated Europeans.
During exercise in humid heat, sweat rate of acclimated Nigetians (114) or Bantu
(253) decreases more quickly than that of Europeans (114). Furthermore, Europeans
living in Nigeria but not fuliy acclimated, thermoregulate as well as similarly acclimated
Nigerians during moderate heat stress. However, in moie severe heat stress, they do




not thermoregulate as well, even though they sweat more than their Nigerian
counterparts.

In summary, studies conducted both in Africa and in the United States indicate
that in hot humid conditions blacks use their swaat more efficiently for evaporative
cooling, and thus waste less sweat, than whites; experience less circulatory strain, and
have slightly icwer metabolic rates than whites during similar exercise tasks. In
interpreting these studies, howevor, it should be remembered that the subject
populations were not matched for factors such as aerobic fitness.

Chiidren and Older Adults

Children and Adolescents. Children and adolescents generally have a
greater surface area-to-mass ratio, which should result in faster absorption of heat in
hot environmenis where the ambient temperature exceeds skin temperature or there is
a high radiant heat load (12). Children also display a higher metabolic rate for a given
work rate, and a slightly lower cardiac output for a given metabolic rate when
compared to adolescents or adults {12). {n addition, prepuberta! children have a lower
sweating rete during exercise-heat exposure than post-pubertal children and young
adults. These physical and physiological characteristics of chidren and adolescents
coukd have implicaticns for their ability to thermoregulate.

The anthropometric and physiological differences between children and young
adulis sugges: taat tha transition in thermoregulatory effectiveness may occur during
puberty. Fak and cofisagues (57), however, did not show these expecten
themmoreguiatory differences between pre-, mid-, and late-pubertal boys during
exercise in dry heat. Thei: findings furshes indicate the change from chidiike to
adultike tharmoreguiation Guing exercise in the heat may happen at a later
developmentai stage, but nct during puberty. Several investigators report similar
themoreguiation and heat icierance for children and adults (44,47,52), whiie other
investigators report ¥mpaired thermeregulation and haat tolerance in children
{52,84,234). Bar-Or (12) conciudes that many of these discrepancies may be ascribed
to different degrees of acu® heat siress.




in temperate environments, children appear to thermoregulate as effectively as
voung adults although children rely more on dry heat loss rather than evaporative heat
loss mechanisms (44,52). In warm environments where ambient temperature is not
greater than 5-7°C above skin temperature and the relative humidity is not high, the
thermoregulatory responses of children and young adults are also similar during acute-
heat stress (47,52,84). However, in very hot environments where ambient
temperature is more than 10°C higher than skin temperature (i.e., greater than «45°C),
children compared to young adults display a lower heat tolerance, with eievated body
temperatures and a lower sweating rate during acute-heat stress (52,84,234). Bar-Or
(12) suggasts that the higher surface area-to-mass ratios, lower sweating rates, and
less effactive cardiovascular adjustments in chikiren during exercise in the heat
contribute to their impaired thermoregulation in very hot environments.

Prepubertal and postpubertal boys display the ability to acclimate during
repeated exercise-heat exposure through a decreased heart rate and rectal
temperature, increased sweating rate, and improved exercise-heat tolerance (234).
However, the rate and degree of heat acclimation achieved is not as great for the pre-
pubertal boys when lkened 1o the postpubertal boys and young men. Even younger
boys (8-10 yr) show the ability 10 acclimate to exercise in the heat, but again they take
longer than young men to achieve complete heat acclimation (96).

Adults. The exercise-heat tolerance for middie-aged men and women was
reported to be less than for younger adults (50,234). It is unclear from these reports
whether this intolerance was the result of age per se or associated with other factors
such as poor heatth, decreased physical activity and/or low aerobic fitness. In
contrast, the exercise-heat tolerance of habituafiy-active middie-aged men (162) or
aerobically-trained middle-aged men (149) was equivalent or better than that for
comparabie groups of younger men. These two studies emphasized the importance
of a habitually-active lifestyle or high aerobic fitness and pertinent anthropometric
factors such as body fat, body weight and surface area (A,) in maintaining exercise -
heat tolerance with aging.

