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by 

G.L. Totel*, R. E. Johnson, F. A. Fay, J. A. Goldstein and J. Schick 
(Study Group 4) 

INTRODUC TION 

Some patients  with lesions of the spinal cord may have substantial difficulty in 
thermoregula t ing under a heat s t r e s s  considered mild by able-bodied persons .  
These pat ients  eas i ly  develop heat exhaustion, cha rac te r i zed  by card iovascular  
i r r egu la r i t i e s ,  weakness and fatigue, headache, and somet imes  syncope. Prev ious  
l i t e ra tu re  states that the skin of men or animals  with spinal cord injury is genera l -  
ly anhidrotic in a reas  below the level  of the lesion (Leithead and Lind, 1964; Ran- 
dall, Wurs te r  and Lewin, 1966; Rawson, 1963; Seckendorff and Randall, 1961). If 
anhidrosis  is widespread,  as is the case  in the ce rv ica l  les ions,  the patient may 
develop hyper thermia .  

Quantitative studies on spinal man revea l  a significant impai rment  of the the rmo-  
regula tory  sweat response  over  a wide area  of the body. Guttmann, Si lver  and 
Wyndham (1958) observed the behavior of the core  t empera tu res  of spinal man in 
the warm air  of open wards.  Pat ients  with high ce rv ica l  les ions were la rge ly  an- 
hidrotic over  their  body surface and had difficulty in maintaining normal  body 
tempera ture .  Never the less ,  Randall,  Wurster and Lewin(1966) concluded that the 
isolated spinal cord is stil l  capable of mediating a sweat re f lex  as did Cooper, 
F e r r e s  and Guttmann (1951). 

We surmised  that quadriplegies might become hyper thermic  when exposed to high 
ambient t empera tu res  or to exerc i se .  Therefore ,  we studied quadriplegic sub- 
jec ts  under a control led heat s t r e s s  and measured  their  the rmoregula tory  r e -  
sponses,  thereby fur ther  charac te r iz ing  quantitatively the quadriplegic disabil i ty.  

MATERIALS AND METHODS 

SUBJECTS: Six men, each having chronic spinal cord injury in the cervical 
region (CS to C3), participated in these experiments. Descriptions of their dis- 
ability, age, and medications are given in Table 1. Nine control experiments 
were conducted on three able-bodied men under conditions identical to those in the 
quadriplegic experiments. Table 2 gives the characteristics of all the subjects. 
Each subject was tested every time at approximately the same time of the day. 

CONDITIONS: The subjects were submitted to total body heat exposure in an en- 
vironmental chamber. Base line readings were taken at room temperature, prior 
to entering the hot chamber. Room conditions were T a 25°C and 50% rh, while 
those in the hot chamber were T a 38°C and 9% rh. Following base line readings 
for one hour the subjects were transferred into the environmental chamber for a 
maximum of 2½ hr. The subject sat inactive throughout the experimental period. 

*) Human Environmental  Resea rch  Unit, Department  of Physiology and Biophysics,  
Univers i ty  of I l l inois,  Urbana, I l l inois,  61801, USA. 
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T A B L E  1. C h a r a c t e r i s t i c s  of the  q u a d r i p l e g i c  s u b j e c t s  

Sub jec t  Sex Age D i s a b i l i t y  

F . F .  M 25 

E . S .  M 19 

J .W°  M 19 

W . D .  M 33 

C . L .  M 21 

E . H .  M 22 

C5-8  w i th  C2 s e n s a t i o n  
on r i g h t  s ide  

C6 fus ion ,  l a m i n e c t o m y  

C6 l a m i n e c t o m y  

C5-6  fus ion ,  l a m i n e c t o m y  

C6-7  fus ion ,  l a m i n e c t o m y  

C 6 - 7  l a m i n e c t o m y  

M e d i c a t i o n  

n o n e  

none  

n o n e  

t e t r a c y c l i n e  
( o c c a s i o n a l )  

none  

v a l i u m  
(4 r ag /day )  

Y e a r s  s i n c e  
o n s e t  of d i s -  
ab i l i t y  

2 

3 

13 

TABLE 2. Physical characteristics of all subjects* 

Subject Age Height Weight Surface area 
(yr) (cm) (kg) (m 2) 

W , D °  

C . L .  

