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Unfortunately Wyndham and Atkins (1968) did not obtain a
wide enough range of Ty, for each metabolic group and it
was therefore not possible to identify whether a metabolic

rate effect was present in their data.

Azer and Hsu (1977) developed an equation describing
physioiogical conductance in terms of core and mean skin
temperatures. Data on which they based their equation was
obtained from the literature and covered a wide range of
exposures to varying environments and work rates. Their

eguation is as follows,

6,75+42,45(Tcpr=30v,98)+8,15(Tep-35,15)0/8 (Tg-33,8)

B o et ol

K - 5'3 - —
(2.19)

They specified a maximum value for K egual to 75 W/m2eC,
Equation (2.19) can predict values of K higher than 75
W/m2°C but the output is prevented from exceeding 75
W/m?°C. When using Equation (2.19) as part of an overall
thermoregulatory model, the discontinuity in K at 75
W/m2°C results in sudden sharp changes in skin and rectal
temperatures responses which do not occur during experi-

menta]l studies.

Van Rensburg and Stewart (1977) and Stewart (1981)
explored the concept of saturation levels of K pertaining
to the highly non-linear form of the relationship between
K and Tppe. The maximum level of K attained by resting men
in experiments reported by Wyndham et al. (1968, 1970) was
approximately 42 W/m2°C. Both Figures 2.5(a) and 2.6 show
that much higher levels of conductance may be achieved and
it is clear that the saturation level of conductance must
be variable and cannot be associated with a single level
of body temperature. Stewart (l198l) concluded that these
observations raised the possibility that conductance might
saturate at different levels for different metabolic
rates. He went on to show that conductance could be
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During exercise however, the single cylinder core and
shell model does not adequately reoresent the human body.
The metabolic energy over and above the basal level is
produced in the muscles actively involved in exercise. As
such regions of the core associated with these muscles
will be at a higher temperature than the rest of the core.
The average core temperature would not be equal to the
rectal temperature, but could be somewhat higher depending
on the level of exercise. The weighted body temperature
driving signal, Tpp Calculated from a weighted sum of
rectal and mean skin temperature could well be an under-
estimate of the true mean body temperature during exer-
cise. The "error" involved in calculating K as in Equa-
tion (2.21) above would therefore depend on the extent to
which regions of the core are hotter than the rectum.

During experimentation carried out in this study, exercise
consisted of block stepping involving only the legs. The
twe cylinder mode. to be descri.ed was therefore con-
structed to mathematically determine the cause of the

"error" mentioned above.

Consider the two cylinder model represented in Figure 2.7.
The upper cylinder depicts the trunk of man and has a
surface area A; and metabolic heat production egual to the
basal rate, M;. The lower cylinder represents the meta-
bolically active legs having area A; and metabolic heat
production M;. Therefore the total surface area, A is
equal to the sum A;+*A, and the total metabolic heat pro-
duction, M is equal to M;+Mj.

The shells of the two cylirders have equal thermal conduc-
tivity hy and equal thickness x. The conductances of the
shells are therefore both equal to hy/x=h;.

The core of the upper c¢ylinder is assumed to be at rectal
temperature, Tpe. The core of the lower cylinder is

R SR SR
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Figure 2.7 TWO CYLINDER CORE AND SHELL
MOD OF MAN
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M) *+Mp= (Tre=Tg) (hy+mpCpp) + ATyl Copta? LTnhe (2.28)

The overall physiological conductance of the two cylinder
model can be calculated from Equation (2.28) in the same
way that 1t is calculated for the single cylinder model,

e
3=

M1+M2 ' A Tm A> il Tbﬁ\bcpb -’
— = k! = (ht+mbcpb) W | seeaem—— ht — A ce—— B
(Tre“Ts) (Tre-TS) A (Tre‘Ts) )

but from Equation (2.15), ht+ﬁbcpb is equal to K, the
physiological conductance for the single cylinder core and
shell model.

The value of physiological conductance calculated for the
exercising man from a measure of rectal and mean skin
temperatures and metabolic rate could therefore be in

"error" by the guantity

———— = 4 ———— MpCpp (2.30) @8
(Tre-TS) A (Tre-Ts) ‘x

The first term represents the "error" in the conductive
component of physiological conductance and the second term
represents the “'error" in the convective component of
physiological conductance.

