
Hensel (1973) states that the general neurophysiolo/'ical 
properties of cutaneous thermoreceptors can he described by

a) they have a stat ic discharge at constant tfMuperatur'i,

b) they show a dynamic response to a temperature change, 
and

.

It has been suggested that there are two types of thermo­
sensitive neurons (Sisenman, 1972), namely primary thermo­
detectors and thermo-sensitive inter-neurons. Most, if not 
all of the cold sensitive units found in the hypothalamus 
are inter-neurons.

T e m p e r a t u r  e ( * C )

FlOUKK .

The temperature characteristics of cold and 
warm neuro-sensors taken from a single nerve 
fibre on the nose of a cat (Hensel, 1969).



- 23 -

The actual mechanism of the thermo~neu.ro transducer is 
not known. Electrical activity occurs at the terminal of
1 ho axon within the receptor, This generator in it. iaten .action 
potentinln in the al'ferenl axon by depolarising It, and caus­
ing the normal regenerative c.yclf, that Initiate:: the conduc­
ted axon potential. The frequency of discharge is proport-

plitude of the generator potential (Iggo,1 9 7 0). 
The afferent axon potential pulses are conducted to synapses 
in the hypothalamus. This region is regarded as constitute 
the central integrating neuronal control where electrochem­
ical action occurs.

Some of the chemical constituents for control have been 
identified* Know.* ige of their presence has assisted in the 
location of the position and density of these neuro-trans- 
Ltter . Muol hai been learnt about transmitter function by 
introducing small juantities of the control chemicals into 
the cerelral ventricles -md directly into the preoptic arid 
anterior hypoti il imic region. The chemical interference is 
thought to take place at the synapses in the hypothalamus.

On the basis of these and other tests a few neuro- 
trarsmittc-r models have been proposed in order to explain 
the interaction between the neuro-transmitter signals*
Hammel (1)6*) suggested a model relating warm and cold recep- 

heat loss and heat conservation reactions. Wyndham 
and Atkins (±9*-) suggested a el which accounted for 
transmitters from both the skin and the hypothalamus. Bligh 
and Oottle (1 )Crj) and Bli ;h and Maskney (19t>9) proposed a 
simple model to show how control chemicals acted upon the 
synapses. Bligh (1972 1973 ) has studied these models in 
detail and has suggested a more comprehensive model which is 
similar to that illustrated in Figure 2.3. The inter-action 
between the neuro-transmitter signals is thought to exist in 
the so-called neuro-integrating centre in the hypothalamus.



- .’4 -

T1
a; tJ
♦j i.:
4r> a»
■> t tlti •J*VI
, « r-J cl
t( V j
+-> <i»

-h
H clo•H

T3
a> ax: •H

+
do f tc:

■H
T ! 01
§ <1>x:T5 f-t

r - i
o
o •©
H HU o
rt

ocO >»
!<■'< 3*4J T?

0j a.'
X* •*~>

c
d 4) eg
o o: r-
•H 0)+■> f-H
a<s <U •h
a> t, s :s~, h 0

a> t-. *H
x : etf irj

ra
a'

CJ w •
a.
«J 'H

C* 13 •H
4-5
•1
rH .CrH H *

r*H •
1> 03 Kti v: >-0o +-’ -H
r* w a.o 0)Jm X«'•» O ♦-'<i> mrt c: tj<D d<t m a

XI u»



Bligh's model represents the relation between the cold 
and warm receptors and the control actiona. The synapses 
are represented by circles. A positive sign indicates that 
the transmitted signal is augmented and a negative sign 
indicates that the transmitted signal is inhibited. The model 
indicates that a control mechanism such as sweating is the 
result of an interaction between a large number of warm and 
coll control sensors together with a possibility of non- 
thennal excitation.

If the warm sensors are given a positive sign and the 
cold sensors a negative sign, then the si,"..al eminating from 
a synapses, for the purpose of control, will have a temper-

Lstic similar to that shown in e 2.4.
The curve represents the sum of the warm r-j»,d cold sensor 
signals illustrated in Figure 2.2* A warn excitation will 
create a proportional increase in the degree of sweating and 
vasodilation whereas a cold excitation will result in the 
degree of proportional vaso-constriction and shiv<

There is evidence that the synapses and axons are them- 
selves t< re- lensitive (Iggo, 1970).

Little i.t Knowr. about the efferent neuro-transmitters 
and the me cl which links them wi t •. th< control actions.
The relationship letween the firing rates or net signal from 
the hypothalamus and the control parameters, sucl is sweat- 
ing is not kno;*n. Physiologists have, however, obtained 
f tirl.y ,'ood correlation. between ody temperature and these

. . rameters (Wyndham, 1 m 1 j Idfyi > ns, 1968).
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Temper atur e (#C )

KJ ,UHh <-. :

The cold and warm neurooensor characteristics 
are combined to form a single control curve.
The cold sensor curve is inverted as these signals 
inhibit the warm signals. The control action is 
zero at 36,5 *c.
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- 4 .- Control of sweat in/r
The sweat control mechanism Is the moot powerful mechan­

ise of combatting thermal stress. In a hot environment ..e 
•ate of sweat secretion i_ adjusted such that the latent heat 
of evaporation of this sweat will mairtain thermal equilib­
r i u m .  There is a Limit to the rate at which sweat, cun evap­
orate :‘rom the surface. Should the thermal demands exceed 
•nis limit, the akin aurface becomes saturated witn sweat 
a.  i sweat. »ill ultimately drip off the body so that tnermal 

;Librium can therefore, no longer be reached.

Physiologists have for some time endeavoured to corre- 
La U* sweat rate with body temperature. The ability to sweat 

on the degree of acclimatisation (Wyndham et al.1954 . 
). heproduoible experimental results can, therefore, be 

.trained only if the degree of acclimatisation is held 
ccr.. tant.

