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Abstract Two methods have been proposed previously 
for evaluating thermoregulatory responses to isolated 
core temperature perturbations. One involves clamping 
skin temperature at 28~ by water immersion and ele- 
vating core temperature by exercise. In the other, core 
temperature is reduced by central venous infusion of 
cold fluid while skin temperature is kept constant near 
36~ The sweating-to-shivering temperature range 
determined using the first protocol is ,~0.6 + 0.2~ 
but is 1.4 + 0.6~ using the second. The authors tested 
the hypothesis that the disparity results from an exer- 
cise-induced reduction in the sweating threshold. The 
sweating threshold was determined three times each in 
six men, with skin temperature kept constant 
(36.5-37.0~ throughout. The first threshold (control) 
was in response to gradual core hyperthermia that 
resulted from a skin temperature sufficiently high to 
prevent dissipation of metabolic heat. The second 
threshold (exercise) was in response to exercise-induced 
hyperthermia, and followed a period of core cooling 
( ~  1 ~ induced by central venous infusion of cold lac- 
tated Ringer's solution. The purpose of the central 
venous cooling was to reduce core temperature to a 
level well below the sweating threshold. The third 
threshold (recovery) again resulted from a skin tem- 
perature sufficiently high to prevent dissipation of 
metabolic heat. The control sweating threshold was 
0.7 + 0.2~ greater than during exercise (P < 0.01), but 
virtually identical to that during recovery. Since the 
control and recovery thresholds were similar, hyperhy- 
dration (necessary in this protocol) appears not to have 
influenced sweating thresholds. Our results thus indi- 
cate that exercise per se reduces the sweating thresh- 
old sufficiently to explain reported differences in the 
sweating-to-shivering range. 
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Introduction 

Thermoregulatory responses, such as sweating and 
shivering, can be characterized by their thresholds (core 
temperatures triggering specific responses). Core tem- 
perature thresholds for various thermoregulatory 
responses should ideally be compared at constant skin 
temperatures because cutaneous thermoreceptors con- 
tribute substantially to thermoregulatory control 
[1, 31]. Although the precise contribution of skin tem- 
perature to thermoregulatory responses has yet to be 
determined, estimates under a variety of circumstances 
range from 5% to 20% [1, 17, 29, 31]. 

Until recentiy, few investigators have been able to 
evaluate the effects of isolated, near steady-state core 
temperature changes on thermoregulatory responses in 
humans. Mekjavic et al. have recently developed a 
method of evaluating thermoregulatory responses to 
isolated core temperature perturbations [14]. Their 
technique involves clamping skin temperature by 
whole-body immersion in a 28~ bath while core 
temperature is elevated by exercise. Using this proto- 
col, Mekjavic. et al. reported that the sweating thresh- 
old in men was 37.4~ and the shivering threshold was 
36.8~ The sweating-to-shivering temperature range 
(which they termed "null zone") was thus approxi- 
mately 0.6 + 0.2~ 

Workers in our laboratory simultaneously developed 
an alternative method for evaluating isolated core tem- 
perature perturbations [22]. In our protocol, skin tem- 
perature is kept constant, near 36~ by manipulating 
the output of  a circulating-water mattress and several 
forced-air warmers while core temperature is reduced 
by central venous infusion of cold fluid. Using this 
method, we found that the thresholds for sweating and 
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shivering in men were about 37.0~ and 35.6~ respec- 
tively [12]. Our observed sweating-to-shivering range 
of 1.4 + 0.6~ thus markedly exceeds the 0.6~ 
reported by Mekjavic et al. [14]. 

The large discrepancy in the sweating-to-shivering 
ranges reported in these studies is unlikely to result 
from differences in the rates of Core cooling, because 
the rates were similar in each case, and less than l~ 
Because the skin temperature was some 9~ lower in 
the protocol of Mekjavic et al. than in our study, all 
core temperature thresholds would be expected to be 
about I~ higher (assuming a linear 10% contribution 
of skin to thermoregulatory control). Consistent with 
this theory, the shivering thresholds differed by some 
1.2~ However, the reported differences in the sweat- 
ing thresholds was only 0.4~ a smaller difference than 
expected. These data suggest that the sweating thresh- 
old during or immediately after exercise may be lower 
than that during passive hyperthermia. Accordingly, we 
tested the hypothesis that under conditions of constant 
skin temperature, the sweating threshold will be lower 
during exercise-induced hyperthermia than during slow 
cutaneous warming. 

