
Pfl/igers Arch. 354, 19--27 (1975) 
�9 by Springer-Vertag 1975 

Effect of Local Cooling 
on Sweating Rate and Cold Sensation 

L. I. Crawshaw, E. R. Nadel, J.  A. J. Stolwijk, and  B. A. Stamford 

John ]3. Pierce Foundation Laboratory and Yale University School 
of Medicine, New Haven, Connecticut, U.S.A. 

Received September 11, 1974 

Summary. Subjects resting in a 39~ environment were stimulated in dittbrent 
skin regions with a water cooled thermode. This local cooling produced decreases 
in sweating rate measured at the thigh and increases in magnitude estimates of 
the cold sensation. The area of cold stimulation varied from 122 cm 2 to 384 em 2. 
Sensitivity coefficients of the changes in sweating rate and magnitude estimate 
were corrected for differences in size of the area of stimulation and change in skin 
temperature and were normalized to the responses of the chest. The normalized 
coefficients showed the following relative sensitivities for changes in sweat rate 
and magnitude estimate respectively: forehead 3.3, 2.2; back 1.2, 1.4; lower leg 
1.1, 0.9; chest 1.0, 1.0; thigh 0.9, 1.0; abdomen 0.8, 0.8. Varying the area stimulated 
from 122 cm 2 to 384 em 2 produced greater changes in the sweating response than 
in the magnitude estimate. Rate of skin cooling during the period of stimulation 
had more effect on the sweating response than on the magnitude estimate. We 
conclude that cooling different body regions produces generally equivalent changes 
in the sweat rate and sensation, with the forehead showing a much greater sensitivity 
per unit area and temperature decrease than other areas. 
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Cutaneous thermoreceptors  p lay  an  i m p o r t a n t  role in  both au tonomic  
tempera ture  regulat ion and  in  the conscious sensat ion of tempera ture  
[3,5, 7]. Thermal  sensi t iv i ty  to warm st imuli  has been demons t ra ted  
to be non-un i fo rm over the body  surface. For  example, if the face and  
chest are exposed to r ad i an t  heat  of similar intensi t ies ,  s t imula t ion  
of the face elicits a greater  sensat ion of warmth  [ l l ]  and  produces a 
larger increase in local sweating ra te  [9] t h a n  s t imula t ion  of the chest. 
S imul taneous  measurements  of au tonomic  and  sensory responses to 
local cu taneous  cold s t imuli  are unavai lable .  

The following s tudy  was u n d e r t a k e n  to secure this informat ion,  
allowing comparisons of the way in which thermal  inpu ts  are processed 
by  the systems subserving au tonomic  regula t ion  of body  t empera tu re  
and  conscious t empera tu re  sensation.  The relat ive sens i t iv i ty  of different 
por t ions  of the body  surface to cold s t imula t ion  was also invest igated.  
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Method 
Five male subjects were ini tal ly  tested, and  the  three whose sweating rate  

was most  affected by local thermal  s t imulat ion were chosen for part icipation in 
the  experiments.  During each experimental  period, up to 2 hrs in duration,  subjects, 
minimally clothed, lay on a web cot in a 39--40~ environment.  

The cold st imulus was provided by a cylindrical or oblong Plexiglas container 
with  a bot tom of th in  la tex rubber.  By continuously pumping water from a 6.0~ 
source through the  container, skin tempera ture  under  the  s t imulator  (Tsk stim) 
was decreased from a resting level of 36 ~ C to 16 ~  ~ C at  the end of the  s t imulat ion 
period. Areas s t imulated included the forehead, chest, abdomen, thigh,  lower leg, 
and back. The period of s t imulat ion was always 3 rain; the  locations are shown 
in Fig. 1. The back was s t imulated in a location similar to t h a t  of the  chest, bu t  
on the  obverse side. 

Local sweating rate  was continuously measured from a 12 cm 2 area on the  
ventral  th igh  by the  method of resistance hygrometry [8]. A modified version of 
the method of magni tude est imation was used to assess the  cold sensation. The 
subjects were provided wi th  a dial which could be set a t  any number  from 2 to 80. 
The set t ing of the  dial procedured a voltage which was continuously recorded, 
thus  providing a continuous record of the  magni tude estimate.  The subjects were 
instructed to adjus t  the  dial continuously so t h a t  the number  indicated on the  
scale would always be in proportion to the  degree of experienced cold. The first 
several trials on each subject  were not  included in the  analysis. 

:)OMEN 

Fig. 1. Locations of the  sites which were cooled. The back was s t imulated in a 
location similar to t h a t  of the  chest, bu t  on the  obverse side 
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A weighted mean skin temperature (Tsk) calculated from 10 skin locations 
(Hardy-Dubois equation as modified by Nadeletal. [8]), and esophageal temperature 
(Tes) were recorded in some experiments. Since Tes and Tsk showed li t t le or no 
change during the experiments, they were not routinely recorded. Tskstim was 
continuously recorded during each cold stimulation. This temperature was not 
included in the calculation of Tsk. 