J . W .  

E . S .  

F . F .  

E . H .  

M e a n  

H . E ,  

R . B .  

B . R .  

Mean 

33 

21 

19 

19 

25 

22 

23 

19 

20 

20 

20 

Q u a d r i p l e g i c  m e n  

178 

175 

185 

178 

185 

173 

179 

A b l e - b o d i e d  m e n  

183 

185 

181 

1 8 3  

5 2 . 2  

5 8 . 3  

5 7 . 0  

6 2 . 8  

85 .7  

5 1 , 4  

6 1 . 2  

83 .3  

73 .9  

85 .0  

80 .7  

1 .68  

1 .72  

1 . 7 8  

1 . 7 9  

2 .10  

1 .60  

1 . 7 8  

2 .10  

1 .96  

2 . 0 8  

2 . 0 5  

*) All  w e r e  m e n  aged  o v e r  18 y e a r s .  
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The  e x p e r i m e n t s  w e r e  t e r m i n a t e d  w h e n  s i g n s  or  s y m p t o m s  of h e a t  i l l n e s s  ap -  
p e a r e d ,  when  the  o r a l  t e m p e r a t u r e  r e a c h e d  3S. 5°C o r  w h e n  the  s u b j e c t  h i m s e l f  
d e c i d e d  to s top .  

PARAMETERS: The  fo l lowing  m e a s u r e m e n t s  w e r e  m a d e .  

(a) O r a l  t e m p e r a t u r e  (To t )  was  m e a s u r e d  by m e a n s  of a m u l t i p o i n t  Honeywel l  
g a l v a n o m e t e r ,  r e c o r d i n g  a t  one m i n u t e  i n t e r v a l s .  

(b) H e a r t  r a t e  and r e s p i r a t i o n  r a t e  w e r e  m o n i t o r e d  c o n t i n u o u s l y  by t e l e m e t r y  
( T e l e m e d i c s ,  S ou thamp ton ,  P a . ) ,  r e c o r d e d  wi th  an Of fne r  D y n o g r a p h .  

(c) Blood p r e s s u r e  was  m e a s u r e d  b e f o r e  e n t e r i n g  the  c h a m b e r  and j u s t  p r i o r  to 
t e r m i n a t i o n  of the  e x p e r i m e n t .  

(d) Loca l  s w e a t  r a t e  was  m e a s u r e d  a t  s e l e c t e d  s i t e s ,  w i th  u n v e n t i l a t e d  s w e a t  
c a p s u l e s  (Schwar t z ,  T h a y s e n  and Dole ,  1953~. To c o l l e c t  the  swea t ,  two c i r -  
c u l a r  p i e c e s  of f i l t e r  p a p e r  ( a r e a  = 14 .3  c m  ~ each)  w e r e  he ld  f i r m l y  to the  
sk in  by a l u m i n i u m  s w e a t  c a p s u l e s  and an  e l a s t i c  s t r a p .  Sweat  was  c o l l e c t e d  
a t  s ix  l o c a t i o n s  fo r  two 30 - r a in  c o l l e c t i o n  p e r i o d s .  T h e s e  s i t e s  i n c l u d e d  s y m -  
m e t r i c a l  s i d e s  of the  b a c k  of the  neck ,  the  v o l a r  s u r f a c e  of the  f o r e a r m ,  and 
the  a n t e r i o r  s u r f a c e  of the  th igh ,  j u s t  above  the knee .  At  the  end of e a c h  c o l -  
l e c t i o n  p e r i o d ,  the  f i l t e r  p a p e r s  w e r e  p l a c e d  in S c o t e h - p a k  a l u m i n i z e d  po ly -  
e t h y l e n e  b a g s  ( Johnson ,  J o h n s o n  and S a r g e n t ,  1969) and i m m e d i a t e l y  r e -  
we ighed .  

