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Summary. Three male humans were subjected re- 
peatedly to 20 min exercise on a bicycle ergomet- 
er: twice when hydrated normally and twice when 
dehydrated. Tympanic (Tty) and oesophageal (Tes) 
temperatures were recorded and sweat rates on 
forehead and back were measured. Dehydration 
did not change the forehead sweat rate, but on the 
back it reduced significantly, resulting in an in- 
crease of  Tes. However, Try was decreased by de- 
hydration. 20 rain after the end of  exercise sub- 
jects were allowed to drink water in order to trig- 
ger the potohidrotic response. A potohidrotic re- 
sponse was noted on the back of dehydrated sub- 
jects only. It is concluded that dehydration results 
in active inhibition of  sweating on the body but 
not on the forehead, where evaporation is needed 
for selective cooling of  the brain. 
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Introduction 

Dehydration in the heat is a challenge for the 
temperature regulatory system because of  water 
shortage for evaporative cooling. Under these 
conditions sweat secretion decreases and as a 
consequence, body temperature increases in both 
humans (Adolph 1947; Greenleaf and Sargent 
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1965; Hertzman and Ferguson 1960; Nadel 1984) 
and other mammals (Dmi'el 1986; Maloiy 1970; 
Maloiy 1973; Robertshaw and Dmi'el 1983; Tay- 
lor 1970; Taylor 1972). Such a reduction in sweat 
rate is indicative of  the higher emergency rank of  
water saving over temperature defence. Panting, 
however, is less or not at all inhibited in dehy- 
drated animals (Dmi'el 1986; Maloiy 1970; Ma- 
loiy 1973; Robertshaw and Dmi'el 1983; Taylor 
1970; Taylor 1972). This is why a biological com- 
promise between water economy and evaporative 
cooling needs has been suggested (Caputa 1981). 
The compromise would be an abandonment of  
the evaporative cooling of  the whole body and 
limiting thermoregulatory use of  water to keep the 
heat-susceptible brain cooler than the rest of  the 
body. According to its role in selective brain cool- 
ing (Cabanac and Caputa 1979a and b; Caputa et 
al. 1978; McCaffrey et al. 1975a and b) facial 
sweating in dehydrated humans is analogous to 
panting in dehydrated animals (Dmi'el 1986; Ma- 
loiy 1970; Maloiy 1973; Robertshaw and Dmi'el 
1983; Taylor 1970; Taylor 1972). Sweating on the 
face should be, therefore, inhibited less than 
sweating on the trunk. The aim of this study was 
to identify the partitional effects of  dehydration 
on facial and trunk skin sweating in humans. A 
preliminary report of this study has been pub- 
lished (Cabanac et al. 1981), 

Methods 

Three volunteers participated each in four experimental ses- 
sions: two control sessions and two sessions in the dehydrated 
state. Dehydration was achieved by abstaining from drinks 
and liquid foods for a period of 24 to 36 h, with occasional 
spitting, and by sweating during exercise on a cycle ergometer. 
The duration of this dehydration was comparable to that of 
experiments conducted by other authors, and resulted in the 
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same clinical syndrome: severe thirst, tiredness, cutaneous pli- 
cature and a rise in rectal temperature. Blood samples were 
taken, once in each subject just before the beginning of an ex- 
perimental session. The mean (+  SE) increase in blood osmo- 
larity was 9.3 + 1.4 m osmol. 

Temperature recordings. Oesophageal (T~s), tympanic (Tty), 
forehead, flank, and hand temperatures were recorded using 
copper-constantan thermocouples. The oesophageal thermo- 
couple was passed through the nose down the oesophagus 
0.45 m below the nares so as to eliminate any respiratory cool- 
ing influence during exercise (Caputa 1980). Contact of the 
tympanic thermocouple with the membrane itself was indi- 
cated by sharp pain. The auditory canal was then filled with 
cotton wool and taped so that no movement of air could occur 
inside the canal. Forehead skin temperature and flank temper- 
ature were measured by unprotected thermocouples fixed by 
adhesive tape. 