For the general population of middie-aged men and women, physiologica! heat
strain during exercise was somewhat greater than that observed for younger adults,
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particularly in tise heat (50,86,87.88,119,210,234). The greater physiological heat
strain for these middle-aged compared to younger persons was associated with higher
core and mean skin temperatures, heart rate and skin blood fiow, as well as lower
total body sweat losses and/or altered focal sweating responses. While resting or
performing intemmittent exercise-rest cycles during an acute heat exposure (49,51), the
physiological heat strain seemed not to differ as greatly between middle-aged and
younger men or women as during continuous exercise in the heat (50,234). The heat
exposure length appeared 10 infiuence the differences in heat strain between adult age
groups, as prolonged exposures resulted in accentuated heat strain for those middie-
aged individuals (86,88). More dramatic differences in heat strain between age
groups were observed at higher levels of environmental heat stress such as those
exceeding the prescriptive zone (50,119). When training state or aerobic fitness and
selected pertinent anthropometric factors were not matched between age groups, the
observed heat strain differences between groups were acrentuated.

When middle-aged and younger men and women were matched for aerobic
fitness and anthropometric factors (such as A, Ag-to-weight ratio and/or percent body
fat), the heat strain between age groups was generally the same or less for midd'e-
aged than younger persons during acute exercise-heat stress (2.102,149). Recently,
Tankersley and colleagues (229) reported no significant differences in
thermoregulation between younger and middie-aged or mote eiderly men who wers
matched for aerobic fitness, body weight, percent body fat and A,-to-weight ratio while
performing exercise in a warm environment. These observations seemed fo be valid
for both genders through the fifth, sixth and seventh decadas of iife, and to apply to
both desert and warm-humid conditions.

“Claarly, middie-aged men or women can acclimate to exercise in the heat;
however, questions remain regarding the rate and/or degree of acclimation achieved
by middie-aged comparec to younger persons (147). Two studies reported that
middle-aged men acclimated to heat, in tenms of theimoregulatory responses, at the
same rate and to the same degree as younger aged men (149,162). Both of these
studies evaluated sither habitualiy-active or aercbically-trained middis-aged men. Two
other studies reported that middie-aged men or wamen also acclimated to exercise-
heat stress (2,234); but the degree of heat acclimation was nk as great for the
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middie-aged as younger persons. Experimental design limitations in the study by
Wagner and colleagues (234) crested some difficulties in comparing acciimation

responses between age groups.

While these reported discrepancies can not be rescived presently, it seems
plausible that middie-aged and younger women raspond more adversely o a dry-heat
challenge than miid'e-aged and younger men (207). During dry-heat exposures
(49°C, 20% rh; 54°C, 10% rh) or desert waks (40-44°C), thermoregulatory advantages
are cbserved for men compared to women {149,257). It is likely that these gender-
related differences could help explain some of the discrepancies among hese reports,
and possibly that middie-aged women are at an even greater thermoregulatory
disadvantags while performing physical work in dry heat.

Spinal Cord injured

Spinal cord injury (SCI) impairs a person’s ability to thermoregulate (194). The
magnitude of impairment is related to the level and completeness of the lesion; the
higher and more complete the SCIi, the greater the thermoregulatory impairment.
Normell {142) has defined the areas with loss of cutaneous vasomator anc sweating
function for a given lesion lavel. The consequence of the loss of sympathetic control
of heat loss {via vasomotor and sudomotor adjustments) over large areas of skinis a
higher core temperature during rest (6) and exercise (59,94) in the heat.