Materials and methods 

With approval from the Committee on Human Research at the 
University of California, San Francisco and informed consent, we 
studied six male volunteers having the following morphometric 
characteristics (means + SD), age 27 _+ 3 years, height 181 + 10 cm, 
and weight 74 + 13 kg. Their body fat was 13% + 3% as determined 
using infrared interactance (Futrex 1000, Futrex, Hagerstown, Md 
USA) [4]. These volunteers were not conditioned athletes. None 
was obese, taking medication, or had a history of thyroid disease. 
The study was a one-day study in which the sweating threshold was 
evaluated under three conditions. Throughout the entire study, skin 
temperature was kept constant (36.5-37.0~ by manipulating out- 
put of a forced-air warmer and the height of radiant heater. The 
first threshold (control) was in response to gradual core hyper- 
thermia that resulted from a skin temperature sufficiently high to 
prevent non-evaporative dissipation of metabolic heat. The second 
threshold (exercise) was in response to exercise-induced hyperther- 
mia, and followed a period of core cooling (approximately I~ 
induced by central venous infusion of cold lactate-Ringer's solu- 
tion. The third threshold (recovery) again resulted from a skin tem- 
perature sufficiently high to prevent dissipation of metabolic heat. 

Treatment protocol 

All volunteers underwent incremental load bicycle exercise testing 
prior to the study day to determine their maximum work capabil- 
ity [14]. Volunteers pedaled at a constant rate of 60 rpm against an 
initial resistance equivalent to a work rate of 60 W. Workload was 
increased 10 W/min  by adjusting wheel tension until volunteers 
complained of exhaustion or could no longer maintain the pace. 
All volunteers were minimally clothed during the trials, and reclined 
on their backs on a standard operating room table. Cutaneous evap- 
orative heat loss was prevented by wrapping each volunteer's body 
with thin plastic sheeting below the neck. The legs were addition- 
ally wrapped with thin cotton towels to help prevent large 
fluctuations in leg skin temperatures. A pair of 250-watt infrared 

heating lamps was mounted above the legs (W.T. Farley, Simi 
Valley, Calif. USA). A disposable forced-air warming cover (Model 
300, Augustine Medical, Eden Prairie, Minn., USA) was positioned 
over the upper body below the neck and was connected to a Bair 
Hugger forced-air warmer (Model 200, Augustine Medical) 
[21].The blower was modified by the manufacturer to allow con- 
tinuous adjustment of the air temperature. After placement of mon- 
itors, core hyperthermia was induced by activating the radiant 
warmer and setting the forced-air warmer to approximately 40~ 
At this setting, core temperature increased gradually without induc- 
ing excessively high skin-surface temperatures which would be 
difficult to maintain during subsequent portions of the study. Active 
warming was continued until evaporative water loss was sustained 
at a rate exceeding 40 g . m  2. h-1 (our criterion for significant 
sweating). The core temperature triggering this initial sweating 
episode was considered the control threshold. Volunteers were then 
cooled by central venous infusion of lactate-Ringer's solution at 
about 3~ The solution was cooled by passing it through an alu- 
minum cardiopulmonary bypass heat exchanger immersed in an 
ice-and-water slurry. The initial infusion rate was 0.2 ml. kg -1. 
min 1, and was increased some 5 ml/min at 5-min intervals to main- 
tain a core cooling rate near 1.5~ Cooling continued until core 
temperature was approximately 1.0~ lower than the sweating 
threshold. During this cooling period, the exercise bicycle was posi- 
tioned at the end of the study table, and the volunteer's feet posi- 
tioned on the pedals. Still in a reclining position, the volunteers 
then pedaled at a rate of 60 rpm with the wheel tension pre-set such 
that work load was 60% of the maximum work observed during 
the pre-study evaluation. Exercise continued until sweating was 
again observed. The core temperature at this point was designated 
the exercise threshold. The lactate-Ringer's infusion rate was dou- 
bled 5 min before exercise started to prevent an excessively rapid 
rise in core temperature. The high infusion rate was continued for 
10 min after exercise stopped. The infusion rate was then halved 
for 10 min, then halved again for an additional 10 min, and finally 
discontinued. As the infusion rate was decreased, core temperature 
gradually increased until the final sweating threshold again was 
observed. The core temperature at this point identified the recov- 
ery threshold. Starting with the first episode of sweating, and for 
the duration of the study, mean skin temperature was maintained 
near values recorded at the control threshold by adjusting the set- 
tings on the forced-air warmer and adjusting the height of the radi- 
ant heater. 