(e) To ta l  body we igh t  l o s s  was  c a l c u l a t e d  as  the  d i f f e r e n c e  in w e i g h t  b e f o r e  and 
a f t e r  the  h e a t  e x p o s u r e .  

(f) The  v o l u m e  and c o m p o s i t i o n  of the  s u b j e c t s '  e x p i r e d  a i r  w e r e  m e a s u r e d  a t  
3 0 - m i n  i n t e r v a l s  t h r o u g h o u t  the  e x p e r i m e n t .  The  e x p i r e d  g a s  was  c o l l e c t e d  
by  m e a n s  of an  open  c i r c u i t  t e c h n i q u e .  A s a m p l e  of e a c h  3 0 - m i n  c o l l e c t i o n  
was  a n a l y z e d  fo r  oxygen  wi th  a B e c k m a n  O 2 - m e t e r  (mode l  C2) and fo r  c a r b o n  
d iox ide  wi th  a G o d a r t  CO 2 m e t e r  ( Type 44A-2) .  The  two m a c h i n e s  w e r e  a r -  
r a n g e d  in s e r i e s .  See C o n s o l a z i o ,  J o h n s o n  and P e c o r a  (1963) f o r  the spec i f i c  
c a l c u l a t i o n s .  

STATIS TIC AL ANALYSIS: The  r e s p o n s e s  of e aoh  g roup  of s u b j e c t s ,  a f t e r  h e a t  
e x p o s u r e ,  w e r e  c o m p a r e d  wi th  t h e i r  own r e s t i n g  l e v e l s  m e a s u r e d  b e f o r e  the  
h e a t  s t r e s s .  The  r e s p o n s e s  of the  two g r o u p s  w e r e  then  c o n t r a s t e d  bo th  b e f o r e  
and a f t e r  the  h e a t  e x p o s u r e .  The  da ta  w e r e  s u b j e c t e d  to a t - t e s t  ( H u n t s b e r g e r ,  
1967) to d e t e r m i n e  the  p r o b a b i l i t i e s  of d i f f e r e n c e s  b e t w een  m e a n s ,  and 0 .05  o r  
l e s s  was  c h o s e n  as  s i g n i f i c a n t .  

R E S U L T S  

The t h r e e  m o s t  i n t e r e s t i n g  f i nd ings  w e r e  the  c o n t r o l l e d  p r o d u c t i o n  of h y p e r -  
t h e r m i a  a m o n g  the  q u a d r i p l e g i c s ,  the  d e m o n s t r a t i o n  t ha t  t h e r e  w as  a d e f e c t  in  
e v a p o r a t i v e  h e a t  l o s s ,  and the d e v e l o p m e n t  of t r u e  p a n t i n g  d u r i n g  h y p e r t h e r m i a .  

HYPERTHERMIA: N i n e t e e n  e x p e r i m e n t s  w e r e  p e r f o r m e d  on 6 q u a d r i p l e g i c  m e n .  
In al l  c a s e s ,  h y p e r t h e r m i a  d e v e l o p e d  b e f o r e  the  c o n c l u s i o n  of the  1 5 0 - m i n  h e a t  
s t r e s s .  The  m e a n  o r a l  t e m p e r a t u r e  r o s e  f r o m  a b a s e  l ine  of 3 6 . 8  ° to 3 8 . 7 ° C  
a f t e r  120 ra in  of e x p o s u r e  (n = 18, p < 0 .05) .  In t hose  e x p e r i m e n t s  w h e r e  the  
s u b j e c t  e n d u r e d  t h r o u g h  the  ful l  150 ra in ,  T o r  r o s e  to 3 8 . 8 ° C  a f t e r  150 m i n  
(n - 9, p < 0. 005). The  q u a d r i p l e g i c s  d e v e l o p e d  p a n t i n g  and  d i s t r e s s  and u s u a l l y  
e l e c t e d  to end  the  h e a t  e x p o s u r e  a f t e r  120 ra in  r a t h e r  t han  the  p l a n n e d  150 ra in .  