Investigators have performed detailed analyses of SCi subjects’
thermoregulatory sweating and cutaneous blood flow responses to passive heat
exposure (71,227). During heat exposure, some sweating can occur over the
insensate skin but is sparse and not synchronous with sensate skin sweating. SCI
individuals have reduced local sweating responses for a given core temperature during
passive heat exposurs {227). Similar to the sweating response, cutansous (forearm)
blood flow is lower for SCi individuals (compared to able-bodied) for a given core
temperature during passive heat exposure (71). Freund and colleagues (71) found
that when insensate skin was heated, there was no increase in forearm blood fiow
{FBF); but the heating of sensate skin increased FBF by a relatively smal amount.
These investigators suggested that isolation of thermoreceptors in areas past the
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lesion for SCI might result in reduced afferent input to the hypothalamic
themmoregulatory centers, resulting in reduced effector drive for sweating and
cutaneous vasodilation.
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EPARTMENT OF THE ARMY
US ARMY MED CAL RESEARCH AND DEVELOPHENT COMMANG
FORT TETRICK, FREDRRICK, MD 217025012
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MEMORANDUM FOPR, ADMINISTRATOR, OEFENSE TECHWICAL INFORMATION
CENTER. ATTN: DTIC-OCC/DRLICRES CAMPBELL,
CAMERON STATION, ALEXAMURIA, VA 22304-6145

SUBJECT: BErratum to Technical Report, *Human Reaponses to
Exercisge-Heat Stress*

i. A te.hnical error tias besn discovered on vagzs * and 4 in the
subject printed technical report.

Z. Request the enclosed erratum sheets ba substituted in DTIC
ADA272581 to correct the original technical previously forwarcded
to the Defense Technical Inforzuticr Center.

3. Point of contact fox this action is Mrs. Judy Pawlus,

DSN 343-7322Z.
C"‘Aﬁf O '(‘—vv(,‘

Encl CAREY ERTT
LTC, MS&
Deputy Chicf of Staff cox
Information Management




INTRODUCTION

Environ.nental heat stress inzicases the requirements for swaating and
circulatory respanses o dissipate body heat, when the envircnmen. 15 warmer than
the s~ it also causes the body tc gain heat from the envirenmant, and thus
mereases e amount of heat that the body must dissipate.  In additon, muscuiar
exercise 1icreases melabolic rate above resting levels, and thus a 50 increases the
sate st whien heat must be disspatec 1o the envirenment to keep core temperature
Gom nsing to dangercus levele. Environmental hest stress and muscular exercise
theretore interact synergistically, and may push physiciogicat systems to thesr krus
Thus tecnye. zal repon provides an ovenvew of ihe normal physiwtogical responses 10
envircrmanta. and exercize-related heat stress, with emphasic placed on acyte heat
€xpcs.e and acclination produced by repaated exposure {6 heat stress. More
compigte roviews of some matenal covered m this technice! report czn be feund n
other recent reviews (4.122,168,195,187,198,219,245,254).

HEAT STRESS

Humars are trop.cal animals, and ¢ is pnmaril, through cuitural ard behaviorat
wneans thai they have adapied 1o ile in temperaie and cold environmants
8£.123.137). This generaiization is based on the following ewidence. (2} humans rely
pnimardy Gi- physoicg.cai thermoregulation 7 the heat, but prmarily on behawvioral
Inermoraguiation :n the coid (bj the thermoneulrai ambient temperature for nude
humans ang the temperature necessary for undistusbed sigep are relativaly hugh
=27 C;. and ) humans demonstrate substantial heat acchmatization, but only

madsg! cold anclmatzation,

Hoi chmates are present over large areas of the earth and are tolerated well by
humars Figure 1.5 a gisbal map of Wet Bulb Globe Temperature {(WBGT)' dunng
July. the hottest montn i the northem hemisphere /4¥/ During July much of Norh
Amencs. South Amenca, Europe and Asia have WBGT values above £5°C (85°F).

WEG 1 2 comrited index of environmezaizl heat stress. Outdooss WBGT = 0 7 wei bulb
=+ 2 plack globe + 0.1 dry butb. indoors WEGT = 0.7 wet bulp + 0.3 black globe

3
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