Measurements 

Core temperature was measured in the distal fourth of  the esoph- 
agus using disposable thermocouple probes (Mon-a-Therm 
Mallinckrodt Anesthesiology Products, St. Louis, Mo., USA) in 
five of the volunteers. In one volunteer who could not tolerate the 
esophageal probe, core temperature was measured at the right tym- 
panic membrane using a Mon-a-Therm thermocouple. Visual 
inspection with an otoscope confirmed that the ear canal was free 
of wax in this volunteer. The aural probe then was inserted by the 
volunteer until he felt the thermocouple touch the tympanic mem- 
brane, and the probe was left touching the membrane; appropriate 
placement was confirmed when the volunteer easily detected a 
gentle rubbing of the attached wire. The probe was then securely 
taped in place, the aural canal occluded with cotton, and a gauze 
bandage positioned over the external ear. The distal esophagus is 
generally considered the most reliable core temperature monitor- 
ing site. Nonetheless, distal esophageal and tympanic membrane 
temperatures correlate extremely well during mild hyperthermia 
[28], hypothermia [2], and cold fluid infusion [12]. Consequently, 
our use of tympanic membrane temperature in one volunteer is 
unlikely to have significantly altered our results. 

Area-weighted, mean skin surface temperature was computed 
and displayed at 1-s intervals from measurements at 15 sites by 
assigning the following regional percentages: head 6%, upper arms 
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9%, forearms 6%, hands 2.5%, fingers 2%, back 19%, chest 9.5%, 
abdomen 9.5%, medial thigh 6%, lateral thigh 6%, posterior thigh 
7%, anterior calves 7.5%, posterior calves 4%, feet 4%, and toes 
2% [13]. Temperatures were recorded from thermocouples con- 
nected to two calibrated 16-channel electronic thermometers hav- 
ing an accuracy of 0.1~ and a precision of 0.01~ (Iso-Thermex, 
Columbus Instruments, Columbus, Ohio, USA). 

Cutaneous evaporative heat loss on the chest was quantified by 
passing 2.0 L/min of anhydrous oxygen across a 6-cm-diameter 
ventilated capsule. Water loss was measured on the chest because 
this site usually is among the first to sweat [20]. Cutaneous water 
loss On g ' m - 2 . h  -1) was calculated from the flow rate (Model 
FMA-5000, Omega Engineering), temperature, and relative humid- 
ity (Model HX93, Omega Engineering) of the returning gas as pre- 
viously described [28]. Analog and serial thermoregulatory data 
were recorded at 5-min intervals before starting exercise, then at 
30-s intervals throughout exercise and thereafter. 

Heart rate was monitored continuously using three-lead elec- 
trocardiography. Oxyhemoglobin saturation (SpOz) was measured 
continuously using pulse oximetry and arterial blood pressure was 
determined oscillometrically at 5-min intervals at the left upper arm 
using a Modulus CD Anesthesia System (Ohmeda, Madison, WI, 
USA). Heart rate, arterial blood pressure, and saturations were 
recorded at 20-s intervals using commercial software. [IdaCare TM, 
version 1.3, Hermes System Belgium. The program is a Macintosh 
(Apple computer, Cupertino, Calif., USA)-based patient informa- 
tion management software]. The thermoregulatory and IdaCare 
data-acquisition systems operated asynchronously on a Macintosh 
FX computer. 

