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m o d e l s  a r e  b a s e d  o n  t h e  r e s p o n s e -  c h a r a c t e r i s t i c s  o f  
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t h e r m o s e n s i t i v e  n e u r a l  s t r u c t u r e s  i n  t h e  b o d y ,  and  d e r i v e  a  . . 

t h e r m o g e n i c  r e s p o n s e  a s  a  r e s u l t  o f  integration o f  i n h i b i t o r y  
L ,9 

. and  e x c i t a t o r y  d r i v e s  from p e r i p h e r a P  h d '  core r e g i o n s .  The ,-, 
t . .I 

i. 
g a i n s  f o r  t h e  i n d i v i d u a . 1  n e u r a l  d r i v e s  aYex o b t a i n e d  f rom a  

-- 

r e g r e s s i o n  a n a l y s i s  u t i l i z i n g  e m p i r i c a l  d a t a .  A ' c o m p a r i s o n  w i t h  

t h e  p r e d i c t i o n  e x p r e s s i o n s  s u g g e s t e d  by  Hayward, E c k e r s o n  and 

C o l l i s  and N a d e l  -- e t  a l .  s u g g e s t s  t h a t  t h e  p r e s e n t  m o d e l s  a r e  

s i g n i f i c a n t l y  be t t e r  p r e d i c t o r s .  I t  d o e s  n o t  i n d i c a t e ,  however ,  4 

t h e  need f o r  t h e  i n c l u s i o n  o f  a dynamic  componen t  o f  t h e  

t h e r m o r e c e p t o r r e s p o n s i v ~ e s s ,  a s  p r e d i c t i o n s  o f  t h e r m o g e n e s i s  

a r e  n o t  improved  w i t h  t h i s  c o n s i d e r a t i o n .  I t  i s  s u g g e s t e d ,  t h a t  

t h e  b e n e f i t s  o f  i n c l u d i n g  dynamic  r e s p o n s i v e n e s s  o f  c e n t r a l  and  

p e r i p h e r a l  t h e r m o s e n s i t i v e  s t r u c t u r e s  a re  n o t  a p p a r e n t  d u e  t o  

t h e  i n a d e q u a c i e s  o f  t h e  a s s u m p t i o n s  i n c o r p o r a t e d  w i t h i n  t h e  

models. 
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A. INTRODUCTION 



I. S t a t e m e n t  o f  t h e  Prob lem . 

The d e v e l o p m e n t  o f  e m p i r \ i c a l  m e t h o d s  f o r  m o n i t o r i n g  h e a t  
I 

l o s s  and h e a t  p r o d u c t i o n  mechanisms i n  a n i m a l s  ( r e v i e w e d  by 

~ e n z i n g e y ,  1 9 7 7 )  i n  t h e  e i g h t e e n t h  c e n t u r y ,  a i d e d  t h e  s e a r c h  f o r  - - 

h y p o t h a l a m i c  t h e r m o r e g u l a t o r y  c e n t r e s .  I t  i s  now a c c e p t e d  

( B l i g h ,  1973 ;  H e n s e l ,  1 9 8 2 )  t h a t  t h e r e  e x i s t  t h r e e  main  

h y p o t h a l a m i c  c e n t r e s  i n v o l v e d  i n  t h e  m a i n t e n a n c e  o f  normothermia  

i n  man: t h e  h e a t  l o s s  c e n t r e  ( A r o n s o h n  a n d  S a c h s ,  1 8 8 5 1 ,  t h e  

h e a t  p r o d u c t i o n  c e n t r e  ( I s e n s c h m i d  and  K r e h l ,  1 9 1 2 )  and t h e  

s h i v e r i n g  c e n t r e  (,Hemingway e t  a 1  . , 1954 ) . -- 

The s e t  p o i n t  c o n c e p t  i n t r o d u c e d  by  B a z e t t  ( 1 9 4 9 ) .  and l a t e r  

e n h a n c e d  by V e n d r i k  ( 1 9 5 9 )  ,- a t t e m p t s  t o  e x p l a i n  t h e  a c t i v a t i o n  

"$ t r a l  warm and  c o l d  s e n s o r s ,  The s e t  p o i n t  c o n c e p t  h a s  
- - 

r e c e n t l y  b e e n  i n c o r p o r a t e d  i n  t h e  t h e o r y  o f  c e n t r a l  i n h i b i t i o n  

o f  t h e r m o g e n e s i s  ( B e n z i n g e r ,  l 9 6 9 ) ,  s u g g e s t i n g  t h a t  when t h e  

core t e m p e r a t u r e  i s  d i s p l a c e d  f rom t h e  se t  p o i n t ,  t h e  e n s u i n g  

e r r o r  s i g n a l  w i l l  i n s t i g a t e  a p p r o p r i a t e  t h e r m o r e g u l a  t o r y  

c o m p e n s a t i n g  mechan i sms .  ,The s e t  p o i n t  i s  d e t e r m i n e d  by t h e  

r e s p o n s e  c h a r a c t e r i s t i c s  o f  c e n t r a l  t h e r m o s e n s i  t i v e  s e n s o r s .  - 

S e v e r a l  a t t e m p t s  h a v e  b e e n  made to  d e r i v e  m o d e l s  p r e d i c t i n g  . --- 

s h i v e r i n g  t h e r m o g e n e s i s  d u e  to  c o l d  stress, b a s e d  o n  t h e  s e t  
4 

p o i n t  ~ o n c e p t  (Brown and Brenge lmann ,  1 9 7 0 ;  Hayward et a l . ,  ' 

1 9 7 7 ;  Nade l  -- e t  a l . ,  1970;  S t o l w i j k  a n d  H a r d y ,  1 9 6 6 ;  T imba l  - e t  

a l . .  , 1 9 7 6 a , b ) .  However, e a c h  model  h a s  b e e n  d e r i v e d  f rom - 



e x p e r i m e n t a l  o b s e r v a t i o n s  o n  a s p e c i f i c  s u b j e c t  g r o u p  and may 

f a i l  t o - p r e d i c t  a d e q u a t e l y  t h e  m e t a b o l i c  h e a t  g e n e r a t i o n  o f  a  

d i f f e r e n t  s u b j e c t  g r o u p .  A c o m p a r i s o n  o f  t h e s e  m o d e l s  o n  t h e  
* 

b a s i s  o f  t h e i r  p r e d i c t i v e  &er h a s  n o t  b e e n  c o n d u c t e d .  
4 

C o m p a r a t i v e  e v a l u a t i o n s  h a v e  m o s t l y  b e e n  made o n  t h e  b a s i s  o f  

t h e  t h e o r e t i c a l  c o n c e p t s  u h d e r l y i n g  t h e  m o d e l s  ( H s u ,  1971: Hwang 

and Konz, 1 9 7 7 )  . 
* - 

An i n d e p e n d e n <  e v a l u a t i o n  oc e x i s t i n g  p r e d i c t i v e '  
i *+ i 

- e x p r e s s i o n s  i s  d i f f i c u l t ,  d u e  to t h e  d i f f e r e n t  e x p e r i m e n t a l  . 

p a r a d i g m s  u s z d  to  o b t a i n  p h y s i o l o g i c a l  d a t a  f rom w h i c h  t h e  

m o d e l s  a r e  s u b s e q u e n t l y  d e v e l o p e d .  Due to  t h e  l a c k  o'f s u c h  

e v a l u a t i o n s ,  t h e  p o w e r s  o f  p r e d - i c t i o n  o f  m o d e l s  a r e  n o t  known, 

Some m o d e l s  a r e  s i m i l a r  c o n c e p t u a l l y ,  i n  t h a t  t h e y  i g n o r e  

t h e  c o n t r i b u t i o n s  of t r a n s i e n t  c h a n g e s  i n  p e r i p h e r a l  and core 
- - - - - - - - - - - - - - - - - - - - - - 

t e m p e r a t u r e s  t o  t h e  p h y s i o l o g i c a l  r e s p o n s e s  d u r i n g  t h e r m a l  

e x p o s u r e .  I t  h a s  b e e n  shown P k p e r i m e n t a l l y ,  t h a t  s u c h  

c o n t r i b u t i o n s  a r e  s i g n i f i c a n t .  W u r s t e r  and  McCook ( 1 9 6 9 )  h a v e  
h 

shown s w e a t i n g  r a t e  t3 be d e p e n d e n t  upon r a t e  o f  c h a n g e  o f  s k i n  

t e m p e r a t u r e  and  P i a n t a d o s i  e t  a l .  ( 1 9 8 1 )  h a v e  c o n c l u d e d  t h a t  t h e  -- 
\ 

m e t a b o l i c  r e s p o n s e  i n  h y p e r b a r i c  environrnen ts i s  a • ’  f e c  t e d  by 

d i f f e r e n t  c o r e  c o o l i n g  r a t e s .  Such  e v i d e n c e  s u g g e s t s  
Lr. 

c o n s i d e r a t i o n  of d y n a m i c  t e m p e r a t u r e  c h a n g e s  w i t h i n  t h e  body ,  
- 

when p r e d i c t i n g  p h y s i a l o g i c a l  r e s p o n s e s  t o  'a t h e r m a l  stress. . 
- - 

T h e r e  is a l - so  n e u r o p h y s i o l o g i ~ c a l  e v i d e n c e  j u s t i f y i n g  t h e  
=, 

i n c o r p o r a t i o n  of t r a n s i e n t  t e m p e r a t u r e  c o m p o n e n t s  i n  

t h e r m o r e g u l a t o r y  m o d e l s .  T e m p e r a t u r e  r e c e p t o r s  h a v e  s i g n i f i c a n t  



dynamic  r e s p o n s e s  t o  t e m p e r a t u r e  c h a n g e s  ( D u c l a u x  and  ensh halo,/ 
/ 

1 9 8 0 ; " F e n s h a l o  and  D u c l a u x ,  1977 ) . A l t h o u g h  i t  h a s  b e e n  shown / 

t h a t  t h e  s t e a d y  s t a t e  f i r i n g  o f  a c o l d  receptor is 

i n  r e l a t i v e  u n i t s  t o  o x y g e n  c o n s u m p t i o n  ( H e n s e l ,  1 9 7 6 ) ,  suqk a  

c o r r e l a t i o n -  h a s  n o t  b e e n  r e s o l v e d  to  i n c l u d e  t h e  d y n a m i c  

/ 

1 
component  o f  c o o l i n g .  

/ 

To e s t a b l i s h  a  m o d e l ,  p r e d i c t i n g  p h y s i o l o g i c a l  re /sponses ,  t o  

a  c o l d  stress o n  t h e  b a s i s  o f  n e u r o l o g i c a l  and p h y s i o i o g i c a l  i 
e v i d e n c e ,  r e q u i r e s  i n f o r m a t i o n  o n  t h e  t h e r m o g e n i c  r e b p o n s e s  t o ' a  

v a r i e t y  of p e r i p h e r a l  and  core t h e r m a l  s t i m u l i .  Most I 
I 

t h e r m o r e g u l a t o r y  s t u d i e s  o n  humans i n c o r p o r a t e  compl/ex 
I 

e x p e r i m e n t a l  protocols, b u t  t h e  d a t a  a r e  o f t e n  r e p o 4 t e d  a s  . - 1 

a v e r a g e d  d a t a  o f  t h e  s u b j e c t s ,  t h u s  o b s c u r i n g  t r a n s i e n t  

r e s p o n s e s  which  would  o t h e r w i s e  be e v i d e n t  o n  i n d i v i d u a l  - s u b j e c t  

I d e a l l y ,  a  t h e r m o r e g u l a t o r ~  mode l  s h o u l d  s i m u l a t e  t h e  

r e s p o n s e  c h a r a c t e r i s t i c s  o f  t h e r m o s e n s i t i v e  n e u r a l  s t r u c t u r e s  

i n v o l v e d  i n  t h e  t h e r m o r e g u l a  t o r y  c o n t i 0 1  s y s t e m .  The p r e d i c t i o n  
#. 

o f  p h y s i o l o g i c a l  r e s p o n s e s  s h o u l d  b e  e s t a b l i s h e d -  o n  t h e  b a s i s  o f  

e x c i t a t o r y  a n d  i n h i b i t o r y  i n t e r a c t i o n s  o f  t h e s e  n e u r a l  

s t r u c t u r e s  i n  v a r i o u s  r e g i o n s  o f  t h e  body.  When i n c o r p o r a t i n g  
0 

t h e  s e t  p o i n t  c o n c e p t ,  i t  s h o u l d  b e  r e a l i z e d  t h a t  t h e  c h a n g e  i n  
- - - -- 

% 
f i r i n g  r a t e  o f  c o l d  and warm r e c e p t o r s ,  d u e  t o  c o o l i n g  and 

rewarming ,  f o l l o w s  t h e  b e l l  s h a p e d  r e l a t i o n s h i p  i n i t i a l l y  

o b s e r v e d  by Z o t t e r m a n  ( 1 9 5 3  1 . 



'L , x--=- - --. - .  To d a t e ,  t h e r e  h a v e  n o t  b e e n  many a t tempts  t o  c o m b i n e  t h e  
,-.- - ll 

physioJ&Jical a n d  n e u r o l o g i c a l  mechan  i s m s  o f  t h e r m o r e g - u l a  t i o n  i n  

t h e r m o r e g u l a  t o r y  m o d e l l i n g  . T h i s  h a s  p a r t l y  b e e n  d u e  to  

i n s u f f i c i e n t  k n o w l e d g e  o n  t h e  mode o f  i n t e r a c t i o n  o f  v a r i o u s  
1 

i n h i b i t o r y  a n d  e x c i t a t o r y  t h e r m o r e g u l a t o r y  d r i v e s  a t  t h e  

e x t r a h y p o t h a l a m i c  a n d  h y p o t h a l a m i c  l e v e l s ,  
5 



11. S t a t e m e n t  o f  t h e  Pu rpose  

The aim o f  t h e  p r e s e n t  s t u d y  was t o  e v a l u a t e  t h e  a b i l i t y  o f  

s e v e r a l  mode l s  t o  p r e d i c t  s h i v e r i n g  t h e r m o g e n e s i s  . d u r i n g  c o l d  ' 

w a t e r  immersion and rewarming (Erown and Rrengelmann,  1970; 
+ 

Hayward -- e t  a l . ,  1977;  Nadel -- e t  a l . ,  1970;  S t o l w i j k  ?nd Hardy, 

1966; Timbal  e t  a l . ,  1 9 7 6 a )  w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  from -- 
a  s t u d y  by "Morr ison -- e t  a l .  ( 1 9 8 2 ) .  I t  was h y p o t h e s i z e d ,  t ha t - the - - -  - 

e r r o r s  o f  p r e d i c t i o n  would be ,min imized ,  i f  t h e  s t a n d a r d  models  

were m o d i f i e d  to  a c c o u n t  f o r  e e r i p h e r a l  and core c o o l i n g  r z t e s .  

A series o f  c o l d  w a t e r  imme$ion and rewarming t r i a l s  were 

des igned  to e s t a b l i s h  t h e  c o n t r i b u t i o n s  t o  s h i v e r i n g  

t h e r m o g e n e s i s  o f  dynamic t e m p e r a t u r e  c h a n g e s  imposed on 

p e r i p h e r a l -  and core r e g i o n s  in-humans .yIt- was-envisaged7 t h a t  

t h e . e m p i r i c a 1  e v i d e n c e  would e x t e n d  p r e s e n t  knowledge o f  t hP  

e f f e - c t s  o f  s t a t i c  p e r i p h e r a l  t e m p e r a t u r e s  ( l o 0 ,  15O and 20•‹ C) 

a t  v a r i o u s  core c o o l i n g  r a t e s  o n  t h e  m e t a b o l i c .  b e a t  p r o d u c t i o n  

i n  man. 

F i n a l l y ,  t h e  s t u d y  p roposed  Y o  combine t h e  o b s e r v a t i o n s  on 

t h e  p h y s i o l o g i c a l  r e s p o n s e s  o f  man to  c o l d  w a t e r  immersion,  w i t h  

n e u r o l o g i c a l  d a t a  on  r e s p o n s e  c h a r a c t e r i s t i c s  o f  t h e r m o s e n s i t i v e  
- 

, n e u r a l  s t r u c t u r e s  i n v o l v e d  i n  t h e r m o r e g u l a  t i o n ,  t o  d e v e l o p  a  
- -- - -- 

m o d e l  p r e d i c t i n g  s h i v e r i n g  t h e r m o g e n e s i s .  



111. The S c o p e  of t h e  S t u d y  

. a  - 

.z - - .---*T& 
The s t u d y  c o n s i s t s  o f  f o u r  m a j o r  s e c t i o n s :  

S e c t i o n  B : The f i r s t  s e c t i o n  o f f e r s  a  r e v i e w  o f  - - 

t h e r m o r e g u l a t i o n  w i t h  p a r t i c u l a r .  r e f e r e n c e '  to  cold e x p o s u r e .  

The d e v e l o p m e n t  o f  t h e r m o r e g u l a t o r y  p h y s i o l o g y  i s  d i s c u s s e d  

f rom a  h i s t o r i c a l  p o i n t  o f  v i e w .  T h i s  i s  f o l l o w e d  b y  a  
- - -- - -  

r e v i e w  o f  n e u r o p h y s i o l o g y  of t h e r m o r e g u l a t i o n .  The 
I 

t 

c o m p l e x i t y  o f  t h e  n e u r a l  n e t w o r k  c o n t r o l l i n g  t h e r m a l  . 
t 

h o m e o s t a s i s  w a r r a n t e d  s e p a r a t e  d i s @ s s i o n s  o n  t e m p e r a t u r e  
2 P 

t r a n s d u c e r s  ( t h e r m o r e c e p t o r s )  , t h e ! & x t r a h y p o t h a l a m i c  and 
P 

h y p o t h a l a m i c  t h e r m o r e g u l a t o r y  c o n t r o l  loops a n d  t h e  - 
f 

i n t e r a c t i o n  of t h e s e  s y s t e m s  t o  m a i n t a i n  normothe ' rmia  . The - - - - -  
- - - - - - - - - - 

c a r d i o v a s c u l a r ,  m u s c u l a r  and  m e t a b o l  i e  a d j u s t m e n t s ,  

r e s u l t i n g  from e x c i t a t o r y  a n d  i n h i b i t o r y  i n t e r a c t i o n s  o f  t h e  

n e u r a l  s y s t e m s  a r e  d i s c u s s e d  i n  a  review o f  p h y s i o l o g i c a l  

s t u d i e s  o n  c o l d  e x p o s u r e .  The r e v i e w  i s  c o n c l u d e d  w i t h  a n  

o v e r v i e w  of v a r i o u s  a t t e h p t s  t o  m o d e l  t h e  t h e r m o r e g u l a t o r y  

s y s t e m  i n  humans.  

S e c t i o n  - C : P r e d i c t i v e  e q u a t i o n s  o f  t h e r m o g e n e s i s  a r e  e v a l u a t e d  

u s i n g  d a t a -  selected - f r o m -  t h e  l i t e r - a t u r - e  ( M o r r i s o n  et--&L.-,- 
3 - -- 

f 

1 9 8 2 ) ,  t o  d e t e r m i n e  -- -- t h e i r - p o w e r  of p r e d i c t i o n .  T h e s e  -- 

* 

s t i m u l u s - r e s p o n s e  . r e l a  t i o n s h i p s  a r e  mod i f  i e d  - t o  m i n i m i z e  t h e  

e r ror  o f  p r e d i c t i o n .  Dynamic t e r m s  a r e  t h e n  'added to  t h e  

e x p r e s s i o n s  t o  d e t e r m i n e  t h e i r  e f f e c t i v e n e s s  i n  r e d u c i n g  t h e  
e 



- -p--pp -- -- - - -- - 

# 
r e s i d u a l  er ror .  

S e c t i o n  - D : The t h e r m o g e n i c  r e s p o n s e s  of f i v e  s u b j e c t s  were 
L - 

e v a l u a t e d ,  w h i l e  under -go ing  a '  series of i m m e r s i o n  t r i a l s .  

-The immers ion  t r i a l s  c o n s i s t e d  o f  i m m e r s i o n  i n  t h r e e  

d i f f e r e n t  t e m p e r a t u r e s  of w a t e r ,  w i t h  and  w i t h o u t  d o n a t i o n  

o f  r e s p i r a t o ~ y  h e a t  t o  t h e  core. T h e r e f o r e ,  a t  e a c h  water 

' t e m p e r a t u r e ,  two d i f f e r e n t  core t e m p e r a t u r e  t r a n s i e n t s  were 

. imposed o n  t h e  s u b j e c t s .  ~ h e r m o r e ~ u l - a  tory r e s p o n s e s  t o  t h e s e  

, t e m p e r a t u r e  s t i m u l i  were e v a l u a t e &  o n  t h e  b a s i s  o f  m e t a b o l i c  -- - - 

and c a r d i o v a s c u l a r  a d j u s t m e n t s .  
-+ 

~ e & i o n  E -: A > h e k m o r e g u l a t o r y  s t i m u l u s - r e s p o h s e  model  was 
J 

- 
o d e r i v e d ,  i n c o r p o r a t i n g  p h y s i o l o g i c a l  e v i d e n c e  o f  s e c t i o n  D * 

and n e u r o l o g i c a l  o b s e r v a t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

The model  is ba$ed o n  t h e  t h e o r y  of s u p e r p o s i t i o n ,  t h e r e b y  * 

.- 
,- .1? 3 

-Ap- 

/*< e&& 

a  1 l o w  i=n g  h h  e i n  cris-i-o~af a ~esp~nse f i m i  u n c g i i o n ( d  rp - 

: pp 

t r a n s i e n t ) .  T h i s  a l l o w s  s h i v e r i n g  t h e r m o g e n e s i s  t o  b e  

e x p r e s s e d  i n  terms o f  s t e a d y  s t a t e  a n d  dynamic  t e m p e r a t u r e  

, c h a n g e s  o f  t h e  s u r f a c e  a n d  core a r e a s  o f  t h e  human body.  The 

model  was  e v a l u a t e d  w i t h  the d a t a  o b t a i n e d  i3 s e c t i o n  D. 



I V .  The ~ a t i o n a i e  f o r  t h e  S t u d y  

A l t h o u g h  t h e  t h e o r y  o f  c e n t r a l  i n h i b i t i o n  o f  t h e r m o g e n e s i s  

i s  g a i n i n g  w i d e  a c c e p t a n c e ,  t h e r e  i s  i n s u f f i c i e n t  e x p e r i m e n t a l  

e v i d e n c e  s u p p o r t i n g  i t s  ro l e  i n  humans.  B e n z i n g e r ' s  r e s u l t s  o n  

o n e  s u b j e c t  ( p r e s e n t e d  i n  a  r e v i e w  i n  1 9 6 9 )  h a v e  n o t  b e e n  

r e p r o d u c e d  s u c c e s s f u l l y  ( C r a i g  and D v o r a k ,  1966  ) and  t h e r e  

e x i s t s  a  c o n t r o v e r s y  a s  t o  t h e  c h a r a c t e r i s t i c s  a f  t h e  m e t a b o l i c  

r e s p o n s e  a t  lower s k i n  ' and core t e m p e r a t u r e s .  I n  g e n e r a l ,  t h e r e  , 

h a s  been  a  d i s r e g a r d  fo r  t h e  c o n t r i b u t i o n s  o f  d y n a m i c  * 
t e m p e r a t u r e  c h a n g e s  a t  s k i n  and  core , r e g i o n s  o n  t h e  m e t a b o l i c  

r e s p o n s e .  

V a r i o u s  m a t h e m a t i c a l  e x p r e s s i o n s  e x i s t ,  r e l a t i n g  m e t a b o l i c  
- - - - - - - -- - -- -- - - - - - - - - - - - 

h e a t  p r o d u c t i o n  t o  p e r i p h e r a l  and  core t e m p e r a t u r e s .  T h e s e  

e x p r e s s i o n s  h a v e  b e e n  d e r i v e d  f r o m  a v e r a g e d  d a t a  o f  a  w i d e  

v a r i e t y  o f  i - n d i v i d u a l s ,  a n d  t h e i r  powers o f  p r e d i c t i o n  o n  

i n d i v i d u a l  s u b j e c t  d a t a  a r e  n o t  known. 

The p r e d i c t e d  m e t a b o l i c  h e a t  p r o d u c t i o n  of t h e  e x p r e s s i o n s  

s u g g e s t e d  by Hayward -- e t  a l .  ( 1 9 7 7 )  a n d  S t o l w i  j R  and  H a r d y  ( 1 9 6 6  ) 

are used b y  more complex  t h e r m o r e g u l a t o r ~  m o d e l s  d e v e l o p e d  b y  

Wissler ( 1 9 7 0 )  and S t o l w i j k  and H a r d y  ( 1 9 6 6 )  r e s p e c t i v e l y ,  to 
- 

e v a l u a t e  h e a t  e x c h a n g e  b e t w e e n  d i f f e r e n t  t i s s u e s  i n  t h e  b o d y  and  
* 

- - -  -- 

t h e  o v e r a l l  h e a t  l o s s  f r o m  t h e  b o d y  t o  t h e '  e n v i r o n m e n t .  Any 

e r rors  g e n e r a t e d  i n  e s t i m a t i o n  of h e a t  g e n e r a t i o n  b y  t h e  

p r e d i c t i v e  e x p r e s s i o n s ,  may l e a d  to.  2 u b s t a n  t i a l  i n a c c u r a c i e s  i n  



t h e  p r e d i c t i o n  o f  o v e r a l l  h e a t  e x c h a n g e  by t h e  l a t t e r  models. 



V. P r e s e n t a t i o n  o f  t h e  S t u d y  

The t h e s i s  i s  o r g a n i z e d  a s  a  c o l l e c t i o n  o f  s e p a r a t e  s t u d i e s  - 
c o n d u c t e d  i n  tre a r e a  of t h e r r n o r e g u l a t o r y  m o d e l l i n g  and  

p h y s i o l o g y .  A l t h o u g h  t h e  s e c t i o n s  a r e  s e p a r a t e  e n t i t i e s ,  t h e  

c o n c l u s i o n s  a n d  d a t a  d e r i v e d  f rom o n e  s e c t i o n  a r e  t h e  

f o u n d a t i o n s  a n d  t h e r e f o r e  a n  i n t e g r a l  p a r t  of o t h e r  s e c t i o n s .  

S e v e r a l  p e r i p h e r a l  o b s e r v a t i o n s  h a v e  b e e n  made i n  t h e  

- c o u r s e  o f  t h e  s t u d y .  So  a s  n o t  t o  d i l u t e  t h e  m a j o r  p o i n t s  b e i n g  

d i s c u s s e d  i n  s e c t i o n s  B ,  C ,  D a n d  E ,  t h e s e  o b s e r v a t i o n s  a r e  

p r e s e n t e d  a s  s h o r t  r e p o r t s  i n  a p p r o p r i a t e  A p p e n d i c e s  . 
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B .  THERMOREGULATION I N  A COLD ENVIRONMENT. A REVIEW. 



I. I n t r o d u c t i o n  

Modern t h e o r i e s  o n  t h e  r e g u l a t i o n  o f  i n t e r n a l  body 

t e m p e r a t u r e  began  to  e v o l v e  t o w a r d s  t h e  e n d  o f  t h e  1 8 t h  c e n t u r y .  

Up t o  t h e  t i m e  of L a v o i s i e r ' s  d i s c o y e r y  o f  t h e  o x i d a t i v e  t h e o r y  

o f  c o m b u s t i o n  i n  1 7 7 7 ,  p h i l o s o p h e r s  a n d  s c i e n t i s t s  p l a c e d  t h e  -. 
main e m p h a s i s  o n  e x p l a i n i n g  t h e  e x i s t e n c e  o f  t e m p e r a t u r e s  

g r e a t e r  t h a n  a m b i e n t  t e m p e r a t u r e  w i t h i n  t h e  b o d y ,  r a t h e r  t h a n  

how t h i s  t e m p e r a t u r e  was  c o n t r o l l e d  or r e g u l a t e d .  The l a t t e r  

s u b j e c t  h a s  b e e n  o f  prime i n t e r e s t  t o  t h e r m a l  p h y s i o l o g i s t s  f o r  

t h e  l a s t  two c e n t u r i e s .  

The e a r l i e s t  s c h o l a r l y  d i s c u s s i o n s  o n  b o d y  t e m p e r a t u r e  d a t e  
/' 

b a c k  t o  t h e  e r a  o f  t h e  G r e e k  p h i l o s o p h e r s ,  m o s t  n o t a b l e  P l a t o  

( C o r n f o r d ,  l957), A r i s t o t l e  ( P e c k ,  1 9 4 3 )  and G a l e n  ( B r o c k ,  
-- --- -- 

1 9 4 7 ) .  P l a t o  c o n c e i v e d  t h e  i n t e r n a l  h e a t  i n  humans a n d  a n i m a l s  

t o  b e  d e r i v e d  from a  ' v i t a l  f i r e '  w i t h i n  t h e  h e a r t ,  w h i c h  

A r i s t o t l e  e m p h a s i z e d  n e e d e d  f u e l  f o r  m a i n t e n a n c e  a n d  a  method o f  

c o o l i n g .  V i o l e n t  d e a t h ,  h e  r e a s o n e d ,  was  d u e  to  r a p i d  

e x t i n c t i o n ,  w h e r e a s  n a t u r a l  d e a t h  was d u e  to  . e x h a u s t i o n  o f  t h e  

' i n t e r n a l  f l a m e ' .  Much l a t e r ,  i n  t h e  2nd c e n t u r y  A.D,  G a l e n  

r e v i e w e d  t h e  work Q • ’  h i s  p r e d e c e s s o r s  a n d  e l a b o r a t e d ,  t h a t  t h e  h 

f a t - t y  p a r t s  o f  t h e  b o d y  a c t  a s  f u e l s  f o r  o u r  ' v i t a l  f l a m e ' ,  I 

a n a l o g o u s  t o  o i l  b e i n g  b u r n t  b y  a f l a m e  i n  a n  o i l  l amp.  G a l e n  
- -- 

i d e n t i f  i,ed a  c r u c i a l  p o i n t  when ' h e  s u g g e s t e d  t h a t  r e s p i r a t i o n  
" 

was somehow i n v o l v e d  i n  s u p p l y i n g  o u r  ' v i t a l  f i r e '  w i t h  a 



s u b s t a n c e  p e r t i n e n t  t o  i t s  e x i s t e n c e .  I f .  r e s p i r a t i o n  w e r e - -  

c e a s e  he  p o s t u l a t e d ;  t h e  ' i n t e r n d l  f l a m e 1  would  b e  e x t i n g u i s h e d .  