Robinson (1949) was the first to show a relationship 
:* tw^en sweat rate as the controlled output, and rectal and

.kin temperatures. On the basis of the results of 
ex * endive experiments, MacDonald and Wyndham (1950) and 
Har iy (1961) supported this type of relationship. Benzinger 
(I 0.7 ) or the other hand considered that sweating was entirely 
i t  pendent on internal temperature.

The first quantitative relation between sweat rate, ar.d 
ro'-'al and skin temperature was riven by Wyndham (1965). 
;;woatin«: rate was found to be about four times more sensitive 
to rectr.l temperature than to skin temperature. Hardy and 
"tolwijk (1966) proponed the following simple linear express- 
)on for evaporative heat loss:

H * 5 ♦ 80(Te - 37,18) ♦ 18(Tb - 33) Kcal/m'/hr

= 5 ,b + 93(T - 37,16) + 21(T - 33) watts/m" 1.-1 0
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Where T is the tympanic temperature (*C), and

T is the mean skin temperature ('C). a

Wyndham, after further detailed experiments ori a large 
number cf subjects, obtained more precise results. A family 
of curves, illustrated in Figure 2.5 shows that the charac­
teristic s are non-linear (Wyndham and Atkii , i )•

The greatest handicap in this work has been the lack of 
a sensitive and accurate instrument f'r measuring the total 
evaporation from the body. All the above data are based on 
a change in body weight. Bullard (1965) and Beaumont and 
Bullard (1965) developed on instrument for measuring accurately 
the amount of sweat which evaporates from a small area of 
the skin. Using this instrument , they confirmed that skin 
temperature plays l role in the control of sweating. However, 
the role is at least partially a local effect at the neuro- 
glandular junction, which doe;̂  ot involve skin thermosensor.- 
(Mac Intyre et al. 1968). Mitchell (1972) has shown that 
akin temperature effectively ‘modulates’ the sweating 
characteristics. He found that an increase in local skin 
temperature by directed radiation caused the sweat rate to 
increase from 4 to 7 g/m*.min and suggested that the 
neuro-glandular motion of the sweat gland is temperature 
enaitivi regard tivi ub] . 1 fior.

JJadel et al.(!97l) made a detailed study of local sweat­
ing over the thigh, and were able to confirm a role for skin 
thermosensors. They have at, ̂.empted to identify the relative 
importance between co”e and skin temperature by varying 
these temperatures independently of each other. The core 
temperature was increased by short periods of heavy exercise 
while the skin temperature could be adjusted with a radiation 
source. The relation between internal and maar. skin temper­
ature in the control of sweating rate is described by the 
summation model:
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R e c t a l  t e m p e r a t u r e  *C

yj

The sweat rate vor. jo temperature
characteriotics tfiven by Wyndham
and Atkinu, (1968).

(T = Bl'in temperature )
'  s  1
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H - 197(T - 36,7) + 23(T - 34,0) watts/m2 1-2c s

intaining a portion skin temperature constant at 
different /e 1 s diring heating of this skin, Nad el was able 

r.ow .-/in tern per at.-.re exerted a multiplicative,
>d . 1 it; . , e '*'<* -t or. the output from the central control-

lfr. Hi. c< iplet< -cdel is given by the expression

(T - 34)/IO
H = 1071T - " ,7) + 2J(T - .M,0) e watts/®

1-3
where

,

T.  ̂ is the weighted skir. temperature.

The multiplication term is hignly r.on-lir.ear a.-.d is 
significant only at h skir: tens ■ ire above >5 *C. liadel 
also noted t.nat during cooling of the skin the rate of change 
of a/in temperature provide! a significant signal *o the
central integrat bw w ..... lly inhibited*
b » erjee an Bullard (1 " -’,0 noted that * he rate of sweating 
wat: depressed rapidly when a au;,ects legs were cooled in 
water. Tne extent of decrease wus proportional to the rate

the area which was cooled. The rate of
• if. - 4 rf t red to nearly its original level after a 

e* • alth the hath temperature was . ome 12'C
lower than r.ltidily.

Tne large i-. i tional a* load associated with exercise
i.3 dissipated mainly by the evai oration of sweat, The 

-nnl stimulus required ha. not been identified.
Exp'. • i:: ents in th-..* climatic chamber of the Human Sciences 
Laboratory have snown that there is only a small increase in 
rectal temperature after a period of worn despite a large 
incr-stse in the amount of sweating (Atkins, 1971; Mitchell, 
1972). It has been suggested by Robinson (1963) , Gisolfi



and Robinson (1970) and others that, there are probably thermo­
receptors in the muscles, though they have never been 
identified. Bradbury et al.(1964) found that swea* rate 
increased with the expenditure of energy, even at an elevated 
body temperature. They suggest that exercise stimulates 
sweating by some factor other than a rise in body temperature. 
Nielson, B. (1966, 1969), when studying both negative and 
positive work, found that the rate of sweating did not 
correlate with deep body temperature or oxygen intake but did

the amount of heat produced. She suggests the possibility 
of the release of chemical factors during work to stimulate 
sweating, i " ). Non-thermal excitation, such as mechanical 
excitation, may also possibly occur. Mitchell (19 72) has 
shows that the correlation between sweat rate ana change in mean 
body temperature for a resting subject is closer than that 

s‘ • rat< and rectal temperature* Because cf the 
high muscle temperature it is not possible to determine the
• • • luring exercise. e aut

has shown with a model that the mean body temperature Increa­
ses substantially with exercise an : might therefore provide

. . • • . . ■. ___il. . ,
an l Mitchell '1971  ̂ have suggested that work might cause an 
increase in the control sensitivity.

Snellen (1972) in a review suggested that, if average 
bod/ temperature is the proper input signal then the regulat­
ion mechanism operates as if there is heat regulation of the 
quantity of heat in the body rather than regulation of the 
temperature of the body.