A 16-g catheter was inserted into the superior vena cava via the 
internal jugular vein using standard techniques. Central venous 
pressure was measured continuously using a disposable transducer 
(Transpac Sorenson, Abbott  Laboratories, North Chicago Ill. 
USA). Visible bubbles were purged from the tubing and trans- 
ducer-housing. A pressure monitor (Tektronix 414, SpaceLabs, 
Redmond, Wash., USA) was used to condition and display the 
transduced pressure signal. The transducer was zeroed at the level 
of the right atrium and volunteers remained in the same horizon- 
tal position throughout the study. Central venous pressures were 
not recorded during exercise because the vigorous motions obscured 
accurate measurements. 

Data Analysis 

The individual sweating thresholds (control, exercise, and recovery) 
were compared using repeated-measures ANOVA and Scheff6's 
F-test. Central venous pressures at the time of the control and recov- 
ery thresholds were compared using two-tailed, paired t-tests. The 
average warming rates for the three conditions were calculated from 
the slopes of the appropriate core temperature vs. time regressions. 
All values are expressed as means + SD; differences were consid- 
ered statistically significant when P < 0.01. 

induced hyperthermia (approximately 4.6~ than 
during both the control period (approximately 0.5~ 
and the recovery period (approximately 1.7~ 

Initial (untreated) core temperatures were 36.9 + 
0.2~ and the control sweating threshold (37.1 _+ 
0.3~ exceeded initial values about 0.2~ The control 
sweating threshold was 0.7 + 0.2~ greater than dur- 
ing exercise (36.7 + 0.3~ P < 0.01), but virtually iden- 
tical to that (37.4 + 0.4~ during recovery (Table 1, 
Fig. 1). Sweating did not start at the same time as exer- 
cise; instead, it was delayed 7 + 3 min until the core 
temperature increased 0.6 + 0.3~ (Fig. 2). 

Distal esophageal and tympanic membrane temper- 
atures were nearly identical throughout the protocol; 
these data thus indicate that even rapid infusion of cold 
fluid into the central vasculature does not artifactually 
cool the distal esophagus. Results were similar in the 
five volunteers in whom core temperature was mea- 
sured in the distal esophagus and the single subject in 
whom we used tympanic membrane measurements. 
Eliminating the data from this volunteer would not 
change substantially the results or the level of statisti- 
cal significance. 

38 

Threshold(oc) ~ ~  ~ ~  

36 

Control Exercise Recovery 
Fig. 1 The core-temperature sweating thresholds of all six subjects 
during gradual cutaneous warming, exercise-induced hyperthermia 
(exercise), and after exercise and vascular volume loading (recov- 
ery). The 0.7~ reduction in the sweating threshold differed 
significantly from the control and recovery thresholds. Skin tem- 
perature was kept constant near 36.8~ throughout the study 

Results 

Ambient temperature averaged 23 + I~ and did not 
differ significantly on any of the study days. The aver- 
age skin temperature, starting at the control threshold 
and continuing until the conclusion of the study, was 
similar on all study days at approximately 36.7 + 0.7~ 
Within individual volunteers, however, average skin 
temperature was well controlled and rarely deviated 
more than 0.3~ The average rate of core tempera- 
ture increase was significantly greater during exercise- 

Table 1 Sweating thresholds, mean skin temperatures and warm- 
ing rates in six male human volunteers before (control) and after 
(recovery) exercise (exercise). Data are presented as means + SD 

Sweating Mean skin Skin near Warming rate 
threshold (~ sweat capsule (~ 

(~ on chest (~ 

Control 37.1 + 0.3 36.6 + 0.6 38.5 + 0.7 0.5 + 0.2 
Exercise "36.4_+ 0.3 36.6 _+ 0.5 38.2 + 0.5 *4.6 + 1.3 
Recovery 37.0 _+ 0.4 37.0 + 0.5 38.3 + 0.7 1.7_+ 0.5 

* P < 0.01 vs. control and recovery 



609 

-0.2 

ACore -0.4 
Temp 

(~ -0.6 

-0.8 

-1 
-50 -10 -5 0 5 

Time (rain) 