I t  i s  n o t  s u r p r i s i n g  t h a t  t h e  combined  t h e o r i e s  o f  
A 

A r i s t o t l e  a n d  G a l e n  o n  t h e  i n t e r n a l  body  t e m p e r a t u r e  formed o n e  

o f  t h e  l o n g e s t  l i v e d  m e d i c a l  end b i o l o g i c a l  d o c t r i n e s ,  a s  

c o n c l u s i o n s  d rawn f rom a n a l o g i e s  d i d  n o t  r e q u i r e  a d d i t i o n a l  . 
'I 

I t  was  n o t  u n t i l  t h e  1 7 t h  a n d  1 8 t h  c e n t u r y  t h a t  s c i e n t i s t s  

, began to  a d o p t  d i f f e r e n t  p e r s p e c t i v e s  o n  t h e  i s s u e  o f  body 

t e m p e r a t u r e  a n d  by d o i n g  s o ,  t o  u n d e r m i n e  t h e  A r i s t o t l e  - G a l e n  

t h e o r y .  An e x c e l l e n t  a c c o u n t  o f  t h e  d e v e l o p m e n t  o f  s c i e n t i f i c  
1 

t h o u g h t  o n  t h i s  t o p i c  b a s  b e e n  p r e s e n t e d  by P e n d e l s o h n  ( 1 9 6 0 ) .  

Once a n  e x p l a n a t i o n  had b e e n  f o r m u l a t e d  f o r  t h e  e x i s t e n c e  

o f  body t e m p e r a t u r e ,  t h r o u g h  t h e  c o n s u m p t i o n  o f  oxygen  and  

p r o d u c t i o n  o f  c s r b o n  d i o x i d e  ( L a v o i s i e r  17-77 a , b )  t h e r e  e z i s t e d  

g r o w i n g  i n t e r e s t  i n  t h e  t h e o r y  o f ~ r e g u l a t ' i o n  o f  body, 

t e m p e r a t u r e .  s e q u i n  a n d  L a v o i s i e r  ( 1 7 8 5 )  o b s e r v e d  t a t  e x p o s i n g  f 
a  human 'body to  l o w  a m b i e n t  t e m p e r a t u r e s  i n c r e a s e d  t h e  amount o f  

h e a t  g e n e r a t e d ,  q u ~ a n  t i f  i e d  by t h e  i n c r e e s e d  c o n s u m p t i o n  of 

oxygen.  They o b s d r v e d .  t h a t  i n d i v i d u a l s  consumed 1 0 %  more ' v i t a l  

0 0 a i r ' ,  when e x p o s e d  t o  e n v i r o n m e n t s  of 9.6 C a s  o p p o s e d  to  20.8 C 

( o r i g i n a l  v a l u e s  were 1 2  and  26  d e g r e e s  r e s p e c t i v e l y ,  o f  a  

t h e r m o ~ e t e r  whose s c a l e  b e t w e e n  t h e  f r e e z i n g  a n d  b o i l i n g  p o i n t s  

o f  w a t e r  w a s  d i v i d e d  i n t o  80 d e g r e e s ) .  P r i o r  t o  t h e  o b s e r v a t i o n s  

o f  L a v o i s i e r  and  S e q u i n  o f  t h e  t h e r m o g e n i c  r e s p o n s e  h man i n  s 

c o l d  e n v i r o n m e n t ,  F r a n k l i n  ( 1 7 5 8 )  r e p o r t e d  h i s  o b s e r v a t i o n s  o n  



t h e  e v a p o r a t i v e  h e a t  loss  from t h e  ky and l i n k e d  t h i s  

phenomena t o  t h e  ma i n  t e n a n c e  o f  i n t e r n a l  body 

From t h e  1 9 t h  c e n t u r y  onwards ,  t h e  s c i e n c e  o f  human the rma l  

h o m e o s t a s i s  p roceeded  i n  s e v e r a l  ' d i r e c t i o n s .  The p r o g r e s s  i n  

e a c h  f i e l d  is p e r t i n e n t  to  t h e  o v e r a l l  u a d e r s t a n d i n g  o f  human 

the rma l  r e g u l a t i o n  and i n  t h e  p u r s u i t  of , c l a r i t y ,  w i l l  b e  d e a l t  

w i t h  i n  s e p a r a t e  se'c t i o n s  . 
- .  

- d  



11. N e u r o p h y s i o l o g i c a l  T h e r m o r e g u l a t i o n  

H i s t o r i c a l l y ,  n e u r o l o g i c a l  i n v e s t i g a t i o n s  of - t h e  

t h e r m o r e g u l a t o r y  s y s t e m -  c a n  b e  a s s i g n e d  t o  t h e  f o l l o w i n g  
.+ * 

c a t e g o r i e s  : 

- t h e  s e a r c h  f o r  s t r u c t u r e s  i n  t h e  c e n t r a l  n e r v o u s  s y s t e m  

a s s o c i a t e d  w i t h  t h e  m a i n t e n a n c e  of body t e m p e r a t u r e  w i t h i n  

n a r r o w  1 i m i  ts . 
- t h e o r y  o f  p e r i p h e r a l  s e n s o r y  f u n c t i o n s ;  i n  p a r t i c u l a r  t h e  

c o n y e y i n g  o f  t h e r m a l  i n f o r m a t i o n  f rom t h e  p e r i p h e r y  and  c o r e  

t o  t h e  s t r u c t u r e s  i n  t h e  c e n t r a l  n e r v o u s  s y s t e m  (CNS) 
. , - i n t e g r a t i o n  o f -  t h e r m a l  i n f o r m a t i o n .  

w 

T h i s - r e v i e w  o u t l i n e s  p r e s e n t  k n o w l e d g e  o n  t h e  i n v o l v e m e n t  

o f  c e r t a i n  n e u r a l  s t r u c t u r e s  i n  mammalian t h e r m o r e g u l a  t i o n  

( t h e r m o r e c e p t o r s ,  h y p o t h a l a m i c  a n d  e x t r a h y p o t h a l a m i c  

t h e r m o r e g u l a  t o r y  c e n t e r s )  . The r e v i e w  o f  n e u r o p h y s i o l o g i c a l  

t h e r m o r e g u l a t i o n  is  c o n c l u d e d  w i t h  a  d i s c u s s i o n  o n  how t h e s e  

n e u r a l  s t r u c t u r e s  i n t e r a c t  i n  m a i n t a i n i n g  n o r m o t h e r m i a .  



T e m p e r a t u r e  R e c e p t o r s  

The t r a n s m i s s i o n  o f  i n f o r m a t i o n  a b o u t  t h e  e n v i r o n m e n t  to  L 
- 

- 
t h e  b r a i n  i n v o l v e s  f o u r  m a j o r  r e c e p t o r s ,  s i t u a t e d  i n  t h e  s k i n .  

I .  

These  r e c e p t o r s  a r e  c l a s s i f i e d  a s  cold ,  warm, p a i n  and  p r e s s u r e  

receptors The former two a r e  c o n c e r n e d  s o l e l y  w i t h  t h e  
2 

t r a n s d u c t i o n  of t h e r m a l  s t i m u l i .  I f  t h e  t e m p e r a t u r e  perceived i s  

e i t h e r  Bklow o r  a b o v e  t h e  r a n g e  of c o l d  a n d  warm r e c e p t o r s '  
-. 

r e s p e c t i v e l y ,  p a i n  r e c e p t o r s  ( n o c i c e p < o r s )  a r e  t r i g g e r e d  and  t h e  
i 

Lj s e n s a t i o n  p e r c e i v e d  w i l l  be p a i n  (GuyPton, 1 9 7 6 ;  M o u n t c a s t l e ,  

1 9 8 0 ) .  Cold and  w s r m  receptors a r e  d e f i n e d  a s  r e c e p t o r s  which  

i n c r e a s e  t h e i r  f r e c j u e n c y  of d i s c h a r g i n g  n e u r a l  i m p u l s e s  when t h e  

t e m p e r a t u r e  is  e i t h e r  l o w e r e d  o r  r a i s g d  a b o u t  t h e  n o r m a l  s k i n  

VA - 
t e m p e r a t u r e  r e s p e c t i v e l y .  The s t a t i c  f e s p o n s e  o f  b o t h  r e c e p t o r s  

i n  c a t s ,  f i r s t  o u t l i n e d  by  Z o t t e r m a n  ( l 9 5 3 ) ,  r e v e a l s  t h a t  c o l d  
- - - - - - - - - - - - - - - - 

r e c e p t o r s  a l s o  f i r e  w i t h i n  a s h o r t  i n t e r v a l  beyond t h e  warm 

0 r e c e p t o r  r e g i o n ,  a t  t e m ~ e r a ~ t u r e s .  a b o v e  4 5  C ( F i g .  2 . 1 ) .  A l s o  , 
% , 

t h e r e  seems t o  ex is t  a s e c o n d  maximum f r e q u e n c y  of d i s c h a r g e  f o r  

Q 0 c o l d  r e c e p t o r s ,  a t  t e m p e r a t u r e s  b e t w e e n  1 0  C a n d  1 5  C ,  a s  

i n d i c a t e d  i n  F i g .  2.1. The s e c o n d  p e a k  w a s  n o t  o b s e r v e d  i n  t h e  

s t u d i e s  o f  H e n s e l  a n d  Boman ( 1 9 6 0  1, I g g o  ( 1 9 6 9 )  and  H e n s e l  

(1974  1. . S i n c e  Z o t t e r m a n  i n v . e s t i g a t e d  much l o w e r  t e m p e r a t u r e s  i n  

c o m p a r i s o n ,  h e  may h a v e  b e e n  r e c o r d i n g  from c o l d  s e n s i t i v e  p a i n  

f i b r e s ,  w h i c h  a c c o r d i n g  t o  G u y t o n  ( 1 9 7 6 )  a r e  s t i m u l a t e d  a t  

t e m p e r a t u r e s  b e l o w  1 5 O ~  a n d  a p p r o a c h  a maximum f i r i n g  r a t e  a t  

0 a p p r o x i m a t e l y ,  - 8 C. 



Fia,  2 . 1  : S t a t i c  f i r i n q  response of 
& 

c i r c l e s )  and a 
from 

s i n g i e  warm f i b r e  
(1953 1 ,  

a s i n g l e  cold f i b r e  (closed - - -  - 

(open c i r c l e s )  . Adapted 





The r e l a  t i o n s h i p  b e t w e e n  s t a t i c  f iring -mt~tempemttwe 

o f  t h e r m o r e c e p t o r s ,  a s  shown i n  F i g .  2.1,  is c o n s t r u c t e d  f rom 
'D 

a v e r a g e  m e a s u r e m e n t s  o b t a i n e d  i n  a n i m a l  s t u d i e s ;  a s i m i l a r  

. r e s p o n s e  h a s  b e e n  c o n f i r m e d  i n  humans ( H e n s e l  a n d  Boman, 1 9 6 0 ) .  

I n  p r a c t i c e ,  t h e  maximum f r e q u e n c y  of d i s c h a r g e  a s  w e i l  a s  t h e  

t e m p e r a t u r e  r a n g e  of e x c i t a t i o n  v a r i e s  for  i n d i v i d u a l  f i b r e s .  

Peak  f i r i n g  r a t e s  h a v e  b e e n  o b s e r v e d  i n  t h e  r a n g e  of 18O t o  3 4 ' ~  

f o r  c o l d  receptors ( H e n s e l ,  1 9 7 4 ;  K e n s h a l o  a n d  D u c l s u x ,  1 9 7 7 )  

and be tween  37.5O and  40•‹c f o r  warm receptors ( Z o t t e r m a n ,  1 9 5 3 ;  
* 

Duclaux  and  K e n s h a f  o, 1 9 8 0  ) . 
Z o t t e r m a n  h a s  shown t h a t  a s t e p  c h a n g e  i n  t e m p e r a t u r e  w i l l  

e l i c i t  a d y n a m i c  r e s p o n s e  f rom b o t h  t y p e s  o f  r e c e p t o r s .  As c a n  - 
b e  s e e n  f rom F i g .  2 .2 ,  t h e r e  is a n  i n i t i a l  o v e r s h o o t  and 

u n d e r s h o o t  i n  t h e  d i s c h a r g e  f r e q u e n c y  o f  warm a n d  c o l d  f i b r e s  

r e s p e c t i v e l y ,  when i n c r e a s i n g  t h e  t e m p e r a t u r e  f rom a n  a r b i t r a r y  
-% 

- - - - - - - - - - - - - - - - - - - - - - - - - - t e m p e r a t u r e  T1 t o  T2. C o n v e r s e l y ,  a  s t e p  d e c r e a s e  i n  t e m p e r a t u r e  

- w i l l  c a u s e  a n  overshoot i n  t h e -  c o l d  receptor f i r i n g  r a t e  a n d  

u n d e r s h o o t  i n  warm receptor d i s c h a r g e  f r e q u e n c y .  I n  

i n s t a n c e s  t h e  f r e q u e n c y  o f  f i r i n g  a p p r o a c h e s  e x p o n e n t i a l l y  a  

s t e a d y - s t a  t e  v a l u e ,  a f t e r  t h e  i n i t i a l  d y n a m i c  p h a s e .  The i n i t i a l  

d y n a m i c  r e s p o n s e  of t h e r m o r e c e p t o r s  t o  a s tep  c h a n g e  i n  

t e m p e r a t u r e  h a s  b e e n  shown to be d e p e n d e n t  o n  t h e  ' m a g n i t u d e  o f  

t h e  c h a n g e  i n  t e m p e r a t u r e  and  t h e  t h e r r q o s e n s i t i v i f y  o f  t h e  
- - - - - - - - - - 

r e c e p t o r s   ensel, el, 1 9 8 2 ;  K e n s h a l o  a n d  D u c l a u x ,  1 9 7 9 ) .  
- - - -- -- 

It is e v i d e n t  from F i g .  2.1, t h a t  t h e  b e l l  s h a p e d  s t a t i c  

f r e q u e n c y  r e s p o n s e  of b o t h  t h e r m o r e c e p t o r s  m a k e s  i t  i m p o s s i b l e  



F i g .  2.2 : G e n e r a l i z e d  dynamic  f i r i n g  r e sGonse  of a s i n g l e  c o l d  
and warm f i b r e  t o  a r a p i d  t e m p e r a t u r e  c h a n g e .  From Hense l  
(1982  1. 
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t o  e s t i m a t e  t h e  t e m p e r a t u r e  from j u s t  t h e  k n o w l e d g e  o f  t h e  

i m p u l s e  f r e q u e n c y  of a n  i n d i v i d u a l  f i b r e .  Two p o s s i b l e  

F e x p l a n a t i o n s  o f  how t h e r m o r e g u l a t o r y  c e n t e r s  d i s t i n g u i s h  

t e m p e r a t u r e s  f r o m  c u t a n e o u s  receptor d i s c h a r g e ,  h a v e  b e e n  

o f f e r e d .  From h i s  work o n  c u t a n e o u s  t h e r m o r e c e p t o r s  i n  p r i m a t e s ,  

I g g o  ( 1 9 6 9 )  o b s e r v e d  t h a t  n o t  o n l y  d i d  t h e r m a l  s t i m u l i  i n f l u e n c e  

t h e  f r e q u e n c y  o f  i m p u l s e  d i s c h a r g e ,  b u t  t h e y  a l s o  i n f l u e n c e d  t h e  

c o d i n g  o f  t h e  i m p u l s e s  i n t o  b u r s t s .  Hence,  a s  s e e n  f rom F i g .  

2 .3 ,  i n f o r m a t i o n  o n  t h e  f r e q u e n c y  o f  i m p u l s e s  c o u p l e d  w i t h  t h e  

number o f  i m p u l s e s  per b u r s t ,  e n a b l e s  a c c u r a t e  e s t i m a t i o n  of 

t h e r m a l  s t i m u l u s .  The s e c o n d  p o s s i b l e  method o f  o b t a i n i n g  - 
u n e q u i v o c a l  i n f o r m a t i o n  a t  a n y  t e m p e r a t u r e ,  i s  E ~ o m  i n f o k m a t i o n  . 
o n  t h e  s t a t i c  d i s c h a r g e  f rom b o t h  c o l d  and warm r e c e p t o r s  . 

( H e n s e l  , 1974 ) . 
G e n e r a l l y ,  f i n d i n g s  of n e u r a l  f u n c t i o n  o f  t h e r m o r e c e p t o r s  

o b t a i n e d  f rom e x p e r i m e n t s  o n  p r i m a t e s  ( I g g o ,  1 9 6 9 )  and  c a t s  
- - 

( H e n s e l ,  1 9 7 4 ) ,  c o r r e s p o n d  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  human. 
, 

r e c e p t o r s  ( H e n s e l  and  Boman, 1 9 6 0 ) .  H e n s e l  and  Boman ( 1 9 6 0 )  z l s o  

n o t e d  t h a t  70% o f  t h e  human c u t a n e o u s  m e c h a n o r e c e p t o r s  r e s p o n d e d  

- t o  warming.  

The p e r c e p t i o n  of tempera tuc re  f r o m  core a r e a s  of t h e  body  

h a s  been  a n  i s s u e  o f  d i s p u t e  a m ~ n ' ~  t h e r m o r e g u l a t o r y  

p h y s i o l o g i s t s ,  w h i c h  a s  y e t  h a s  n o t  b e e n  c o m p l e t e l y  r e s o l v e d .  

A l t h o u g h  core t e m p e r a t u r e  is u s u a l l y  m e a s u r e d  r e c t a l l y ,  t h e  

f a i l u r e  to  e x p l a i n  t h e r m a l  r e s p o n s e s  o n  t h e  b a s i s  of s k i n  and  
I 

r e c t a l  t e m p e r a t u r e  p rompted  B e n z i n g e r  ( 1 9 6 9 )  t o  p r o n o u n c e  r e c t a l  
r;" 
c- 



F i g .  2.3 : E f f e c t  of s t e a d )  s t a t e  t e m p e r a t u r e  o n f t h e  d i s c h a r g e  
o f  i m p u l s e s  i n  b u r s t s ,  f rom a  c o l d  r e c e p t o r .  
a. The mean f r e q u e n c y  ( r e c i p r o c a l  of i n t e r s p i k e  i r i t e r v a l  ) 

and  t h e  number o f  b u r s t s  ( c y c l e s )  p e r  s e c o n d  a r e  l e a s t  
a t  l o w  t e m p e r a t u r e s ,  show a maximum a t  a n  i n t e r m e d i a t e  
t e m p e r a t u r e  and d e c l i n e  s l i g h t l y  a t  s t i l l  a  h i g h e r  
t e m p e r a t u r e .  O u t s i d e  t h e  l i m i t s  of 20 and  3 5  C ,  t h e  
g r o u p s  o f  i m p u l s e s  were a b s e n t .  - b. The number o f  i m p u l s e s  i n  a  b u r s t  a n d  t h e  r a t i o  o f  t h e  
mean f r e q u e n c y  w i t h i n  a b u r s t  t o  t h e  number of b u r s t s  
( c y c l e s )  p e r  s e c o n d  a l s o - f e l l - p r o g r e s s i v e l y ,  f rom l o w  t o  
h i g h  t e m p e r a t u r e s .  

Adap ted  f rom I g g o  ( 1 9 6 3 ) .  





t e m p e r a t u r e  a s  a u s e l e s s  m e a s u r e ,  t h e r e  b e i n g  no  s c i e n t i f i c  

e v i d e n c e  to  s u p p o r t  t h e  e x i s t e n c e  o f  core t h e r m o r e c e p t o r s .  

I n s t e a d ,  models i n c o r p o r a t e d  i n t r a m u s c u l s r  t e m p e r a t u r e  a s  core -. 
t e m p e r a t u r e  ( S t o l w i  j k  a n d  ~ a r d y ,  1 9 6 6  ) . 

The a c c e p t a n c e  of core t e m p e r a t u r e  a s  a s i g n i f i c a n t  

d d e t e r m i n a n t  i n  t h e  r e g u l a t i o n  o f  body  t e m p e r a t  r e ,  came w i t h  t h e  
w 

f i n d i n g s  o f  Rawson a n d  Q u i c k  ( 1 9 7 1 ,  1972') who i n d u c e d  

t h e r m o r e g u l a  t o r y  r e s p o n s e s  of s h i v e r i n g  and  p a n t i n g  i n  s h e e p  a t  

n e u t r a l  e n v i r o n m e n t s ,  b y  i n  t r a - r u m i n a l  c o o l i n g  a n d  

i n t r a - a b d o m i n a l  h e a t i n g  r e s p e c t i v e l y .  I n t r a - a b d o m i n a l  h e a t i n g  o f  ,*- 

s h e e p  i n  c o l d  e n v i r o n m e n t s  was a l s o  f o u n d  t o  s u p p r e s s  s h i v e r i n g  

t h e r m o g e n e s i s .  T h e i r  r e s u l t s  p o i n t  t o ' t h e  e x i s t e n c e  o f  

t h e r m o r e c e p t o r s  i n n e r v a t e d  by s p l a n c h n i c  n e r v e s  ( a f f e r e n t  

pa thway)  i n  t h e  w a l l s  o f  t h e  rumen,  i n t e s t i n e  and  m e s e n t r i c  

v e i n s .  R e c e n t l y ,  M i n u t - S o r o k h t i n a  a n d  G l e b o v a  ( 1 9 7 4 )  h a v e  

+ o b s e r v e d  s t a t i c  and  d y n a m i c  ( p e a k  f r e q u e n c y  o f  a p p r o x i m a t e l y  40  

i m p u l s e s  p e r  s e c o n d  f o r  a  t e m p e r a t u r e  d r o p  from 30•‹c t o  1 f ~ )  

r e s p o ' n s e s  o f  ' t o u c h - c o l d  ' r e c e p t o r s  o f  s u b c u t a n e o u s  v e i n s  a n d  

c u t a n e o u s  v e s s e l s  s i m i l a r  to  t h o s e  r e p o r t e d  f o r  s k i n  

t h e r m o r e c e p t o r s .   here 'was a l s o  e v i d e n t  g r o u p i n g  o f  impu I /  ses 

i n t o  b u r s t s  f o r  v a r i o u s  t e m p e r a t u r e  l e v e l s .  

~ e s ~ i t e  t h e  v o l u m i n o u s  amoun t  o f  d a t a  o n  t h e  r e s p o n s e  

c h a r a c t e r i s t i c s  o f  t h e r m o r e c e p t o r s ,  the mechan i sm b y  wh ich  
? 

'r 

t h e r m a l  e n e r g y  is  t r a n s d u c e d  i n t o  n e u r a l  i m p u l s e s ,  t h a t  t r a v e l  

v i a  a f f e r e n t  p a t h w a y s  t o  f h e  CNS, r e m a i n s  u n r e s o l v e d  ( S p e r e l a k i s  

, 1 9 7 0 )  . A u n i q u e  a s p e c t  o f  t h e r m o r e c e p t o r s ,  i s  



t h e i r  a b i l i t y  t o  t r a n s d u c e  a  s t a t i c  t e m p e r a t u r e  s t i m u l u s .  T h i s  

phenomenon g a v e  r i se  to  s e v e r a l  theories ,  c l a s s i f i e d  by B l i g h  

1. g r a d i e n t  t h e o r y  

2. t he rmoc-oup le  t h e o r y  , 

3. t e m p e r a t u r e - d e p e n d e n t  e n d o g e n o u s  a c t i v i t y  t h e o r y  

I - 
~ e i t h d r  t h e  g r a d i e n t  t h e o r y ,  p r o p o s i n g  t h a t  s e n s i t i v i t y  a t  

a  c o n s t a n t :  < t e m p e r a t u r e  is d u e  to  a  h e a t  f l u x  g e n e r a t e d  b y  a 

t e m p e r a t u r e  g r a d i e n t  i n  t h e  s k i n ,  n o r  t h e  t h e r m o c o u p l e  t h e o r y ,  

s u g g e s t i n g  t h e  i m p o r t a n c e  o f  t h e  d i r e c t i o n  of t h e  t q m p e r a t u r e  

g r a d i e n t ;  p r o v e d  to  b e  v a l i d .  The t e m p e r a t u r e  d e p e n d e n t -  

endogenous  a c t i v i t y  t h e o r y  s u g g e s t s  t h a t  t h e  t e m p e r a t u r e  s e n s o r s  
--~--- 

e t r i g g e r e d  by  t h e r m a l  e n e r g y  i n  to  r e l e a s i n g  a  p r o p o r t i o n a t e  

amount  o f  e n e r g y  s t o r e d  i n  t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  s e n s o r .  

The n a t u r e  o f  t h i s  c h e m i c a l  e n e r g y  i s  y e t  t o  b e  d e t e r m i n e d .  

B l i g h  ( 1 9 7 3 )  s u g g e s t s  t h a t  t h e  t o n i c  d i s c h a r g e  8f a  r e c e p t o r ,  

r e s u l t i n g  f rom d e p o l a r i z a t i o n  and  r e p o l a C ' i z a t i o n  o f *  t h e  

membrane, i s  d u e  to  a n  i n t e r n a l  o s c i l l a t o r y  mechanism.  

A l t h o u g h  t h e r e  s t i l l  e x i s t s  some u n c e r t a i n t y  s u r r o u n d i n g  

t h e  mechanism o f  t h e r m a l  t r a n s d u c t i o n ,  s e v e r a l  t h e o r e t i c a l  

m o d e l s  h a v e  b e e n  p r o p o s e d  ( S p e r e l a k i s ,  1 9 7 0 ;  ~ e r b s t  a n d  

D i t t e r b e r n e r ,  3 9 7 0  ) . Much more s u c c e s s f u l  h a v e  b e e n  a t t e m p t s  a t  

.model1 i n g  t h e  t h e r m a l  r e s p o n s i v e n e s s  o f  c o l d  a n d  warm r e c e p t o r s .  
- e v 



On-the,  b a s i s  o f  e m p i r i c a l  d a t a ,  K e n s h a l o  -- e t  a l .  ( 1 9 7 6 )  d e r i v e d  a  

ma t h e m a t i c a l  model, d e s c r i b i n g  t h e  s t a t i c  anq d y n a m i c  
1 .  

c h a r a c t e r i s t i c s  o f  c o l d  r e c e p t o r s .  