2 . 4 . 3  of I l ood f l ow

In a mild, cool or warm environment the body is able to 
control the rate of heat flow to the surface and hence the 
temperature gradient between the skin find the core. ( Refer to 
Thauer,1965. for a review of the subject)



This gradient is rcduced in a warm environment and increased 
in a cola environment ho that a near constant core teinpera- 
ture is maintained. Physiologists have found it convenient 
to express the heat trimsfer between core and skin in terms 
of a linear apparent physiological conductance, K., such 
that at steady state (MacDonald and Wyndham, 1950; ,

Metabolism, - Respiration,^ s  Kb(Tcore~ Tsktn) 1 “ 4

A change in the temperature ./radlent between core and 
skin represented by a corresponding orange in Kv is 
determined mainly by the state of the peripheral blood flow. 
Mitchell (1972) has shown that the physiological conductance 
for a resting man varies or.ly within the ambient temperature 
range of 28 °C to 35 °0. At temperatures above this range 

steady- • :
states that the constancy of the conductance at low air 
temperature, ir* probably an artefact due to a change in 
the pattern of heat flow. Th< i ount of heat transferred 
by vascular convection is reducei and is ultimately less

transferred by pure conduction. There is evidence 
tr.a* peripheral tlooi flow Increases at ambient temperatures 

Low I 3 (Thauer, 1965)* Wyndham et al. (1968) have 
show; th it tt.fi ph> siological rouduo t.ar.ce decreases a further 
'50 per cent at air temperatures less than 25 °G, ar d that 
it appear.) to reach a minimum at. 20 °C for a lightweight 
man and 15 °C for a heavy man.

The value of a single physiological conductance for 
representing the thermal gradient, between core and ;-kin 
during work i;: doubtful because of the intermediate high 
muscle temperature.

Physiologists have endeavoured to correlate 
physiological conductance with body temperature. nost
detailed study was made by Mitchell (1972) who compared



physiological conductance with skin temperature, mean body 
temperature, oesophageal temperature and rectal temperature 
l'or a variety of ambient temperatures. Only resting 
conditions were considered. The best correlation, r =0,8 
wts obtained when akin temperatur was compared with 
conductance. Thu oesophageal temperature provided a slightly 

relation, 0 ,6 6, tha in body or rectal tempera­
ture .

Wyndham (19 66) ha: plot!., i phyniological conductance 
a3 a function of both rectal an j skin temperature, rymdham 
et al. (1966) reported th ‘ * :.en two subjects were exposed 
to cold the physiological -.ductance fell sharply to 
minimum v dues ar the aver :e skin temperature fell to 
27 °C. They state "the results suggest that in cold 
conditions vasoconstriction of peripheral blood vessels 
is directly r level of skin temperature."
Keatings (lr*72) claimed that direct (local) effects of cold 
on vessels are an Important as reflexes (from the core) 
in producing both increases and decreases in peripheral 
blood flow that can be induced by cold.

The change in thermal gr't ?i->nt between core ani akin 
is iue almost entirely to a change in the peripheral blooi flo 
Tfr auer( : ')* ) .Hewle 11 ani van ..waluwen burg (1910) were the 
fir.’t to me a 3 u re this change tn llooi flow and four.i that, 
the extent of skin blood flow increased by a factor of five 
when the body temperature was elevated frorh 37 °C to 40 °C. 
Several worker:; have subsequently found an increase in 
peripheral blood flow following an increase in either body 
or akin temperature (van Hensburg, 1971). Little quantita­
tive information i. available because of the great 
difficulty in measuring peripheral blood flow. The usual 
technique is to measure the change in mean diameter of a 
limb with a plethyamograph. Calibration of sucn ar
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instrument is very difficult and it is impossible to 
ascertain what proportion of the change in diameter ia 
caused by peripheral blood flow. Spealman (1 9 4 5) compared 
the blood flow in cola, normal and warm environments while 
keeping the plethyomograph at a cons tar. t temperature of 
15 °C. It was assumed that the local skin temperature

temperature. Blooa flow 
values of 1,9; 5,9; 20,6 and 0,3; 0,9; 5,5 tnl/lOOcc/mir. 
were measured at 35 °G and 15 °C. Van Reneburg (1971) 
summarised the findings by 3aying "The skin blood flow is 
the result of an interaction of central, local and reflex 
effects of heat. These effects may either oppose or 
reinforce each other."

It is not surprising to find a correlation between 
akin temperature and physiological conductance if core and 
skin tempe :o not follow parallel ithl . A change
in physiological conductance will cause a change in the 

‘ <:>• ;radiei * between ! »kin. If the core
temperature is controlled then it ia the jkin temperature 
which will change a3 a result of the change in physiological 
conductance. Because there is a correlation between 
physiological conductance and skin temperature, i* does not 
imply that akin temperature initiates the control, of 
peripheral blood flow.

Brengelman et al♦ (1)73) reported recently that they 
found vasomotor control independent of skin temperature 
and the rate of change of skin temperature in a resting 
man; control appeared to be dominantly a graded response 
to core temperature. Ir. a carefully planned series of 
experiments they were able to make the skin temperat re 
follow a double ramp and a truncated ramp pattern wi ile 
they measured the forearm blood flow. The skin temperature 
varied from 32 °C t.o 40 °C. Only after the akin tempera­
ture exceeded 38 °C or after an increase in rectal 
tomperature did the peripheral blood flow increase. Their 
results indicate that a change in akin temperature has only
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a small influence on forearm peripheral blood flow; however, 
the effect of a rate of change of akin temperature on 
peripheral blood flow is lens convincing. The rate of 
■ • . of . • eraturo wan relatively slow.

The author (Atkina, 1VJ6.'.') reported that if peripheral 
blood flow control was initiated by nkin temperature, ni.J 
analogue model became unatable. He stated (Atkinr and 
Wyndham, 1968) that blood flow control is initiated mainly 
by the core temperature.

Unfortunately, there ia no record of an experiment 
designed specifically to test the effect of rate of change

*. • eripheral blood flow.
Rowelle* al. (Bee. 1971) have found that a sudden increase 
iM skin temperature results in an immediate drop in splanchnic
blOOd flow 1 pid i • 100 ' • • •
They concluded that the rapid increase in peripheral bloo; 
flow must rejult from the decrease in splanchnic blood 
flow.