�9 100 
80 
60 Sweat  
40 (g-ni~li 1) 
2O 

0 

r 
I 

I 

I 

I 

I 

10 15 

Fig. 2 Results in a single volunteer, showing the time and increase 
in core temperature required to trigger sweating during exercise. 
Core cooling was induced by central venous infusion of cold fluid 
starting at - 50 rain, and continued throughout this portion of the 
study. Sweating was delayed for nearly 9 min after the start of exer- 
cise (elapsed time zero), and required an increase in core tempera- 
ture of about 0.4~ The sweating threshold is shown as a vertical 
dashed line 

The volunteers were given 2-3 1 of lactate-Ringer's 
solution during the 2 h before the exercise threshold 
was recorded, and an additional 1-2 1 during the sub- 
sequent 30 min. Average central venous pressures were 
not significantly different during control and recovery 
periods, 7 + 2 cm HzO and 9 + 4 cm HzO, respectively. 
Blood pressure and heart rates responses returned to 
control values approximately 20-30 min after exercise 
stopped. Core temperature increased to the recovery 
threshold 33 + 10 min after the exercise threshold. 

Discussion 

The sweating threshold was some 0.7~ lower during 
exercise-induced hyperthermia than during passive 
cutaneous warming. This threshold reduction appar- 
ently accounts for the 0.8~ difference in the sweating- 
to-shivering range reported by our laboratory during 
central venous cooling [12] and that reported by 
Mekjavic et al. during exercise-induced hyperthermia 

�9 [14]. A potential reduction in the sweating threshold 
by exercise has been evaluated by previous investiga- 
tors. However, considerable controversy remains in the 
literature, in large part because methods of sufficiently 

cooling the core, while maintaining high skin temper- 
ature, have not previously been generally available. 
Perhaps as a consequence, some investigators have 
identified a reduction in the threshold [24], others have 
found no change [9], and some have reported that the 
threshold is increased [8]. Ours is the first study in 
which a reduction in the sweating threshold during 
exercise could be determined with constant skin tem- 
peratures in a model not requiring extrapolations or 
assumptions of linearity. 

Our results are consistent with those of Tam et al. 
[24]. But in contrast to our findings and those of Tam 
et al. [24], Kellogg et al. have reported that the thresh- 
old for the onset of sweating is not affected by exercise 
[9]. In that study, however, the authors' primary goal 
was to quantify the exercise-induced increase in the 
threshold for active cutaneous vasodilation and their 
methods were directed towards that goal. Specifically, 
they clamped skin temperature at 38~ using a water- 
perfused suit. Sweating was subsequently induced 
either passively (as accumulated metabolic heat 
increased core temperature) or by supine bicycle exer- 
cise. A mean skin temperature of 38~ is similar to that 
used in this study, and the sweating threshold passively 
induced in this fashion presumably only slightly 
exceeded resting core temperatures. A critical distinc- 
tion between the study of Kellogg et al. [9] and ours 
is that those authors did not reduce core temperature 
before exercise. Consequently, core temperature in their 
volunteers before initiation of exercise was normal and 
they were thus unable to detect an exercise-induced 
reduction in the sweating threshold because core tem- 
perature already exceeded the expected value. A more 
restrained interpretation of their data might be that the 
threshold for the onset of sweating is not increased by 
exercise. We thus do not believe the results of Kellogg 
et al. conflict with our conclusion that exercise reduces 
the sweating threshold. 

The mechanism by which exercise reduces the sweat- 
ing threshold remains unclear. However, the regulatory 
system may trigger sweating during exercise at an 
abnormally low core temperature in simple anticipa- 
tion of the expected need to dissipate large amounts of 
heat, an effect perhaps related to the acute reduction 
in the sweating threshold produced by physical train- 
ing [3, 18]. Sweat production is mediated by postgan- 
glionic, sympathetic cholinergic nerves [7, 19]. Thus, 
an alternative explanation for the observed reduction 
in the sweating threshold during exercise is a stress- 
induced (non-thermoregulatory) increase in sympa- 
thetic nervous system activity [23, 24]. That sufficient 
emotional stress can trigger sweating in normothermic 
individuals is consistent with this possibility. Similarly, 
we have previously demonstrated that painful electri- 
cal stimulation during enfturane anesthesia increases 
the vasoconstriction threshold by about 0.6~ [27], an 
increase presumably mediated by activation of the sym- 
pathetic nervous system. 
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Our study was not designed to distinguish whether 
the exercise-induced reduction in the sweating thresh- 
old is a thermoregulatory or non-thermoregulatory 
response. Nonetheless, sweating did not start at the 
same time as exercise; instead, it was delayed until the 
core temperature increased substantially (from its ini- 
tial hypothermic level). These data are consistent with 
a thermoregulatory response, although they do not 
rule out other effects, or a combination of effects. But 
in terms of explaining the disparity in the sweating- 
to-shivering range reported using our protocol [12] 
and using the one of Mekjavic, et al [14], it is not nec- 
essary to understand the basis of  the exercise-induced 
threshold reduction. 