At the onset of each experiment the subject was placed on the webbing, the 
instrumentation attached, and baselines established for all variables. When the 
local sweating rate had reached a stable value, the cold stimulus was applied to 
one of the six areas. After 3 rain the stimulus was removed, and several minutes 
later a warm compress was placed over the stimulated area to bring the tissue 
temperature back to pre-stimulation levels. The sweating rate was again allowed 
to stabilize, and another area stimulated. In  preliminary experiments we found 
that  if  the same area was stimulated twice in succession, the second stimulus was 
relatively ineffective in producing a change in sweat rate or sensation. Consequently, 
during the actual experiments the same locus was never stimulated within 1.5 hr of 
a previous run. We also found that  maintaining a constant level of arousal was 
very important. In  preliminary runs some subjects would relax and doze between 
stimulus applications. I t  was evident that  as the subject relaxed, sweating rate 
fell; as the subject became alert  and attentive, sweating rate rose. During the actual 
experiments care was taken to keep the subjects awake and attentive. 

R e s u l t s  

Fig.  2 dep ic t s  c o n t i n u o u s  r eco rds  o f  Tes, Tsk, Tsk s t im,  t h i g h  s w e a t i n g  

r a t e ,  a n d  t h e  m a g n i t u d e  e s t i m a t e  o f  t h e  co ld  s e n s a t i o n  d u r i n g  appl i -  

c a t i o n  o f  t h e  co ld  s t i m u l u s  to  t h e  a b d o m e n ,  ches t ,  a n d  th igh .  Tsk (ex- 

c lus ive  o f  t h e  a r e a  be ing  s t i m u l a t e d )  a n d  Tes s h o w  l i t t l e  c h a n g e  d u r i n g  
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Fig. 2. Continuous records of Tea, Tsk, Tskstim, thigh sweating rate, and magnitude 
estimates of the cold sensation produced by local cooling 
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Fig. 3. Effect of varying the are~ of stimulation on magnitude estimates of the 
cold sensation (M. E.) and sweating rate (S. R.). The brackets enclose ~- one standard 

error of the mean 

the period of cold stimulation. The sweating rate, however, is markedly  
reduced, concurrent  with an  increase in the sensation of  cold. 

As shown in Fig. 1, the area of  s t imulat ion for the  various loci was 
no t  the same. I n  order to compare the sensit ivity of  different anatomical  
locations, the relationship between area of  cold st imulat ion and response 
ou tpu t  had to be determined.  This determinat ion was made from data  
on abdominal  st imulation, as shown in Fig. 3. The areas of  s t imulat ion 
utilized to construct  Fig. 3 bracket  the areal ex tent  of  the stimuli applied 
to the various portions of  the body. The relationship between the de- 
crease in sweating ra te  (in m g-  rain -~ em 2) and the area of s t imulat ion 
approximates  a direct propor t ional i ty ;  to  correct the sweating da ta  
for s t imulator  area, then, we divided by  the area (in cm ~) of  stimulation. 
The areal summat ion  for the magni tude  est imates of  the cold sensation, 
as shown in Fig. 3, is no t  near ly  so complete. I n  correcting the magni tude  
est imates for area we equated each area of  s t imulat ion to  tha t  of  the 
largest st imulator.  First, a s t ra ight  line was fitted to the mean  values 
(solid squares) shown in Fig. 3. Then, the magni tude  est imate values 
for each area of  s t imulat ion were determined by  the  point  of  intersection 
with the previously fitted s traight  line. For  each area a factor  was com- 
puted  which, when divided into the magni tude  est imate of  the area 
in question, would give the value obtained with the largest st imulator.  
Thus 6.0, the magni tude  estimate produced by  st imulat ing an area 
of  123 cm 2, would be divided by  a correction factor  of  0.75 to  give 8.0, 
the mean magni tude  estimate produced by  st imulat ion with the largest 
s t imulator  (384 eroS). The fall in Tskstim was no t  the same for different 
areas of  stimulation. On the assumpt ion tha t  response outputs  were 
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Fig. 4. Changes in the sweating and sensation coefficients over time for the different 
body regions 

proportional to the fall in Tskstim, we divided the area-corrected re- 
sponses by the mean fall in Tskstim for each 45 see segment of the 3 rain 
stimulation period. Sweating and sensation coefficients were thus ob- 
tained from the following equations: 
Sweating coefficient -- (Decrease in thigh Sweating rate)/(Area cooled) 
(zJ Tsk stim), 
Sensation coefficient -- (Magnitude Estimate)/(Area Correction Factor) 
(A Tskstim). 
The standard errors of the mean in Fig. 3 are much larger for the sweating 
response than for the magnitude estimates. This is probably because 
the subjects were able to focus their attention on the area stimulated, 
thus eliminating extraneous cues and increasing the accuracy of esti- 
mation. The sweating response, on the other hand, is the integrated 
outflow of a controller which is influenced by a number of thermal and 
non-thermal variables. All of these factors continue to exert an effect 
during stimulation of one portion of the skin. 