Nine c o n t r o l  e x p e r i m e n t s  w e r e  done on 3 a b l e - b o d i e d  v o l u n t e e r s .  The s a m e  
p r o t o c o l  was  fo l lowed  as  f o r  the  q u a d r i p l e g i c s .  T h e s e  c o n t r o l  s u b j e c t s  w e r e  
c o m f o r t a b l e  f o r  the  ful l  150 ra in ,  wi th  no s i g n i f i c a n t  c h a n g e s  in  p h y s i o l o g i c a l  
functions. 
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Striking di f ferences  in responses  of the two groups are seen in a plot of the oral 
temperature against t ime (Fig. 1). The quadriplegics  developed hyperthermia 
soon after entering the environmental  chamber,  whi le  the able-bodied men main-  
tained a normal  body temperature throughout the exper iment  (p < 0° 005 for the 
120-min  period).  
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Oral temperature versus time for quadriplegics and able-bodied 
controls. Asterisk denotes p = 0.05 or less at 120 rain. 

EVAPORATIVE WATER LOSS: The total loss of weight was three times as great 
in the able-bodied men ~as in the quadriplegics (Table 3). 

The only contributions to tlis weight loss were metabolic, i.e. the difference in 
weight between 02 consumed and CO 2 produced, pulmonary water loss and dermal 
water loss. Urine and faeces were retained in sanitary bags on the wheelchair, 
and did not contribute to the loss of weight. Metabolic weight loss was small and 
not important. Pulmonary ventilation became greater in the quadriplegics (Fig. 2) 
and therefore, the pulmonary water loss was greater in the quadriplegic men, 
even though they were smaller than the able-bodied men. The percentage of 
weight loss due to pulmonary evaporation was much greater in the quadriplegics, 
In contrast, the dermal loss was four times as large in the able-bodied men as' 
in the quadriplegic men. Presumably in the quadriplegics it was mainly insensible 
water loss, and in the able-bodied subjects mainly eecrine sweat. This supposition 
was confirmed by local measurements. The able-bodied controls averaged 44 rag/ 
30 rain-capsule area for 108 measurements. The quadriplegics were anhidrotic. 

The complete equation for thermal balance is: 

M = E +R+C +K+W+S (I) 

where M is metabolic heat, always positive; E is evap0rative loss, always po- 
sitive; R is radiation,+ for net loss; C is convection,+ for net loss; K is con- 
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TABLE 3. Mean v a l u e s  for  weight  l o s s  con t r a s t i ng  quadr ip l eg ic  sub jec t s  with 
a b l e - b o d i e d  c o n t r o l s  

Tota l  body 

Metabol ic  c 
d P u l m o n a r y  

D e r m a l  e 

• a 
Quadr lp l eg i c  A b l e - b o d i e d  b 

FraCt ion  of F r a c t i o n  of 
Weight  l o s s  weight  l o s s  Weight  l o s s  weight  l o s s  

(g) (%) (g) (%) 

212 

13 

56 

143"* 

100 

6 

27 

67 

648 

5 

42 

601 

100 

1 

6 

93 

a) E igh teen  e x p e r i m e n t s  with s ix  men.  
b) Nine e x p e r i m e n t s  with th ree  men.  
c) Ca lcu la t ed  as the d i f f e r ence  in weight  be tween  C O  2 produced  and 02 consumed .  
d) Ca lcu la t ed  as the d i f f e rence  in weight  H20  e x p i r e d  and H20  in sp i r ed ,  c a l -  

cu la t ed  f r o m  vo lume  and absolu te  humidi ty  (Lange,  1961). 
e) Ca lcu la t ed  as the d i f f e r ence  be tween  total  body l o s s  and the sum of me tabo l i c  