The virtually identical control and recovery thresh- 
olds, recorded before and after administration of 3-5 
1 of fluid, suggest that vascular volume expansion was 
not responsible for reducing the sweating threshold dur- 
ing exercise. Consistent with this theory, Fortney 
et al. have shown the hyperhydration does not alter the 
sweating threshold [5]. It also indicates that there was 
no residual effect of exercise which might have 
decreased the threshold (unless one were to postulate 
that both volume loading and exercise had opposite 
effects of  exactly the same magnitude). 

Skin temperature was well controlled throughout the 
study, but was considerably higher than in the study of 
Mekjavic et al. [14]. This difference may well con- 
tribute to the differences with the two methods because 
at temperatures exceeding about 36~ skin tempera- 
ture apparently contributes less to control of sweating 
than at lower temperatures [1]. Furthermore, ther- 
moregulatory control mechanisms respond to temper- 
atures other than skin and core. It is likely that mean 
body temperature was greater during exercise - even at 
similar skin and core temperatures. At least for pant- 
ing in animals, increased mean body temperature may 
reduce threshold differences [15]. Thermoregulatory 
responses to skin temperature perturbation are aug- 
mented when the changes are rapid [11, 30, 31], 
although rates on the order of l~  typically are 
required to provoke impressive effects. The rate of 
change of core temperature was significantly greater 
during exercise (4.6~ than during the control 
(0.5~ or recovery (1.7~ periods. We have pre- 
viously demonstrated that response thresholds are com- 
parable when core temperature is changed at 0.7 and 
1.7~ [12]. A slight increase in thermosensitivity was 
observed by Mekjavic et al., when core cooling rates 
were increased from 3 to 14~ [16]. In that study, 
the authors used leg tourniquet release during cold 
water immersion to exaggerate core cooling rates [16]. 
The extent to which post-occlusion reactive hyperemia 
and hemodynamic effects contributed to the apparently 
increased thermosensitivity could not be determined. 
But even accepting the reported slight increase in ther- 
mosensitivity at a core cooling rate of 14~ it seems 
unlikely that our observed reduction in the sweating 

threshold during exercise resulted from an exaggerated 
warming rate during this portion of the study. 

To facilitate direct comparison with the results of 
Mekjavic et al. [14] we only evaluated men in this pro- 
tocol. Women thermoregulate at slightly higher core 
temperatures than men [12, 18, 28], a difference per- 
haps resulting largely from morphometric differences 
between the genders [6]. However, we have demon- 
strated previously that the sweating-to-shivering range 
is comparable in men and women [12], and it seems 
unlikely that the thermoregulatory consequences of 
exercise will differ markedly in women. It is likely that 
body temperature is less well regulated in the elderly 
than in our young volunteers [10, 26]. The extent to 
which age may alter the observed exercise-induced 
reduction in the sweating threshold remains unknown. 
However, responses are more likely to be determined 
by fitness than age per se [25]. 

In summary, the sweating threshold is approximately 
0.7~ lower during exercise-induced hyperthermia than 
during gradual cutaneous warming. The reduction may 
result from the rapid increase in core temperature dur- 
ing exercise, increased sympathetic nervous system 
activity, or yet another mechanism. Protocols involv- 
ing exercise-induced hyperthermia [14] and hypother- 
mia induced by cold fluid infusion [12] each remain 
useful for evaluating the thermoregulatory conse- 
quences of various factors including differences result- 
ing from gender, race, and drug administration. 
However, comparisons between the protocols should 
be made with caution. 
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