In  the left portion of Fig. 4 the mean sweating coefficients for each 
45 see of the 3 min stimulation period are shown. Since the rate of change 
of Tskstim was greatest during period t, while Tskstim was lowest during 
period 4, it is clear that  rate of change is an important aspect of the 
effect on sweat rate of cooling local areas of the skin. The right portion 
of F ig . t  depicts the sensation coefficient for the four time periods and 
the different body areas. Each point represents the geometric mean 
of the arithmetic means of the data on each of the 3 subjects. The change 
in sensation over the four time periods is not consistent for different 
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Table 1. Sweating coefficients and sensation coefficients for each subject and each 
body area. Each value represents the mean of the four 45 sec periods of six trials 

Subject Forehead Back Chest Thigh Abdomen Lower leg 

BS (4.3, 1.5) (2.1, 1.4) (3.4, 1.0) (2.5, 0.88) (2.2, 0.77) (2.1, 0.82) 
CS (12.0, 1.3) (2.9, 0.92) (2.2, 0.68) (1.5, 0.63) (1.2, 0.41) (3.7, 0.58) 
TS (4.2, 4.1) (2.4, 1.9) (0.5, 1.4) (1.5, 1.5) (1.2, 1.5) (0.9, 1.2) 
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Fig.5. Sensitivity coefficients for sweating rate and cold sensation normalized to 
the response of the chest 

body  regions. The  ra te  of change of Tskst im appears  impor t an t  in the  
de te rmina t ion  of the  response when the  back  and thigh are s t imulated,  
and  re la t ively  u n i m p o r t a n t  for the  chest, abdomen,  and  lower leg. The 
cold sensat ion on the forehead grows marked ly  over  the  four t ime periods. 
However ,  the forehead m a y  be a special ease because of the  s t rong 
affective qual i ty  of s t imulat ion there.  I m m e d i a t e l y  af ter  application,  
the  s t imulus was repor ted  to feel cold, bu t  pleasant .  La te r  the  sensat ion 
changed to one of intense cold pain. The  sweating and  sensat ion coeffi- 
cients for the individual  subjects  are shown in Table  1. Each  value 
represents  the  mean  of  the  four  45 see periods of  six trials. I n  order  to 
compare  the sensi t ivi ty  of  the  different skin loci, the sweat ing and  
sensat ion coefficients were normal ized by  compar ing each subject ' s  
responses to  t h a t  produced b y  s t imulat ing the  chest. The  means  of 
these normal ized values are depicted in Fig. 5. Note  the  general  corre- 
spondence in sensi t ivi ty  be tween the  sweat  ra te  and  the  cold sensation.  

Discussion 

Cutaneous t e m p e r a t u r e  receptors  const i tu te  the  p r ima ry  input  
e lements  in the  au tonomic  regulat ion of body  t empera tu re .  These sensors 
are also essential  in the  product ion  of conscious sensat ion of ambien t  
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thermal  conditions [3,5,7]. This s tudy compared the way these two 
systems utilize peripheral thermal information. The overall sensitivity 
of the two systems to cold stimulation of different skin regions showed 
a general correspondence. For both the autonomic and the sensation 
responses, the forehead was by far the most sensitive per unit area and 
temperature  decrease. O~her skin areas were less different in responsive- 
ness. Our findings are quite similar to those of a number  of studies which 
utilized a warm stimulus and measured either autonomic responses 
or recorded subjective warm sensations. Belding et al. [2] found tha t  
at low ambient  temperatures,  warming the face induced peripheral 
vasodilatation, while warming a similar area of the chest or a much 
larger area of the leg had no effect. NadeI et al. [9] demonstrated tha t  
heating the face in a warm environment produced considerably greater 
increases in thigh sweating rate than heating other skin areas. Hardy  and 
Oppel [6], studying threshold responses to non-penetrating infra-red radia- 
tion, found tha t  the forehead was subjectively more than twice as sensitive 
as the forearm and hand. Recently, J .  C. Stevens et al. [11] studied the 
degree of warmth sensation aroused by different levels of heat  irradiation 
of various regions of the body. They found tha t  the relative sensitivities 
of areas relevant to the present s tudy (in descending order) were forehead, 
chest, abdomen, back, thigh, and calf. High stimulus intensities reduced 
the differences in sensitivity among the various areas. The relative 
sensitivities found by J.  C. Stevens et al. agree closely with those found 
by Nadel et al. [9] for the sweating response. 