Because of shortcomings in the reasuring techniques 
it is impossible to ascerttin whether vacodilati'n/const^ic- 
tion takes place only in the superficial venous arteriolar 
plexus or also in the veins and arteries of the subcutaneous 
fat. It in impossible to distinguish between the heat 
exchange from arteriolar ; lexi ar i ! rom capillary loops.

Exercise introduces additional problems. Brengelmann 
et al. (1973) suggested that the pattern of control of blood 
flow in exercising man is radically different from that 
of resting man. Van Rensburg (1971) measured peripheral 
blood flow in working subjects exposed to a neutral 
environment in which air temperature was 21 °C. he 
obtained a linear relation between peripheral blooa flow 
and oxygen consumption with a correlation coefficient of
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0 9. The blood flow varied from 4 (ml/lOCcc/min), for a 
resting subject, to 24 for men undergoing heavy exercise.
This is of the same order of change as that observed by 
Spealman (mentioned above) for a change from a neutral to 
a warm environment without exercise. Unfortunately, van 
Rerisburg did not repeat his experiments in a warm environ­
ment when maximum vasodilation may already have taken place.

The major problem is whether the peripheral blood flow 
doe? in fact reach a maximum when a reeting subject io 
exposed to an air temperature of only 35 °C, as suggested 
by the upper limit of physiological conductance (Mitchell, 
1972). If a dan starts working after he is already in 
suer, an environj t, io peripheral bloou flow
increase further? There is no quantitative information 
with which to answer theue questions*

Mitchell (1972) has ehown two different curves, when 
physiological conductance ia plotted against air tempera­
ture, for the two situations c work and rest. The 
conductance is appreciably higher when the subject works.
He ehows that work rate has little influence on physiological 
conductance wnen the humidity is low and when sweating is 
adequate. Skin temperature** are ruducd and the larger 
temperature gradient between core and skin io sufficient 
to permit loss of heat. When numidity io high and the 
evaporative neat loss is inadequate the skin temperature 
does not decrease, and an additional strain is imposed on 
the peripheral blood flow. The fact that the physiological 
conductance is higher during work in an environment of low 
humidity does not necessarily mean that the peripheral 
blood flow increases during work. As mentioned atovc, 
value of the physiological conductance can be very mis­
leading if the subject io working.

Rowell et_^. (J.m. 1971) have ehown that the peripheral 
blood flow can increase daring exercise in heat if the skin
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temperuture is increased suddenly. This indicates that 
saturation could not have taken place. The author had 
difficulty in reproducing the experimental nkin temperature.'; 
of & working subject with a simulator (At,kins and Mitcnell, 
1972). He concluded that either there was a further increase 
in peripheral with work or that the peripheral blood flow 
was shunted further out into the skin. The results 
presented ir. Chapter 7 will help to explain this problem.

Van Rer.sburg (1971) and Rowell >•* a.l . (.Ian. 1971) and 
others found that there is an immediate decrease in 
peripheral blood flow at the onisot of work. Van Renrburg 
showed that the blood flow dropped to loos than half its 
original value, then returned to its initiul value within 
six to ten ell ites, before Increasing. Unfortunate 
Rowell introduced other experimental changes before the 
flow increased. He showed, however, that if the skin 
temperature wa3 high, the initial decrease in peripheral 
blood flow was negligible. The peripheral blooi volume 
was only fc small proportion of the total volume but, even
30 , • - ■ •

During exercise additional oxygen la required by the 
muscles. Thia is achieved by an increase in the blood 
flow pumped through the lungs by the right heart and by 
an equal increase in the bit d flow, pumped by the left 
h'art, to the muscle.

Wyndham (1959) and Rowell(1969) have provided the very 
useful relationships between workrate and oxygen intake 
and between oxygen intake and cardiac output. It is fairly 
safe to assume that the change in blood flow in muscle 
and in the periphery, after the initial decrease at the 
onset of work, ia of the same order as the change in 
cardir.c output during moderate exercise. The caMiao 
output of a man, who starts to work at a rato of ; -aits,
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will increase from 6 to 12 L/min.

Rowell et al. (1%9) have shown that the cardiac output 
of a working mar* exposed to a high temperature , decreased by 
15 per cent at high work loads and by 7 per cent at low work
loads while the oxygen uptake -emained unaltered.

There is evidence that at the onset of heavy exercise 
large quantities of blood are drawn from the periphery and 
core to supply sufficient energy to the muscles (van Rensburg, 
1971 and Rowell, 1969# Wade et al..1956 ). It has also been 
suggested that there is a direct exchange of blood between the 
mus. e and aliacent periphery (Cooper, 1959).

2.4.4 Co r .vc :  or r.tw. ; r. i ..■* t ’

The increase of heat production In cold exposure was 
first accounted for by Rubner (1902). He attributed this 
reaction partly to ’physical’, that is shivering, and partly 
to chemical reactions. Some animals with ’brown fat’ have 
since been shown tc have a chemical means of increasing th?ir 
metabolism (Brack and Wunnenterg, 1971). Man depends upon 
shivering, that ic inv< • activity.

Shivering appears to occur only when the body i3 oxposed 
to a relatively cold environment. At first, shivering is 
spasmodic and insufficient to avoid a heut debt (Spenlman, 
1949) but as the extent of shivering increases, the heat 
debt can be overcome provided that the cold is not too severe. 
The increase in metabolic heat is comparable Kith light 
exercise. Rates of heat generation as high as 400 watts have 
been measured. Hardy and Soderstrom (1950) provided a very 
useful curve showing that metabolic heat increases almost 
in proportion to the decrease in air temperature below 28'C. 
Wyndham 0^ . ( 1968) compared the increase in metabolism of 
a fat mar. with that of an average man exposed to cold. They 
reported that a eharP increase in metabolism occurred when



the avorago okin temperatute foil below jlO*C for- the average 
man. It was suggested that the fat man became habituated to 
a lower skin temperature.