Hypo tha l amic  T h e r m o r e g u l a t o r y  C e n t r e s  

H e a t  L o s s  a n d  Heat P r o d u c t i o n  C e n t r e s  

A m i l e s t o n e  i n  t h e  a d v a n c e m e n t  o f  t h e r m o r e g u l a t o r y  t h e o r y  

was t h e  d i s c o v e r y  of t h e  h e a t  loss  c e n t r e  i n  t h e  h y p o t h a l a m u s  by  

Aronsohn and  S a c h s  ( 1 8 8 5 ;  e a r l i e r  h i n t e d  a t  b y  T s c h e  t s c h i c h i n ,  

1866 and O t t ,  1 8 8 4 ,  1 8 8 7 ,  l 8 8 9 ) ,  who d e m o n s t r a t e d  t h a t  a  l e s i o n  

'made c l o s e  to  t h e  m i d l i n e ,  n e a r  t h e  a n t e r i o r  p o r t i o n  o f  t h e  

d !+ t h i r d  v e n t r i c l e ,  c a u s e d  t h e  r e c t a l  t e m p e r a t u r e  i n  a  d o g  t o  rise 
Ci 
i;" i n  c o n j u n c t i o n  wqth  .$ i n c r e a s e  i n  m e t a b o l i c  r a t e .  The v a l i d i t y  
'i/ 

o f  t h e s e  f i n d i n g s  w a s  a t  f i r s t  qu  s t i o n e d  o n  f g r o u n d s  o f  t h e  

e x p e r i m e n t a , l  p r o c e d u r e  u s e d ;  e l e c t r i c a l  s t i m u l a t i o n  w i t h  a  

' p i q u r e  n e e d l e '  w a s  n o t  a s t a n d a r d  p r a c t i s e .  -The a r g u m e n t s  $ h a t  

e n s u e d  a r e  w e l l  d o c u m e n t e d  by E l i g h  ( 1 9 7 3  ) a n d  B e n z i n g e r  ( 1 9 7 6  ) . 
B e f o r e  t h e  s k e p t i c  i s m  s h r o u d i n g  t h e  e v i d e n c e  o f  Aronsohn 

and  ~ a c h s ' o v e r  t h e  f i n d i n g s  o f  a h e a t  l o s s  c e n t r e  i n  t h e  
I 

p r e - o p t i c  a n t e r i o r  h y p o t h a l a m u s  c o u l d  b e  d  i s p r o v e d  , t h e  

d i s c o v e r y  of t h e  s e c o n d  t h e r m o r e g u l a t o r y  c e n t r e  w a s  r e p o r t e d  by 
\- 

P * 
I s e n s c h m i d  a n d  ~ r e h l '  ( 1 9 1 2 ) .  U s i n g  s t a n d a r d  t r a n s e c t i o n  

2 

t e c h n i q u e s ,  t h e y  f o u n d  t h a t  t h e  a b i l i t y  of d o g s  

t h e r m o r e g u l a t e  was a b o l i s h e d  by  t h e  d e s t r u c t i o n  

t o  

of t h e  



t e l e n c e p h a l o n  and  m e s e n c e p h a l o n ,  The s c i e n t i f i . ~  communi ty  was 

u n d e c i d e d  a t  t h e  t i m e ,  o v e r  w h i c h  h e a t  c e n t r e  to  a c c e p t  or 

w h e t h e r  t h e r e  were a c t u a l l y  t w o  s e p a r a t e  h e a t  c e n t r e s  i n  t h e  

p r e - o p t i c  h y p o t h a l a m u s .  

  eyer ( 1 9 1 3 )  p r o p o s e d  t h e  e x i s t e n c e  of a  c o u p l i n g  be tween  

t h e  t w o  c e n t r e s .  H i s  s u g g e s t i o n  of r e c i p r o c a l  i n h i b i t i o n  o f  t h e  
a 

t h e r m o g e n i c  ( p r e - o p t i c  p o s t e r i o r  h y p o t h a l a m u s ,  POPH 1 c e n t r e s  was 

l a t e r  r e i n f o r c e d  by  Ranson  and  I n g r a m  ( 1 9 3 5 ) ,  who f o u n d  t h a t  
,, 

r h e s u s  monkeys w i t h  l e s i o n s  i n  t h e  r o s t r a 1  p o r t i o n  o f  t h e  

a n t e r . i o r  h y p o t h a l a m u s ,  were u n a b l e  t o  r e s p o n d  t o  h e a t  stress, 

w h i l e  l e s i o n s  made i n  t h e  poster ior  h y p o t h a l a m u s  a b o l i s h e d  

t h e r m o g e n i c  r e s p o n s e s  t o  c o l d  stress. C l i n i c a l  o b s e r v a t i o n s  i n  . 

man ( S t r a u s s  a n d  G l o b u s ,  1931;  D a v i s o n  and  S e l b y ,  1 9 3 5 ;  A l p e r s ,  

1936 ;  G l o b u s  a n d  K u h l e n b e c k ,  1942  ) s u p p o r t e d  t h e  f u n c t i o n a l  

d i s t i n c t i o n  o f  t h e  t w o  c e n t r e s .  E v i d e n c e  was  p r e s e n t e d  t h a t  

d e s t r u c t i o n  o f  t h e  POAH b y  a  t umour  r e n d e r e d  p a t i e n t s  

h y p e r t h e r m i c ,  w h i l e  d e s t r u c t i o n  o f  t h e  POPH made p a t i e n t s  

i n c a p a b l e  o f  g e n e r a t i n g  s u f f i c i e n t  h e a t  t h r o u g h  m e t a b o l i c  

p r o c e s s e s ,  t h u s  c a u s i n g  them t o  p r o g r e s s  i n t o  h y p o t h e r m i a .  I t  

was t h e r e f o r e  h y p o t h e s i z e d ,  t h a t  t h e  POAH w a s  r e s p o n s i b l e  f o r  

h e a t  l o s s  mechan i sms  ( B a z e t t  -- e t  a l . ,  1933;  T e a g u e  a n d  Ranson ,  

1936 ;  Magoun -- e t  a l . ,  1938;  Ranson  a n d  Magoun, 1 9 3 9 )  a n d  t h a t  t h e  

POPH was i n v o l v e d  i n  t h e r m o g e n i c  p r o c e s s e s  ( R a n s o n  a n d  Magoun, n 

1 9 3 9 ) .  The a n t e r i o r  h y p o t h a l a m u s  was f o u n d  to  b e  t h e r m o s e n s i t i v e  

and  to  r e s p o n d  t o  l o c a l i z e d  h e a t i n g  or  c o o l i n g  w i t h  a p p r o p r i a t e  

h e a t  l o s s  o r  h e a t  c o n s e r v i n g  and  g e n e r a t i n g  m e c h a n i s m s  ( B a r b o u r ,  



1 9 1 2 ;  Hammel e t  a l . ,  1 9 6 0 ) .  H e a t i n g  of t h e  h e a t  loss c e n t r e ,  f o r  -- 
e x a m p l e ,  h a s  b e e n  found  t o  i n h i b i t  s h i v e r i n g  a n d  i n s t i g a t e  

v a s o d i l a t i o n  ( ~ e m i n g w a y  e t  a 1  ., 1 9 4 0  1 .  Freeman and  D a v i s  ( 1 9 5 9 )  -- 
h a v e  o b s e r v e d  t h a t  t h e  a n t e r i o r  h y p o t h a l a m u s  of c a t s  r e s p o n d s  

a l s o  to  c o o l i n g  a s  w e l l  a s  h e a ' t i n g .  T h e r m a l  s t i m u l i  t o  t h e  

a n t e r i o r  h y p o t h a l a m u s  i n d u c e d  r e c i p r o c a l  r e c t a l  t e m p e r a t u r e  

c h a n g e s ,  i m p l y i n g  t h a t  c e r t a i n  d e f e n c e .  mechan i sms  w e r e  

a c t i v a t e d .  I n  c o n t r a s t ,  t h e y  f o u n d  t h a t  b y  c o n d u c t i v e  h e a t i n g  

a n d  c o o l i n g  o f  t h e  p r e - o p t i c  pos ter ior  h y p o t h a l a m u s ,  r e c t a l  

t e m p e r a t u r e  f o l l o w e d  t h e  c o u r s e '  of t h e  t e m p e r a t u r e  c h a n g e s  i n  

t h e  posterior h y p o t h a l a m u s ,  a s  o p p o s e d  t o  a c t i n g  i n  t h e  o p p o s i t e  

d i r e c t i o n  o f  t h e  t e m p e r a t u r e  c h a n g e .  The i m p l i c a t i o n s  o f  t h i s  

a r e  t h e r e f o r e ,  t h a t  p a s s i v e  h e a t i n g  or c o o l i n g  o f  t h e  POPH d o e s  

n o t  i n v o k e  c o u n t e r a c t i n g  m e a s u r e s  b y  t h e  t h e r m o r e g u l a  t o r y  

c e n t r e .  fl 

The a b o v e  f i n d i n g s  s u g g e s t  t h a t  t h e  a n t e r i o r  h y p o t h a l a m u s  

i s  t h e r m o s e n s i t i v e  and  e x e r t s  a n  i n h i b i t o r y  i n f l u e n c e  o n  f h e  

posterior h y p o t h a l a m i c  c e n t r e  (Hemingway e t  a 1  . , 1954;  B i r z i s  -- 

and  Hemingway, 1 9 5 7 ) .  The rma l  s t i m u l a t i o n  of t h e  POPH d o e s  n o t  

i n i t i a t e  e i t h e r  e x c i t a t i o n  of i n h i b i t i o n  of t h e  a n t e r i o r  

h y p o t h a l a m i c  c e n t r e .  T h e r e f o r e  t h e r e  e x i s t s  o n l y  a  

u n i d i r e c t i o n a l  i n h i b i t i o n  w i t h i n  t h e  h y p o t h a l a m u s ,  t h a t  i s  t h e  

m a g n i t u d e  of  i n h i b i t i o n  imposed  o n  t h e  posterior h y p o t h a l a m u s  by  

t h e  POAH i s  e i t h e r  d e c r e a s e d  o r  i n c r e a s e d  w i t h  c o o l i n g  or 

h e a t i n g  r e s p e c t i v e l y ,  of t h e  h e a t  loss  c e n t r e .  T h i s  c e n t r a l  

i n h i b i t i o n  o f  t h e r m o g e n e s i s  ( B e n z i n g e r ,  1 9 6 9 )  i s  c o n t r a r y  t o  t h e  



- 
r e c i p r o c a l  i n h i b i t i o n  t h e o r y  a s  p r o p o s e d  b y  Meyer ( 1 9 1 3  ) . \ 

- 

7 

The clack o f  r e s p o n s e  o b s e r v e d  by c o o l i n g  of t h e  t h e r m o g e n i c  

c e n t r e ,  c a u s e d  H e n s e l  ( 1 9 5 2 )  t o  s u g g e s t  t h a t  t h e  h y p o t h a l a m u s  

was r e s p o n s i v e  to  a n l y  p e r i p h e r a l  c o l d  s t i m u l i .  Hamrnel -- e t  a1  . 
(1960 ) d i d  however ,  s u c c e e d  i n  e l i c i t i n g ,  t h e r m o g e n i c  r e s p o n s e s  

i n  d o g s d d u r i n g  h y p o t h a l a m i c  c o o l i n g  o n l y ,  w i t h o u t  p e r i p h e r a l  

t h e r m a l  s t i m u l a t i o n .  

The ' c o n t r o v e r s i e s  a r i s i n g  f r o m  e x p e r i m e n t s  u t i l i z i n g  

s u r g i c a l  m e t h o d s  s u c h  a s  t r a n s e c t i o n s  a n d  ' p i q u r e '  n e e d l e s ,  

s u g g e s t i n g  t h a t  b a c t e r i a l  i n f ; c t i o n  a s  a r e s u l t  of t h e  o p e r a t i o n  

o r  an  e f f e c t  of a n a e s t h e s i a  was  compounding  t h e  o b s e r v a t i o n s  of 

body t e m p e r a t u r e  c h a n g e s ,  w a s  r e s o l v e d  by  Hemingway e t  a l .  
- - ,  

(1940  ) . They i n i t i a t e d  s h i v e r i n g  i n h i b i t i o n ,  v a s o m o t o r  and  

p a n t i n g  r e s p o n s e s  i n  d o g s  w i t h  l o c a l  h e a t i n g  of t h e  h y p o t h a l a m u s  

b y  d i a t h e r m y  , t h u s  l e a v i n g  t h e  h y p o t h a l a m i c  s t r u c t u r e s  i n  t a c t  

a n d  u n i n j u r e d  by  t h e i r  g e t h o d .  U s i n g  a  s i m i l a r  method E u l e r  

( 1 9 5 0  ) o b s e r v e d  c h a n g e s  i n  e l ec t r i c  p o t e n t i a l  i n  t h e  a n t e r i o r  

h y p o t h a l a m u s ,  s y n c h r o n o u s  w i t h  t h e  t e m p e r a t u r e  c h a n g e s  i n d u c e d  - 
; b y  d i a t h e r m y .  Due t o  t h e  s i z e  of t h e  r e c o r d i n g  e l e c t r o d e s  a n d  

t h e  s l o w  n a t u r e  w i t h  wh ich  t h e  ' t e m p e r a t u r e  p o t e n t i a l s '  changed  
." ~- 

b y  a s  much a s  5 - 1 0  mV, E u l e r  e x c l u d e d  t h e  p o s s i b i l i t y  o f  

summation '  o f  t h e  r e s p o n s e s  o f  c e n t r a l  t h e r m o r e r e c e p t o r s ,  a s  

s u g g e s t e d  by  A d r i a n  a n d  Ma t t h e w s  ( 1 9 3 4  ) . E u l e r  ( 1 9 5 0  ) proposed 

t h a t  t h e s e  ' s l o w  t e m p e r a t u r e  p o t e n t i a l s '  were a r e s u l t  o f  a 

t r a n s d u c t i o n  of t h e r m a l  e n e r g y  b y  t e m p e r a t u r e  receptors. T h e s e  

'slow p o t e n t i a l s '  s h o u l d  n o t  b e  m i s t a k e n  for t h e  dynamic  



+ r e s p o n s e  o f  t h e r m o r e c e p t o r s ,  a s  shown i n  F i g .  2.2. E u l e r  a l s o  

s u g g e s t e d  t h a t  t h e s e  p o t e n t i a l s  may a l so  b e  a r e s u l t  o f  

p o t e n t i a l  c h a n g e s  i n  c e l l s  a c t i v a t e d  by t h e r m o r e c e p t o r s .  These  

p o t e n t i a l s  were o n l y  o b t a i n a b l e  f rom t h e  a n t e r i o r  hypo tha lamus .  

S h i v e r i n g  C e n t r e  

S e v e r a l  s t u d i e s  h a v e  i n d i c a t e d  t h a t  s h i v e r i n g  may b e  

i n h i b i t e d  by t h e r m a l  o r  e l e c t r i c a l  s t i m u l s t i o n  of t h e  a n t e r i o r  

hypothalamus (Hemingway -- e t  a l . ,  1940;  Freeman and D a v i s ,  1 9 5 9 )  

and t h a t  a b i l i t y  o f  s h i v e r i n g  i n h i b i t i o n  is m a r k e d l y  i m p a i r e d  

a f t e r  b i l a t e r a l  l e s i o n s  i n  t h e  a n t e r i o r  p o r t i o n  o f  t h e  l a t e r a l  

hypothalamus ( C l a r k  -- e t  a 1  . , 1 9 3 9 )  . S i m i l a r  f i n d i n g s  were  n o t e d  

a f t e r  b i l a t e r a l  l e s i o n s  t o  t h e  c a u d a l  p a r t  o f  t h e  a n t e r i o r  

hypothalamus,  Hemingway -- e t  a1  , (1954 ) f o u n d  t h a t  t h e  p r e - o p t i c  
I 

r e g i o n  is v e r y  ' s e n s i t i v e  f o r  i n h i b i t i o n  o f  s h i v e r i n g  i n  c a t s ,  

b u t  a l s o  o b s e r v e d  t h a t  s i m i l a r  a b o l i s h m e n t  o f  tremor a c t i v i t y  i n  

s k e l e t a l  m u s c l e  is a t t a i n e d  w h n e v e r  c o o r d i n a t e d  movement o f  

t h e s e  m u s c l e s  i s  r e q u i r e d .  

B i r z i s  and Hemingway (1956 ,  1 9 5 7 )  c l e a r l y  mapped o u t  t h e  
a / 

e f f e r e n t  pa thway o • ’  t h e  s h i v e r i n g  mechanism, e a r l i e r  e l u c i d a t e d  

by Keller and H a r e  ( 1 9 3 2 )  and Keller ( 1 9 4 8 ) .  B i r z i s  and 

Hemingway d e t e r m i n e d  t h e  s h i v e r i n g  pa thway  t o  b e  i n  t h e  

m i d b r a i n ,  p o n s  and  m e d u l l a  and d e m o n s t r a t e d  t h a t  t h e  e f f e r e n t  

pathways d e s c e n d  l a t e r a l l y  w i t h i n  t h e  r e t i c u l a r  forma t i o n  

a d j a c e n t  t o  t h e  r e d  n u c l e u s  and occupy  t h e  l a t e r a l  p o r t i o n s  o f  



t h e  r e t i c u l a r  f o r m a t i o n  w i t h i n  t h e  p o n s  a n d  t h e  m e d u l l a .  

I n  t h e  s p i n a l  cord, d e s c e n d i n g  n e u r o n e s  f r o m  t h e  s h i v e r i n g p  

c e n t r e  may s y n a p s e  i n  t h e  v e n t r a l .  roots w i t h  gamma motoneurones .  

I t  i s  h y p o t h e s i z e d ,  t h a t  t h e  h y p o t h a l a m i c  c e n t r e  a c t i v a t e s  
3 

s h i v e r i n g  or i n v o l u n t a r y  m u s c u l a r  c o n t r a c t i o n s  a t  t h e  s p i n a l  
4 - 

l e v e l  by c r e a t i n g  a n  i n s t a b i l i t y  o f  t h e  s t r e t c h  r e f l e x  v i a  a  

change  i n  t h e  f u s i m o t p  a c t i v i t y  ( ~ h o r n p o n ,  1 9 7 0 ) .  The 

i n s t a b i l i t y  i n  t h e  f e e d b a c k  l o o p  i s  s u g g e s t e d  - to  b e  t h e  r e s u l t  

of t h e  i n h i b i t i o n  of s t a t i c  and s i m u l t a n e o u s  e x c i t a t i o n  o f  

dynamic m o t o r n e u r o n e s  . 
The rhythm o f  t h e  s h i v e r i n g  t r e m o r ,  o n c e  s h i v e r i n g  is 

a c t i v a t e d  by t h e  h y p o t h a l a m i c  c e n t r e ,  i s  t h o u g h t  t o  b e  g e n e r a t e d  

a t  t h e  s p i n a l  l e v e l  (Hemingway, ,1963 ) . T h i s  h a s  b e e n  v a l  i d a t e d  

by Kosaka and Simon ( 1 9 6 8 ) ,  who compared t h e  s h i v e r i n g  tremor 

induced by p e r i p h % r a l  c o o l i n g  t o  t h e  tremor i n d u c e d  by s p i n a l  

c o r d  c o o l i n g  i n  u n a n e s t h e t i z e d  r a b b i t s .  T h e y  n o t e d  t h a t  

f r e q u e n c y  s p e c t r a  f o r  b o t h  tremors were i d e n t i c a l .  I n  humans t h e  

f r e q u e n c y  o f  s h i v e r i n g  tremor h a s  been  o b s e r v e d  i n  t h e  r a n g e  o f  

Dur ing C o o l  i n g  i n t a c t  t w o  d i s t i n c t  f e a t u r e s  

s h i v e r i n g -  tremor h a v e  been  o b s e r v e d ,  a s  h y p o t h e r m i a  p r o g r e s s e s .  , 

I n i t i a l  p e r i o d s  of s h i v e r i n g  a r e  c h a r a c t e r i z e d  by b u r s t s  o f  
-. 

a c t i v i t y  t e rmed  'f r i s s o n  r e f l e x e '  ( C h a t o n n e t  a n d  Tanche , 1956 ) , 
- 

which p r o g r e s s i v e l y  becomes c o n t i n u o u s  a n d  t h e n c e f o r t h  t e rmed  



- - - - - - - - - -- 

The d i f f e r e n c e  i n  s h i v e r i n g  o b s e r v a t i o n s  be tween  s t u d i e s ,  
- - - - - - - 

a s  w e l l  a s  i n  s u b j e c t  v a r i a b i l i t y  may o c c u r  d u e  t o  t h e  r a t e  o f  

c o o l i n g  imposed o n  t h e  p e r i p h e r y .  Dawson and  M a l c o l m  ( 1 9 8 1 )  

o b s e r v e d  l a r g e r  v a r i a t i o n s  i n  c o l o n i c  t e m p e r a t u r e  of r a t s ,  when 

t h e  r a t e  o f  c o o l i n g  was  f a s t e r .  Slow d e c r e a s e s  i n  a m b i e n t  -=. 

t e m p e r a t u r e  were a l s o  a s s o c i a t e d  w i t h  t h e  i n i t i a t i o n  of 

s h i v e r i n g  tremor, b u t  a s t a b l e  c o l o n i c  t e m p e r a t u r e  was a t t a i n e d .  

The i n t e r a c t i o n  o f  coke and p e r i p h e r a l  t e m p e r a t u r e  i n  t h e  

s h i v e r i n g  mechanism h a s  a l r e a d y  been  p o s t u l a t e d  by  Lim ( 1 9 6 0 ) ,  

w h i l e  Bruck and Pzunnenberg (1967a) suggested t h a t  mean b d y  
d 

t e m p e r a t u r e  may be t h e  c o n t r o l l e d  v a r i a b l e .  Lim (1960 ) e l u d e d  to  

t h e  c o n t r i b u t i o n  o f  p e r i p h e r a l  and core t e m p e r a t u r e s  t o  t h e  

s h i v e r i n g  mechanism i n  d o g s ,  H e  o b s e r v e d  t h a t  w i t h  r e s p e c t  t o  

t h e  i n i t i a t i o n  of s h i v e r i n g ,  p e r i p h e r a l  t e m p e r a t u r e  p l a y e d  a 

dominan t  role,  w h e r e a s  i n  t e r m s  o f  e n e r g y  e x p e n d i t u r e  q u a n t i f i e d  
-- -- - --- - - - - - - - 

from m e t a b o l i c  r a t e ,  t h e  c e n t r a f  t e m p e r a t u r e  is t h r e e  times a s  

power fu l  a s  p e r i p h e r a l  t e m p e r a t u r e .  

E x t r a h y p o t h a l a m i c  T h e r m o r e g u l a t o r y  s t r u c t u r e s  

F i r s t  e v i d e n c e  o f  s p i n a l  c o r d  t h e r m o s e n s i  t i v i t y  was 
IC 

o b t a i n e d  by Bruck and wunneb&rg ( 1 9 6 6 ,  1 9 6 7 a ,  1 9 6 7 b ,  1 9 7 0 ) .  They 

p e r i p h e r y  o r  hypothalamus, i n i t i a t e d  shivering i n  guinea pi_% 

w h i l e  c o n v e r s e l y  h e a t i n g  i n h i b i t e d  t h e  s h i v e r i n g  r e s p o n s e .  

F u r t h e r  s t u d i e s  by Wunnenberg and Bruck ( 1 9 6 8 ,  1 9 7 0 )  o n  t h e  



response cbracteriptics of t h e r m o s e n s i t i v e  f i b e r s  i n  t h e  s p i n a l  

cord, d ~ m o n s t r a t e ~ t h e  e x i s t e n c e  of w a r m  sensikiwe f i k s  in t h e  
r 

s p i n a l  c o r d ,  

S t u d i e s  c o n d u c t e d , b y  Simon e t  a l .  ( 1 9 6 5 )  i n  d o g s  and  Simon -- 

and  I r i k i  i n m e a t s  ( l 9 7 O ) ,  c o n f i r m e d  t h e  e x i s t e n c e  of warm 

s e n s i t i v i t y  i n  a s c e n d i n g  n e u r o n e s  i n  t h e  s p i n a l  c o r d  and  

d e m o n s t r a t e d  t h e  c h a r a c t e r  istics of c e r t a i n  a s c e n d  i n g  n e u r o n e s  

t o  s p i n a l  c o o l i n g ,  These i n v e s t i g a t i o n s  t h e r e f o r e  s u g g e s t e d  t h a t  

n e u r a l  f i b r e s  i n  t h e  s p i n a l  c o r d  e x h i b i t  s t a t i c  and  d y n a m i c  

r e s p o n s e s  t o  s p i n a l  h e a t i n g  and  c o o l i n g .  The s t a t i c  r e s p o n s e  o f  

t h e  warm and  c o l d  s e n s i t i v e  u n i t s  r e s e m b l e d  t h e  s t a t i c  r e s p o n s e  

o f  p e r i p h e r a l  a n d  c e n t r a l  t h e r m o s e n s i t i v e  u n i t s  (S imon and  

I r i k i ,  1 9 7 1 a ,  b ) ,  w i t h  t h e  e x c e p t i o n  t h a t  t h e  ' s e t - p o i n t '  

t e m p e r a t u r e  seemed to  be s l i g h t l y  h i g h e r  t h a n  t h a t  of t h e  

p e r i p h e r a l  t e m p e r a t u r e  r e c e p t o r s ,  a p p r o x i m a t e l y  3 7 0 ~  and  t h e  

maximum f i r i n g  f requency of the cold s e n s i t i v e  u n i t s  i n  t h e  

a n t e r o l a t e r a l  t r a c t s  a t  C 3  a n d  C 5  o c c u r r e d  a t  a p p r o x i m a t e l y  30•‹c 

a s  o p p o s e d  to 2 0 ~ -  3 0 O ~  fo r  p e r i p h e r a l  c o l d  u n i t s  ( Z o t t e r m a n ,  

1 9 5 3 )  1. The  r e l e v a n c e  o f  s p i n a l  c o r d  t e m p e r a t u r e  i n  

t h e r m o r e g u l a t o r y  mechan i sms  h a s  b e e n  d i s p u t e d  b y  J e s s e n  e t  a 1  . -- 

( 1 9 7 2 ) .  They  o b s e r v e d  t h a t  a l t h o u g h  i n t e n s e  h e a t i n g  of t h e  

s p i n a l  cord o f  o x e n  r e s u l t e d  i n  s i g n i f i c a n t  i n c r e a s e s  i n  h e a t  

l o s s  and r e d u c t i o n  i n  b e a t  p r o d u c t i o n ,  s u b s e g u  t c o o l i n g  o f . t h e  %' 
spinal c o r d  r e s u l t e d  i n  i n s i g n i f i c a n t  t h e r m a l  r e s p o n s e s .  J e s s e n  ------------------ 
' ~ h e  ' s e t - p o i n t t  r e f e r s  t o  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  s t a t i c  
f i r i n g  r a t e  o f  c o l d  2nd warn r e c e p t o r s  i s  s i m i l a r  i n  v a l u e  and  a  
d e c r e a s e  i n  t e m p e r a t u r e  w i l l  e n h a n c e  t h e  r e s u l t i n g  , 
t k e r n o r e q u l a  tory d r i v e  



e t  a l .  ( 1 9 7 2 )  s u g g e s t  t h a t  t h e  r e l e v a n c e  of c e n t r a l  c o l d  -- 
t h e r m o s e n s i t i v i t y  i n  t h e r m o r e g u l a t o r ~  processes d e c l i n e s  w i t h  

body  s i z e .  S p i n a l  cord c o l d  t h e r r n o s e n s i  t i v i t y  would  t h e r e f o r e  b e  

more r e l e v a n t  i n  smaller  a n i m a l s ,  s u c h  a s  t h e  dog or c a t ,  t h a n  
.. . 

i n  l a r g e r  o n e s ,  a s  o b s e r v e d  i n  t h e  o x e n ,  

O f  p r i m a r y  i m p o r t a n c e  is  t h e  r o l e  of t h e  s p i n a l  c o r d  i n  

t r a n s f e r r i n g  p e r i p h e r a l  a n d  v i s c e r a l  t heyma1  i n f o r m a  t i o n  to t h e  --. 
c e n t r a l  t e m p e r a t u r e  c e n t r e s  i n  t h e  h y p o t h a l a m u s .  C l a s s i c  t h e o r y  

s u g g e s t s  t h a t  t h e  t h e r m o s e n s o r y  p a t h w a y  f r o m  c u t a n e o u s  p r i m a r y  

c o l d  f i b r e s  e n t e r s  t h e  s p i n a l  c o r d  t h r o u g h  d o r s a l  roots a n d  

s y n a p s e s  w i t h  s e c o n d a r y  n e u r o n e s ,  whi& cross o v e r  t o  t h e  

l a t e r a l  s i d e  and  s u b s e q u e n t l y  a s c e n d  t h r o u g h  t h e  s p i n o t h a l a m i c  

t r a c t  to  t h e  t h a l a m u s  a n d  h y p o t h a l a m u s .  ~ l t h b u ~ h  t h e  l a t . e r a 1  

s p i n o t h a l a m i c  p a t h w a y  h a s  b e e n  c o n f i r m e d  a s  a  m a j o r  r o u t e  f o r  

a s c e n d i n g  n e u r o n e s  c a r r y i n g  i n f o r m a  t i o n  o n  t h e  t h e r m a l  s t a t e  o f  
P 

t h e  core a n d  p e r i p h e r y ,  r e s u l  t s ~ e p o r t e d  by Norsell (19'79) 

s u g g e s t  t h a t ,  t h e r e  e x i s t  s e v e r a l  a s c e n d i n g  p a t h w a y s  f o r  c o l d  and  

warm f i b r e s ,  s i n c e  u n i l a t e r a l  a n d  b i l a t e r a l  l e s i o n s ,  a b o v e  t h e  

l e v e l  o f  C2, o f  t h e  l a t e r a l  f u n i c u l i  i n  t h e  s p i n a l  c o r d  o f  c a t s  

f a i l e d  t o  r e s u l t  i n  t h e r m o a n a e s t h e s i a ,  

A r e c e n t ,  s t u d y  b y  I g g o  and  Ramsey ( 1 9 7 6 )  s u g g e s t s  t h a t  

t h e r e  may e x i s t  s e p a r a t e  a s c e n d i n g  p a t h w a y s  f r o m  c u t a n e o u s  c o l d  

r e c e p t o r s  a n d  c u t a n e o u s  c o l d  s e n s i t i v e  m e c h a n o r e c e p t o r s .  I g g o  

and Ramsey (1976) r e p o r t e d  t h e  d i s c o v e r y  o f  ' d o r s a l  h o r n  c o l d  

r e c e p t o r s ' ,  w h i c h  a r e  e x c i t e d  by  p e r i p h e r a l  c o l d  s t i m u l a t i o n ,  

b u t  d o  n o t  r e s p o n d  when p e r i p h e r a l  c o l d  s e n s i t i v e  



m e c h a n o r e c e p t o r s  a r e  s t i m u l a t e d .  I t  would a p p e a r  t h a t  d i s t i n c t  

pa thways  e x i s t  f o r  h a n d l i n g  i n f o r m a t i o n  g e n e r a t e d  by 

mechanocep to r s ,  n o c  i c e p t o r s  and t h e r m o r e c e p t o r s .  

Whether  t h e  b u r s t - f r e q u e n c y  coded t h e r m a l  i n f o r m a t i o n ,  

.' g e n e r a t e d  by t h e r m o r e c e p t o r s ,  i s  t r a n s m i t t e d  a l o n g  a s c e n d i n g  

s p i n a l  pa thways  u n a l t e r e d ,  is n o t  y e t  c l e a r .  T h i s  i n f o r m a t i o n  

may b e  modula ted  d u e  to  t e m p e r a t u r e  induced  c h a n g e s  o f  t h e  

c h a r a c t e r i s t i c s  o f  a s c e n d i n g  s p i n a l  pa thways .  S u g g e s t i o n s  f o r  

t h i s  have  been msde (Simon,  1 9 7 2 )  based  m a i n l y  o n  s t u d i e s  

conducted  on t h e  membrane.characteristics o f  s p i n a l  

motoneurones .  Rapid  c o o l i n g  o f  s p i n a l  m o t o n e u r o n e s  of t h e  

l u m b o s a c r a l  r e g i o n  i n  c a t s  h a s  been shown to  a f 5 e c t  t h e  membrane 

c h a r a c t e r i s t i c s  by  i n c r e a s i n g  t h e  p o s t - s y n a p t i c  p o t e n i a l s  

( P i e r a u  -- e t  a l . ,  1 9 6 9 ) .  P e r s i s t e n t  and p r o l o n g e d  c o o l i n g  r e s u l t e d  

i n  a  d e c r e a s e  i n  t h e s e s t i n g  membrane p o t e n t i a l  and c o n s e q u e n t l y  

i n  i n c r e a s e d  e x c i t a b i l i t y  of t h e  s p i n a l  m o t o n e u r o n e s .  Opposi-te 

e f f e c t s  were  o b s e r v e d  d u r i n g  r a p i d  l o c a l  warming. The t h e r m a l  

s e n s i t i v i t y  o f  mammalian s p i n a l  motoneurones  was found  t o  b e  

d i r e c t l y  o r  i n d i r e c t l y  r e l a t e d  t o  t h e  s i z e  o f  t h e  motoneurones  

(Klussman -- e t a 1  . , 1 9 6 9  1 . Membrane r e s i s t a n c e  o f  s m a l l e r  n e u r o n e s  

i n c r e a s e d  t o  a  g r e a t e r  e x t e n t  f o r  a  r e l a t i v e  d r o p  i n  

t e m p e r a t u r e ,  compared to  l a r g e r  motoneurones .  