Thus, when different areas of the body surface are heated, the relative 
sensitivities for increases in heat sensation and sweating rate are quite 
similar. The present s tudy demonstrates a similar finding for increases 
in cold sensation and decreases in sweating rate following cold stimulation. 
When we compare regional sensitivities to hot and cold stimuli, the 
agreement is not good for areas other than the face. The lower leg, for 
example, is particularly insensitive to heat but  has about  the same 
sensitivity to cold as the chest, thigh, and abdomen. This implies tha t  
functional warm and cold input may  not be similarly distributed. There- 
fore, if a functional mean skin temperature  is to be determined by thermal 
sensitivities as well as area weighting, the weighting factors may  differ 
depending on whether the stimulus is warm or cold. Table 2 indicates 
a first approximation of how the weighting factors might differ. 

Changes in sensation and sweating rate in response to the rate of 
change of the stimulus and area of stimulation were not concordant 
in the present study. As is the case udth cold stimulation of the whole 
body [1,8, I2] the effects of skin cooling on sweat rate  in the present 
s tudy were strongly rate dependent. The effect of the rate of fall in 
skin temperature  on sensation, however, was ambiguous. Rate  of change 
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Table 2. )Iean skin temperature weighting factors as determined by weighting 
for area (Hardy, 1949), for area and sensitivity of local sweating rate to warming 
(Nadel et al., 1973), and for area and sensitivity of local sweating rate to cooling. 
Since data on sensitivity to cooling is not available for the upper and lower arms, 

these regions were given simple area weightings 

Tsk Tsk Tsk 
(area weighting (area and sensi- (area and sensi- 
only) tivity to warming) tivity to cooling) 

Face 0.07 0.21 0.19 
Ches~ 0.09 0.10 0.08 
Upper back 0.09 0.11 0.09 
Abdomen 0.18 0.17 0.12 
Upper legs 0.16 0.15 0.12 
Lower legs 0.16 0.08 0.15 
Upper arms 0.13 0.12 0.13 
Lower arms 0.12 0.06 0.12 

1.00 1.00 1.00 

a p p e a r e d  i m p o r t a n t  on the  back  and  thigh,  bu t  r e l a t ive ly  u n i m p o r t a n t  
on the  chest,  abdomen ,  and  lower leg. S t imula t ion  of the  forehead ap- 
pea red  to be a special  case p r o b a b l y  due to  the  s t rong  affective qua l i ty  
of  s t imula t ion  there.  Because the  cold s t imulus  was r e l a t ive ly  intense,  
different ial  i nvo lvemen t  of  cold-pain  m a y  be invo lved  in the  different  
re la t ions  be tween  sensat ion  and  ra te  of  s t imulus  change seen for the  

var ious  body  areas.  

I n  the  abdomina l  a rea  the  re la t ionship  be tween  the  a rea  of  s t imula t ion  
and  the  decrease in sweat  ra te  a p p r o x i m a t e d  a d i rec t  p ropor t iona l i ty .  
The regu la to r  of  body  t empera tu re ,  then,  was able  to  ac t iva t e  responses  
of a p p r o p r i a t e  magn i tude  to r ap id  t he rma l  changes in r e l a t ive ly  small  
a reas  of  skin. Similar  changes of  s t imula t ion  area  had  much  less effect 
on the  cold sensat ion.  Since on ly  one level of cold s t imula t ion  was used 
in the  p resen t  s tudy ,  i t  m a y  be t h a t  different  re la t ionships  would  pe r t a in  
for less in tense  s t imula t ion .  F o r  the  w a r m t h  sense, J .  C. S tevens  and  
Marks  [10] found  t h a t  spa t i a l  s u m m a t i o n  was less i m p o r t a n t  a t  high 
levels of  exper ienced  sensat ion.  

W e  conclude t h a t  changes in sweat  r a t e  and  sensa t ion  p roduced  
b y  cooling different  b o d y  regions show a genera l  correspondence,  wi th  
the  forehead showing a much  grea te r  sens i t iv i ty  per  un i t  a rea  and  t emper -  
a tu re  decrease t h a n  o ther  areas.  F o r  r e l a t ive ly  large areas,  spa t ia l  sum- 
m a t i o n  and  r a t e  of change of  t e m p e r a t u r e  have  more  effect on the  sweat ing  
response t h a n  on cold sensat ion.  The high sens i t iv i ty  of  the  face to  
t h e r m a l  s t imul i  m a y  have  evolved  a t  a t ime  when i t  was a t h in ly  fur red  
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and  therefore thermal ly  responsive skin region of otherwise well insula ted  
pr imit ive  mammals .  I n  donning  clothing, m a n  has recreated these 

conditions,  re-establishing the relat ive impor tance  of the face in the 
regulat ion of body  tempera ture .  
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