There ia very little correlation between metabolsim 
and body temperature as steady state is rarely achieved 
during experimental periods of typically one to two hours. 
Mi:chell (1972) found no correlation between rectal temper­
ature and increase in metabolic h«. The correl ition 
between change in mean body temperature and change in meta­
bolic rate waw about the same as the correlation with 
changes in skin temperature, namely r = 0,8.

2 . 5  Kathe-.fttlcal and * r.< i-.Of. r  . ia* lor.

The first thermo-models of the body weie mathematical 
descriptions. Perinea (1948) proposed an expression for 
radial heat flow in the forearm assuming a uniform distribu­
tion of netab<
Kachle and Hatch (1947) presented an equation of heat balance

K + D -  V ^ R  + C + E 1-5

where X is the metabolic heat input,
D is the rate of change ol body heat content,
R, C and B are radiative, convective and evaporative 

rates of heat exchange, respectively, and
V is the rate of heat exchange by respiration.

Tne first trv* thermoregulatory model of the human 
body, an electrical network suggested by MacDonald and 
Wyndhara (1950) in Illustrated In Figure 2.6. The analog 
between rate of heat flow with electrical current and 
temperature with potential difference are employed. Thermal 
capacitance and reaintancc are analogous* with electrical 
capacitance and reeietance. Thermal masses are, therefore, 
represented by capacitoro in the varioue body regions,.
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p i r n s  , : . 6

The eloc’rical network model suggested by MacDonald 
ar:d Wyndham (1950)

c core thermal capacitance
cB akin thermal capacitance

Kb physiological conductance

“re conductance for determining radiation 
and convection heat loas

Ke conductance fo. determining evaporative
heat loss

evaporative heat Ions

im - metabolic heat input
irc radiation and convection heat loss

T *ext environmental temperature

Tr - rectal temperature

Ts akin temperature
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Heat flowing between regions encounters resistance (or1 
conductance). Metabolic heat ia represented by sources of 
current. Heat exchange between the body and the environ­
ment is represented by a resistance. The control actions 
for sweating, blood flow and metabolism, are represented by 
the variable parameters.

Such a model is valuable in assisting with the solution 
of a problem as it clearly demonstrates the inter-relation­
ship between the essential ; ammeters and aids with the 
analysis of a system. This model is not intended to 
represent the precise nature of heat flow throughout the 
body but merely control actions and tverage thermal response 
to a thermal stress.

This simple electrical network mojel was the forerunner 
of many other models. Research under the guidance of 
Professor Taylor, University of California (1953 - 1957) 
took the first lead. Taylor's researchers modified the 
model by adding a further capacitance and obtained a few 
transient solutions of the model. The use of an analogue 
computer for simulating the thermorc dilatory process was 
suggested by the author (Vyndham and Atkins, I960). The 
author modelled the human bo*y with a cylinder consistin.? of 
three homogeneous concentric sections which represented the 
core, the vu e and the skin. The conductivity of this 
model was treated as a variable in an attempt to replace 
the combination of pure heat conduction through tissue 
and variable vascular convection. A set of finite 
difference equations, representing radial heat flow in, 
the body, wan simulated with an analogue computer. The 
three control actions, metabolism, conductance und sweating 
based on experimental results, were controlled by function 
generators the characteristics of which were dependent upon 
both akin and core temperature .

Crosbie, Hardy and Fessenden (1961, 19<>3) followed 
with a similar analogue computer model in which was uaed
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an infinite slab configuration instead of a cylinder.
Their control actions were governed by a computed value of 
mean body temperature. The model results compared 
favourably with a *’• w « • • • ■ ■ .1 (••vui ta.

At this time Wisaler (1959, 1961) examined the 
steady-state heat transfer mechanism of the entire human 
body. He realised the importance of nepuratin,1: two

onerts, namely, conductance *inu v l h c  '■ •• 
convection. Wioaler described a passive stoady-otule model 
and presented a detailed analysis of heat distribution in 
the body. His model con;-: 1 of six elements which 

he torso, head, two arms and two legs.

The author (ittKins 1962, 1963) used an analogue 
computer to simulate his thermoregulatory model. The 
model which is illustrated in Figure 2.7, contained four 
concentric sections repr g the core, the muscle,
deep tissue aid t,he skin. A single cylinder was chosen 
in preference to n number of elements as all heat exchange 
measurements and even skin temperature are expressed as 
a mean for the whole body. It would be- very difficult 
at this early stage to isolate measurements for each 
individual limb. Heat transfer from the core to the surface 
bv conduc -nee and vascular convection were separated and 
a central blood pool distributed blood to the three inner 
senior.s. The influence of sweat control, blood flow 
control an i metabolic control on body temperature were 
lemon -trated.

Similar multi-layered one-dimensional models have been 
constructed by Brown (1963), Smith (1964) and Stolwijk and 
Hardy (1966). The model proposed by Stolwijk and Hardy 
consisted of three cylinders representing the heat , the 
torso and the extremities. Each cylinder was suh -^vided 
into three concentric layers. There was conduct. j f  

heat between adjacent layers and convective exchange oi



LiSSUE 
MUSCLE

>K IN

fi /■• ■ ■ l
The physical model simulated with an analogue 
computer. (Atkin*' 19t>j)
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heat between each layer and a central blood pool. Control 
was initiated from the core of the head, namely by hypothalamic 
temperature, ami akin temperature. The model reproduced a 
few experimental results. ot.olwijk and Hardy stated chat 
the model could be useful to a physiologist in planning 
o* interpreting experimental work. They mfortunately 
did not attempt to interpret their own experimental work 
which the model simulated.

Stolwi jk.(1971) has subsequently reported on a digital 
computer model program which is similar to his analogue 
computer model described above. Unfortunately no results 
obtained by means of this model have been published so there 
ia no means for assessing the value of the model.