and p u l m o n a r y  los s .  Among the quad r ip l eg i c s  the skin was d ry  to the touch, and 
l i t t l e  or  no ac t ive  sweat ing  was de tec tab le  by loca l  co l l ec t ion .  
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Fig .  2. P u l m o n a r y  ven t i l a t ion  v e r s u s  t i m e  fo r  q u a d r i p l e g i c s  and ab le -  
b o d i e d c o n t r o l s .  A s t e r i s k  denotes  p = 0 .05 o r  l e s s~a t ' I 20  mt~/: 
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duc t ion ,  + fo r  ne t  l o s s ;  W is  w o r k  p e r f o r m e d ,  + fo r  w o r k  a g a i n s t  e x t e r n a l  f o r c e ;  
and  S i s  h e a t  s t o r e d ,  + fo r  ga in .  In the  p r e s e n t  s y s t e m ,  R, C and  K w e r e  e f -  
f e c t i v e l y  z e r o ,  b e c a u s e  the  wal l ,  a i r  and  w h e e l c h a i r  t e m p e r a t u r e s  w e r e  a l l  v e r y  
n e a r  to t ha t  of the  sk in .  W was  z e r o  b e c a u s e  the  s u b j e c t s  w e r e  s i t t i n g  qu ie t ly .  
F o r  th i s  s e t  of c i r c u m s t a n c e s ,  then ,  E q u a t i o n  1 t r a n s f o r m s  to: 

S = M - E (2) 

S was measured by the change in body temperature, M was calculated from the 
0 2 consumption, and E was calculated from the insensible water loss. In the 
ab~le-bodied subjects, S was zero in 2 hr, and thermal balance was achieved. In 
the quadriplegics, S was positive and hyperthermia resulted. M did increase by 
about 20% in the quadriplegics, but E did not increase proportionately (Fig. 3 and 
Table 3). The cause of the hyperthermi~, therefore, was a defect in the evapo- 
rative heat loss. 
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Fig. 3. 0 2 consumption versus time for quadriplegics and able-bodied con- 
trols. Asterisk denotes p = 0.05 or less at 120 rain. 

PANTING: Panting may be defined as an increase in the pulmonary minute 
volume caused by an increase in rate with little or no change in tidal volume. By 
these criteria, panting occurred in the quadriplegics but not in the able-bodied 
controls. 
The pulmonary ventilation increased linearly with the body temperature (Fig. 4). 
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DISCUSSION 

The neuro log ica l  d i s ab i l i t i e s  of the t r auma t i c  pa rap leg ic  and quadriplegic  offer  
oppor tun i t ies  for  r e s e a r c h  into the cont ro l  of heat  ba lance .  To take one example,  
the o c c u r r e n c e  of a n h i d r o s i s  sugges t s  a lack of t h e r m a l  recogni t ion ,  ba sed  on 
p e r i p h e r a l  i n t e r r up t i on  of ne rvous  connec t ions .  The o c c u r r e n c e  of panting,  how- 
eve r ,  c l e a r l y  suppor t s  the p robab i l i ty  of c en t r a l  r ecogn i t ion  of t h e r m a l  s t imul i  
and a defect  in the r e sponse ,  not the s enso r ium.  The pant ing r e s p o n s e  ac t s  l ike 
a p ropor t iona l  r e s p o n s e  to an e r r o r  s ignal .  

The O 2 consumpt ion  of the quad r ip l eg i c s , a f t e r  a b r eak -po in t ,  r i s e s  l i nea r ly  
with body t e m p e r a t u r e  (Fig. 5). We do not know the cause  of this  p ropor t iona l  
i n c r e a s e  but inso fa r  as  t h e r m a l  ba lance  is Concerned,  we i n t e r p r e t  the cu rve  to 
mean  that  below a c r i t i c a l  02 consumpt ion,  the heat  can be d iss ipa ted ,  but  above 
the c r i t i c a l  point,  heat  s to rage  becomes  pos i t ive  in d i r e c t  r e l a t i on  to 02 con-  
sumption.  Exposure  to the cold c a u s e s  a r i s e  in O 2 consumpt ion  in the absence  
of p e r i p h e r a l  r e c e p t o r s  (Downey, Dar l ing  and Chiodi, 1967; Johnson,  Smith and 
Spalding, 1963; Johnson  and Spalding, 1966). T h e r e f o r e ,  quadr ip leg ics  do have 
some c e n t r a l  r ecogn i t ion  of t h e r m a l  s t imul i  and can  a l t e r  the energy  me tabo l i sm.  