Sweat measurement. Sweating was measured by a sudorimeter 
(evaporimeter EPI/Servomed AB) every 2 rain on the fore- 
head and on the back alternately throughout the experimental 
session. 

Potohidrotic response. The potohidrotic response is a large in- 
crease in sweat secretion in the minutes following water inges- 
tion; the response is independent of salt content and tempera- 
ture of the water (Nicolaidis 1964, 1970). In both experimental 
sessions the subject drank water ad libitum and the measure- 
ment of sweat continued until all variables monitored reached 
a steady state. 

Experimental procedure. The subject, fitted with thermocou- 
ples, was placed in a climatic chamber at 24 ~ C, on a cycle 
ergometer. Each session was divided into 4 parts: 
A- -  10 rain control period at rest on the cycle; 
B--  20 rain work in order to achieve hyperthermia. The exer- 
cise was maintained constant for each subject throughout each 
session; each subject pedalled at a different power ranging be- 
tween 80 and 150 W depending on his work capacity; 
C- -  a resting period, lasting until oesophageal and tympanic 
temperatures reached a new steady state; 
D - -  potohidrotic response: the subject drank water ad libi- 
turn, usually more than 1 1, and remained under observation 
until the variables monitored reached a steady state. 

Statistics. All the mean values presented in the results were 
calculated, first within subjects, and then for the group. This 
suppressed any nesting effect but reduced the degrees of free- 
dom to two. The means were compared using the Student 
paired t-test. The number of subjects was small but sufficient 
to reach significance (Still 1982). 

R e s u l t s  

The effect of  dehydration on body temperatures 
and on sweating 

I n  t h e  d e h y d r a t e d  s u b j e c t s  t y m p a n i c  t e m p e r a t u r e  

w a s  l o w e r e d  a n d  o e s o p h a g e a l  t e m p e r a t u r e  w a s  el-  

e v a t e d  b o t h  d u r i n g  t h e  r e s t  p e r i o d  b e f o r e  e x e r c i s e  
a n d  d u r i n g  c y c l i n g  w o r k  as  c o m p a r e d  w i t h  t h e  
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Fig. 1. Evolution of local sweat secretion and deep body tem- 
peratures before, during and after 20 rain of work on a cycle 
ergometer. Each curve is the mean of six sessions (3 subjects 
taken twice each). Back, forehead: locus where sweating was 
measured. Control, dehydrated: data obtained during experi- 
ments on control or dehydrated subjects 
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Fig. 2. Mean sweating rate on the forehead and on the back 
(left side) and mean tympanic (Tty) and oesophageal (Te~) tem- 
perature (right side) in the exercise period during control ses- 
sions (empty column) and during dehydration (grey column). 
** P<0.01; *** P<0.001 (paired Student's t-test) 
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Fig. 3. Left: Mean tympanic temperature during the dehy- 
drated sessions (ordinate) plotted against its values under the 
control condition (abscissae). A fall in tympanic temperature 
during dehydration is to be noted. Right: mean oesophageal 
temperature during the dehydrated sessions (ordinate) plotted 
against its values under the control condition (abscissae). An 
increase in Tes throughout the session is to be noted. Plotted 
values were paired according to their time courses from the 
beginning of the experiments. The broken line represents an 
isotherm 

30 

0 L 
r 
E T 6'  14'  T 6' 14 '  

O~ 80  

B A C K  t 

2 0  

o 
T 8' 16' T 8' 16" 

Fig. 4. Upper: potohidrotic response measured on the fore- 
head 6 and 14 rain after drinking (T) in control (left) and dehy- 
drated sessions (right). Lower: Potohidrotic response meas- 
ured on the back 8 and 16 rain after drinking (T) in control 
(left) and dehydrated sessions (right). In the controls forehead 
and back sweating decreased. In dehydrated subjects back and 
forehead sweating increased after drinking but only back 
sweating increased significantly, on account of a large de- 
crease during dehydration (* P< 0.05 Paired Student's t-test) 

tion-induced increase in Tes and decrease in Tty 
were highly significant (P<0.001) during the ex- 
ercise period (Fig. 2). Thus dehydration clearly 
dissociated Try from Tes. 