Wiaeler (1963) extended the dynamic model suggested 
by the author (wyndham and AtKinn, 1 % 0 j Atkins, 1962) 
from a single cylinder to six elements. Ea^h cylinder is 
assumed to be homogeneous. The capillary beds of each 
section are uniformly sup;lied with arterial blood. The 
elements are connected by a vascular system and have a 
common blood pool, Aissler's latest, model (Wissler , 1964, 
1966) is complex and is designed for a detailed study of 
the distribution of heat throughout the body. Strangely 
enough, he does not take notice of the rather critical 
high non-linear temper -ture gradient near the skin surface 
reported by Bazzett (1949) , described in Section 2.3 above.

Apart from the fundamental heat transfer analysis, 
none of the models described above have made any significant 
contribution to the knowledge of the thermoregulatory 
process. The dynamic models have merely simulated a few 
experimental results. In an effort to prove the value 
of a model a3 a research tool, the author used the 
analogue computer simulator to examine the 1 tl 
importance of the control actions on stabilising the 
body temperature (Atkins, 1968; •



The model 10 the flame as that illustrate-1 in Figure 2.7. 
Tests were made with control initiated from

a) the corc alono;

b) the arterial blood temperature alone;
c) a combination of •

then arterLai bio peraturej
d) the computed mean body temperut ire,

Various control characteristic w< r- ie. ted by setting­
up the desired family of curves i' 1 r *o those illustrated 
in Figure 2.5, on function generators. Testa were restricted 
to a resting subject exposed to a voietj of ambient 
temperatures in both he it mi co::. A number of analogue 
computer record: »trated the ontrol actions. Ihe
experience g 
statements:

a) The control of sweat :at« : y r. internal tempera­
ture is the mo.it ir. port .:.t .no powerful mechanism 
for stabilising the internal rody temperature in 
warm tnvir m.e- ‘ r  .

b) The location of the t*vrp* rata-■ which initiates 
control is not critical for r< sM?.-r conditions, 
control initiated by the arterial temperature 
produced the most favour ail*' results.

c) ?kin temperature does not play an important part 
in controlling sweat rate it, warm resting 
condi tions.

d) Surface blood flow control, which appears to 
saturate at a moderate am* i • *i’ ♦■••■nperature, does 
not change the core temperature of a resting



subject sign if leant Iy . It.i main function 
is to increase the akin temperature nnd, 
therefore, reduce the heat Load on the body.

e) Blood flow control in initiated mainly by the 
core temperature.

f) In a mild cold e onment, blood flow la 
the only form of control. Skin temperature 
initiates in immediate chan,- in blood flow 
thua stabilising the core temperature for the 
first hour. The Internal '.omperature control 
predomir.atea at a later ata^e and has a lasting 
effect on control. Steady .tale is reacned 
af'er at lea3t five houra.

Most of tho^e comments are conflimed by analy is in 
Cn • The analogue model wa the t
. eriea ol i ri ts in . '

Section 4*10.1. Tne results are illustrated in Figure 2.b.

The analogue model, was subsequently used to ’eat 
the aeries 2 and 3 cli*7iHtic chamber experiment! with wording 
men. It was soon apparent that the model waa inadequate. 
After the model had twice been enlarged it was decided to 
replace the analogue computer with a digital computer 
aimulator which became available at tbst time. The advan­
tages of a digital computer over an analogue computer are:

a) the ability and
to simulate morn complex models;
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accuracy is possible;

c) the model programs may be used by other computers 
and it is, therefore, possible for workers to make 
use of and compare other models with their own.
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A comparison between climatic chamber experimental results and 
the analogue computer records for exposure to various temperatures



The only disadvantages art; slower computing tlrne and 
higher costs.

The first aeries of digital computer teats, reported 
by the author (Atkins ami Mitchell, 1971) revealed the 
need for a change in the peripheral blood flow control 
meet ind higher control sensitivity during exercise*
The nsttlta an discussed In det til in Ch pter 7.

Then* uro a few other impor• ' models. Hsu, Fan arid 
Hwang (1972) described a steady-state mod .*1 r«:jcrrst 1.ng 
Wissler'B, which i.; intended specilically t'or studying 
thermal gradlenta within the limbs and torso of the body 
when a part or all of the tody ia placed within a 
temperature regulated Jacket.

Hsu (1971) in his doctoral dissertation haa compiled 
the mathematical solutions of tr.-- diffusion equation for 
a number of different thermal model:-. These include both 
steady-state and dynamic models of the body which are for 
studying thermal gradients within the body and provide*, 
no information ibout the t rol •

Cornew, Houk find Stark (1967) described a very simple 
electrical network model consisting of a single conductance 
and a single capacitance* Thtiir model war confined entirely 
to a neutral environment where, they claim, the body main­
tains fine control through vascular convection adjustment. 
Shivering and perspiration are excluded. Control is 
initiated from the core temperature. Their analysis of 
this simple model shows how vascular control, that in, 
the adjustment of the one conductance, will reduce the 
body transient time constant.



It is very evident from the literature that many workers 
have each made their own small contribution to this very 
complex problem ..nd that mu :h .ns been achieved during the 
last three decades* Progrei has be< low as experimental 
work in difficult ind r: j ‘r v. .

The three thermal contn actions are clearly established 
but the source of the contr ‘Mon not clear. It would 
seem that both core and n re involved. Though
there is a tei ta t accept the
idea of aean body temperature initiating control, there is 
evidence of the presence -f ten or iture- onaitive regions 
only in the hypoth alamus,. ? ine, at*omen, eone veins and the 
skin. Theei ire not Sufi enable mean body
t*'.t- * . r< nc other thermo-
sens or a there muot be ctner form - t stimulation during
exercise.

•; . the periphera I 
mechanism, part irface.
would seem fror . ■1
few mil i imetra !> ' • rmine t he
major thermal gr id lent bet

Models are a useful fsnalyt ? tool ? >r studying the 
thermal state of the body. Th«re are ornentially two types 
of modelo. One given a detailed account of heat distribut­
ion within each of the elements of the body; it is a irodel 
of the controlled system. The other tu deigned primarily for 
study ing the functional characteristics of the thermal 
control mechanism; it requires a simple model of the control­
led system and a model of the controlling system. Most of 
the work on models hns been devoted to the controlled system. 
It ia doubtful whether these modole, with all their detail,

2 . 6  Cone 1 u:~ i or,.-
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are of any practical value at this stage or whether they are 
truly correct as there lb very little ’etailed experimental 
evidence to verify the results. There are few thermoregul­
atory models which have provided ust 1 information concern­
ing either r»>.’tir r .voi ng conditJ >ns* Apart from the 
vor f C rnew et al. (1967) who produced a verj 
model describing man in a confined environment, there hn.; 
been no mathematical analys of the control »e • • • .