Dur ing c o l d  e x p o s u r e ,  i t  i s  l i k e l y  t h a t  t h e  s p i n a l  c o r d  

t e m p e r a t u r e  d e c r e a s e s  d u e  to  c o n d u c t i v e  h e a t  l o s s  t o  t h e  

s u r r o u n d i n g  e n v i r o n m e n t  and t i s s u e s .  On t h e  b a s i s  of t h e  a b o v e  

s t u d i e s ,  i t  h a s  t h e r e f o r e  been i m p l i e d  t h a t  a s c e n d i n g  s p i n a l  



e %- 

p a t h w a y s  may h a v e  s i m i l a r  t h e r m a l  c h a r a c t e r i s t i c s  (S imon ,  1972;  

Hammel, 1 9 7 2 )  . T h i s  may r e s u l t  i n  t h e  m o d u l a t i o n  of p e r i p h e r a l  

warm and  c o l d  s i g n a l s  a t  t h e  s p i n a l ,  t h a l a m i c  a n d  f i n a l l y  t h e  

h y p o t h a l a m i c  l e v e l ,  

Through t h e  work  of H i n c k e l  e t  a l .  ( l 9 8 3 a , b ) ,  i t  i s  now -- 

e v i d e n t  t h a t  t h e  b r a i n  s t e m  is i n v o l v e d  i n  t h e  a f f e r e n t  
% 

t h e r m o r e g u l a t o r y  s y s t e m .  The n u c l e u s  r a p h e  magnus seems t o  b e  

i n v o l v e d  m a i n l y  w i t h  t h e  i n h i b i t i o n  of s h i v e r i n g ,  w h i l e  t h e  

d o r s o m e d i a l  s u b c o e r u I e u s  r e g i o n  was  o b s e r v e d  to  i n s t i g a t e  

e x c i t a t o r y  m e t a b o l i c  r e s p o n s e s ,  a s  a  r e s u l t  of e l e c t r i c a l  

The p r o c e s s i n g  of t h e r m a l  i n f a r m a t i o n  w i t h i n  t h e s e  

' s t r u c t u r e s  i s  f u r t h e r  d i s c u s s e d  i n  t h e  s e c t i o n  r e v i e w i n g  

n e u r o n a l  m o d & l s .  

I n t e r a c t i o n  - of P e r i p h e r a l  and C e n t r a l  T e m p e r a t u r e  S i g n a l s  w i t h  

T h e r m o r e g u l a t o r y  E f f e c t o r  Mechanisms  

I t  is e v i d e n t  from t h e  d i s c u s s i o n  so f a r ,  t h a t  numerous  

t h e r m o s e n s i t i v e  s t r u c t u r e s  p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  

t h e r m o r e g u l a t o r y  c o n t r o l  s y s t e m .  The d e v e l o p m e n t  of t h e  

h i e r a r c h i c a l  s t r u c t u r e  of t h e  v a r i o u s  c o n t r o l  systems, w h i c h  

c o n s t i t u t e  t h e  o v e r a l l  t h e r m o r e g u l a t o r y  s y s t e m ,  h a s  b e e n  

a t t r i b u t e d  to  t h e  e v o l u t i o n a r y  p r o c e s s  ( S a t i n o f f ,  1 9 7 8 ) .  A s  a n  

o r g a n i s m  p r o g r e s s e s  t h r o u g h  e v o l u t i o n a r y  d e v e l o p m e n t ,  i t  a l so  

d e v e l o p s  s u b s e r v i e n t  c o n t r o l  m e c h a n i s m s ,  i n  p a r a l l e l  t o  t h e  

c e n t r a l  t h e r m o r e g u l a  tory s y s t e m  ( S a t i n o f f ,  1 9 7 8 ) .  S a t i n o f f  



s u g g e s t s ,  t h a t  e v o l u t i o n  d o e s  n o t  t r a n s f e r  m i n o r  c o n t r o l  

f u n c t i o n s  from t h e  s p i n a l  c o r d  a n d  m i d b r a i n  to t h e  p re -op t ' i c  

h y p o t h a l a m u s ,  b u t  i n s t e a d  new c o n t r o l  l o o p s  a r e  d e v e l o p e d  i n  
', 

p a r a l l e l  w i t h  t h e  e x i s t i n g  system. I n  i n s t a n c e s  w h e r e  t h e  

c o n t r o l  loops a t  t h e  bottom of t h e  h i e r a r c h i c a l  a r r a n g e m e n t  f a i l  

t o  f u n c t i o n  p r o p e r l y ,  t h e  c e n t r a l  c o n t r o l  mechan i sm c o u l d  t a k e  

o v e r  i n  a t t e m p t i n g  t o  a t t a i n  n o r m o t h e r m i a  . 
The i n t e r a c t i o n  of t h e r m a l  d r i v e s  from t h e  p e r i p h e r y ,  

s p i n a l  c o r d  and h y p o t h a l a m i c  s t r u c t u r e s  i s  s t i l l  a  c o n t r o v e r s i a l  

i s s u e .  I t  i s  w e l l  documen ted  t h a t  t e m p e r a t u r e  c h a n g e s  i n  t h e s e  

a r e a s ,  i f  t h e y  a r e  i n  t h e  same d i r e c t i o n ,  w i l l  e n h a n c e  

t h e r m o r e g u l a t o r y  r e s p o n s e s  a n d  i f  t h e  c h a n g e s  a r e  i n  o p p o s i t e  

d i r e c t i o n s ,  t h e n  r e l a t i v e  i n h i b i t i o n  of t h e s e  r e s p o n s e s  w i l l  

o c c u r  ( H e n s e l ,  1 9 8 2 ) .  The d i s p u t e  a r i s e s ,  when d e t e r m i n i n g  

w h e t h e r  t h e  n e u r a l  d r i v e s  f o r  t h e s e  e f fec tor  m e c h a n i s m s ,  

o r i g i n a t i n g  p e r i p h e r a l l y  a n d  c e n t r a l l y ,  a r e  a d d i t i v e  m m m e l ,  

1 9 6 8 )  o r  m u l t i p l i c a t i v e  ( B r u c k  a n d  Wunnenberg ,  l 9 6 7 a , b ) ,  o r  a  

c o m b i n a t i o n  o f  t h e  t w o .  

Simon ( 1 9 7 2 )  h a s  o b s e r v e d  t h a t  t h e  n e u r a l  o u t p u t  f rom 

t h e r m o s e n s i t i v e  u n i t s  i n  t h e  s p i n a l  c o r d  is m o d u l a t e d  by  t h e  

o u t p u t  f rom c u t a n e o u s  t h e r m o r e c e p t o r s .  H e  o b s e r v e d  t h a t  s k i n  

c o o l i n g  o f  c a t s  i n c r e a s e d  t h e  a c t i v i t y  of s p i n a l  c o l d  u n i t s  a n d  

i n h i b i t e d  t h e  d i s c h a r g e  of t h e  warm u n i t s  i-n g e n e r a l ,  a l t h o u g h  

some warm u n i t s  w e r e  found  t o  b e  u n a f f e c t e d  b y  t h e  p e r i p h e r a l  

t h e r m a l  s t i m u l u s .  P e r i p h e r a l  h e a t i n g  d i d  n o t  e l i c i t  d i s t i n c t  

r e s p o n s e s  f r o m  s p i n a l  w a r m  u n i t s ,  a l t h o u g h  a n  i n c r e a s e  i n  



a c t i v i t y  was  o b s e r v e d  from s e v e r a l  c o l d  u n i t s .  The l a t t e r  may b e  

a t t r i b u t e d  t o  t h e  p a r a d o x i c a l  r e s p o n s e  of c o l d  r e c e p t o r s  a t  h i g h  

a n d  r e l a t i v e l y  n o x i o u s  t e m p e r a t u r e s ,  g i v i n g  rise to t h e  

' p a r a d o x i c a l  ' s e n s a t i o n  of  c o l d  i n  humans ,  a t  t e m p e r a t u r e s  a b o v e  

4 5 O ~ .  Simon e x p l a i n s  t h e  v a r i e t y  of r e s p o n s e s  of s p i n a l  warm 

u n i t s  t o  p e r i p h e r a l  h e a t i n g  a s  a n  i n d i c a t i o n  t h a t  d i f f e r e n t  

p o p u l a t i o n s  o f  c u t a n e o u s  w a r m .  receptors w e r e  s t i m u l a t e d .  A l s o ,  

s i n c e  t h e  s k i n  t e m p e r a t u r e  o f  f u r r e d  a n i m a l s  is  u s u a l l y  t h e  same 

o r  s l i g h t l y  h i g h e r  t h a n  core t e m p e r a t u r e ,  t h e  r o l e  o f  p e r i p h e r a l  

warm r e c e p t o r s  may not b e  a d o m i n a n t  o n e  i n  t h e i r  t h e r m a l  

c o n t r o l  l o o p .  

The i n t e r a c t i o n  o f  s p i n a l  a n d  h y p o t h a l a m i c  s i g n a l s  seems t o  

b e  more complex .  A l t h o u g h  s e v e r a l  t h e r m o s e n s i t i v e  s t r u c t u r e s  

h a v e  b e e n  i d e n t i f i e d  i n  t h e  h y p o t h a l a m u s ,  G u i e u  a n d  Hardy  ( 1 9 7 0 )  

s u g g e s t  t h a t  a  d i s t i n c t i o n  s h o u l d  b e  made b e t w e e n  p r e - o p t i c  

a n t e r i o r  ' t h e r m o d e t e c  tors ' and  t e m p e r a t u r e  s e n s i t i v e  

i n  t e r n e u r o n e s  i n  t h e  same r e g i o n .  The  t e m p e r a t u r e  s e n s i t i v e  

i n t e r n e u r o n e s ,  may n o t  n e c e s s a r i l y  be i n v o l v e d  i n  t h e r m a l  

s e n s o r y  r e c e i v i n g ,  p r o c e s s i n g  or  e f f e c  to$ m e c h a n i s m s .  

The c o n t r i b u t i o n  o f  b o t h  r e s i o n s ,  POAH-and POPH, i n  t h e  

s t i m u l u s - r e s p o n s e  r e l a t i o n s h i p  seems t o  be e q u i v a l e n t  w i t h  

respect to t h e r r n o r e g u l a t o r y  ef fector  m e c h a n i s m s  ( J e s s e n  and  

P a y e r ,  1 9 7 1  1. F u r t h e r m o r e ,  J e s s e n  a n d  Ludwig ( 1 9 7 1  ) a n d  J e s s e n  

e t  al. (1968) h a v e  shown t h a t  s i g n a l s  f r o m  spinal a n d  c e n t r a l  -- 

s t r u c t u r e s  a r e  a d d i t i v e  t o  y i e l d  a p p r o p r i a t e  t h e r m o g e n i c  or 

t h e r m o l y t i c  r e s p o n s e s .  The n a t u r e  o f  t h e  i n t e r a c t i o n  of d e e p  



core t e m p e r a t u r e  d e t e c t o r s  ( i .e. a b d o m i n a l  ) a n d  s p i n a l  

t e m p e r a t u r e  s e n s i t i v e  u n i t s  is  n o t  y e t  e s t a b l i s h e d  . 
A g r e a t  d e a l  o f  e m p h a s i s  h a s  so f a r  b e e n  p l a c e d  o n  t h e  

i m p o r t a n c e  o f  a n  i n t a c t  c o n n e c t i ~ n  b e t w e e n  h y p o t h a l a m i c  c e n t r e s  

a n d  t h e  s p i n a l  c o r d  for t h e  m a i n t e n a n c e  o f  n o r m a l  body  

t e m p e r a t u r e .  A s t u d y  b y  L i n  a n d  C h a i  ( 1 9 7 4 )  s u g g e s t s  t h a t  o t h e r  

s t r u c t u r e s  i n  t h e  CNS, s u c h  a s  t h e  m e d u l l a  o b l o n g a t a ,  may b e  - 
i n v o l v e d  i n  t h e r m o r e g u l a t i o n .  P o u l o s  a n d  Molt ( 1 9 7 6  ) , 

i n v e s t i g a t e d  s t a t i c  a n d  d y n a m i c  r e s p o n s e s  of c o l d  a n d  warm 

receptors i n  t h e  m e d u l l a ,  t h a l a m u s  a n d  t r i g e m i n a l  g a n g l i o n  o f  

t h e  c a t  a n d  monkey a n d  f o u n d  t h e  r e s p o n s e s  t o  be s i m i l a r  to  

t h o s e  s e e n  i n  c u t a n e o u s  t e m p e r a t u r e  r e c e p t o r s .  The ' s e t - p o i n t  ' 

a s  d e f i n e d  p r e v i o u s l y ,  was  s h i f t e d  t o  h i g h e r  t e m p e r a t u r e s  f o r  

t h e  c e n t r a l  r e c e p t o r s .  T h i s  s u g g e s t s  t h a t  t h e r e  e x i s t  numerous  

r e l a y  s t r u c t u r e s  f o r  t h e r m a l  i n f o r m a t i o n  i n  t h e  CNS. The a b i l i t y  

of t h e s e  s t r u c t u r e s  f o r  p r o c e s s i n g  t h e r m a l  i n f o r m a t i o n  and 

, i n s t i g a t i n g  a p p r o p r i a t e  t h e r m o r e g u l a t o r y  e f f e c t o r  mechan i sms  is \  

y e t  t o  b e  d e t e r m i n e d .  



111. P h y s i o l o g y  o f  Cold Water  Immers ion  

Numereus r e p o r t s  p e r t a i n i n g  t o  a c c i d e n t a l  hypo the rmia  

s u g g e s t  t h e r e  i s ,  a s  y e t ,  no  o p t i m a l  management o f  v i c t i m s  

s u f f e r i n g  from p r o f o u n d  hypo the rmia  (Lauf man, 1951;  F reuhan  , 

1960;  B l a i r ,  1969;  O ' K e e f e ,  1977;  S t i n e ,  1 9 7 7 ) -  T a j o r i t y  o f  

i n c i d e n t s  r e p o r t e d  i n v o l v e  immers ion  i n  c o l d  w a t e r  a (  Bangs ,  1970; 

J e s s e n  and H a g e l s t e i n ,  1972;  Golden and R i v e r s ,  1975;  K e a t i n g e ,  

1 9 7 7 ) .  Such c o n c l u s i o n s  c a n  o n l y  p o r t r a y  a  l a c k  o f  e x p e r i m e n t a l  

d a t a  on t h e  p r o g r e s s i o n  o f  humans . i n t o  a  s t a t e  o f  h y p o t h e r m i a .  

Problems c o n c e r n i n g  body core c o o l i n g  i n  c o l d  water d i v i n g  have  

o n l y  become emphas ized  i n  r e c e n t  y e a r s ,  (Webb, 1973;  R e a t i n g e  
C 

and Hayward, 1 9 7 9 ) .  

The main p h y s i o l o g i c a l  c h a n g e s  from n o r m a l ,  t h a t  would be  

e n c o u n t e r e d  and a l s o  be v i s i b l e  upon c o o l i n g  o f  t h e  body core 

a r e  o u t l i n e d  i n  F i g ,  2.4. 

Much o f  t h e  i n i t i a l  i n f o r m a t i o n  o n  h'uman e x p o s u r e  to  c o l d  

h a s  been p r o v i d e d  i n  t h e  form of c a s e  s t u d i e s  of Kypothermia  

v i c t i m s ,  a s  r e p o r t e d  by t h e  p h y s i c i a n s  a t t e n d i n g  s u c h  

e m e r g e n c i e s  ( ~ a u f m a n ,  1951;  MarshalJ  and McCaughey, 1956;    in ton 

and Ledingham, 1966;  R u g e l b e r g  e t  a1 ., 1967;  L a s h ,  1967;  -- t 

P h i l l i p s o n  and H e r b e r t ,  1967; Anderson e t  a1 ., 1970; MkKean e t  -- - 

a l . ,  1 9 7 0 ;  Tolman and Cohen, 1970;  T r u s c o t t  e t  a l . ,  1 9 7 3 ) .  Some - -- 

i n f o r m a t i o n  o n  t h e  human e x p e r i m e n t s  c o n d u c t e d  i n  N a z i  

c o n c e n t r a t i o n  camps i n  Dachau and  Auschwi tz  d u r i n g  World War 11, 

-- - 
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. F i g .  2.4 : The o n s e t  bf v a r i o u s  c l i n i c a l  f e a t u r e s  of 
h y p o t h e r m i a ,  w i t h  r e s p e c t  t o  core t e m p e r a t u r e .  From Maclean  
and Ems1 i e - S m i t h  ( 1 9 7 7 ) .  



Feels cold "b. 
RISK OF' - 

Transient benign 
supraventricular or 
ventricular dysrhythmias 

Ventricular fibrillation 

25  

Time 

CLINICAL SIGNS - 

Reluctance to 
communicate 

Muscle rigidity 

Pupils dilated 

Tendon reflexes absent 
Respiration depressed 
Intense vasoconstriction 
Profound bradycardia 

(vasodilatation) 
Acute heart failure 
Rigidity abolished 



h a s  been r e p o r t e d  by Alexande r  ( 1 9 4 5 ) .  However, d u e  to  t h e  

p h y s i c a l  c o n d i t i o n  o f  t h e  s u b j e c t s ,  t h e  n a t u r e  o f  t h e  

exper . imenta1  p r o c e d u r e ,  and i n  v i e w  o f  t h e  e t h i c a l  

c o n s i d e r a t i o n s ,  d a t a  ob ta inGd  from t h e s e  b r u t a l  e x p e r i m e n t s  is 

/ n o t  u s u a l l y  u sed  a s  a s o u r c e  o f  r e f e r e n c e  i n  t h e r m o r e g u l a t o r y  

. s t u d i e s .  A s  Swan (1974 ) summarizes ' :  

"wha teve r  b e n e f i t  m i g h t  h a v e  a c c u r e d  to  s c i e n c e  from 
t h i s  g ruesome e x p e r i e n c e  was n o t  h a r v e s t e d " .  

Vasomotor Response 

The i n i t i a l  r e s p o n s e  to  c o l d  w a t e r  immers ion  i s  i n t e n s e  

v a s o c o n s t r i c t i o n  (Pappenhe imer  -- e t  a1 . 1941 ) . T h i s  immedia te  

i n c r e a s e  i n  p e r i p h e r a l  v a s c u l a r  r e s i s t a n c e  w i l l  c a u s e  a r i s e  i n  

venous and a r t e r i a l  b lood  p r e s s u r e s .  Such a l o a d  on t h e  
-7 

c a r d i o v a s c u l a r  sys t em may c a u s e  d e a t h  i n  some c a s e s  (Hervey ,  

l 9 7 3 ) ,  e s p e c i a l l y  o l d e r  p e o p l e ,  whe re  t h e  e x p o s u r e - h a s - n o t  b e e n  - - -- - 

l o n g  enough t o  r e s u l t  i n  c l a s s i c  symptoms o f  h y p o t h e r m i a .  

Dur ing  immersion i n  w a t e r s  of f r e e z i  t empera tu re ' s ,  t h e  
';8 

i n i t i a l  v a s o c o n t r i ~ t i o n  w i l l  e v e n t u a l l y  we f o l l o w e d  by 

v a s o d i l a t i o n  ( L e w i s ,  1 9 3 0 ) .  P r o l o n g e d  e x p o s u r e  w i l l  r e s u l t  i n  an 

a l t e r n a t i n g  vasoconstricting-vasodilating mechanism i n  

p e r i p h e r a l  c i r c u l a t i o n  o f  t h e  e x t r e m i t i e s ,  a  phenomenon known a s  

t h e  ' h u n t i n g  r e f l e x ' .  The h u n t i n g  r e f l e x  is t h o u g h t  t o  b e  a  

d e f e n s e  mechanism p r e v e n t i n g  t i s s u e  damage, d u e  to  l a c k  o f  b l o m  

s u p p l y .  B a z e t t  -- e t  a l .  ( 1 9 4 8 )  and B a z e t t  

t h e  v a s o d i l a t i o n  is c a u s e d  by  p a r a l y s i s  

(1 94 9a 1 s u g g e s t e d ,  that  

o f  t h e  smooth m u s c l e s  o f  



t h e  a r t e r io le s ,  a s  a r e s u l t  o f  t h e  c o l d  s t i m u l u s .  The 

r e - i n s t a t e d  b lood  c i r c u l a t i o n  i n c r e a s e s  t h e  t e m p e r a t u r e  o f  t h e  

s u r r o u n d i n g  t i s s u e  and c o n s e q u e n t l y  i n c r e a s e s  h e a t  f l o w  f rom t h e  

e x t r e m i t i e s .  Once t h e  t e m p e r a t u r e  o f  t h e  smooth m u s c l e s  is 

r a i s e d ,  s u f f i c i e n t l y  t o  e l i m i n a t e  t h e  p a r a l y s i s ,  a  

v a s o c o n s t r i c t o r  t o n e  is a g a i n  i n s t i g a t e d .  The a b o v e  process is  

c o n t i n u o u s l y  r e p e a t e d  d u r i n g  t h e  e x p o s u r e .  Folkow (1955  ) 

s u g g e s t s  t h a t  t h e  ' h u n t i n g  r e f l e x '  i s  a  r e s u l t  o f  a p a i n  f i b r e  

axon  r e f l e x .  A t  e x t r e m e l y  l o w  t e m p e r a t u r e s ,  t h e  p a i n  f i b r e s  and  

n o t  so .much t h e  c o l d  f i b r e s ,  w i l l  b e  s t i m u l a t e d ,  t h u s  p o s s i b l y  

i n s t i g a t i n g  a n  axon  r e f l e x  v a s o d i l a t i o n .  H i s  t h e o r y  p r o p o s e s  f" 
t h a t  s u b s e q u e n t  warming o f  t h e  t i s s u e  d u e  t o  i n c r e a s e d  b lood  / 
f l o w ,  e l i m i n a t e s  t h e  p a i n  f i b r e  d i s c h a r g e  and c o n c o m i t a n t l y  t h e  

a x o n  r e f l e x  v a s o d i l a t i o n .  The l a t t e r  would a l l o w  t h e  t i s s u e  

t e m p e r a t u r e  to  d r o p ,  t h e r e b y  i n v o k i n g  t h e  . p a i n  r e c e p t o r  

d i s c h a r g e  and  v a s o d i l a t i o n .  

Chron i c  e x p o s u r e  t o  c o l d  e v e n t u a l l y  c a u s e s  n e c r o s i s  o f  

m u s c l e  t i s s u e  d u e  t o  l a c k  o f  oxyg&n (Laufman,  1 9 5 1 ) .  The more 

f a m i l i a r  example ,  i s  o n e  of p r o l o n g e d  e x p o s u r e  t o  c o l d  and moist 

e n v i r o n m e n t  l e a d i n g  t o  n e c r o s i s  o f  t h e  v o l u n t a r y  m u s c l e s  Bf t h e  

f ee t ,  known a s  ' i m m e r s i o n  f o o t '  o r  ' t r e n c h  f o o t '  ( M a r s h a l l  and 

McCaughey, 1 9 5 6 ) .  Immers ion  f o o t  was r e p o r t e d  a s  a s e r i o u s  

p rob l em i n  i n f a n t r y  d u r i n g  t h e  first World War. 



Metabol ism 

The m e t a b o l i c  r e s p o n s e  i n  man to  whole  body  c o o l i n g  is a  . 

d e f e n c e  mechanism, whose f u n c t i o n  is t o  m a i n t a i n  normal  body 

core t e m p e r a t u r e .  The r e s p o n s e  w i l l  b e  d i f f e r e n t  f o r  a  r a p i d ,  
- 

c o o l i n g  s i t u a t i o n  l e a d i n g  t o  a c u t e  h y p o t h e r m i a ,  t h a n  f o r  a  

c h r o n i c  e x p o s u r e  t o  c o l d .  When d i s c u s s i n g  p r o l o n g e d  c o l d  

e x p o s u r e s ,  v a r i o u s  i n d i c e s  o f  a c c l i m a t i z a t i o n  have  t o  b e  

c o n s i d e r e d .  

I n  g e n e r a l ,  d u r i n g  cold stress, homeothermic  mammals 

p roduce  a d d i t i o n a l  h e a t  t h r o u g h  : 

- v o l u n t a r y  m u s c l e  a c t i v i t y ,  w h i c h  comes unde r  t h e  a u s p i c e s  of 

b e h a v i o u r a l  t h e r m o r e g u l a t i o n .  

- i n v o l u n t a r y  m u s c l e  a c t i v i t y ,  t o n i c  or  r h y t h m i c  i n  n a t u r e ,  

known a s  s h i v e r i n g .  
- - - - - - - - --- - 

- n o n - s h i v e r i n g  t h e r m o g e n e s i s ,  i n v o l v i n g  t h e  p r o d u c t i o n  . o f  h e a t  

t h rough  i n c r e a s e d  m e t a b o l i s m  of brown a d i p o s e  t i s s u e  (BAT) 

d e p o s i t s .  Non- sh ive r ing -  t h e r m o g e n e s i s  h a s  been  d e m o n s t r a t e d  

i n  neworn i n f a n t s ,  d u e  t o  t h e i r  brown f a t  d e p o s i t s  i n  t h e  

i n t e r s c a p u l a r  - r e g i o n ,  b u t  i s  a b o l i s h e d  i n  p a r t  a  few weeks 

a f t e r  b i r t h  ( S i n c l a i r ,  1 9 7 8 ) .  



Rapid c o o l i n g  r e s u l t s  i n  marked e l e v a t i o n  of m e t a b o l i c  r a t e  

i n  humans. The m t a b o l i c  r e s p o n s e  c o n s i s t s  of t w o  main d components  (Ben n g e r ,  1969;  Hayward e t  a l . ,  1977  ) . A t  t h e ,  o n s e t  -- 
. I  

o f  c o l d  water immers ion ,  B e n z i n g e r  ( 1 9 6 9 )  and Hayward e t  a l .  -- 
(1977)  o b s e r v e d  a  m e t a b o l i c  o v e r s h o o t ,  wh ich  s u b s e q u e n t l y  

s u b s i d e d  t o  l e v e l s  s l i g h t l y  h i g h e r  t h a n  t h a t  of r e s t i n g  v a l u e s .  , 

S i n c e  c o r e  t e m p e r a t u r e ,  measured e i t h e r  r e c t a l l y  (Hayward - e t  

a l . ,  1977)  o r  i n  t h e  tympanum ( B e n z i n g e r ,  1 9 6 9 )  d o e s  n o t  b e g i n  - 
6 .  

to  d r o p  a t  t h i s -  e a r l y  s t a g e ,  t h e  i n i t i a l  dynamic  o v e r s h o o t  h a s  

been  a s c r i b e d  to t h e  p e r i p h e r a l  c o l d  receptor h r i v e .  The 

h y p o t h e s i s  f o r w a r d e d  by B e n z i n g e r  s u g g e s t s  t h a t  t h e  magn i tude  o f  

t h e  o v e r s h o o t  i s  r e p r e s e n t a t i v e  of t h e  t h e r m a l  g r a d i e n t  between 

s k i n  and w a t e r .  