Sweating on the back in dehydrated subjects 
was significantly reduced (P<0.001) (Fig. 1 and 
2); on the other hand, sweating on the forehead 
was not modified by dehydration in either the 
resting or the exercising subjects (Fig. 1 and 2). 

In the control sessions Try at rest was higher 
than T~s, but this difference did not reach statisti- 
cal significance, and during exercise T~ and Tty 
remained practically superimposed. 

In the dehydrated subjects at rest Try was 
about 0.2~ lower than T~s. During exercise this 
difference tended to increase up to a mean maxi- 
mal value of 0.6 ~ C. Over the whole exercise pe- 
riod the mean difference was 0.43~ (P<0.001) 
(Fig. 2). 

Potohidrotic response 

When internal temperatures reached a steady 
state at the end of the sessions no significant dif- 
ference was observed in sweating on the forehead 
between the control and dehydrated subjects (Fig. 
4). On the back of dehydrated subjects, the low 
sweat rate observed at rest and during exercise 
still persisted. Sweating was measured after drink- 
ing: twice on the forehead (6 rain and 14 rain), 
and twice on the back (8 rain and 16 rain). 

Neither in the hydrated nor the dehydrated 

subjects did drinking affect the sweating rate on 
the forehead. The same was the case concerning 
back sweating in hydrated subjects. On the other 
hand, drinking enhanced back sweating, which 
reached the same value as under control condi- 
tions (Fig. 4). 

Discussion 

Deep body temperature and sweating 

In control experiments, Try was usually higher 
than Tes. During dehydration, however, Tes was 
higher than Try both at rest and during exercise. 
In dehydrated subjects during rest a dissociation 
between sweating on the forehead and sweating 
on the back was observed. Sweating on the back 
was low, whereas sweating on the face was not re- 
duced. This dissociation between sweat rates on 
the back and on the forehead was caused by ac- 
tive inhibition of sweat secretion on the back but 
not on the forehead when in the state of dehydra- 
tion, as shown by intense and instantaneous 
sweating on the back during the potohidrotic re- 
sponse. 

It is likely that the dissociation between oeso- 
phageal and tympanic temperatures was related 
to the inhibition of sweating on the back. The 
higher T~s can be explained by the lower sweat 
rate on the trunk (Fig. 5). On the other hand, the 
unimpaired sweat rate on the forehead kept the 
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Fig. 5. Left: Sweating on the back (Ordinate) as a function of 
oesophageal temperature during exercise under control condi- 
tions (solid line-according to equation: y=96.98 x 3549; 
r = 0.86; P<  0.001) and during exercise in the dehydrated state 
(broken line-equation: y = 84.42 x - 3121 ; r = 0.906; P <  0.001). 
Right: Sweating on the forehead as a function of tympanic 
temperature during control exercise (continuous line-equa- 
tion: y =  109.56 x -40.19;  r=0.885; P<0.001), and during ex- 
ercise in dehydrated subjects (broken line-equation: 
y=85.58 x -3116;  r=0.817; P<0.01) 