In reviewing a number if then regu t lels, Kit
stated that workers have failed to recognise important 
physiological facts obtained by experiment (Mitchell, Atkins 
and fyndham. )♦ This is that
no new models have been produced luring past few yeai .
Kitchell et al. suggested a model which takes into account 
most of the important • • t A W
diagram of the model is illustrated in Figure

Cold and warm ‘Sherm3-sensor signals appear from all 
parts of the body and terminate in a common central area 
which provides three resultant control actions lor 3we<.it.n> , 
peripheral vasomotor tone and shivering. There is no refer­
ence, or set point temperature, and the central control area 
is itself temperature sensitive. Bxorcise provides some 
additional non-thermal influence on the control action.
There is a local surface temperature affect on both sweating 
and peripheral blood flow. In the latter ease there is both 
modulation and an additive component. The possibility of a 
rate as well as a proportional control action in not excluded. 
The model displays some characteristics of parallel-path 
feedback aontrol which Brown and BrenRelman (1971) have 
observed to occur In almost all biological systems.

A d yn am i c 1
answering the objectives given at the end of Chapter 1.
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A.N_1MT1AL fiAAGINATION OK THK THKkMOHEGULATGhY 

MECHANISM OF THE BODY

3.1 Nomenclature
The thermoregulatory mechanism and methods of 
identifying Its behaviour

3*3 The cor:troller
3.4 The controlled system

.4.1 Thermal properties and metabolic heat ::.i it 

...

. . ir he? * convection
3*4.4 He*:t exchange with the environment 
... eat 1 
. . ion heat exchange

3.4.7 Connection heat exchange
5.4.6 Evaporative heat, loss

3.5 Sumn.nry



Surface area of body (m )
Effective radiation area of body (m )

Multiplication coefficient denoting cardiac output 
Multiplication coefficient denoting vasomotor tone

Thermal capacity of blood (J/m *C)
Ihermalcapacity of segment n (J/m *C) 
thermal capacitance of sef;.:.e- * r. (J/*C)
T'r erxal capacitance of heart wd lungs (J/*C)

Hate of vascular heat exchange per unit volume of tissue 
(W/rn̂ )
Metabolic heat input per unit volume of tissue (*/m ) 
Rate of heat flow (V)
Total rate of vascular heat exchange in segment n (W)
Rate of heat loss by convection (<0 
Rate of evaporative heat loss («f)
Rate of respiratory heat loss (W)
Rate of metabolic heat production (W)
Total rate of heat gain in segment n (tf)
Rate of heat los3 due to radiation (*)
Rate of heat loss by radiation and convection (*; 
Increase in metabolic heat production due to work (W)

Constant
Con at ail t representing rate of change of Tg sensitivity 
A constant representing thermal sensitivity of the 
aynapseb in the hypothalamus 
Conductance of segment n (W/ C)
Coefficient of heat exchange for radiation and convection 
(W/*C)
Coefficient of vascular heat exchange proportional 
to the surface area of contact between capillaries
and tissue (W/*C)



tn Kate of blood flow entering segment nf per unitII 7 -2
volume of ti33ue (m/nec m ) V

M Rate of blood flow to fatty tiasiue (mVsec) 
Rate of blood flow to akin (m /sec)M8

Mn
•<

Rale of blood flow in se/̂ nent n (in /sec)

p Root denoting a pole
F Atmospheric pressure (mbar) a
r Radius (m)

s Laplace operator

t Time (seconds)
T Temperature (*C)
T Air temperature (*̂ ) a
T Arterial blood temperature (*C) ar
T^ Core temperature ("C)

Hypothalamic temperature (*C)
Rectal temperature (*C)

T , temperature of radiation (*C) rad
Kean skin temperature ( C)
Spinal cord temperature (*C)

’®P . , •T Venoua blood temperature I ^ ) v
V Air velocity (m/sec)

Volume of blood in muscle
BM

z Root denoting a zero
zc Cold sensor signal
zv Warm sensor signal
ZL Blood flow control action signal b
Z Total cold neuro-sensor signal c
Z Evaporation control signal
Z Metabolic control signal m

cm
rhmkr

X
3

* Specific heat (j/kgm C) 

P Density (kgro/ro )



• r —  > e r m o r c y u la t.or.y mechanism :trul nit-MiOtir ot‘ i d e n ' i -  

f.yim: i t s  b e h a v io u r

The thermoregulatory mechanism of the body, illustrateu 
in Figure 3.1, comprises two major components, namely, the 
controlled system representing heat distribution within the 
body, and the controller which governs the three control 
actions. There are two dependent variables in the controlled 
system which can be measured, namely, skin tern:' ‘are ToO
and core temperature T repr ted by th< • •
It is assumed that core temperature is the controlled variable, 
any deviation of thia temperature from a mean value attained 
when the body is a rest in a comfortable environment, is a 
thermal strain. Other variables of interest are the muscle, 

terial blood, hypotha] , p-skin tempor­
al ires. Unlike most control circuiv , ther< Ls *.o fin-' 
re ference.

Di s turbances

Fid! RE .1 

The thermoregulatory mechanism.



- 56 -

There are lour independent variable:'. Wiiich, if altered, 
disturb the thermal equilibrium of the controlled system and 
cause thermal stress. These are:

a) environmental temperature, T (air temperature is 
assumed to be equal to the temperature of radiation 
fr^n the surrounding environment),

b) air velocity, V,
c) physical activity which will increase the rate of 

heat production due tc metabolism by an amount ana
d) the humidity, or water vapour pressure ir. the air.