A s  t h e  s k i n  t empera  ture-approashes-b-  skeadjr- s ta te -va lue  ,- - 
s l i g h t l y  h i g h e r  t h a n  t h e  t e m p e r a t u r e  o f  t h e  water,  t h e  m e t a b o l i c  

o v e r s h o o t  s u b s i d e s  ( F i g .  2 .5 ) .  The m e t a b o l i c  r a t e  t h e n  b e g i n s  t o  

rise s l o w l y ,  i n  r e s p o n s e  to  a  d e c r e a s i n g  core t e m p e r a t u r e .  A s  

c a n  b e  s e e n  f rom F i g .  2.6 t h e  t h e o r y  o f  c e n t r a l  i n h i b i t i o n  o f  

t h e r m o g e n e s i s  ( B e n z i n g e r ,  1 9 6 9 )  p r o p o s e s  t h a t  t h e r e  e x i s t s  a  

c o n s t a n t  e x c i t a t o r y  d r i v e  f rom t h e  p e r i p h e r a l  c o l d  r e c e p t o r s  t o  ' 

t h e  t he rmogen ic  c e n t r e  i n  t h e  p r e - o p t i c  posterior hypo tha l amus ,  

t h e  magn i tude  o f  which i s  d e t e r * i n e d  by  t h e  t h e r m a l  s t i m u l u s  

perceive b y  t h e  peripheral cp3d r e c e p m r s .  Bo~ever, j 3 i ~ o u t p u T  

from t h e  h e a t  p r o d u c t i o n  c e n t r e  is  i n h i b i t e d  b y  t h e  h e a t  loss 



F i g ,  2 .5  : R e l a t i o n s h i p  o f  s k i n  and core t e m p e r a t u r e s  t o  
m e t a b o l i c  r a t e  (mean s.e.1 f o r  f i v e  s u b j e c t s  c o o l e d  f o r  60 
m i n u t e s .  From Hayward e t  a l .  ( 1 9 7 7 ) .  -- 



' METABOLIC R A T E  



F i g .  2.6 : The t h e r m o r e g u l a t o r y  c e n t r e s  i n  t h e  h y p o t h a l a m u s .  S e e  
t e x t  for  e x p l a n a t i o n  of d i a g r a m .  From B e n z i n g e r  (1970 ) . 



s w e a t  g-lands 

cutaneous b l o o d  metabol ism 

vesse ls  

- - - - -  

O L D  



c e n t r e  (POAH);  a g a i n  t h e  magni tude  o f  i n h i b i t i o n  b e i n g  dependen t  
- - 

o n  t h e  t e m p e r a t u r e  a t  t h e  h e a t  loss  c e n t r e .  A s  core t e m p e r a t u r e  

d e c r e a s e s ,  t h e r e  is a l s o  a  d e c r e a s e  i n  t h e  i n h i b i t o r y  s t i m u l u s ,  

r e s u l t i n g  i n  an- i n c r e a s e d  o u t p u t  from t h e  h e a t ' p r o d u c t i o n  

c e n t r e ,  a s  measured by t h e  consurnpFion o f  oxygen .  -, 

Benzinger  p r o p o s e s  t h a t  t h e  m e t a b o l i c  r a t e  a f t e r  t h e  

i n  i 

t h e  

t i a l  o v e r s h o o t  i s  i n d e p e n d e n t  o f  s k i n  temp%ure, a s  l o n g  a s  

tympanic t e m p e r a t u r e  is  m a i n t a i n e d  above  a  c e r t  '-c- ~n se t  p o i n t  

t e m p e r a t u r e ,  a p p r o x i m a t e l y  37.1•‹ C ( F i g .  2 . 7 ) .  Once khe tympanic 

t e m p e r a t u r e  f a l l s  below t h i s  c o n t r o v e r s i a l  t e m p e r a t u r e ,  

m e t a b o l i c  r a t e  rises a l o n g  an  i s o t h e r m ,  whose p a r a b o l i c  rise 

w i l l  be  a  f u n c t i o n  o f  t h e  e x c i t a t o r y  d r i v e  from t h e  p e r i p h e r a l  

c o l d  r e c e p t o r s .  The n a t u r e  0% t h e  m e t a b o l i c  r e s p o n s e  due  to  c o r e  

c o o l i n g ,  a t  a .  c e r t a i n  s k i n  t e m p e r a t u r e  ( a s  s u g g e s t e d  by * 
Benz inge r )  h a s  been  c o n t r a d i c t e d  by t h e  f i n d i n g s  Of C ~ a i g  and 

Dvorak (1966 ) , who o b s e r v e d  a  f a i r l y  l i n e a r  r e l a t i o n s h i p  between 
- - - 1 

m e t a b o l i c  r a t e '  and tympanic  t e m p e r a t u r e  a t  v a r i o u s  b a t h  

t e m p e r a t u r e s .  Whether  t h e  rate o f  c o o l i n g  o f  core t e m p e r a t u r e  

was t h e  s i g n i f i c a n t  f a c t o r  u n d e r l y i n g  t h e s e  d i s c r e p a n c i e s  i s  n o t  
1 

e v i d e n t  from t h e s e  s t u d i e s .  

From a p h y s i o l o g i c a l  p e r s p e c t i v e ,  t h e  m e t a b o l i c  r e s p o n s e  to  

changing  core t e m p e r a t u r e  a s  s u g g e s t e d  by ~ e n z i n ~ e r  ( F i g .  2.7 1 

seems more a c c e p t a b l e ,  a s  i t  f o l l o w s  t h e  b e l l - s h a p e d  c u r v e  w 

c h a r a c t e r i s t i c  o f  t h e  n e u r a l  d r i v e  from s k i n  c o l d  - r e c e p t o r s ,  - a t  --- -- 

t h o s e  t e m p e r a t u r e s  a s  i n d i c a t e d  i n  F i g .  2.8 ( H e n s e l ,  1976b) .  

- 9) 





SKIN 

I I 1 1 I I I I 

1 I 1 1 1 1 1 
36.4 36.6 36.8 3 kt3 - 312 314 326 2 

CRANIAL- INTERNAL TEMP b 



F i g .  2.8 : Comparison o f  t h e  a v e r a g e  s t a t i c  f r e q u e n c y  of c o l d  
f i b r e s  i n  monkeys (Dykes ,  1976;  c l o s e d  c i r c l e s )  and 

, m e t a b o l i c  r a t e  i n  man ( B e n z i n g e r ,  1969;  o p e n  c i r c les ) ,  a s  a 
f u n c t i o n  o f  s k i n  t e m p e r a t u r e .  Adapted f rom H e n s e l  ( 1 9 7 6 b ) .  





With d e c r e a s i n g  core t e m p e r a t u r e ,  t h e  i n c r e a s e  i n  oxygen  

c o n s u m p t i o n  is d i r e c t l y  r e l a t e d  to  t h e  metabolic cost  o f  

s h i v e r i n g  (H-h -- e t a l . ,  1956  ) . The o n s e t  o f  s h i v e r i n g  is 

d e p e n d e n t  o n  s k i n  t e m p e r a t u r e ,  and  w i t h  p r o g r e s s i v e  c o o l i n g  o f  
I 

t h e  core, t h e  i n t e n s i t y  i n c r e a s e s .  I n  a d u l t s ,  t h e  p a t t e r n  o f  

s h i v e r i n g  i n v o l v e s  . t h e  m u s c l e s  of t h e  n e c k ,  a b d o m i n a l  c a v i t y  and  
I 

p e c t o r a l  r e g i o n s  a n d  e v e n t u a l l y  t h e  m u s c l e s  of t h e  e x t r e m i t i e s .  

W i t h  f u r t h e r  c o o l i n g  t o w a r d s  m i l d  h y p o t h e r m i a  ( 3 5 O ~  core 

t e m p e r a t u r e ) ,  t h e r e  i s  g e n e r a l i z e d  s h i v e r i n g .  

The m e t a b o l i c  r e s p o n s e  h a s  been  shown b y  N a d e l  -- e t  a l .  

( 1 9 7 0 )  t o  b e  a  f u n c t i o n  o f  p e r i p h e r a l  c o o l i n g  a n d  r e c e n t l y ,  

P i a n t a d o s i  ( 1 9 8 1  ) i n v e s t i g a t e d  core c o o l i n g  i n  a h y p e r b a r i c  

e n v i r o n m e n t  a n d  s u g g e s t e d  t h a t  t h e  o b s e r v e d  o x y g e n  u p t a k e  i s  a  

f u n c t i o n  of  t h e  r a t e  o f  d r o p  o f  r ec ta l  t e k p e r a t u r e .  

A 1  t hough  ' i n  r a p i d  immers ion  h y p o t h e r m i a  , e l e v a t i o n s  o f  

oxygen  c o n s u m p t i o n  a re  u s u a l l y  a s s o c i a t e d  w i t h  s h i v e r i n g  
dB 

t h e r m o g e n e s i s ,  H o r v a t h  -- e t  a l .  ( 1 9 5 6 )  o b s e r v e d  i n c r e a s e s  i n  

oxygen c o n s u m p t i o n ,  V02, up t o  293 m l .  o v e r  basal  l e v e l s  b e f o r e  

t h e  o n s e t  o f  s h i v e r i n g .  The t o t a l  oxygen  d e b t  d e v e l o p e d  by  t h e i r  

s u b j e c t s  a f t e r  b e i n g  exposed  to  a m b i e n t  a i r  t e m p e r a t u r e  of -3Oc 

.was 1200  m l . ;  s u g g e s t i n g  t h a t  p a r t  of t h i s  was  r e q u i r e d  t o  pay  

t h e  d e b t  d e v e l o p e d  b y  a n a e r o b i c  m e t a b o l i s m  a n d  pa r t  o f  i t  

r e q u i r e d  to p a y  t h e  h e a t  d e b t  a c c r u e d  d u r i n g  t h e  p e r i o d  o f  c o l d  

e x p o s u r e .  



(I 

Me tab01  i c  Response  to  a  Thermal  S t i m u l u s  E x c i t i n g  P e r i p h e r a l  

P a i n  Receptors 

The m e t a b o l i c  r e s p o n s e  d u e  to  p a i n  r e c e p t o r  s t i m u l a t i o n  h a s  
- / 

n o t  been  s u b j e c t  to  much s c r u t i n y  i n  t h e r m o r e g u l a t q r y  s t u d i e s ,  

I t  i s  known t h a t  t e m p e r a t u r e  e x t r e m e s  i n v o k e  s e n s a t i o n s  o f  p a i n .  

Guyton ( 1 9 7 6 )  s u g g e s t s  t h a t  p a i n  receptors b e g i n  t o  f i r e  a t  
p 

t e m p e r a t u r e s  be low l 5 O ~  and  a b o v e  4!j0c, I f  t h e  t e m p e r a t u r e  is  

e i t h e r  d e c r e a s e d  i n  t h e  f o r m e r  c a s e ,  o r  i n c r e a s e d  i n  t h e  l a t t e r ,  

p a i n  receptor d i s c h a r g e  f r e q u e n c y  w i l l  i n c r e a s e  e x p o n e n t i a l l y  

(Guy ton ,  1 9 7 6 ) ,  p r e s u m a b l y  t o  a  p o i n t  w h e r e  t i s s u e  damage 

o c c u r s .  

I n  many cold water e x p e r i m e n t s  d i s c u s s e d ,  w a t e r  
6 

t e m p e r a t u r e s  were be low 1 5 O ~ ,  i m p l y i n g  a  d i s c h a r g e  from b o t h  - 

c o l d  and p a i n  r e c e p t o r s .  S t r e s s o r  s t i m u l i  e l i c i t i n g  p a i n  a c t  

t h r o u g h  a f f e r e n t  n e u r o n e s ,  o n  t h e  h y p o t h a l a m u s ,  c a u s i n g  a 

d i s c h a r g e  o f  c o r t i c o t r o p i n  r e l e a s i n g  f a c t o r  (CRF) and  
- 

s u b s e q u e n t l y  t h e  r e l e a s e  o f ,  a d e n o c o r t i c o t r o p i n  hormone (ACTH) 

from t h e  p i t u i t a r y  g l a n d  (Yates e t  a l . ,  1 9 8 0 ) .  It h a s  been  shown -- 
d .  

t h a t  CRF n o t  o n l y  c a u s e s  t h e  r e l e a s e  of  ACTH f r o m  t h e  p i t u i t a r y  

g l a n d ,  b u t  a l s o  s t i m u l a t e s  ACTH s y n t h e s i s  . i n  t h e  a n t e r i o r  l o b e  

o f  t h e  p i t u i t a r y   rooks a n d  Koizumi ,  1980  ) . The 

a d e n o c o r t i c o t r o p i n  hormone o n c e  r e l e a s e d ,  s t i m u l a t e s  ' t h e  

s e c r e t i o n  o f  e p i n e p h r i n e  f r 0 . m  t h e  a d r e n a l  c o r t e x ,  t h e  r e s p o n s e  

b e i n g  d e p e n d e n t  upon b l o o d  g l u c o s e  l e v e l s  ( H o k f e l t ,  1951;  Duner ,  
. 

1953;  E u l e r  and  Folkow,  1 9 5 3 ) .  Modera t e  s e c r e t i o n  o f  e p i n e p h r i n e  



h a s  been  found  to  e l i c i t  e x t e n s i v e  m e t a b o l i c  effects  i n  s k e l e t a l  
- - 

I 

m u s c l e  and  l i v e r  c e l l s  ( C e l a n d e r ,  1 9 5 3 ,  1954 ;  E u l e r ,  1953  ) . 
-- - - 

a n d  l i v e r  (Folkow,  1955  1 , t h e  r e s p o n s e  to h i g h e r  c o n c e n t r a t i o n s  

i s  v a s o c o n s t r i c t i o n .  The v a s o c o n s t r i c t o r  t o n e  d u e  to  h i g h  

e p i n e p h r i n e  c o n c e n t r a t i o n s  i s  f o l l o w e d  by a p r o l o n g e d  

v a s o d i l a t o r y  e f f e c t  ( B a r c r o f t  a n d  Swan, 1 9 5 3  ) , s u c q e s t e d  to  . b e  

s e c o n d a r y  t o  t h e -  m e t a b o l i c  e f f e c t  o f  e p i n e p h r i n e  o n  s k e l e t a l  
ir 

m u s c l e .  A s  e p i n e p h r i n e  s t i m u l a t e s  c a r b o h y d r a t e  a n d  l i p i d  

m e t a b o l i s m ,  t h e r e  w i l l  b e  a  r e s u l t a n t  i n c r e a s e  i n  l a c t i c  a c i d  
d 

l e v e l s ,  Due to  t h e  i n t e n s e  v a s o c o n s t r i c t i n g  a c t i o n  of 

e p i n e p h r i n e ,  l a c t i c  a c i d  washou t  f r o m  t h e  m u s c l e s  w i l l  b e  

m i n i m a l  and t h e r e  w i l l  b e  a  l o c a l  e f f e c t  of l a c t i c  a c i d  to 

d i l a t e ,  t h e  v e s s e l s  (Lundholm,  1 9 5 6 ) .  

E p i n e p h r i n e  h a s  b e e n  shown t o  h a v e  d i f f e r e n t  e f f e c t s  o n  

s m o o t h  m u s c l e  ( W h i t e  -- e t  a l . ,  1 9 7 3 ) ,  i t  i n d u c e s  c o n t r a c t i o n  o f  

t h e  i l e o c a l  and p y l o r i c  s p h i n c t e r s ,  r e l a x a t i o n  o f  

g a s t r o i n t e s t i n a l  t r a c t  a n d  d i l a t i o n  of b r o n c h i a l  m u s c u l a t u r e .  

~ o r e p i n e p h r  i n e ,  i n  c o n t r a s t ,  e x e r t s  weake r  s t i m u l i .  

The a c t i o n  of e p i n e p h r i n e  d u r i n g  e x t r e m e  c o l d  e x p o s u r e  may 

t h e r e f o r e  b e  q u i t e  p r o m i n e n t  i n  terms of o x y g e n  c o n s u m p t i o n .  

E p i n e p h r i n e  promo.kes g l y c o g e n o l y s i s  i n  m u s c l e  and  1 i v e r  , 
- - - 
"_  r e s d l t i n g  i n  e l e v a t i o n  o f  t h e  b l o o d  g l u c o s e  l e v e l  and l a c t i c  

a c i d  l e v e l s .  T h e r e  is a c o n c o m i t a n t  20 - 4 0 %  i n c r e a s e  i n  oxygen  

c o n s u m p t i o n  i n  man ( W h i t e  -- e t  a 1  ., 1 9 7 3 )  w i t h  e v e n  g r e a t e r  

i n c r e a s e s  i n  c a r b o n  d i o x i d e  p r o d u c t i o n ,  t h u s  e l e v a t i n g  t h e  

A l t h o u g h  l o w  l e v e l s  o f  e p i n e p h r i n e  d i l a t e  v e s s e l s  of t h e  m u s c l e s  
\ 
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r e s p i r a t o r y  q u o t i e n t .  

, E p i n e p h r i n e  a l s o  h a s  a p r o f o u n d  e f f e c t  o n  l i p i d  m e t a b o l i s m ,  . - 

r e s u l t i n g  i n  i n c r e a s e d  oxygen  u t i l i z a t i o n .  I n  c o n t r a s t ,  t h e  

- i n f l u e n c e  o f  n o r e p i n e p h r i n e  o n  c a r b o h y d r a t e  and  l i p i d  m e t a b o l i s m  
I 

is o n l y  a  f r a c t i o n  of t h a t  o f  e p i n e p h r i n e .  * I 
L 

The o n s e t  of e l e v a t i o n s  i n  m e t a b o l i c  r a t e  d u e  t o  p a i n  

r e c e p t ~ r  s t i m u l a t i o n  c a n  o n l y  b e  s p e c u l a t i v e ,  a s  t h e r e  is . 
i n s u f f i c i e n t  e v i d e n c e  a v a i l a b l e .  A t a b l e  o f  t i m e  c o n s t a n t s  f o r  

t h e  s e p a r a t e  p a t h w a y s  i n  t h i s  system h a s  b e e n  r e p o r t e d  by Y a t e s  

e t  a 1 .  - ( 1 9 8 0 )  and  p r e s e n t e d  i n  T a b l e  2.1. The t i m e  c o n s t a n t s  f a r  -- 

n e u r a l  s t i m u l a t i o n  of CRH release,  CRH s t i m u l a t i o n  o f  ACTH 

r e l e a s e  and  t h e  d e l a y  i n  a d r e n a l  r e s p o n s e  t o  ACTH a r e  a l l  be low 

o n e  m i n u t e .  T a k i n g  i n t o  a c c o u n t  t h a t  t h e  c i r c u l a t i o n  t i m e  for  

hormones i n  b l o o d  is less  t h a n  1 5  s e c o n d s ,  t h e  t o t a l  

s t i m u l u s - r e s p o n s e  t i m e  c o u l d  p o s s i b l y  b e  l e s s  t h a n  f o u r  m i n u t e s .  
b 

The q u e s t i o n  r e m a i n s  a s  t o  t h e  c o n t r i b u t i o n  of t h i s  mechanism to  
- - - - 

t h e  m e t a b o l i c  r e s p o n s e  o b s e r v e d  d u r i n g  ' c o l d  water . immers ion .  

Does t h i s  r e s p o n s e  c o n t r i b u t e  t o  t h e  i n i t i a l  m e t a b o l i c  o v e r s h o o t  

a t  t h e  o n s e t  o f  i m m e r s i o n ,  t h o u g h t  t o  b e  m a i n l y  a  r e s u l t  o f  a 

. p e r i p h e r a l  c o o l i n g  r a te ,  or is i t  i n v o l v e d  ' i n  t h e  l a t e r  

- e l e v a t i o n s  i n  m e t a b o l i c  r a t e ,  a s s o c i a t e d  u s u a l l y  w i t h  core 

c o o l i n g ?  



Table  2 . 1  : Time domains  i n  a d r e n a l  g l u c o c o r t i c o i d  system - - 

(adapted from Y a t e s  e t  a l . ,  1 9 8 1 ) .  -- 



- - - -- - - - -- - -- 

Estimated l o n g e s t  (dominant) ' *  
time c o n s t a n t  

Process  

ACTH metabolism min. 

Delay i n  ad r ena l  

response to  ACTH min. 

C W  s t imu la t i on  of 

ACTH r e l e a s e  mfn, ' 

Neural s t i m u l a t i o n  

o r  i n h i b i t i o n  of"  CRH 

r e l e a s e  min. 

C i r c u l a t i o n  t i m e  f o r  

hormones i n  'blood 

Binding of c o r t i c o -  

s t e r o i d s  by plasma 
- - 

p r o t e i n s  sec.  

t h e  time requ i r ed  f o r  a p rocess  t o  r e a c h  62.3% complet ion,  

a va lue  equal  t o  t h e  f r a c t i o n  (1 - l / e ) ;  vagues w i l l  
- --- -- -- - - - -  - - -- - - - - -- - - - 

depend on spec ies .  and sometimes on t h e  s e x  of t h e  sub j ec t .  

T* d 4 - = r *  -mates *r -eir&. 

from P a t e s  e t  a l . ,  1980) t -- 
I 

* - 
(adapted 



M e t a b o l i c  Response  to P r o l o n g e d  E x p o s u r e s  t o  a Cold S t i m u l u s  - 

I n f o r m a t i o n  o n  t h e  e f f e c t  of p r o l o n g e d  c o l d  w a t e r  immers ion  

i n  humans is  s p a r s e  and  is  m a i n l y  c o n t a i n e d  w i t h i n  c a s e  

h i ' s t o r i e s  o f  h y p o t h e r m i a  a c c i d e n t s ,  m a r i t i m e  d i s a s t e r s  and  
- 

reports o n  t h e  N a z i  e x p e r i m e n t s .  S h i v e r i n g  t h e r m o g e n e s i s  i s  

r e p o r t e d  to b e  a b o l  i s h e d  a t  a p p r o x i m a t e l y  3 2 O ~  core t e m p e r a t u r e  , 

F i g .  2.4,  l e a d i n g  to a r e d u c t i o n  i n  o x y g e n  c o n s u m p t i o n .  A t  

e x t r e m e l y  l o w  core t e m p e r a t u r e s ,  m u s c l e  r i g i d i t y  becomes 

p r e d o m i n a n t  ( k c l e a n  and Ems1  ie-Smi t h ,  1 9 7 7  ) . . 

Cold A d a p t a t i o n  - 

. 
Man is o f t e n  te rmed a ' tropical a n i m a l ( ' ,  f n f e r r i r r g  h e  c o u l d  , 

o n l y  s u r v i v e  c o m f o r t a b l y  w i t h o u t  p r o t e c t i o n  from t h e  e n v i r o n m e n t  

\ 
, i n  warm, m o d e r a t e l y  humid c l i m a t e s .  The f a c t  t h a t  man h a s  b e e n  

a b l e  to  p o p u l a t e  a r e a s ,  v a s t l y  d i v e r s e  i n  t h e i r  a m b i e n t  

c o n d i t i o n s ,  d e m o n s t r a  tep h i s  t h e r m a l  a d a p t a b i l i t y .  The s t a n d a r d  

method of d e m o n s t r a t i n  A a d a p t a t i o n  of man t o  a c h r o i i c  8 o l d  - -  ,- 

- ,I : * \  ' -  
e x p o s u r e  is t o  g a u g e  t h e  c h a n g e s  i n  p h y s i o l o g i c a l  par .amkters  : :," . 9 

4 ; * . I  , 

-. 
f rom p r e -  t o  p o s t - e x p o s u r e  to  t h e  " c s l i 3  env i ronmenk .  . q 

C P -  - - -  - -  - L  - 
L-- - - - - - - -- - 

* h 

v- "..* * ' ) 5 
The b e n e f i t s  of b e h a v i o u r a l  Goadapta-ti20n to ac@k~~,:&old * .  

. - -  
. u y  E 

7.  . - - 
: 2 - , $ -  9 * 

e x p o s u r e s  h a v e  b e e n  r e p o r t e d  by: qayward  e t  a l .  A ( ) * 9 t ~ ~ ) z  :bey 
i 

-- ' . 
' i  F , +  . . ? "  

. a  
4 

/ \  - 
found t h a t  d u r i n g  &u<e k o l i  water i m m & s i o ; l ;  c b o l i n g v  ' ~ & e ,  I Y 

, . 
, - F ;  % s . i .( < 

s i g n i f i c a n t l y  reduced ' ,  if . i n d i v i d u a l s  m a i n t a i n e d  ad  l 'embr 
- 9 > ,  3 .. - %J 



p o s i t i o n ' ,  t h u s  d e c r e a s i n g  h e a t  loss f r o m  h i g h  h e a t  loss  a r e a s ,  

s u c h  a s  t h e  s i d e  o f l  t h e  c h e s t  and g r o i n .  

A s t r i k i n g  example o f  b e h a v i o u r a l  a d a p t a t i o n ,  i s  t h e  
.s , 

c l o t h i n g  worn by Eskimos ( F o l k ,  1 9 7 4 ) .  T h e i r  p a r k a s  a r e  d e s i g n e d  

to  m a i n t a i n  a  f a i r l y  warm m i c r o c l i m a t e .  I f  heavy  work is  
6 

r e q u i r e d ,  i t  can  b e  m o d i f i e d  t o  p e r m i t  a  c i r c u l a t i o n  o f  a i r ,  

t h u s  p r e v e n t i n g  c o n d e n s a t i o n  and a  r ise  i n  t e m p e r a t u r e  o f  t h e  

m i c r o c l i m a t e .  

S c h o l a n d e r  e t  a l .  (1958)  h a v e  o b s e r v e d  s i g n i f i c a n t  -- 

p h y s i o l o g i c a l  changes  i n  a  g r o u p  o f  young men exposed to  a  

c h r o n i c  c o l d  stress - f o r  s e v e r a l  weeks ,  i n  t h e  Norwegian 

mounta ins .  The a d a p t a t i o n  h a s  been a t t r i b u t e d  t o  m i l d l y  v i g o r o u s  

a c t i v i t i e s  o f  t h e s e  i n d i v i d u a l s  . d u r i n g  t h e  d a y t i m e .  A 1  though t h e  r+ 

l e v e l  of  a c t i v i t i e s  was n o t  m o n i t o r e d ,  i t  c a n  b e  a rgued  t h a t  

t h e s e  i n d i v i d u a l s  a t t e m p t e d  to  m a i n t a i n  t h e r m a l  cam•’ o r t  by 

i n c r e a s i n g  h e a t  p r o d u c t i o n  t h r o u g h  t h e i r  p h y s i c a l  a c t i v i t i e s ,  
- - - - - - 

s i n c e  t h e y '  were r e s t r i c t e d  from w e a r i n g  warm c l o t h i n g .  

The t r e n d  i n  t h i s  t y p e  o f  a d a p t a t i o n  is t o  a c h i e v e  a  l e v e l  

, 
t h e r m a l  c o m f o r t  which i s  t o l e r a b l e .  S c h o l a n d e r  e t  a l .  L 1 9 5 b  -- 
> ,  

have  found t h a t ,  a 1  though t h e  i n t e n s i t y  o f  s h i v e r i n g  d e c r e a s e d  

d u r i n g  s l e e p  o v e r  t h e  c h r o n i c  e x p o s u r e ,  a f t e r  t h e  
d 

a c c l i m a t i z a t i o n  was e s t a b l i s h e d ,  t h e  s u b j e c t s  t o l e r a t e d  t h i s  

a c t i v i t y  and t h e i r  sleep w a s  n o t  d i s t u r b e d  by i t .  

C r ,  , 

I n  compar i son ,  t h e  A u s t r a l i a n  A b o r i g i n e s  do n o t  show 

s iqfj$fican't c h a n g e s  i n  metab02 i~ r a t e  (Bensel et as., 1973+, -but - -- 
% & -  

a a l l o w  + t h e i r  s k i n  t e m p e r a t u r e s  t o  d r o p  c o n s i d e r a b l y  lower t h a n  



t h e i r  c o u n t e r p a r t  w h i t e  c o n t r o l s ,  t h u s  e s t a b l i s h i n g  a much 
\ 

g r e a t e r  A s u l a t i v e  l a y e r .  The l a c k  o f  m e t a b o l i c  r e s p o n s e  i n  t h e  
\ 

A u s t r a l i a n  h a t i v e s ,  c a u s e s  t h e i r  core t e m p e r a t u r e  t o  d r o p  t o  

m i l d l y  hypo the rmic  l e v e l s .  T h e i r  a d a p t a t i o n  is t h e r e f o r e  o n e  o f  

whereby t h e  i n s u l a t i v e  l a y e r  is 

i n c r e a s e d  and d e c r e a s e d  body t e m p e r a t u r e  is t o l e r a t e d .  
b 

\ 

I n  cold .  a c c l  ima t'i zed i n d i v i d u a l s ,  s u c h  a s  t h e  Korean ama 
r, 

H. 
(Hong, 1 9 6 3 ) ,  t h e  f o r  s h i v e r i n g  is  s i g n i f i c a n t l y  

\ reduced to  lower core t e m p e r a t u r e s .  T h i s  h a s  a l s o  been obkerved 

i n  l a b o r a t o r y  a c c l i m a t i z e d  gui,nea p i g s  (Bruck  and  Wunnenberg , 

Banet  -- e t  a l .  ( 1 9 7 8 )  o b s e r v e d  t h a t  p r o l o n g e d  i n t e r m i t t e n t  
L 

exposure  o f  r a t s  t o  c o l d  e n v i r o n m e n t s  o f f s e t  t h e  m e t a b o l i c  r a t e  

t o  h i g h e r  v a l u e s .  The magni tude  o f  t h e  s h i f t  i n  m e t a b o l i c  r a t e  
" 

towards h i g h e r  v a l u e s  was c o n s t a n t  f o r  a r a n g e  o f  ambie'nt 

t e m p e r a t u r e s ,  a s  i l l u s t r a t e d  i n  F i g .  2.9. However, 
- 

s p i n a l  co rd  was s u b j e c t e d  t o  p r o l a n g e d  i n  t e r m i t t e n  

t h e r e  was a n  i n c r e a s e  i n  t h e  g a i n  o f  t h e  m e t a b o l i c  r e s p o n s e .  

T h i s  i s  o b s e r v e d  a s  g r e a t e r  i n c r e a s e s  i n  m e t a b o l i c  r a t e  a t  lower ' o  

ambient  t e m p e r a t u r e s  . ' . .- 1 
0 

1 \ o  

A d a p t a t i o n s  t o  c o l d  stress h a v e  a l s o  been o b s e r v e d  i n  

l o c a l i z e d  a r e a s  o f  t h e  body. Immersing t h e  hand i n  cold w a t e r  

* i n c r e a s e s  s y s t o l i c  and d i a s t o l i c  preksde,  & a r t  r a t e  and - -- 

L 
I 

d e c r e a s e s  t h e  s k i n  t e m p e r a t u r e  lLe B l a n c ,  19731, If the + 

t e m p e r a t u r e  o f  t h e  w a t e r  i s  close to  f r e e z i n g ,  t h e  h u n t i n g  

r e f l e x  ( d i s c u s s e d  e a r l i e r )  w i l l  b e  e l i c i t e d .  I n  normal  . 
i c 



F i g .  2 . 9  : Average  oxygen  consumption  a t  v a r i o u s  t e m p e r a t u r e s  i n  
r a t s  a • ’ t e r  p r o l o n g e d  i n t e r m i t t e n t  s p i n a l  c o r d  c o o l i n g  
( c l o s e d  c i rc les ) ,  a f t e r  pro longed  i n t e r m i t t e h t  e x p o s u r e  to 
c o l d  a m b i e n t s  (open  c irc les)  and i n  c o n t r o l ~ s  ( o p e n  

- t r i a n g l e s ) .  From Banet  e t  a l .  ( 1 9 7 8 ) .  -- 4 



Ambient temperature ('C) 
2 

7 



i n d i v i d u a l s ,  s u c h  a n  immersion would a l s o  , i n d u c e  a  s e n s a t i o n  o f  
- - 

p a i n .  The a b o v e  r e s p o n s e s  were o b s e r v e d  i n  Gaspe f i s h e r m e n  

fLeBlanc  -- e t  a1 ., 1 9 7 5 )  and a c c l i m a t i z e d  i n d i v i d u a l s  ( L e  B lanc  

and P o t v i n ,  1 9 6 6 )  and  compared to  t h e  r e s p o n s e s  of 

u n a c c l i m a t i z e d  i n d i v i d u a l s .  The r e s u l t s  o f  t h e  . c o m p a r i s o n s  o f  

t h e s e  r e s p o n s e s  a r e  s i m i l a r ;  a c c l i m a t i z e d  i n d i v i d u a l s  were 

o b s e r v e d  to h a v e  l o w e r  d i a s t o l i c  and s y s t o l i c  p r e s s u r e s ,  a s  w e l l  

a s  h e a r t  r a t e s ,  i n  r e s p o n s e  to c o l d  w a t e r  i m m  r s i o n ,  t h a n  t h e  0 
u n a c c l  i m a t i z e d  i n d i v i d u a l s  u n d e r g o i n g  t h e  same hand immersion 

t r i a l s .  