In man evapora t ive  loss  f rom the lung i s u s u a l l y  r e g a r d e d  as mino r  and Un- 
r egu la ted  in c o m p a r i s o n  with d e r m a l  evapora t ive  loss  (Belding and Hert ig ,  1962; 
Gagge, 1964; Hardyi 1961; Thauer ,  1961). Yet in some w a r m - b l o o d e d  v e r t e b r a t e s  
pu lmonary  evapora t ive  loss  is a ma in  avenue of heat  cont ro l .  True  pant ing is not 
g e n e r a l l y  cons ide red  as  one of m a n ' s  r egu la ted  funct ions .  We have d e m o n s t r a t e d  
it  now among quadr ip leg ics ,  c l e a r l y  as  an a tav i s t i c ,  even if ineffect ive ,  r e s p o n s e  
to t h e r m a l  s t r e s s .  In ab le -bod ied  men  the evapora t ive  pu lmona ry  loss  can in-  
c r e a s e  fifteen-fold or  m o r e  f r o m  r e s t  to maximal  e x e r c i s e ,  but even so the ec -  
c r i n e  sweat  glands f a r  exceed the lungs as  a s i te  of evapora t ive  heat  loss .  In the 
quadr ip leg ics ,  the lungs cannot  subs t i tu te  fo r  the sweat  g lands  and h y p e r t h e r m i a  
eas i ly  r e s u l t s .  
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"theoretical line" shows a break where compensation is no longer 
possible, and hyperthermia ensues as a result of an increase in 
stored metabolic heat. The data points are means for quadriplegic 
subjects.  

Most cur ren t  models of thermal  regulat ion in man have adopted the concept of 
Hardy and his group (Hammel et a l . ,  1963; Hardy, 1961) that regulat ion is p r o -  
port ional  to deviations f rom a set-point  anatomical ly located in the hypothalamus. 
Somet imes  the set-point  var ies  (Brengelmann and Patton, 1966) in different  phys-  
iological  s tates such as cold exposure or fever .  The quadriplegic lacks the per iph-  
eral  connections for heat  regulation. This phenomenon has been observed  or  
postulated both exper imenta l ly  (Pembrey,  1897; Sherrington,  1924) and c l in ica l ly  
(Cooper, F e r r e s  and Guttmann, 1951; Guttmann, Si lver  and Wyndham, 1958; 
Rawson, ]963; Rawson and Hardy, 1967). Not only does the quadriplegie lose 
thermal  regulat ion by dermal  evaporation, but also by loss  of vasomotor  control .  

Some obse rve r s  have detected re f lex  sweating below the lesion (Pollock et a l . ,  
1951; Randall, Wurs~er and Lewin, 1966). Such res idual  re f l exes  cannot be ef-  
fec t ive  in thermoregulat ion,  because the anhidrosis  of quadriplegies  never  r e -  
cover s  spontaneously in our exper ience  or that of o thers  (Leithead and Lind, 1964). 
Never the less ,  it is true that sweat glands below the lesion can be " t ra ined"  to ac -  
t ivity by daily in t radermal  injections of cholinergic drugs (Johnson and Johnson, 
1970). The possibi l i ty  exis ts  then that per iphera l  s t imulat ion st i l l  may exis t  po- 
tential ly in quadriplegics .  

Our resu l t s  have prac t ica l  as well as theore t ica l  impl icat ions .  Three  of our 
subjects (F. F . ,  E.S.  and J.  W. ) measured  their  own t empera tu re s  hourly during 
a mild spring day in May. Ordinary activity,  such as wheeling to c lass  ra i sed  the 
oral  tempera ture  as high as 38°C. Instruct ion about how to avoid or take ca re  of 
hyper thermia  should be par t  of the training of these people,  just  as they are  
taught about decubitus u lcers  and ur inary  t rac t  infect ions.  
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