The humidity is not regarded as being a serious source 
of disturbance, but rather a factor which imposes limits on 
thermal equilibrium.

There are three possible control mechanisms by which 
the controller can overcome, or minimise, the disturbance of 
the controlled variable. These are:

a) regulation of loss of evaporative heat, He,

b) regulation of the rate cf exchange of heat between 
jor* •.: skin by vascular convection, A a n d

c) regulation of the amount of metabolic heat 
produced, A  H^.Qa

The " A  " term is used to denote a change in condition.
in the latter two actions. Where there is no control action
both Hu and H have finite values, whereas the value of He b m
is virtually zero.

A change in any one or all of the independent variables
io a disturbance and will cause the controlled variable to 
respond. Feedback from Tc, Tfl and other variables activate 
the controller which in turn responds by exerting a control 
action. The controlled variable and other dependent variables 
may be expressed ao a function of the independent variables
and controller actions ao
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3-1
where F denotes function.

The form and the valuo of the coefficients of this 
closed loop equation must be determined. The equation is 
derived from a knowledge of tne controller and the controlled 
system. There is evidence that the characteristics of both 
the controller (Wyndham and Atkins, 1968) and the controlled 
system (Mitchell, 1972) are nonlinear. If this is the case, 
an equation representing the system over the entire range 
of environments normally encountered by man, would be very 
complex. An alternative approach is to derive a set of simple 
linear equations which will relate a change in the dependent 
variables to a small change in the independent variables.
The form of thi3 linear closed loop equation wili probatly 
remain the same, but the value of the coefficients will 
vary with the values of the independent variable, that is 
with thermal nt:.*es8»

There are numerous models f the controlled system, as 
mentioned in Chapter 2. The behaviour of the controller, 
particularly when the body is not in a state of thermal 
equilibrium, is not understood. This information is the 
major objective of this thesis. Both controller and 
controlled system must be analysed in order to determine 
the form of the closed loop equation.

The equation is likely to have the form of the typical 
expression given below.

3-2

where p ;.*nd z are consta
and which define the time constants of the closed
loop system.
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G is a constant which defines the final ste;.dy state
increment A  T , and c

T denotes the transient change in T as a result ofo o
the small disturbance A  T .a

The expression is written in a Laplace transform with 
's' denoting the operator,, The number of roots in this 
equation will depend on how detailed one wishes to express 
the controlled system.

A mathematical analysis of a simple control system is 
usually sufficient to provide all tne information as the 
system parjoneters may be estimated from their physical 
characteristics without the use of special tests. Complex 
systems with non-linear characteristics require both 
mathematical analysis and experimental identification* 
Non-linear characteristics are located by subjecting the 
system, initially at'steady state', to a series of small 
excursions and assuming a linear response during each 
excursion. The experimental worn identifies the coefficients 
of the linear closed loop equation lor each excursion. It 
the value of the coefficients vary for each test then the 
system is non-linear. The non-linear characteristic of 
a coefficient is determined frcm a curve where the various 
valueB of the coefficient, derived from the tests, 'ire 
plotted as a function of the independent or a dependent 
variable. In some instances the coeflicient represents the 
slope of a line. In this case a curve is made up lrom a 
set of straight lines wh^re the slope of each line is given 
by the value of the coefficient from each test.

Four control engineering identification techniques 
were considered for determining the characteristics of 
the controller and the controlled systems

a) analysis of a step disturbance to the system,

b) analysis of a pulse disturbance to the system,

c) analysis of a frequency response test of the system, 
and
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d) observation ot a random varying disturbance and 
the systems response to the disturbance at 3mall 
equal time intervals over a period of time, and 
litting the best characteristic equation by multiple 
regression.

The step disturbance test is the most convenient for 
physiological observations. A subject is moved from a 
particuT r environment in one room to a different environ­
ment in another room and the temperature response of nis 
body to this sudden change in environment is noted.

This technique is suitable for relatively simple 
systems or for determining tne predominant time constants 
of more complex systems providing they are linear witnin 
the range of examination. The tests will provide the basic

rmoregulatory response of man.

A simulation model is very valuable in evaluating a 
system. It may be used either to

a) check the system which has been identified, by 
reproducing the experimental results, or

b) to identify the system directly without analysis 
by a series of logical tests.

Both techniques will be used in thi3 study.

Before proceeding with an account of the experimental 
identification tests, it is necessary to analyse both 
the controller and the controlled system, to list the 
unknowns which require identification and to establish 
the form of the closed loop transient equation.
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3.3 The controller

The controller determines the type of corrective action 
to be taken following a thermal stress. The inaptitude of tne 
action is dependent upon the integrated mean 'signal* resulting 
from a large number of 'signals' em&iating from many temper- 

: • .'.enro:-s. These neuro-sensors are situated in the skin, 
the hypothalamus, the spine and possibly other parts of the 
body.

The skin sensors are assumei to be immediately beneath the 
epidermis and to be distributed evenly throughout the body.
The hypothalamus contains a number of sensors. The hypothalamic 
temperature is assumed to be equal to the arterial blood temp­
erature a. it is well supplied with arterial blood and is 
separated from the thermal mass of the trunk. The spinal temp-
• rat ir< will b< rej resented by the core 1 • -rature.

Figure '*2 illustrates the stages between the input temp-
the controller* It is 

not essential to know the characteristics of each stage if the
. The controller ma;, b# 

treated as a'black box'. However, an examination is made of 
the neuro-integrating centre as it provides some information 
about the inter-relationship between the temperature sensors 
and the control actions.

A model similar to that suggested by Bligh (1972) and 
described in Chapter 2, will serve as a basis for the analysis. 
(Hefei to Figure %.5)

All warm sensors are assumed to terminate together to 
form a combined representative 'warm signal , Ẑ . Similarly, 
the cold sensors form the 'cold signal', Zc» Therefore

= 27,zw)h + T , {z v ) q + E(zv)sp + • • • • V4
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