Le B lanc  ( 1 9 7 5 )  a l s o  compared t h e  s y s t o l i c  p r e s s u r e s  d u r i n g  

a  hand immersion test  of Eskimg a d u l t s  and  c h i l d r e n  w i t h  a 

c o n t r o l  g r o u p  o f  w h i t e  men. H i s  r e s u l t s  i n d i c a t e  n o  s u b s t a n t i a l  

d i f f e r e n c e s  wi the in  t h e  Eskimo g r o u p ,  however  t h e  c o n t r o l  g r o u p  . ' .  

had marked ly  h i g h e r  s y s t o l i c  b l o o d  p r e s s u r e s  t h a n  t h e  Eskimo 

I n  i n f a n t s ,  t h e  l a c k  o f  r e s p o n s e  ,o f  some e f f e c t o r  

mechanisms may be p a r t i a l l y  d u e  to t h e  f a c t  t h a t  t h e  

t h e r m o r e g u l a t o r y  s y s t e m  a s  w e l l  a s  o t h e r  n e u r a l  s t r u c t u r e s  are  

s t i l l  i n  . t h e  d e v e l o p m e n t a l  s t a g e .  D o i  and  ~ u r o s h i m a  ( 1 9 7 9 )  

i n v e s t i g a t e d  t h e  effect of c o l d  a c c l i m a t i z t i o n  -, of i n f a n t  r a t s ,  

o n  t h e i r '  thermogen ic r e s p o n s e  i n  a d u l t h o o d  . They found  t h a t  

i n f a n t  r a t s  exposed  for t w o  weeks t o  XiOc a m b i e n t  a i r  f o u r  h o u r s  

d a i l y  , showed s i g n s  of a c c l i m a  ti za t i a n  18 w e e k s  post Bpusur_e,- 
i 

when compared to  - c o n t r o l s  t a k e n  - f r o m  - - -  t h e  - -  same l i t t e r .  When +- --- - - 

comparing r a t s  a c c l i m a t i z e d  i n  i n f a n c y  and  r a t s  a c c l i m a t i z e d  i n  



a d u l  t h o d  , t h e y  o b s e r v e d  t h a t  t h e  r a t s  a c c l  ima ti zed i n  a d u l t h o o d  
- 

o n l y  r e t a i n e d  s i g n s  o f  a c c l i m a t i z a t i o n  4 weeks post a d a p t a t i o n .  

The r a t s  a c c l i m a t i z e d  i n  i n f a n c y  e x h i b i t e d  an i n h i b i t i o n  of 

s h i v e r i n g  the r rnogenes i s .  They p o s t u l a t e d  t h a t  c o l d  e x p o s u r e  i n  

i n f a n c y  c o i n c i d e d  w i t h  t h e  d e v e l o p m e n t  o f  h y p o t h a l a m i c  c e n t r e s .  

The c o l d  e x p o s u r e  may h a v e  a c c e l e r a t e d  myel  i n i z a  t i o n  o f  n e u r a l  

f i b r e s  and  s u b s e q u e n t l y  a f a s t e r  d e v e l o p m e n t  o f  t h e  

. t h e r m o r e g u l a t o r y  s y s t e m ,  T h i s  h a s  been  o b s e r v e d  by  Buchanan and 

H i l l  ( 1 9 4 7 )  who n o t e d  t h a t  t h e  d e v e l o p m e n t  o f  t h e  

t h e r m o r e g u l a t o r y  - s y s t e m  c o i n c i d e s  w i t h  enhanced  m y e l i n a t i o n  o f  
- 

t h e  h y p ~ t h a l a m u s .  D o i  and  Kuroshima ( 1 9 7 9 )  a l s o  s u g g e s t @  t h a t  

t h e  c o l d  stress may e n h a n c e  t h e  h y p o t h a l a m u s - p i t u i t a r y -  a d r e n a l  

r e s p o n s e ,  t h u s  i n c r e a s i n g  t h e  a c t i v i t y  o f  t h e  

e p i n e p h r i n e - s y n t h e s i z i n g  sys t em.  The s e n s i t i v i t y  t o  ACTH and 

g l u c o c o r t i c o i d s  may be g r e a t e r  i n  i n f a n c y ,  g r a d u a l l y  d e c l  i n i n g  - 
towards a d u l  tho&. t h u s  m a i n t a i n i n g  h i g h e r - - 2 e v e l s  of +c t ivi+y- a s  

a  r e s u l t  o f  c o l d  e x p o s u r e  i n  i n f a n c y .  

A d a p t a t i o n s  t o  c o l d  s p a n n i n g  s e v e r a l  g e n e r a t i o n s  would h 

e v o l v e  i n t o  g e n e t i c  a d a p t a t i o n s  t o  c o l d .   his t y p e  of a d a p t a t i o n  

would have  t h e  slowest t i m e  c o n s t a n t  a n d  would i n v o l v e  s e v e r a l  

g e n e r a t i o n s  ( H e n s e l ,  l 9 8 2 ) ,  t h e r e f o r e  b e i n g  t h e  m o s t  d i f f i c u l t  

t o  q u a n t i f y ,  



IV.  ~ h e r m o r e g u l a t i o n  Models 

Numerous a t t e m p t s  h a v e  b e e n  made t o  s i m u l a t e  t h e  

m a i n t e n a n c e  of n o m o t h e r m i a  i n  humans. I n i t i a l l y ,  t h e  main 

emphas i s  was t o  e s t a b l  i s h  e q u a t i o n s  g o v e r n i n g  t h e  

s t i m u l u s - r e s p o n s e  re la  t i o n s h i p  o f  t h e  human t h e r m o r e g u l a t o r y  

e f f e c t o r  mechanisms. T h i s  a l l o w e d  f o r  v a r i o u s  p r e d i c t i o n s  o f  

c o o l i n g  rate (Hayward e t  a 1  ,, l 9 7 S a ) ,  s u r v i v a l  t i m e  (Molna r ,  -- 4 
1 9 5 6 )  and m e t a b o l i c  r e s p o n s e  (Hayward e t  a1 ., l 9 7 7 ) ,  g i v e n  a  -- 
c e r t a i n  t e m p e r a t u r e  o f  w a t e r  , 

Hardy (1972 ) s u g g e s t s  t h a t  v a r i o u s  ' v e r b a l  ' and ' p i c t o r i a l  ' 
t 

mcde ls  were f i r s t  a t t e m p t s  o f  m o d e l l  i n g  " tKermoregu la t ion .  The 
h 

i n t e n s i f i e d  r e s e a r c h  i n  t h e  a r e a  o v e r  t h e  l a s t  few d e c a d e s  h a s  

g i v e n  rise to  numerous mode l s .  These  mode l s  s i m u l a t e  t h e  human 
- - - - - - - - - - -- - - - - - - - -- - 

t h e r m o s t a t  a s  a  complex c o n t r o l  s y s t e m ,  w i t h  m u l t i p l e  i n p u t  

s i g n a l s .  I n  c o n t r a s t ,  s t i m u l u s - r e s p o n s e  e q u a t i o n s  d o  n o t  a t t e m p t  

t o  a n a l y s e  t h e  i n d i v i d u a l  n e t w o r k s  comp<ising t h e  

t h e r m o r e g u l a t o r y  s y s t e m ,  b u t  i n  t h e  s i m p l e s t  fo rm,  d e r i v e  

r e g r e s s i o n  e q u a t i o n s  f rom e m p i r i c a l  s t i m u l u s - r e s p o n s e  d a t a  . 



St imulus-Response  E q u a t i o n s  - 
From numerous reports of s u r v i v a l  a f t e r  l o n g  t e r m  e x p o s u r e  

i n  c o l d  w a t e r ,  a s  a  r e s u l t  of m a r i t i m e  d i s a s t e r s ,  Molnar  ( 1 9 5 6 )  

c o n s t r u c t e d  a  se t  of t a b l e s  p r e d i c t i n g  t h e  p r o b a b i l i t y  o f  

s u r v i v a l  i n  v a r i o u s  water t e m p e r a t u r e s ,  S i n c e  h i s  c h a r t  i s  a  

g r a p h i c a l  r e p r e s e n t a t i o n  o f  t h e  i n  forma t i o n  o n  s u r v i v a l  t i m e s  

a v a i l a b l e ,  i t  i s  n o t  n e c e s s a r i l y  i n d i c a t i v e  o f  t h e  g e n e r a l  

p o p u l a t i o n ,  I t  would b e  r e p r e s e n t a t i v e  o f  t h e  i n d i v i d u a l s  who 

s G v i v e d  a  c e r t a i n  e x p o s u r e  t i m e ,  d i s r e g a r d i n g  t h e  number who 
-- -- 

-- 

per-haps  succumbed to  t h e  e x p o s u r e .  One anomaly o f  h i s  c h a r t  is 

t h e  p r e d i c t i o n  o f  s u r v i v a l  f o r  i n f i n i t e  e x p o s u r e  t i m e  i n  w a t e r s  

df 23.8* C ( ~ 5 ~  F)  t e m p e r a t u r e .  Beckman -- e t  a l .  ( 1 9 6 6 )  obse rvgd  

e x p e r i m e n t a l l y  t h a t  t h e i r  s u b j e c t s  c o u l d  t o l e r a t e  a w a t e r  

0 
t e m p e r a t u r e  o f  75 F f o r  o n l y  a n  a v e r a g e  o f  8.1 h o u r s .  The 

> 

tolerance c h a r t s  for- p r e d i c ~ n g c u r v _ i w l i n - c o l h W r  and>•’ e 

r a f t  e x p o s u r e s  h a v e  r e c e n t l y  b e e n  upda t ed  by H a l l  ( 1 9 7 2 ) .  I n  t h e  

c o n s t r u c t i o n  o f  water immersion t o l e r a n c e  normograms , H a l l  

accoun ted  f o r  t h e  d e c r e a s e  i n  t h e r m a l  i n s u l a t i o n  d u e  to  w e t t i n g  

and h y d r o s t a t i c  p r e s s u r e  i n  c l o t h e d  s u b j e c t s .  
f 

The a b o v e  m e n t i o n e d  n o m o g r a m s  a r e  a  g r o s s  g e n e r a l i z a t i o n  

anb a r e  p e r h a p s  i n d i c a t i v e  o f  t h e  r k s p o n s e  o f  a small 

p o p u l a t i o n .  The i n d i v i d u a l  d i f f e r e n c e s  i n  s u r v i v a l  t i m e  a r e  

e v i d e n t  f rom f i n d i n g s  a•’ X e a t i n g e  C1960), who found- a - E ? j k p  - - 

correlation between the m T - i ; r r g   rat^ of recta2 

t h e  r e c i p r o c a l  o f  t h e  s k i n f o l d  t h i c k n e s s .  To a c c o u n t  f o r  body 
... 



size and body c o m p o s i t i o n ,  S l o a n  and K e a t i n g e  (197_2) a c c o u n t e d  

f o r  s u r f a c e - a r e a / m a s s  r a t i o  i n  a d d i t i o n  to  the s k i n f o l d  

t h i c k n e s s  and  found  improvement when c o r r e l a t i n g  t h e s e  p a r m e t e r s  

t o  c o r e  c o o l i n g  r a t e ,  Smi th  and  Barnes ( 1 9 6 2 )  s u g g e s t e d  t h a t  f 

e q u a t i o n s  d e a l i n g  w i t h  h e a t  loss t o  t h e  e n v i r o n m e n t ,  s h o u l d  

i n c o r p o r a t e  s u r f a c e  a r e a  a s  w e l l  a s  i n s u l a t i v e  v a l u e s  o f  t h e  

c l o t h i n g .  

Hayward -- e t  a l .  ( 1 9 7 5 a )  d e r i v e d  a  s e t  o f  e q u a t i o n s  from 

t h e i r  immersion s t u d i e s  r e l a t i n g  s u r v i v a l  t i m e  w i t h  w a t e r  

t e m p e r a t u r e  and s i m i l a r l y  p r e d i c t i n g  cool ing r a t e  o f  r e c t a l  - 

t e m p e r a t u r e ,  Hayward -- e t  a l .  ( 1 9 7 8 )  a l s o  d e v e l o p e d  e q u a t i o n s  t o  

i n c l u d e  terms r e l a t e d  t o  s u b j e c t  s o m a t o t y p e .  They  found  a  h i g h  

c o r r e l a t i o n  be tween  cool i -*e and  s u b j e c t s  ' e c t o m o r p h i c  T 
component.  The c o r r e l a t i o n  was h i g h e r  when i n c l u d i n g  a l l  t h r e e  

components  o f  t h e  soma to type  i n  a r a t i o ,  Hayward e t  a l .  d i d  not -- 
however & c o r p o r a t e  t h e  water t e r n p e m t u r e  arrti--somatotype 

components  i n t o  o n e  model ,  t o  p r e d i c t  core c o o l i n g  r a t e .  

As d i s c u s s e d  e a r l i e r ,  s h i v e r i n g  t h e r m o g e n e s i s  is a  rma jor 

r e s p o n s e  to c o r e  cool i n g  , e v i d e n c e d  by v i s i b l e  i n v o l u n t a r y  

m u s c u l a r  c o n t r a c t i o n s  and  i n c r e a s e d  oxyg u p t a k e .  S i n c e  

immersion i n  w a t e r  af f e c t s  p e r i p h e r a l  an c? core t e p e r a t u r e ,  

s e v e r a l  s t u d i e s  have a t t e m p t e d  to  r e l a t e  metabol i c  p r o c e s s e s  

w i t h  p e r i p h e r a l  and care t e m p e r a t u r e ,  B u r t o n  ( 1934 ) a p p l  ied t h e  
- - -- - -- - - 

theories o f  h e a t  flow t o  p e d i c t  energy metabolism f r o m  a bcdy  

sub-jectea €0 env l ronEienta1 extremes, E s  F e d  i c  tions i n c o r p o r a t e  

i n t e r n a l  body and a m d i e n t  t e m p e r a t u r e  a s  w e l l  a s  a n  i n d e x  o f  



i n s u l a t i o n ,  B u r t o n  e m p h a s i z e s  t h e  imp=tbllc= of_ 

k i n a n t h r o p o m e t r  ic  v a r i a b l e s  of s i z e ,  a g e  and  s e x  i n  d e t e r m i n i n g  

t h e  e n e r g y  me tabo l i sm o f  humans. B u r t o n ' s  a n a l y s i s  d e a l s  m a i n l y  

w i t h  s t a b r e  c o n d i t i o n s  and d o e s  n o t  d e a l  s p e c i f i c a l l y  w i t h  

t e m p e r a t u r e  e x t r e m e s  and  w a t e r  immersion.  . 

With t h e  deve lopmen t  o f  t h e  ' s e t - p o i n t '  t h e o r y  o f  
- 

t h e r m o r e g u l a t i o n ,  s e v e r a l  a u t h o r s  a t t e m p t e d  r e l a t i n g  e n e r g y  - 

-- 

metabo l i sm i n  r e s p o n s e  to  c o l d  e x p o s u r e  by s i m u l a t i n g  t h e  

o p e r a t i o n  o f  o n e  o r  more t h e r m o s t a t s  i n  p a r a l l e l .  I n  e s s e n c e ,  '1 

t h e  s e t  p o i n t  t h e o r y  I B a z e t t ,  1949; Hammel -- e t  al,, 1963; - - 

Vendr ik ,  1 9 5 9 )  s u g g e s t s  t h a t  o b s e r v e d  r e s p o n s e s  t o  a  change  i n  

e n v i r o n m e n t a l  t e m p e r a t u r e  a r e  a  f u n c t i o n  of t h ~  d e v i a t i o n  of t h e  

t e m p e r a t u r e  f rom a  2e t p o i n t  t e m p e r a t u r e .  To a c c o u n t  f o r  

me tabo l  i c  r e s p o n s e s  o b s e r v e d  by c h a n g i n g  s k i n  t e m p e r a t u r e  w i t h  

s t e a d y  s t a t e  c o r e  t e m p e r a t u r e ,  a n d  c h a n g i n g  core t e m p e r a t u r e  

w i t h  constant s k m  t e m p e r a t u r e  , - - t h e  e x  kstence-Gff twCse€-pc- in~s 

was h y p o t h e s i z e d  (Hammel -- e t  a 1  ., 1 9 6 3 ) ,  a s  shown i n  E q u a t i o n  2.1 

where,  
I 

R = r e s p o n s e  
- -  - - -- - - - - - 

a ,  b  = p r o p o r t i o n a l i t y  c o n s t a n t s  f o r  h e a t  d i s s i p a t i n g  and h e a t  
- 

c o n s e r v i n g  mechanisms. 

Th = h y p o t h a l a m i c  tempe(a ture  



T s  = mean skin t empera tu re -  -- - ----, - -- - 

I ,  
Tho = r e f e r e n c e  hypothalamic  t e m p e r a t u r e  = 37'C 

TsO = r e f e r e n c e  s k i n  t e m p e r a t u r e  = 33•‹C 
t 

Whether t h e  c o r e  and e r i p h e r a l  t e rms  a r e  a d d i t i v e  or  

- - 

P 
mu1 t i p l i c a t i v e  i s  h y p o t h e t i c a l .  For  m e t a b o l i c  r a t e s  above 

r e s t i n g  v a l u e s ,  a~  m u l t i p l i c a t i v e  r e l a t i o n s h i p  h a s  been sugges ted  

by S t o l w i j k  and Hardy ( 66 and ~ a ~ w a r d  e t  a l .  ( 1 9 7 7 ) .  J e s s e n  1.3 -- 
and Ludwig (1931)  obse rved  e x p e ~ i r n e n t a l l y  t h a t  the rmal  s i g n a l s  - - -  - 

0 

g e n e r a t e d  i n  t h e  s p i n a l  cord  and hypothalamus Are a d d i t i v e ,  t o  

r e s u l t  i n  a  combined e f f e c t o r  mechanism s u c h  a s  r e s p i r a t o r y  

e v a p o r a t i v e  h e a t  loss  and h e a t  p r o d u c t i o n .  , 

There is a l s o  no s t a n d a r d i z a t i o n  f o r  t h e  v a l u e s  o f  t h e  two 

set p o i n t  t e m p e r a t u r e s  and p r o p o r t i o n a l  t y  c o n s t a n t s ,  

r e s o l v e d  w i t h  more p h y s i o l o g i c a l  e v i d e n c e  and a  more adequa te  

e x p l a n a t i o n  o f  a n  a d j u s t a b l e  set p o i n t ,  

Nadel -- e t  a l .  (1970)  s u g g e s t  t h e  i n c l u s i o n  o f  a n  a d d i t i o n a l  

p e r i p h e r a l  t e r m ,  which cou ld  a c c o u n t  f o r  i n c r e a s e d  response  to 

p e r i p h e r a l  s t i m u l i  w i t h o u t  c o r e  t e m p e r a t u r e  changes .  

The above s t u d i e s  d e a l  ma in ly  w i t h  s i t u a t i o n s  o f  c o l d  wa te r  

immersion. Timbal -- e t  a l .  (1976a,  1976b)  compared t h e  m e t a b o l i c  
-- - - - - - -  - - - - - - - -- 

I r e s p o n s e  to c o l d  a i r  exposure  a s  opposed t o  w a t e r  immersion. 
-- - - - -- - - 

T h e i r  p r e d i c t i v e  e q u a t i o n s  s u g g e s t  t h a t  p e r i p h e r a l  t e m p e r a t u r e  

is t h e  main d r i v e  t o  t h e  m e t a b o l i c  r e s p o n s e  i n  c o l d  a i r  



e x p o s u r e s ,  while p r e t f k t i o n s  for w z t ~ e p s i o n - s h o u h F t a k e -  

i n t o  c o n s i d e r a t i o n  core t e m p e r a t u r e .  They a l s o  r e c o g n i z e  t h e  

r e l a t i v e  s i g p i f i c a n c e  of t h e  r a t e  o f  change  of p e r i p h e r a l  

t e m p e r a t u r e  . 

E n g i n e e r i n g  Models +- 
3 

I n  e a r l y  a t t e m p t s  a t  s o l v i n g  t h e  t h e r m m y n a m i c  p r o c e s s e s  

w i t h i n  t h e  body t h e  a n a l y s i s  was s i m p l i f i e d  by e i t h e r  

- 
- c o n s i d e r i n g  one  c y f  l ' n d r i c a l  component o f  the 1 5 0 6 ~  IF%nnFsP, lf948r = = '  

or by c o n s i d e r i n g  t h e  e n t i r e  body a s  a  c y l i n d e r  (Wyndham and 
L 

A t k i n s ,  1 9 6 0 ) .  The s i n g l e  c y l i n d e r  a p p r o x i m a t i o n  o f  t h e  human 

body is based  on  t h e  core and - s h e l l  p r i n c i p l e  (Mach le  and Ha tch ,  

1947; Aschoff  and  Wever, 1 9 5 8 )  and i n v o l v e s  p a r t i t i o n i n g  t h e  

c y l  i n d e r  i n  to  s e v e r a l  c o n c e n t r i c  l a y e r s .  ' 

-- - -- - - - - -  - -  - -  - - - - -  1 - - 

Recen t  m o d e l s  a n a l y s e  t h e  human t h e r m a l  s y s t e m  by 
-* 

segment ing  t h e  body  i n t o  a  series o f  c y l i n d r i  a 1  components ,  
4 7 5 

e a c h  hav ing  a  s p e c i f i c  b lood  f l o w  and  i n e t a b o l i c  r a t e  (Wissler, 

1961,  01970) ,  The t r a n s f e r  o f  h e a t  be tween  a d j a c e n t  c y l i n d e r s  by  
+ *v 

c i r c u l a t i n g  b l o o d ,  t h e  c o u n t e r  c u r r e n t  h e a t  e x c h a n g e  p r i n c i p l e ,  

and c o n d u c t i o n ,  i s  a c c o u n t e d  " fo r .  
I ' 0  - 

The numerous m o d e l s  t h a t  f a l l  w i t h i n  t h e  a b o v e  c a t e g o r y  P 
have  been c l a s s i f i e d  b y  Hsu ( 1 9 7 1 )  a s  t h o s e  t h a t  s i m u l a t e  a 

- - -- - - -- -- - - - - 

s t e a d y  s tate r e s p o n s e  and  t h ~ s e  t h a t  are  c a p a b l e  of s o l v i n g  
- - - -- - -- 

/ 

thermodynamic r e s p o n s e s  d u r i n g  a  non- s t eady  stgfe r e s p o n s e ,  



-- - - - - - - - -- 

E l e c t r i c a l  Models 
L sD 

P r 

+G 

E l e c t r i c a l  t h e o r y  is  advan tageous  f o r  i ts d i r e c t  

a p p l i c a b i l i t y  t o  t h e r m a l  a n a l y s i s .  The s ic de f - in i t i onso• ’  h e a t  " 

f low : 

t h e r m a l  
3 

) ( - temp . r a t e  o f  h e a t  f l o w  = ( . . . ( 2 . 2 )  
c o n d u c t i v i t y  g r a d i e n t  

. .. 
i s r c o m p a r a b l e  to  t h e  fundamen ta l  l aw o f  Ohm : 

- - 

b t, , ,> 

p o t e n t i a l  d i f f e r e n c e  e l e c t r i c a l  c u r r e n t  = . . . ( 2 .3 )  
resistant 5 

C o n s e q u e n t l y ,  h e a t  f l o w  i s  a n a l o g o u s  t o  c u r r e n t ,  I 
c o n d u c t i v i t y  t o  t h e  i n v e r s e  o f  t h e  r e s i s t a n c e ' a n d  t h e  I 

Taking  i n t o  c o n s i d e r a t i o n  t h e  c a p a c i t y  o f  t h e  body t o  , s t o r e  

h e a t ,  h e a t  l o s s  may b e  r e p r e s e n t e d  by a  s i m p l e  ser ies  R-C 

c i r c u i t ,  a s  shown i n  F i g .  2.10. The a s sumpt ion  t h a t  i s  n e c e s s a r y  
B 

t o  make such  a s i m p l e  model v a l i d ,  i s  t h a t  t h e  i n i t i a l  s k i n  

t e m p e r a t u r e ,  To, i s  -set to  a  p rede t e rmined  v a l u e .  The 

tempera t u r g  g r a d i e n t  can  t h e n  b e  e s t i m a t e d  , a f t e r  t h e  a 1  t e r a  t i o n  

of t h e  tQermal l o a d .  The s u p p l y  v o l t a g e  i n  t h e  model would 

- t h e r e f o r e  r e p r e s e n t  t h e  t h e r m a l  l o a d  to t h e  body-anLthe-  t - i m ~ - - -  - 

c o n s t a n t  - o f  t h e  c a p a c i t a t i v e  e l e m e n t  -- would b e  r e l a t e d  to  some 

p h y s i c a l  t r a i t s  o f  t h e  human body,  d e t e r m i n i n g  i t s  a b i l i t y  t o  

s t o r e  and l o s e  h e a t .  a 



- --- - 
-7 - - 

Machle and Hatch  ( 1 9 4 7 )  and MacDonald and Wyndham 41950 ) , 
- -- -- L- 

h a v i n g  fo l lowed  a  s i m i l a r  a p p r o a c h ,  d e r i v e d  t h e  f o l l o w i n g  
t- 

r e l a  t i o n s h i p  : 

where,  

T1, T2 = i n i t i a l  and f i n a l  - s t e a d y  s t a t e  s k i n  t e m p e r a t u r e s ,  

b e f o r e  and a f t e r  t h e  a l t e r a t i o n  o f  t h e  Heat l o a d  . 

SA x K = p r o d u c t  of body s u r f a c e  a r e a  a n d  e q u i v a l e n t  t he rma l  
- - 

conduc tance  to  a i r ,  K, which cdrnbirres h e a t  l o s s  due  to 
.-- 

r a d i a t i o n ,  c o n v e c t i o n  and e v a p o r a t i o n  

c x b  = p r o d u c t  o f  t o t a l  body h e a t  c a d p a c i t y  and t h e  w e i g h t i n g  

f a c t o r  o f  d e e p  and s u r f a c e  body;,femperature. 
J'c' 

I n  o r d e r  to accommodate f o r  t h e  p r o d u c t i o n  o f  h e a t  w i t h i n  

4 t h e  body, a  h e a t  g e n e r a t i n g  component mus t  b e  added to t h e  m o d e l  

d e p i c t e d  i n  Fi-g. 2.10. MacDonald and wynd6am ( 1 9 5 0 )  proposed a 

model a s  d e p i c t e d  i n  F i g  2.11, whereby,  t h e  h e a t  p r o d u c t i o n '  is 

s i m u l a t e d  by a  c u r r e n t  g e n e r a t o r .  T h i S  model is f u r t h e r  improved 

by a i s c e r n i n g  between t h e r m a l  c a p a c i t y  o f  t h e  core, C r ,  and t h e  

s k i n ,  '&, and a l s o  b? a c c o u n t i n g  f o r  t h e  r e s i s t a n c e  between core, 

and s k i n ,  K i n t ,  a s  s e e n  i n  F i g .  2.11. - An improvement t o  t h e  
- - - - - -- - - - -- - 

model is t h e  i n t r o d u c t i o n  o f  a  r e c t a >  and p e r i p h e r a l  f eedback  
- - -- L -- -- 

k - 
l o o p .  



F i g .  2.10 r klectrical enpineering analog. of t h e  
t h e r m o r e g u l a t o r y  system. From MacDonald and Wyndham 





Fig.. 2.11 : E l e c t r i c a l  engineering thermoregulatory model with-a - - 

feedback loop, MacDonald and Wyndham ( 1 9 5 0 ) .  





A s  more f a c t o r s  a r e  t a k e n  i n t o  c o n s i d e r a t i o n ,  t h e  .G*-. 
-- - - -  - -  ** 

c o m p l e x i t y  o f  e lec t r ic  a n a l o g u e s  i n c r e a s e s .  R i g g s  (1976 1 ,  

i n c l u d e d  h e a t  loss d u e  to  e v a p o r a t i o n  and r e s p i r a t i o n ,  by 

i n c l u d i n g  t w o  r e s p e c t i v e  c u r r e n t  g e n e r a t o r s .  

The above  mode l s  may b e  p o p u l a r ,  d u e  to  t h e  c a b i l i t y  o f  

t r a n s l a t i n g  m o s t  e l e c t r i c a l  p a r a m e t e r s  i n t o  p h y s i o l o g i c a l  terms. 

However, t h e  c o m p l e x i t y  o f  t h e  t h e r m o r e g u l a t o r y  s y s t e m  d o e s  n o t  

a l l o w  a d e q u a t e  s i m u l a t i o n  w i t h  s u c h  s i m p l e  e l e c t r i c a l  c i r c u i t s .  

% These models  a l s o  d o  , n o t  m o d e l  t h e  t h e r m o g e n i c  r e s p o n s e ,  

b u t  a t t e m p t  t o  d e s c r i b e  ma in ly  t h e  m a i n t e n a n c e  o f  t h e r m a l  

b a l a n c e  i n  t h e  human body. 