Saltin and Hermansen (1966) and Saltin et al. (1968)
measured intramuscular temperature during leg exercise.
Their data indicate that the magnitude of the difference
between rectal and muscle temperatures could be as much as
3,5°C from rest to heavy exercise.
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Their findings indicate that Ty is a function of the
metabolic rate,

o St S

Eichna et al. (1951) measured the difference between
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arterial and rectal temperature in resting subjects. ‘
Under steady state conditions, mean arterial temperature e
was 0,25°C lower than rectal temperature. During exer-
cise, Saltin and Hermansen (1966) used oesophageal tempera-
ture as a measure Of arterial blood temperature. They
found that the difference between rectal and oesophageal
temperature inc~-eased from rest to hard work by more than )
0,1°C. 4Ty could therefore also be expressed as a func- 'S
tion of metabolic rate, BN

ATy = £2(M) (2.32)

I1f Equations (2.31) and (2.32) are substituted back into fg
Equation (2.29), it can be concluded that physiclogical %:3
conductance will be subject to & metabolic rate effect.
The fact that both ATy, and ATy, increase with increasing
metabolic rate indicates that physiological conductance Y-
will increase with increasing level of exercise. The pre- i
ceding theoretical analysis has been confirmed experiment-
ally by Stewart (198l) (see Equation (2.20)) for unaccli-

matized men.

It is easy to explain why the metabolic rate effect has
been missed by other researchers. Experimentation carried
out by Wyndham (1965), Wyndham et al. (1965) and Wyndham
and Atkins (1968) did not achieve a range of Ty, Values
for each rate of metabolic heat production. 1Instead, high
Tmp Values were a result of low metabolic rates and cool
environments. Their single curves of K plotted against
either Type, Tg Or a weighted sum of Tre and Tg were
therefore founded upon pockets of data at different
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metabolic rates giving the impression that K was not
dependent on metabolic rate.

By combining the form of the empirical eguations cited
previously with the theoretical analysis presented above,
it is possible to suggest the relationship between physio-
logical conductance, the weighted body temperature driving
signal and metabolic rate drawn qualitatively in Figure
2.8. It is the aim of the experimentation, discussed in
Chapter 3, to quantify the relationship between K and M at
low and high values of Ty, as well as to determine the
form of the equations relating K to Tpp-

Thermorequlatory Sweating ~--A Review

The secretion of sweat in order to wet the skin surface
and the cooling derived from the evaporation of the sweat,
is the major mode of heat loss in hot environmental con-
ditions. 1In order to calculate the quantity of evapora-
tive heat loss from Equation (2.6) the wettedness of the
skin, W must be known. Accordingly the model in Figure
2.4 predicts W(S) as the output of the thermoregulatory
sweating block, Ggr(S). A complex equation relates W to
the sweat rate under steady state conditions (see Section
5.2.4) but the same equation does not hold during trans-
ient conditions. Physiologists have concentrated rather
on correlating sweat rate with various body temperatures
during steady state.

Empirical descriptions of sweat rate in terms
of physiological variables

Wyndham et al. (1954, 1965) expressed sweat rate in terms
of rectal temperature. Hatch (1963) on the other hand
correlated sweat rate with skin temperature. Benzinger
(1964) postulatad that sweating was purely dependent on
internal body temperature,

g
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FORM OF THE PHYSIOLOGICA! CONDUCTANCE
WEIGHTED BODY TEMPERATURE DRIVING SIG=-
NAL RELATIONSHIP SHOWING THE EXPECTED
INFLUENCE OF METABOLIC RATE
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Sr="(Tget~Thy! (2.33)

The most useful of these correlations was performed by
Wyndham et al. (1966). They demonstrated a highly non-
linear sweat rate response which became saturated at high
rectal temperatures. They postulated a double exponential
function relating sweat rate to rectal temperature.

Values of parameters in the equation were given at each
hour of five hours of exposure,

- n
Sy = kp (1-kpek3'Ka~Tre)”, (2.34)
Figure 2.9 shows a plot of equation (2.34).

Attempts to correlate sweat rate with a single body
temperature must be viewed with suspicion when compared
with data published by Wyndham and Atkins (1968). Both
skin and rectal temperatures exert an influence on sweat
rate as can be seen in Ficure 2.1U. A threshold value of
recta! temperature had to be exceeded before sweating was
initiated., The sweat rate increased thereafter, its rate
depending on the extent of elevation in skin temperature.
They quantified the sweat rate response in the region
where skin temperature inhibited sweating,

0,27(Tg=33), (2.35)

Sy = (Tpe=36,5)(0,1+0,455¢
Since the rate at which the body can secrete sweat must be
subiect to some upper limit, eventually a point will be
reached where the body will no longer be able to increase
its sweat output in response tO an increwse in body tempe-
ratures. The siomoidal shape of the curves in Figures 2.9
and 2.10 empnasize this point. However in much of the
literature, a linear function has been used to describe
the relationship between sweat rate and body temperature.
Stolwijk and Hardy (1966) postulatrd the following linear
expression for evaporative heat loss in terms of devia-
tions from internal and surface temperatures,
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E = 5,8 + 93(Tg-37,18) + 21(Tg-33) (2.36)

Gagge et al. (1974) combined skin and rectal temperature,

using weightings of 0,2 and 0,8 respectively, into a repre-

sentative mean body temperature. Sweat rate was plotted
as a linear function of mean body temperature.