tympanic temperature lower than Tes. In Figure 3 
both core temperatures in normally hydrated sub- 
jects (abscissae) were plotted against respective 
values in dehydrated subjects (ordinates). The 
broken lines represent the isotherms. It can be 
seen that there was little difference in Tty between 
hydration and dehydration, and that Te~ was 
higher during dehydration. It can therefore be hy- 
pothesized that the elevated core temperature re- 
ported in dehydrated subjects (Adolph 1947; 
Greenleaf and Sargent 1965; Hertzman and Fer- 
guson 1960; Nadel 1984; Nadel et al. 1980; 
Nielsen 1974; Strydrom and Holdsworth 1968) 
concerned only the trunk temperature, recorded 
rectally or oesophageally. Such higher trunk tem- 
perature, therefore, may be due not to resetting 
the hypothalamic thermostat, but rather to open 
loop drift visible only in the trunk and not in the 
head. Indeed there is some indication that dehy- 
drated goats also inhibit sweating on the body to 
switch evaporative heat loss to panting and sweat- 
ing on the head, which cools the head selectively 
(Dmi'el 1986; Robertshaw and Dmi'el 1983). Figs. 
1, 2 and 3 show a comparable response in hu- 
mans. 

Selective brain coolin 9 

The present results are compatible with the hypo- 
thesis of selective brain cooling in hyperthermic 
humans. Such a mechanism has been repeatedly 
demonstrated in all the mammalian species stud- 
ied so far (Baker 1982; Caputa 1981). There is in- 

direct evidence that it also occurs in humans (Ca- 
banac and Brinnel 1985; Cabanac and Caputa 
1979a and b; Cabanac et al. 1987; Caputa 1981; 
Caputa et al. 1978). The anatomical basis of hu- 
man selective brain cooling is based upon the 
flow in the ophthalmic and other emissary veins 
of the head, in which blood flows inwards abun- 
dantly during hyperthermia (Cabanac and Brinnel 
1985; Caputa et al. 1978). The decisive role of fa- 
cial skin in selective brain cooling in primates has 
recently been directly confirmed in squirrel mon- 
keys, which sweat and do not pant (Fuller and 
Baker 1983). During dehydration, selective brain 
cooling was permitted by the sustained sweat 
evaporation on the face observed in this experi- 
ment. During work, in dehydrated subjects the 
difference between Tes and Tty increased whereas 
no difference was visible in the control subjects. 
This can be explained by the inhibition of sweat- 
ing on the back observed only in the dehydrated 
subjects, whereas there was no difference in face 
sweat rate in the dehydrated or the control sub- 
jects. The selective brain cooling in dehydrated 
subjects and their capacity to resist heat can be 
prolonged by the saving of water resulting from 
sweat inhibition on the remainder of the body. 

Different nervous control of  heat loss for the head 
and the rest o f  the body ? 

The inhibition of sweating on the trunk but not on 
the head during dehydration implies different 
nervous controls of the sweat glands of the head 
and of the rest of the body. It is quite remarkable 
from this point of view that these two skin areas 
project their thermal inputs to different nuclei of 
the thalamus (Dickenson 1977; Dickenson and 
Hellon 1979; Dickenson et al. 1979; Dostrovsky 
and Hellon 1978). It is possible, therefore, that 
there are two loops for the control of heat loss: 
one consisting of facial and cerebral thermal in- 
puts, and cranial effectors of heat dissipation, and 
the other containing sensors and effectors of heat 
dissipation of the rest of the body. Under optimal 
conditions they operate in consonance, but under 
the conditions of physiologically conflicting 
stresses (dehydration vs temperature regulation) 
they can operate in dissonance. Strong evidence 
confirming this suggestion is the existence of a 
competition for cool nasal blood between the 
brain and the trunk in hyperthermic goats when 
their brain and trunk temperatures are artificially 
changed independently of each other (Caputa et 
al. 1986). More evidence for opposite trends in 
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head and trunk thermolytic responses is given by 
the increase in sweating on the head and decrease 
in sweating on the trunk in dehydrated goats 
(Dmi'el 1986). Therefore there are good reasons 
to focus on facial sweating as a function of T~y 
and on trunk sweating as a function of T~. Our 
results are presented from this point of view in 
Fig. 5. They show that in the dehydrated subjects 
the threshold of Te~ for trunk sweating was ele- 
vated and the gain of the response slightly re- 
duced. On the other hand, dehydration decreased 
the threshold of Tty for facial sweating, but the 
gain of this response was also slightly reduced. 
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