Thermodynamic Models 

* *  W i s s l e r  ( 1 9 6 1 )  deve loped  one  o f  t h e  f i rs t  c o n c i s e  models o f  -$-.: 
3 % - - -. t he rmoregu la  t i o n ,  based  o n  t h e r m o d y m m i c - p r i r r ~ p l e s ;  H r q -  - ---- - - 

@ -- 
k- b o r i g i n a l  mode l ,  s e p a r a t i n g  t h e  body i n t o  s i x  s egmen t s ,  was - 

" 

modi f i ed  (Wissler,  1970 1 to  an a n a l y s i s  o f  f i f t e e n  compartmentg 
? 

( F i g .  2 .12 ) .  H i s  model i n c l u d e s  c o n s i d e r a t i o n  o f  d i s t r i b u t i o n  o f  

m e t a b o l i c  h e a t  g e n e r a t i o n ,  c o n d u c t i o n  o f  h e a t  w i t h i n  t i s s u e ,  

c o n v e c t i v e  t r a n s f e r  o f  h e a t  by f l o w i n g  b l o o d ,  l o s s  o f  h e a t  by 

r a d i a t i o n ,  c o n v e c t i o n  and e v a p o r a t i o n  a t  t h e  s k i n  s u r f a c e ,  

r e s p i r a t o r y  h e a t  loss ,  c o u n t e r - c u r r e n t  h e a t  exchange ,  geometry 
-\ 

. ̂ 

- 

o f  t h e  body, r e l a t i v e l y  l e w  t h e r m a l  c o n d u c t i v i t i e ~ * - Q ~  -he, - 

i ,  
>< F 

s u p e r f i c i a l  l a y e r s  of f a t  ZIT& skin and environrnenfxIcm&it5ons. 



u 

F i g .  2.12 : C o m p n e n t s  u s e d  i n  t h e  c o n s t r u c t i o n  o f  a -- - 

m a t h e m a t i c a l  model o f  t h e  human t h e r m a l  s y s t e m  b a s e d  upon 15  
e l e m e n t s  c o n n e c t e d  by t h e  c i r c u l a t o r y  s y s t e m .  From Wissler 

. (1964). 





, 
The m o d e l  a&,fies t o  a u n i f o r m  l o n g i t u d i n a l  f ramework  of-  -- - . . 

c y l i n d e r s  and is a f l e c t e d  b y  t h e  p o s i t i o n  of t h e  body.  A s  
-- - - -  - 

Wissler p i n t s  o u t ,  w h e t h e r  a s u b j e c t  i s  c u r l e d  up i n  a  b a l l  or  
, fY 

- w 

s t r e t c h e d  o u t  w i l l  a f f e c t  t h e  r e l a t i v e  h e a t  loss.  T h i s  h a s  been  

c o n f i r m e d  i n  c o l d  . w a t e r  e x p e r i m e n t s  by  ~ a y w a r d  e t  a 1  . ( 1 9 7 5 b ) .  -- 

The p o s t u r e  and  p o s i t i o n  of a n  ' i n d i v i d u a l  w i l l  a l s o  a f f e c t  t h e  

c o n v e c t i v e  h e a t  l o s s ,  b e  it  i n  a i r  o r  w a t e r ,  +% t h e  s u r f a c e  
' 
I'i . 

- 0  - 

exposed  to t h e  a m b i e n t  i s  r e d u c e d  f k e r s l a k e  and W a d d e l l ,  1 9 5 8 ) .  

Wissler ' s  m o d e l  d o e s  n o t  a c c u r a t e l y  p o r t r a y  t h e  m u l t i l a y e r  

s t r u c t u r e  o f  t h e  1 5  s e g m e n t s ,  w h i c h  may r e s u l t  i n  i n a d e q u a t e  

e v a l u a t i o n  of h e a t  t r a n s f e r  f r o m  care to periphery and heat loss 

b y  c o n v e c t i o n  f rom t h e  s k i n  t o  t h e  s u r r o u n d i n g  e n v i r o n m e n t .  

B o u t e l i e r  -- e t  a l e  ( 1 9 7 7 )  h a v e  shown t h a t  t h e  magriPtude o f  t h e  

h e a t  t r a n s f e r  c o e f f i c i e n t  i n  humans,  q u a n t i f y i r i g  ,$he amount  o f  

c o n v e c t i v e  h e a t  l o s s  f r o m  t h e  s k i n  to  t h e  a m b i e n t ,  i s  i n v e r s e l y  

r e l a t e d  to  t h e  s k i n f o l d  t h i c k n e s s .  A l s o ,  t h e  m o d e l  a s s u m e s  a 
- - - -  -- - -  

c o n s t a n t  mass  of b l o o d  t h r o u g h o u t  the e x p o s u r e  t o  c o l d .  ~ l t h o u ~ h  

t h e  change  i n  b l o o d  vo lume  d u e  to  c o l d  e x p o s u r e  is  s l i g h t ,  t h e r e  

is d e f i n i t e l y  a  r e d i s t r i b u t i o n  of b l o o d  w i t h i n  t h e  body .  T h i s  

i m p l i e s  t h a t  i n  a  s e g m e n t a l  a n a l y s i s ,  t h e  vo lume 8 f  b l o o d  w i t h i n  

a  s p e c i f i c  compar tmen t  w i l l  c h a n g e  w i t h  t i m e  and  upon immers ion  

( A r b o r e l i u s  e t  a l . ,  19721 .  In a i r ,  a s i m i l a r  p rob lem may b e  -- 

e n c o u n t e r e d  d u r i n g  p o s t u r a l  c h a n g e s .  I n  t h e  s u p i n e  p o s i t i o n ,  t h e  - 
volume o f  b l o o d ' w i l l  d e c r e a s e  i n  t h e  e x t r e m i t i e s  a n d  w i l l  

a ccumula t e  i n  t h e  l u n g s  ( W e s t ,  1 9 7 8 ) .  



Wissler s u g g e s t s ,  t h a t  o n e  of t h e  m a i n  d o w n f a l l s  o f - h i s  - - ---- 

model  is t h e  n e g l e c t  of l o n g i t u d i n a l  h e a t  l o s s  -p from - t h e  - - p- h e a d .  
- 

0 
Al though  t h i s  may be i n s i g n i f i c a n t  i n  t h e  l i m b s ,  i t  is7 q u i t e  

B 
s u b s t a n t i a l  i n  t h e  h e a d .  N e v i n s  a n d  D a r v i s h  ( 1 9 7 0 )  p r o p o s e d  a  - 
h e a t  t r a n s f e r  model  fo r  t h e  h e a d ,  b y  a s s u m i n g  t h e  head  to b e  a  

\ 

' s p h e r e ,  a s  o p p o s e d  t o  a c y l i n d e r  a s  s u g g e s t e d  by Wissler.  T h e i r  

method of s o l u t i o n  c o n s i d e r s  a  m u l t i l a y e r  s t r u c t u r e  and a c c o u n t s  

f o r  h e a t  g e n e r a t e d  i n  e a c h  l a y e r  of t i s s u e .  

The model d e v e l o p e d  by Wissler p r i m a r i l y  s o l v e s  t h e  h e a t  

b a l a n c e  e q u a t i o n  fo r  t h e  body and  e v a l u a t e s  t h e  h e a t  c o n t e n t  o f  . a 

t h e  m y ,  and  heat t r a n s f e r  w i t h i n  t h e  body  a n d  a t  t h e  b o u n d a r y  

of s k i n - t o - a m b i e n t .  To c a l c u l a t e  t h e  amount  of t h e r m a l  e n e r g y  

g e n e r a t e d  by s h i v e r i n g  t h e r m o g e n e s i s ,  Wissler u s e s  t h e  

p r e d i c t i v e  e q u a t i o n  o f '  Hayward e t  a1  . ( 1 9 7 7 )  r e l a t i n g  m e t a b o l i c  -- 

r a t e  w i t h  s k i n  and core t e m p e r a t u r e .  

Analogue  Computer  Models  

The a p p l i c a t i o n  o f  a n a l o g u e  c o m p u t e r s  .made i t j p o s s i b l e  to  3 

g e n e r a t e  cpmplex f u n c t i o n s  n e c e s s a r y  t o  s i m u l a t e  t h e  c o n t r o l  

mechanisms i n v o l v e d  i n  t h e r m a l  h o m e o s t a s i s  . Wyndham and A t k i n s  

( 1 9 6 0 )  improved t h e i r  i n i t i a l  R-C c i r c u i t  mode l  w i t h  a  

c o n c e n t r i c  c y l i n d e r  mode l ,  shown i n  F i g .  2.13. T h i s  model 

i n c o r p o r a t e s  v a r i o u s  l a y e r s  of t h e  body  a n d p e n a b l e s  t h e  

e s t a b l i s h m e n t  of n e u r a l  control o f  t h e r i m r e g u l a t o r y  processes. 

The m c d e l  h a s  b e e n  complemented by S t o l w i  jk a n d  Hardy  ( 1 9 6 6 )  
> 
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F i g .  2 . 1 3  : C o n c e n t r i c  c y l i n d e r  mode l .  From ~ t k i n s  and Wyndham 
(1969). 

- - -  



C O N T R O L  b- 



i 

whose mod 1 i n v o l v e s  s e g m e n t a l  a n a l y s i s  of h e a t  loss  i n  b'kbe -body L 

Y 
- - --- - - 

P. 

and t a k e s  i n t o  a c c o u n t  t h e  c o u n t e r - c u r r e n t  h e a t  exchangeL.'$etween 
" e 

a r t e r i e s  and v e i n s .  Wyndham a n d L  A t k i n s  i n c l u d e  t h i s  v a s c u l a r  
G 

h e a t  exchange w i t h i n  t h e  core i n  t h e i r  m o d i f i e d  v e r s i o n  o f  t h e  

c o n c e n t r i c  c y l i n d e r  model .  ~ h e i r ' m o d e l  o n l y  r e p r e s e n t s  a un ique  . 

-, s o l u t i o n  t o  t h e  p rob lem and n o t  a n  o p t i m a l  one .  I t  o f f e r s  a n  
& L 

a d e q u a t e  a n a l y s i s  of h e a t  f l o w  t h r o u g h  s e v e r a l  l a y e r s  o f  t h e  
i 

body and h e a t  l o s s  f r o m ' t h e  s k i n ,  but ,  d o e s  n o t  i n c l u d e  
--7 . U 

c o n s i d e r a t i o n  o f  r e s p i r a t o r y  ' h g a t  loss ,  f o r  example.  
- 

C o n s i d e r a t i o n  of t h e  v a r i g u s  f a c t o r s  i n v o l v e d  i n  c o l d ' w a t e r  
3- 

7 
. - A. 

immersion e n a b l e d  Montgommery 41974a)  t o  c o n s t r u c t  a  
i A 

comprehensive  t h e r m a l  a n a l o g u e  compute r  model f o r  SCUaA d  i v e r s  . 
. 

P 

The model d i f f e r s  f rom other-"mddels m a i n l y  i n  . t s  c o n & d e r a t i o n  
3.. a= 4 

o f  t h e  the rmal  p r o t e c t i o n  of%ered by t h e  d i v i n g  s u i t .  A 1  though 
-T 

% 

t h e  e f f e c t s  o f  i n c r e a s e d  a m b i e n t  p r e s s u r e  o n  t h e  c e n t r a l  ne rvous  
- - - --- - -  - 

sys tem o f  a n i m a l s  a n d  man a r e  well documented ( B r a u e r ,  1975; P 

B e n n e t t ,  1 9  , t h e  e f f e c t s  o n  t h e  t h e r m o r e g u l a t o r y  c o n t r o l  T-' 
sys tem h a v e  a s  y e t  n o t  been r e p o r t e d .  

Computer Models 

Computer mode l s  h a v e  a l l o w e d  t h e  m a t h e m a t i c a l  mode l s  t o  b e  

come o f  p r a c t i c a l  u s e  i n  p r e d i c t i n g  c o o l i n g  r a t e  and r e s p o n s e s *  

t o  the rmal  stress. A t  o n e  

models  ou tg rew ' the  bounds  - 
a c h i e v e  improved a c c u r a c y  

s t a g e ,  t h e  c o m p l e x i t y  of t h e r m a y n a m i c  - 

o f  p ; a c t i c a l i t y ,  w h i l e  t r y i n g  to  

. The use  o f  o n - l i n e  d i g i t a l  compute r s  

78 



9 

- h a s  r e g a i n e d  t h e  a p p l i c a b i l i t y  o f  m a t h e m a t i c a l  s i m u l a t i o n s ,  . - - . 
I ' .  

Most o f  t h e  p r e v i o u s l y  men t ioned  m o d e l s  h a v e  b e e n  

t r a n s c r i b e d  i n  s o m e  m o d i f i e d  form i n t o  d i g i t a l  compute r  .models ,  

R e c e n t  c o n t r i b u t i o n s  i n  t h i s  f i e l d  have  b e e n  made b y  S t o l w i j k  

(1970 ,  1 9 7 1 )  and Montgommery ( l 9 7 4 a )  . They b o t h  e s t a b l i s h  

e q u a t i o n s  o f  h e a t  b a l a n c e  from b a s i c  thermodynamic  p r i n c i p l e s  
---- - 

and  a l s o  c o n s i d e r  n e u r a l  c o n t r o l  o f  t h e r m o r e g u l a  t i o n ,  T h e i r  

mode l s  t a k e  i n t o  a c c o u n t  t h e  s u b c u t a n e o u s  t i s s u e ,  a s  w e l l -  a s  t h e  

m u s c l e  l a y e r  w i t h i n  t h e  segment s  o f  t h e  body.  

Of p a r t i c u l a r  i n t e r e s t  is  t h e  model d e v e l o p e d  by  

Montgommery ( 1 9 7 4 a , b ) ,  a s  i t s  c o n c e r n  f o r  t h e r m a l  h o m e o s t a s i s  i n  

d i v e r s  makes i t  a p p l i c a b l e  t o  immersion s i t u a t i o n s .  Based on 

s i m i l a r  p r i n c i p l e s  adopked by S t o l w i j k  and  Hardy  ( l 9 6 6 ) ,  i t  a l s o  

a c c o u n t s  f o r  t h e  a m b i e n t  p r e s s u r e  a s  w e l l  a s  t h e r m a l  

c o n d u c t i v i t y ,  h e a t  c a p a c i t y  and  d e n s i t y  o f  water .  The a n a l y s i s  
- - - - - - - - - - - -- - -- 

o f  r e s p i r a t o r y  h e a t  e x c h a n g e  c o h s i d & s  t h e  p r e s s u r e  and  s p e c i f i c  

\ h e a t  o f  t h e  i n s p i r e d  g a s ,  H e a t  loss  by  e v a p o r a t i o n  w i l l  depend 

o n  a  c o m b i n a t i o n  o f  a m b i e n t  p r e s s u r e  or  d e p t h  o f  t h e  d i v e r  and 

g a s  m i x t u r e  u s e d ,  

The model d e r i v e d  by  Montgommery ( l 9 7 4 a ,  b) r e c o g n i z e s  t h a t  

o n e  o f  t h e  more p r o m i n e n t  h e a t  loss  s i t es  i n  t h e  body  i s  t h e  

r e s p i r a t o r y  t r a c t .  U n f o r t u n a t e l y ,  t h e  m o d e l s  o f  S t o l w i j k  and 

Hardy f 1966 ) , S t o f  wi j k ( 1970 ,  1 9 7 1  ) and Montgomrnery ( 19--b-)- - 

assume v a f w s  for the average M and are i r tacetr~ake fo-pewLe 

w i t h  t o o  l a r g e  o r  too s m a l l  s u b c u t a n e o u s  a d i p o s e  t i s s u e  

d e p o s i t s .  



Z 

N e u r a l  m o d e l s  a l l o w  t h e  i n f o r m a t i o n  d i s c u s s e d  i n  t h e  

e a r l i e r  s e c t i o n  o n  n e u r o p h y s i o l o g i c a l  t h e r m o r e g u l a t i o n ,  t o  b e  

p r e s e n t e d  s c h e m a t i c a l l y .  Models  c a n  c l e a r l y  map o u t  e x c i t a t o r y  

and  i n h i b i t o r y  p a t h w a y s  a n d  s u g g e s t  p o s s i b l e  effector  

mechanisms.  - 

The a c t i v i t y  o i  c o l d  and warm s e n s o r s  h a s  a l r e a d y  been  

- p r e s e n t e d  i n  F i g  2 .1 .  I t  i n d i c a t e s ,  t h a t  a t  t h e r m o n e u t r a l  
- - - - 

t e m p e r a t u r e s ,  a c t i v i t y  of t h e r m o s e n s o r s  Is i d e n  t i c a l  for  b o t h  

? 
c o l d  and warm s e n s o r s  a n d  t h e  r e s u l t a n t  t h e r m o r e g u l a  t o r y  d r i v e  

, 

i s  a t  i t s  minimum; a  r e g i o n  d e f i n e d  a s  t h e  s e t - p o i n t  

, t e m p e r a t u r e .  C o o l i n g  and h e a t i n g  however ,  w i l l  e l i c i t  d i f f e r e n t  

p a t t e r n s  o f  a c t i v i t y  f r o m  t h e s e  s e n s o r s ,  as s e e n  i n  F i g .  2.2. 

B l i g h  (1973  ) p r o p o s e d  a model  d i p i c t e d  i n  F i g  2.14.  The warm and 

cold s e n s o r s  h a v i n g  s imi l a r  s t i m u l u s  c h a r a c t e r  i s t i c s  , o n l y  i n  

o p p o s i t e  d i r e c t i o n .  ~ e u r a l  d r i v e s  f rom t h e  s e n s o r s  a r e  i n h i b i t e d  

by a  c o n s t a n t  a c t i v i t y / t e m p e r a t u r e  d r i v e  f r o m  i n t e r n e u r o n e s ,  T 

d i s p l a c i n g  t h e  r e s p o n s e  p a t t e r n  g e n e r a t e d  by  t h e  s e n s o r s .  The - 
n a t u r e s  o f  t h e  s t i m u l u s  d e t e r m i n e s  t h e  e f f e c t o r  mechanisms  

w h e t h e r  t h e y  a r e  h e a t  loss  or  h e a t  p r o d u c t i o n  by n a t u r e .  The 

a s s u m p t i o n  t h a t  t e m p e r a t u r e  i n s e n s i t i v e  i n t e r n e u r o n e s  p l a y  a n  

i n t e g r a l  rof e i n  t hemuregu l a t i on ,  s p e c i f i c a l l y  itr the - -  - 

d e t e r m i n a t i o n  of t h e  s e t - p o i n t  t e m p e r a t u r e ,  i s  s p e c u l a t i v e .  The 



F i g .  2.14 : A s u s t a i n e d  i n h i b i t o r y  i n f l u e n c e  a c t i n g  o n  b o t h  thi? 
warm s e n s o r  t o  h e a t  l o s s  p a t h w a y  a n d  o n  t h e  cold s e n s o r  t o  
h e a t  p r o d u c t i o n  e f f e c t o r  pa thway .  The c e n t r a l  g r a p h s  
r e p r e s e n t  t h e  combined  activity(A)/temperature(T) p a t t e r n s  
of t h e  p e r i p h e r a l  warm and  c o l d  s e n s o r s  a n d  t h e  s u b s e q u e n t  
i n t e r n e u r o n s .  The a c t i v i t y  in' t h e  p a t h w a y s  t o  h e a t  loss (HL) 
and  h e a t  p r o d u c t i o n  (HP) effec tors  is  z e r o  a t  wha t  amoun t s  
t o  a  s e t - p o i n t  t e m p e r a t u r e  ( T s e t )  . The a c t i v i t y  a l o n g  t h e  
pa thway t o  h e a t  loss  e f f e c t o r s  i n c r e a s e s  a s  core t e m p e r a t u r e  
rises a b o v e  t h i s  s e t  p o i n t ,  and  t h a t  t o  h e a t  p r o d u c t i o n  
e f f e c t o r s  i n c r e a s e s  a s  core t e m p e r a t u r e  f a l l s  below t h i s  s e t  
p o i n t .  From B l i g h  (1973)- 



Warm , T 2 e a t  IOSSW) 

Cold 



- - -  - - -- 

s e t - p o i n t  t e m p e r a t u r e  is a l r e a d y  e s t a b l i s h e d  by  t h e  p r i m a r y  

t h e r m o r e c e p t o r s ,  b y  t h e i r -  s t a t i c  r e s p o n s e  c h a r a c t e r i s t i c s .  

It h a s  been  o b s e r v e d ,  t h a t  body t e m p e r a t u r e  may b e  

r e g u l a t e d  a t  h i g h e r  o r  lower t e m p e r a t u r e s ,  t h a n  t h e  se p o i n t  
e b 

t e m p e r a t u r e .  Examples  o f  t h i s  a re  d u r i n g  s l e e p ,  
i 4 

t e m p e r a t u r e  d r o p s  (Webb and H i e s t a n d ,  1975;  Bugue 

1 9 7 9 ) ,  e x e r c i s e  (Brenge lmann ,  1 9 7 7 )  and f e v e r  ( e l l o n ,  1975 ,  f 
S t i t t ,  l 9 8 l ) ,  when core t e m p e r a t u r e  is m a i n t a i n e d  a t  h i g h e r  

l e v e l s .  Such o b s e r v a t i o n s  l e d  Hamrnel -- e t  a l .  ( 1 9 6 3 )  to  p r o p o s e  a  

h y p o t h e s i s ,  t h a t  t h e  s e t  p o i n t  t e m p e r a t u r e  is  n o t  c o n s t a n t ,  b u t  

may b e  a d j u s t e d ,  The ad j u s t a b l e  se t - p o i n t  t h e o r y ,  shown 

d i a g r a m a t i c a l l y  i n  F i g .  2.15 ( B l i g h ,  l 9 7 2 ) ,  e x p l a i n s  how a 

t h e r m o r e g u l a t o r y  r e s p o n s e  a s  a r e s u l t  o f  a  c e r t a i n  l e v e l  of core 

t e m p e r a t u r e ,  may v a r y  d e p e n d i n g  o n  t h e  l e v e l  a f ~ i k h e  se t - p o i n t  
a 

t e m p e r a t u r e .  F i g .  2.15 a l s o  o u t l i n e s  s e v e r a l  known mechanisms,  
,.? 

which  e i t h e r l a r a i s e  6 r  r e d u c e  t h e  l e v e l  o f  t h e  h y p o t h e t i c a l  
-- - -  - -  - -- - - -  - 

se t - p o i n t  t e m p e r a t u r e .  

To i n c l u d e  h'ypo t h a l a m i c  t h e r m o s e n s i  t i v i  t y  and  r e c i p r o c a l  

i n h i b i t i o n  o f  n e u r a l  d r i v e  f rom t e m p e r a t u r e  s e n s o r s ,  Wyndham and 

~ t k < n s  ( 1 9 6 8 )  s u g g e s t e d  an a r r a n g e m e n t  i n  F i g .  2.16. The 

p roposed  i n h i b i t i o n  o f  h e a t  loss  mechanisms f rom h y p o t h a l a m i c  

c o l d  r e c e p t o r s ,  h a s  . n o t  y e t  been  v a l i d a t e d .  The model a l s o  

n e g l e c t s  t o  c o n s i d e r  t h e  ro le  o f  t h e  s p i n a l  c o r d  i n  

t h e r m o s e n s i t i v i t y  and a s  a n  e x t r a h y p o t h a l a m i c  i n t e g r a t i v e  

c e n t r e  . 



F i g .  2.15 : A s c h e m a t i c  r e p r e s e n t a t i o n  of t h e -  t h e o r y  of a n  
ad j u s t a b l e  s e t  p o i n c .  The rmoregu la  t o r y  r e s p o n s e s  a re  
c o n t r o l l e d  b y ,  a n d  a r e  p r o p o r t i o n a l  t o ,  t h e  d i f f e r e n c e  
be tween  t h e  se t  p o i n t  and  t h e  h y p o t h a l a m i c  t e m p e r a t u r e  ( T s e t  
- Thyp.)  . A f f e r e n t  n e u r a l  i n f l u e n c e s  e m a n a t i n g  f rom 
ext ra -@rpotha lamic  t e m p e r a t u r e  s e n s o r s  and  h i g h e r  c e n t r e s ,  
a c t  o n  t h e  se t  p o i n t  e i t h e r  r a i s i n g  ( + )  o r  l o w e r i n g  ( - )  i t .  
Adapted f rom Hammel, 1964 ( a l so  i n  B l i g h ,  1 9 7 3 ) .  
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F i g .  2 . 1 6  : A model  of t h e  r e l a t i o n s h i p  b e t w e e n  hypotjhalamic and 

s k i n  temperatur$ s e n s o r s .  From Wyndham and ~ t k i n s \  ( 1 9 6 8 ) .  
* 
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Nakayama e t  a l ,  ( 1 9 6 3 )  o b s e r v e d  t w o  d i s t i n c t  fo rms  o f  -- 

' 1  , -- I - - 

-,c 

t h e h p o r e s p o n s i v e n e s s  of n e u r o n s  i n  t h e  p r e - o p t i c  a n t e r i o r  
-3 

hypBthalamus; some i n c r e a s e d  t h e i r  f i r i n g  a c i t i v t y  q u i t e  

d r a m a t i c a l l y  w i t h  i n c r e a s e s  i n  l o c a l  t e m p e r a t u r e ,  w h i l e  t h e  

m a j o r i t y  o f  t h e  n e u r o n s  e x h i b i t e d  v e r y  s m a l l  c h a n g e s  i n  f i r i n g  

r a t e  i n  r e s p o n s e  to  l o c a l  t e m p e r a t u r e  c h a n g e s .  These  

t h e r m o s e n s i t i v e  u n i t s  h a v e  been  termed ' h i g h  0 1 0 '  and ' low Q10' 
%-* 

u n i t s ,  r e ~ p e c t c i v ~ e l y ,  o n  t h e  b a s i s  o f  t h e i r  t h e r m o r e s p o n s i v e n e s s .  I 

Hammel (1965)  s u g g e s t e d  t h a t  t h e  s e t - p o i n t  t e m p e r a t u r e  is 

e s t a b l i s h e d  by a n  i n t e r a c t i o n  o f  t h e s e  ' h i g h  Q10'  and ' l o w  9 1 0 '  ' 

u n i t s  i n  t h e  p r e - o p t i c '  a n t e r i o r  hypotha lamus .  The* l e v e l  o f  t h e  
f 

s e t - p o i n t  b e i n g  t h e  r e g i o n  where  t h e  f i r i n g  r a d  o f  t h e  t w o  
8" 

t y p e s  o f  u n i t s  i s  i d e n t i c a l ;  t h i s  o c c u r s  a t  t h e  p o i n t  where t h e  

a c t i v i t y / t e m p e r a t u r e  l i n e s  o f  6 t ese u n i t s  t r a n s e c t  ( F i g .  2 .17 ) .  

Changes o b s e r v e d  i n  t h e r m o r e g u l a t o r y  r e s p o n s e s  a s  a  r e s u l t  

o f  a d a p t a t i o n ,  o r  a c c l i m a t i z a t i o n ,  have  prompted Hense l  (1982 ) 
--- - - - - - - - - - - - - - - - -- - - - 

to  s u g g e s t  a n  a d a p t i v e  component i n  n e u r a l  mode l s ,  a s  s e e n  i n  

F i g .  2.18 . I t  i s  s u g g e s t e d  t h a t  a d a p t i v e  c h a n g e s  o c c u r  

c e n t r a l l y  (Bruck  and  H i n c k e l ,  1 9 8 2 ) ,  t h e r e b y  m o d i f y i n g  

thermoregula to j ry  r e s p o n s e s  t o  p e r i p h e r a l  t h e r m a l  s t i m u l a t i o n .  
' I 

The n a t u r e  o f  t h e s e  a d a p t i v e  components  h a v e  o n l y  become 

a p p a r e n t  t h rough  r e c e n t  s t u d i e s  i n v e s t i g a t k g  t h e  invo lvemen t  o f  
-7 

t h e  lower b r a i n  s t e m  i n  t h e  t h e r m o r e g u l a t o r y  c o n t r o l  sys t em 

( H i n c k e l  -- e t  a l . ,  1983b)  and i t s  i n h i b i t o r y  e f f e c t  o n  s h i v e r i q g ,  
i 

modulated a f t e r  cold a d a p t a t i o n  ( H i n c k e l  and 
- 

Schroder -Rosens tock ,  1982; Bin-cke l  e t  a 1  ., 1 9 8 3 a ) .  These s t u d i e s  -- 



F i g .  2.17 : The s e t  p o i n t  t e m p e r a t u r e  a s  d e t e r m i n e d  b y - t h e  
t h e r m a l  r e s p o n s i v e n e s s  of ' h i g h  Q10 '  and ' l o w  Q10 '  u n i t s  i n  
t h e  POAH. From Hamrnel ( 1 9 6 5  ) . 
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--- 

d e m o n s t r a t e d  t h a t  p e a k  f i r i n g  r a t e s  of cold s e n s i t i v e  n e u r o n s  i n  

t h e  s u b c o e r u l e u s  r e g i o n  o f  t h e  lower b r a i n  s t e m  i n  g u i n e a  p i g s ,  

r e s p o n d i n g  to c u t a n e o u s  t h e r m a l  s t i m u l a t i o n ,  w e r e  s u b s t a n t i a l l y  

. r e d u c e d  a f t e r  a  f i v e  week c o l d  a d a p t a t i o n  p e r i o d .  T h e i r  f i n d i n g s  

s u g g e s t  t h i s  t o  be a p o s s i b l e  e x p l a n a t i o n  f o r  t h e  d e c r e a s e  i n  

P 
s h i v e r i n g  t h r e s h o l d  t e m p e r a t u r e ,  d u e  to p r o l o n g e d  c o l d  e x p o s u r e ,  

o b s e r v e d  i n  man a n d  a n i m a l s .  S i m i l z r  a d a p t i v e  m o d i f i c a t i o n s  h a v e '  

b e e n  r e p o r t e d  iq warm r e s p o n s i v e  n e u r o n e s  i n  r a t s  (Werner  e t  - 
a 1  ., 1 9 8 8 ) .  - i 

Bruck  a n d  H i n c k e l  ( 1 9 8 2 )  s u g g e s t  t h a t  c e n t r a l  c o l d  

a d a p t a t i o n  may b e  e i t h e r  l o n g - t e r m  or  s h o r t - t e r m  i n  n a t u r e .  The 

r e d u c t i o n s  i n  a v e r a g e  s t a t i c  p e a k  f i r i n g  r a t e s  d u e  to  f i v e  week 

a d a p t a t i o n s  k t  ~ O C ,  a s  s e e n  i n  c o l d  s e n s i t i v e  neurone-s  i n  t h e  

s u b c o e r u l e u s  r e g i o n  o f  g u i n e a  pigs  by H i n c k e l  and 
=-b 

S c h r o d e r - R o s e n s t o c k  ( 1 9 8 2 ) ,  i s  a t t r i b u t a b l e  to  l o n g - t e r m  
- - - -  - - - - -- - -- 

a d a p t a  t i o n .  The c o l g e n s i  t i v e  n e u r o n s  i n  t h e  s u b c o e r u l e u s  
i 1 

r e g i o n  a l s o  e x h i b i t e  s h o r t - t e r m  m o d i f i c a t i o n s  i n  r e s p o n s e  t o  e 
p e r s i s t e n t  c u t a n e o u s  t h e r m a l  s t i m u l a t i o n  ( B r u c k  a n d  H i n c k e l  , 

1 9 8 2 ) .  The t i m e  c o u r s e  f o r  t h i s  s h o r t - t e r m  componen t  was  i n  t h e  

o r d e r  of s e v e r a l  m i n u t e s ,  t h u s  s e p a r a t i n g  t h e  effect  from t h e  

dynamic  r e s p o n s i v e n e s s  of p e r i p h e r a l  t h e r m o r e c e p t o r s ,  h a v i n g  a  

. t i m e  c o n s t a n t  of s e v e r a l  s e c o n d s  ( K e n s h a l o  end  D u c l a u x ,  1 9 7 6 ) .  