Nadel et al (1971la, 1971b) attempted to identify the
relative importance of core and skin temperatures by
varying these temperatures independently of each other.
Furthermore, by maintaining a portion of the skin at
constant temperature during di .erent levels of heating,
they were able tc demonstrate that local skin temperature
exerted a non-linear mu'tiplicative effect on the linear
central sweating drive,

Sp = 220(0,9(Teg=36,7) + 0,1(Tg-34))e! (Ts734)/10)

(2.37)
The exponential term indicates that skin temperature acts
locally on the sweating drive, an effect which has been
confirmed experimentally by Mitchell (1972).

Mitchell (1972) investigated the relationships between
thermoregulatory control actions in resting men and
various inputs to the control system. He concluded that
changes in true mean body temperature were most likely to
be responsible for the central drives which control both
sweat rate and physiological conductance. The correlation
between sweat rate and mean body temperature was higher

than between sweat rate and rectal temperature,

Bullard, Banerjee et al. (1970) investigated, by experi-

mentation the influence of skin temperature on the stimula-

tion of the sweat gland. Two mechanisms were believed to
exist. One is local and directly affects the function of
the sweat gland, the second is of a neural nature invol -
ing thermal receptors and the integration of these affer-
ent signals by the central nervous system. The model
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which they postulated utilizes hypothalamic proportional
control with the modification that skin temperature acts
to determine the reference level. Their model is ex-
pressed mathematically as follows,

where Tget (N) function of the mean weighted skin
temperature

L = function of local skin temperature.

They observed further that the rate of sweating was de-
pressea when the subject's legs were cooled in water, the
extent of this depression was proportional to the rate of
cooling of the surface and the area conled.

It has been demonstrated by Wyndham et al. (1966) that the
sweat rate of an individual may decrease with time even
though body temperatures continue to rise. Similar
results have been found by other researchers (see Kerslake
1972). Two mechanisms are thought to be responsible for
this decay of sweating with time, sweat gland fatigque and
tne skin wettedness effect (hidromeiosis). The contribu-
tions of both the above mechanisms to the suppression of
swe~ting is discussed at length in Chapter 5.

Nadel and Stolwiijk (1973) have included a parameter ¢ as a
multiplier on Equation (2.37) which reduces the sweat rate
as skin wettedness increases,

Sp = 8 [« (Teg=36,7) + &(Tg-34))eTs734)/10

(2.39)
The wettedness suppression factor ¢ is a function of the
wettedness divided by the drive as shown in Figure 5.9.
Equation (2.39) does not however explain the decay in
sweat rate which occurs with time, an observation which is
clear in the experimental results discussed in Chapter 5.
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Stewart (1981) after a comprehensive review of the litera-
ture reached the following important conclusion: "For a
given thermoregulatory stimulus, and provided a certain
ievel of skin wettedness has been exceeded, sweat rate
decreases exponentially with time and the rate of aecrease
depends on the skin wettedness". The implication is that,
whereas sweat rate has been expressed as a function of
rectal and skin temperatures (and more recently skin
wettedness has been included) the effects of time per se,
and of the cumulative duration of skin wettedness, should

be included.

From the review just presented it is clear that there is
neither a qualitative nor guantitative equation which
includes all of the abovementioned effects. It can be
concluded therefore that no comprehensive model of thermo-
regulatory sweating exists although some of the individual
components have been investigated.

Discussion

In respect of the literature just reviewed, and in the
light of the requirements for a thermoregulatory model
discussed in Chapter 1, the first objective of the study
can be evaluated and the scope and direction which has
been adopted in order to achieve the second and third

objectives is outlined.

Existing quantitative formulations of composite thermo-
regulatory models cannot be used to accurately predict the
rectal temperature response of acclimatized men required
to work, in underground mining conditions, for extensive
periods of time. The reasons are;

(i) present models rely on experimentation carried out
for short time periods. Long and short term
transient response and predictions of steady state
temperatures have been based on inadequate short
term data,
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