- - 
,- I n  c o n t r a s t  t o  t h e  c o l d  a f f e r e n t  role  of t h e ~ s u b c o e r u l . ~  r e g i o n  

of t h e  b r a i n  s t e m ,  t h e  n u c l e u s  r a p h e  mdgnus h a s  b e e n  o b s e r v e d  to  f -  - -- 

e l i c i t  i n h i b i t i o n  of s h i v e r i n g  t h e r m o g e n e s i s .  H i n c k e l  -- e t  a l .  

( l 9 8 3 a  , b )  h a v e  d e m o n s t r a t e d  t h a t  e l e c t r i c a l  s t i m u l a t i o n  of t h e  
/ 



- -- - - - - - - - - - - - - 

n u c l e u s  r a p h e  magnus c a u s e s  marked d e c r e a s e s  i n  oxygen 
- L 

consumpt ion ,  e l e c t r i c a l  musc l e  a c t i v i t y  and body t e m p e r a t u r e ,  

d u r i n g  c o o l i n g  o f  g u i n e a  p i g s  i n  a c l i m a t i c  chamber .  

The invo lvemen t  o f  t h e  lower b r a i n s t e m  i n  t h e  m e d i a t i o n  o f  

s h i v e r i n g  i n h i b i t i o n  ( H i n c k e l  -- e t  a l . ,  1 9 8 3 a , b )  and c o l d  

a d a p t a t i o n ,  h a s  r e c e n t l y  been i n c o r p o r a t e d  i n  a  n e u r o n a l  model ,  

deve loped  by Bruck and  Hincke l  ( 1 9 8 2 ) ,  d e p i c t e d  i n  ~ i g .  2.19. 

T h e i r  model s u g g e s t s  t h a t  h e a t  p r o d u c t i o n  r e s p o n s e s  (HP) a r e  a  

r e s u l t  -of n o t  o n l y  p e r i p h e r a l  . c o l d  e x c i t a t i o n  ( 'cR) , b u t  a l s o  

p e r i p h e r a l  warm i n h i b i t i o n  (WR). C o n v e r s e l y ,  h e a t  d i s s i p a t i o n  
- 

( H D )  is  d e p e n d e n t  o n  p e r i p h e r a l  warm (WR) and c o l d  r e c e p t o r  ( C R )  

s t i m u l a t i o n .  

Nost o f  t h e  mode l s  p r e s e n t e d ,  s u g g e s t  p o s s i b l e  i n t e r a c t i v e  

mechanisms, based  on  s t a t i c  t h e r m o r e c g p t o r  a c t i v i t y  and 

s u b s e q u e n t  e f f e c t o r  mechanisms. THe r o l e  o f  dynamic a c t i v i t y  o f  

t h e r m o s e n s i t i v e  s t r u c t u r e s  h a s  n o t  y e t  been  t h o r o u g h l y  
- - - -- - - - - - - - 

i n v e s t i g a t e d .  The c o n t r i b u t i o n  o f  dynamic a c t i v i t y  t o  t h e  3 - -  

magni tude  and l a t e n c y  o f  v a r i o u s  t h e r m o r e g u l a t o r y  e f f e c t o r s  

r e f i a i n s  t o  b e  i d e n t i f i e d .  



. - 
: T e n t a t i v e  c o n n e c t i v i t y  model of t h e r m o a f f e r e n t  

s t e m s  w i t h  s p e c i a l  r e f e r e n c e  to  t h e  r e c e n t l y  d e s c r i b e d  F ig*  F9 
t h e r m o r e g u l a t o r y  rnonoaminergic  . b r a i n  s t e m  p a t h w a y s  , m a i n l y  
o r i g i n a t i n g  i n  two lower b r a i n  s . t e m  c e n t e r s .  T r u n k  s k i n  warm 
s e c e p t o r s  (WR) h a v e  been  shown to  p r o j e c t  t o  5-HT n u c l e u s  

- r a p h e  magnus (NRMI ce l l s .  P r o j e c t i o n s  from NRM a s c e n d  t o  t h e  
i n t e g r a t i v e  h y p o t h a l a m i c  n e t w o r k s  c o n t r o l 1  i n g  h e a t  
p r o d u c t i o n  ( H P ;  l e f t  IN) and  h e a t  d i s s i p a t i o n  ( H D ;  r i g h t  ST) 
and d e s c e n d  to t h e  d o r s a l  h o r n  (DH) . The scrota1 pa thway  
t a k e s  a special r o u t e  a s c e n d i n g  via t h e  NRM a n d  t w o  m e d i a l  
m i d b r a i n  s t r u c t u r e s ,  t h e  n u c l e u s  r a p h e  d o r s a l i s  (NRD) and 
t h e  a d j a c e n t  c e n t r a l  g r e y  matter (CG) , p a r t l y  t o  t h e  
hypo tha l amus  a n d  p a r t l y  t o  t h e  t h a l a m u s  a n d  s e n s o r y  c o r t e x .  
I n  t h e  f i g u r e ,  NA d e n o t e s  n o r a d r e n e r g i c  p r o j e c t i o n s ,  IN t h e  
i n t e g r a t i v e  i n  t e r n e u r o n a l  mechan i sms ,  EN t h e  e f f e c t o r  
ne twork  a n d  CR t h e  s k i n  c o l d  r e c e p t o r s .  Adap ted  f rom Bruck 
and  H i n c k e l  ( 1 9 8 2 ) .  
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C . EVALUATION O F  PREDICTIVE FORMULAE FOR DETERMINING METABOLIC 

RATE DURING COLD WATER IMMERSION 



I. I n t r o d u c t i o n  

A l t h o u g h  i n t e r e s t  i n h ' t h e  e x g s t e n c e  n t e r n a l  ' t e m p e r a t u r e  
j 

i n  mammals s t e m s  b a c k  a s  gar a s  t h e  Gree i l o s o p h e r s ,  most 
/ 

n o t a b l y  P l a t o  ( C o r n f o r d ,  1957') and  A r i s t o t l e  ( P e c k  , 1943  ) t h e  

A 5' 

m a j o r  b r e a k t h r o u g h  i n  t h e  t h e o r y  o f  t h e r &  h o m e o s t a s i s  '3 wa 

a c h i e v e d  by  ~ a v o i s i e ;  ( 4 7 7 7  a , b )  , who d e c e i o p e d  t h e  o x i d a t i o n  

t h e o r y  o f  c o & u s t i o n .  L a v o i s i e r  i m p l i c a t e d  t h e  g x i d a t i o n  t h e o r y  
e 

i n  t h e  t h e r m o g e n i c  process i n  t h e  mammal i a n  body .  S p e c i f i c a l l y  , 

h e  found t h a t  m e t a b  l i c  h e a t  p r o d u c t i o n  w a s  d i r e c t l y  r e l a t e d  t o  
4 

4 t h e  c o n s u m p t i o n  of o x y g e n  and  p r o d u c t i o n  of c a r b o n .  d i o x i d e .  W i t h  

t h i s  concept ' ,  L a v g i s i e r  o f f e r e d  r e s e a r c h e r s  i n  t h e r m a l  

h o m e o s t a s i s  a  q u a n t i t a t i v e  b e t h o d  o f  a s s e s s i n g  h e a t  p r o d u c t i o n  

o r  e n e r g y  e x p e n d i t u r e  i n  t h e  human body (see M e n d e l s o h n ,  1964 ;  
A 

f o r  h i s t o r i c a l  r e v i e w )  . S i n c e  t h e  p i o n e e r i n g  e x p e r i m e n t s  of 
- 

L a v o i s i e r  and  L a p l a c e  ( 1 7 8 0  ) , r e s e a r c h e r s  h a v e  b e e n  a t t e m p t i n g  . 

t o  e s t a b l i s h '  a mathematical'description of t h e  t h e r m o r e g u l a t o r y  
a 

s y s t e m .  The matherna t ica ' l  m o d e l s  d e v e l o p e d  a re  b a s e d  .on 

f u n d a m e n t a l  t h e r m o d y n a m i c  p r i n c i p l e s  a n d  r a n g e  f r o m  s i m p l e  

m o d e l s  ( B u r t o n ,  1 9 3 4 )  t o  more c o m p l e x  v e r s i o n s  ( A t k i n s ,  1962;  

7 Wissler, 1964 ;  H S U , ~  l 9 7 1 ) ,  w i t h  t h e  a d v e n t  o f  e l e c t r o n i c  

c o m p u t e r s .  
i 

U n f o r t u n a t e l y ,  i n  most m a t h e m a t i c a l  m o d e l s  t h e  human b o d y  

G o  

h a s  been  m o d i f i e d  t b  s u i t '  t h e  s t a n d a r d  the rmodynamic  l a w s .  The 

b a s i c  a s s u m p t i o n s  of some m o d e l s ,  i m p l y i n g  t h a t  t h e  human body  

c o n s i s t s  of s y m m e t r i c a l  c y z i n d e r s  a n d  s p h e r e s ,  ,whose o r g a n s  
0 
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a  Very u n i f o r m  manner ,  g i v e s  rise to  s u b s t a n t i a l  

k ";' 

e r r o r s .  S  h  c o m p l a i n t s  t a k i &  a n a l o g i e s  i n  human t h e r m a l  
/ ' 

h o m e o s t a b i s  too f a r  have  a l r e a d y ' b e e n  echoed by S t e v e n s o n  ( 1 7 7 1 )  

t w o  c e n t u r i e s  a g o ,  when he p r o c l a i m e d  : 

* "Not c o n t e n t  w i t h  t h e  i n g e n i o u s  and u s e f u l  A p p l i c a t i o n  
of F e v e r s ,  Ropes and  P u l l e y s ;  t o  t h e  Bones ,  Musc les  and 

.. Tendons,  and o t h e r  v a l u a b l e  m e c h a n i c a l  and h y d r o s t a  t i c a l  
> p u r s u i t s  : N o t  c o n t e n t p A  t h e s e ,  I s a y ,  M i l l s t o n e s  

were b r o u g h t  i n t o  t h e  mach, F l i n t  and S t e e l  i n t o  t h e  
~ l o b d ~ v e s s e l s ,  Hammer d  V i c e  i n t o  t h e  Lungs ,  &c. But 
a l l  t o  no good P u r p o s e ;  t h e r e  being.: c e r t a i n  Bounds which 
m e c h a n i c a l  P r i n c i p l e s  and D e m o n s t r a t i o n s  d o  n o t  r e a c h . "  

~ , e v e r a l  a t t e m p t s  h a v e  been  made t o  d e r i v e  r e l a t i o n s h i p s  f o r  

p r e d i c t i n g  t h e  r e s p o n s e  o f  t h e  human t h e r m o r e g u l a f o r y  spstgm to  
' U 

v a r i o u s  t h e r m a l  s t i m u l i  ( S t o l w i j k  and Hardy,  196.6; Brown and ' 0  

~ r e n d e l m a n n ,  19706 Nadel  -- e t  a l . ,  1970; Hayward -- etc a l , ,  1975r / 

1977(). These p r e d i c t i v e  f o r m u l a e  b a s e d  on  i r i c a l  d a t a ,  

0 
a l t h o u g h  r e p o r t e d  t o  b# r e p r e s e n t a t i v e  o f  th& t h e r m o r e g u l a t o r y  

c o n t r o l  s y s t e m  i n  t h e  body,  h a v e  v a r y i n g  d e g r e e s  o f  p r e d i c t i v e  

p o w e r .  Most f o r m u l a e  s h a r e  a  s imi la r  b e l i e f  i n  t h e  e ~ s t e n c e  o f  
I 

a  se t  p o i n t  t e m p e r a t u r e  and t h e  h y p o t h e t i c a l  re la t ior fg \h ip  

, 
G p r o p o s e d  by B e n z i n g e r  ( 1 9 6 9 ) ,  namely t h a t  m e t a b o l i c  r a h e  is  a  

f u n c t i o n _  o f  s t e a d y  s t a t e  core and s k i n  t e m p e r a t u r e .  Benz inger  + 

proposed t h a t  t h e  m e t a b o l i c  r a t e  i s  d i r e c t l y  r e l a t e d  to  t h e  

tympanic t e m p e r a t u r e  w i t h  r e s p e c t  t o  a  . c e r t a i n  "se t - p o i n t "  and 

t h e  s k i n  t e m p e r a t u r e .  B e n z i n g e r ' s  e x p e r i m e n t a l  r e s u l t s  based  on 

o n e  s u b j e c t  h a v e  b e e n  w i d e l y  a c c e p t e d  and have  become t e x t b o o k  

e x a i n p l e ~  o f  t h e  the r rnoregu la  t o r y  system i n  humans. B e n z ? n g e r 8 s  

e x p e r i m e n t s ,  p r e s e n t e d  i n  a r e v i e w  ( 1 9 6 9 ) .  h a v e  n o t  been 
G 

r e p e a t a b l e  ( C r a i g  and Dvorak, 1 9 6 6 )  and h a v e  o n l y  o n  o c c a s i o n  
8 

,- 
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b e e n  c h a l l e n g e d  1 9 6 7  ) . upon . o b s e r v i n g  s u c h  
s 

d i s c r e p a n c i e s  i n  l i t e r a t u r e ,  a s  i n  the c a s e  o r b  t h e  , r e s u l t s  

o f  B e n z i n g e r  ( 1 9 6 9 )  a h L a L C r a i g  a n d  Dvorak  ( 1 9 6 6 ) ,  o n e  is  

c o m p e l l e d  t o  a r g u e  o v e r  t h e  v a l i d i t y  of t h e  r e s u l t s  and  

e x p e r i m e n t a l  p r o c e d u r e  of  t h e  respective i n v e s t i g a t o r s .  However ,  

f r o m  a  c o n t r o l  s y s t e m s  a s p e c t ,  b o t h  r e s u l t s  s u p p o r t  ' t h e  

h y p o t h e s i s ,  t h a t  t h e  m e t a b o l i c  r a t e  i s  a  f u n c t i o n  o f  i n t e r n a l  

and s u r f a c e  s k i n  t e m p e r a t u r e .  

One of t h e  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  h y p o t h e t i c a l  

r e l a t i o n s h i p s  p r o p o s e d  by B e n z i n g e r ,  i s  t h a t  h i s  " s t e a d y - s t a t e "  

core and  s k i n  t e m p e r a t u r e s  h a d  a  s l i g h t  g r a d i e n t .  Coupled w i t h  
" s 

t h e  l a t e r  f i n d i n g s  o f  C r a i g  and  Dvorak  ( 1 9 6 6 ) .  t h i s  t e n d s  t o  

s u g g e s t  t h a t  m e t a b o l i c  r a t e  is d e p e n d e n t  upon n o t  o n l y  t h e  

" s t e a d y - s t a t e "  body t e m p e r a t u r e s ,  b u t  a l so  o n  t h e  dynamic  
> - 

c h a n g e s  i n  core a n d  s k i n  t e m p e r a t u r e s ,  t h a t  o c c u r  d u r i n g  
- --- 

' c o o l i n g .  P e r h a p s  t h e  d i s c r e p a n c i e s  i n  t h e  s k i n  i s o t h e r m s o f  

B e n z i n g e r  and  C r a i g  and  Dvorak  o c c u r r e d  d u e  to d i f f e r e n t  r a t e s  

o f  c o o l i n g  o f  t h e  body  t e m p e r a t u r e s .  Such  a n  h y p o t h e s i s  i s  

c e r t a i n l y  s u p p o r t e d  by s t u d i e s  of i s o l a t e d  t e m p e r a t u r e  s e n s i t i v e  

n e u r o n s  ( H e n s e l  and  Boman, l 9 6 O ) ,  w h i c h  h a v e  i n d i c a t e d  t h e  

p r e s e n c e  o f  a  p o w e r f u l  d y n a m i c  r e d p n s e  to  a  t e m p e r a t u r e  c h a n g e .  
- - 

I f  t h i s  i s  t h e  c a s e ,  t h e n  r e l a t i a ' n s h i p s  s u g g e s t i n g  t h a t  

m e t a b o l i c  r a t e  a t  a g i v e n  c o m b i n a t i o n  o f  core a n d  s k i n  

t e m p e r a t u r e s  w i l l  b e  t h e  same,  r e g a r d l e s s  o f  t h e  r a t e  a t  wh ich  

t h e  core a n d  s k i n  t e m p e r a t u r e s  a re  c h a n g i n g ,  a r e  n o t  v a l i d .  I t  
t 

seems u n f o r t u n a t e ,  t h a t  l a t t e r  p r e d i c t i v e  e x p r e s s i o n s  f o r  



r 

b - 

m e t a b o l i c  r a t e  h a v e  o m i t t e d  m o d i f y i n g  B e n z i n g e r  ' s r e l a t i o n s h i p s  

t o  i n c l u d e  dynamic components  and  h a v e  c o n t i n u e d  to  d e f i n e  

J m e t a b o l i c  r a t e  (MR) a s  a  f u n c t i o n  of s t e a d y  s t h t e  r e c t a l  ( T r ) ,  

tympan ic  ( T t y )  and s k i n  ( T s )  t e m p e r a t u r e .  

The c o n c e p t  o f  dynamic  componen t s  i n  t h e  c o n t r o l  o f  

m e t a b o l i c  r a t e  i s  n o t  new and h a s  b e e n  s e s t e d  by Brown and P" 
Brengelmann ( l 9 7 O ) ,  Nadel  - ( 1 9 7 0 )  and  orriso on e t  a l .  -- 
( 1 9 8 0 ) .  Assuming t h e r e f o r e ,  t h a t  t h e r e  e x i s t s  a  r e l e ' v a n t  

c o n t r i b u t i o n  o f  dynamic  a s  w e l l  a s  s t a t i c  core and mean s k i n  

t e m p e r a t u r e  t o  t h e  c o n t r o l  o f  t h e r m o g e n i c  p r o c e s s e s  i n  t h e  human ' 

body ,  e x i s t i n g  s t a t i c  f o r m u l a e  c o u l d  b e  m o d i f i e d  to  i n c l u d e  

components  o f  d T s / d t  and d T r / d t  o r  d T t y / d t  a n d  t h e r e b y  improve 

t h e i r  o v e r a l l  p red  i c  t i v e  p o w e r  f o r  cool i n g  and rewarming.  The 

m o d i f i e d  f o r m u l a e  would t h e n  r e f l e c t  t h e  a p p a r e n t  h y s t e r e s i s  
4 

P 

t h a t  o c c u r s  when p l o t t i n g  m e t a b o l i c  r a t e  a g a i n s t  core o r  s k i n  
-\ -- - - - ', - -  f 

tempera t u r k  d u r i n g  c o o l i n g  and rewarming ,  and t h e r e b y  e x p r e s s  J 

m e t a b o l i c  r a t e  d u r i n g  t h e s e  t w o  p h a s e s  w i t h  more v a l i d i t y .  ,' 
,. 

T h i s  c h a p t e r  e v a l u a t e s  s e v e r a l  p r e d i c t i v e  f o r m u l a e .  I t  / 

examines  t h e  p r e d i c t i v e  p o w e r  o f  t h e s e  e x p r e s s i o n s ,  t h e  r e g i o n s  

where  error  o c c u r s ,  and i d e n t i f i e s  a n y  c o n s i s t e n t  d i s c r e p a n c i e s  

between t h e o r y  and e x p e r i m e n t  b y  a n a l y s i s  o f  errors. F i n a l l y ,  i t  

o f f e r s  s e v e r a l  p o s s i b l e  me thods  o f  m i n i m i z i n g  t h e  error o f  

p r e d i c t i o n  o f  t h e s e  f o r m u l a s .  
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The e m p i r i c a l  d a t a  u s e d  t o  e v a l u a t e  m o d e l s  w h i c h  p r e d i c t  

, t he  m e t a b o l i c  r e s p o n s e  t o  a  c o l d  e x p o s u r e ,  w a s  o b t a i n e d  from" a  -. 

s t u d y  c o n d u c t e d  b y  M o r r i s o n  e t  a l .  ( 1 9 8 2  ) , The protocol u s e d  i n  -- 

t h e i r  s t u d y ,  w h i c h  c o n s i s t e d  of c o o l i n g  t e n  m a l e  s u b j e c t s  i n  

~ O O C  water u n t i l  a  r e c t a l  t e m p e r a t u r e  of 35Oc was  r e a c h e d ,  . 

f o l l o w e d  by  p a s s i v e  r e w a r m i n g  i n  a s l e e p i n g  b a g ,  h a s  b e e n  
- - 

l w t l i n e d  p r e v i o u s l y  b y  M o r r i s o n  -- e t  a l .  ( 1 9 7 9 )  a n d  Conn ( 1 9 8 0 ) .  

M e t a b o l i c  h e a t  p r o d u c t i o n  w a s  c a l c u l a t e d  a s  o u t l i n e d  by  
R 

C o n s o l a z i o  e t  a l .  ( 1 9 5 1 ;  a l s o  see Append ix  I . ) .  Oxygen -- 
s 

consumpt ion  v a l u e s ,  c o r r e c t e d  f o r  body  m a s s  ( i , e .  m l .  

02/min ./kg. ) were c o n v e r t e d  i n t o  u n i t s  of W a t t s / k g  . , a s s u m i n g  

t h e  c a l o r i f i c  e q u i v a l e n t  f o r  o n e  l i t e r  of o x y g e n  to  b e  4 .8  

k i l o c a l o r i e s  a n d  1 k c a l / h o u r  to  be e q u a l t o p  1 . I 6 2 2  W a t t s  (see 

Appendix I. f o r  c o n v e r s i o n  d e t a i l s )  . 
The m o d e l s  of t h e r m o g e n e s i s  c h o s e n  for  e v a l u a t i o n  were : 

1. ~ a ~ w a r d  e t  a l .  (1977).-, H 1  : -- 

NR(W/kg.) = 0 .0314  ( T s  - 4 2 . 4 )  ( T r  - 4 1 . 4 )  

2 ,  S t o l w i  j k  a n d  H a r d y  ( l 9 6 6 ) ,  SH : 



AMR(kca l . /h r , )  = 60 (36.6 - T t y )  ( 3 4 . 1  - T s )  . . . ( 3 . 3 )  

AMR(kcal . /hr . )  = 3 6  (36 .5  - T t y )  (32 .2  - T s )  + 

4 .  Timbal  -- e t  a l .  (1976  a , b ) ,  T :  

5. Brown and Brengelmann ( 1 9 7 0 ) ,  B : 

where, 

MR = J ( T s  + K ( d T s / d t ) )  - L (db!~/d t )  

Hl,H2,SH,N,T,B, ' = n o t a t i o n s  t o  d e n o t e  t h e  s p e c i f i c  mode l .  

MR = m e t a b o l i c  r a t e  , 

T s  = w e i g h t e d  mean s k i n  t e m p e r a t u r e  

T t y  = t ympan ic  t e m p e r a t u r e  

T r  = rectal  t e m p e r a t u r e  -- - 

J,K,L = u n d e t e r m i n e d  c o e f f i c i e n t s  - -- 



I n  o r d e r  t o  b e  a b l e  t o  draw c o m p a r i s o n s  be tween  t h e  
s 

p r e d i c t i o n s  o f  t h e  a b o v e  mode l s  and  o b s e r v e d  v a l u e s ,  p r e d i c t e d  

and o b s e r v e d  m e t a b o l i c  r a t e s  were c o n v e r t e d  to  u n i t s  o f  - 

Watts/kg . 
The a n a l y s i s  was confounded by d i f f e r e n t  e x p e r i m e n t a l  , 

t e c h n i q u e s  employed by t h e  a u t h o r s  i n  o b t a i n i n g  m e a s u r e  7 Of 

and p e r i p h e r a l  t e m p e r a t u r e s ,  f rom which v a - r i o u s  l i n e a r  and 

m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s e s  w e r e  c o n d u c t e d  i n  o r d e r  

o b t a i n  t h e  p a r a m e t e r s  i n  t h e  mode l s .  Measurement  o f  oxygen 

core 

to  

consumpt ion is a  f a i r l y  s t a n d . a r d  p r o c e d u r e  and i t  i s  assumed 

t h a t  t h e  m e t a b o l i c  r a t e s  d e t e r m i n e d  by t h e  a u t h o r s  a r e -  

%? comparab le .  

The e v a l u a t i o n  of c o r e  t e m p e r a t u r e .  was a c h i e v e d  by 

measur ing  t h e  t e m p e r a t u r e  i n  t h e  r e c t u m  and a t  t h e  tympanum. A s  

c a n  b e  s e e n  from T a b l e  3 .1 ,  p r o b e  p l a c e m e n t  i n  t h e  r e c t u m  v a r i e d  

- from 10 cm. to 1 5  cm. beyond t h e  a n a s  s p h i n c t e r s .  T h e - c h a n g e  i n  

r e c t a l  t e m p e r a t u r e  w i t h  d e p t h  o f  i n s e r t i o n  h a s  been  r e p o r t e d  by 

Behnke and Yaglou ( 1 9 5 1 ) ,  who o b s e r v e d  d i f f e r e n c e s  o f  up t o  

0 . ~ O C  between d e p t h s  o f  5  cm. and 9 c m .  Mead and Bonmar i to  

( 1 9 4 9 )  o b s e r v e d  s i m i ' l a r  d i f f e r e n c e s  i n  ' o n e  s u b j e c t  be tween 

d e p t h s  o f  7.5 and 12.5  ms. ( a  c o m p a r a t i v e  e v a l u a t i o n  o f  core 
, a  

' t e m p e r a t u r e  r e a d i n g s  t a k e n  a t  d i f f e r e n t  s i t e s  i s  g i v e n  i n  9 

Appendix IV). The d a t a  from b o t h  r e p o r t s  s u g g e s t s  t h a t  t h e  r a t e  

ok c o o l i n g  r e m a i n s  t h e  same r e g a r d l e s s  o f  t h e  d e p t h s  
- - 

i n v e s t i g a t e d ,  t h e r e b y  m a i n t a i n i n g  t h e  d i f f e r e n c e  c o n s t a n t .  



~ a b l e  3 .1  : T e c h n i q u e s  employed i n  s e v e r a l  s t u d i e s  f o r  measur ing  
core and p e r i p h e r a l  t e m p e r a t u r e  . - .?s 
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- The greatest  d i s c r e p a n c y  i r i  d a t a  c o l l e c t i d n  . ,  a p p e a r s  t o  b e  

. t h e  e v a l u a t i o n  d f  mean - s k i n  t e m p e r a t u r e  ( T a b l e  3 . 1 ) .  A 

p r e l  i n i n a r y  s t u d y  r e v e a l e d  that  b e t t e r  p r e d i c ' t i o n s  w e r e  o b t a i n e d  

u s i n g  t h e  f o r m u l a  f o r  mean. s k i n  . t e m p e r a t u r e  a s  s u g g e s t e d  by 

~ a m a n a t h a ' n  (1964 ) , u t l i z i n g  w e i g h t e d  t e m p e r a t u r e s  o f  t 'he arm, 

c h e s t ,  t h i g h  and  c a l f  as opposed  t o  t h e  method by Hayward 
e 

e t  a l .  ( 1 9 7 7 )  and  S t o l w i  jk and  Hardy ( 3 9 6 6 ) .  The e m p i q i c a l  d a t a  -- 
from M o r r i s o n  -- e t  a l .  ( 1 9 8 2 )  and Conn ( 1 9 8 0 ) ' o n l y  c o n t a i n e d  

measurements  o f  s k i n  t e m p e r a u r e  a t  f o u r  s i tes ,  making  it 

i m p o s s i b l e  t o  u s e  t h e  m e t h o d s  s -ugges ted  b y  T i m b a l  e t  a l .  (1976  
7- 

a  , b )  . However, M i t c h e l l  and Wyndham ( 1 9 6 9 )  h a v e  s u g g e s t e d  t h a t  

t h e  fo rmula  o f  Ramanathan (1964 ) is  a d e q u a t e .  F o r  t h e  p u r p o s e s  

o f  t h e  p r e s e n t  s t u d y ,  w e i g h t e d  mean s k i n  t e m p e r a t u r e  was 

e v a l u a t e d  a s  shown i n  T a b l e  3 . 1  

The mode l s  d i f f e r  n o t  o n l y  i n  t h e  v a l u e s  o f  t h e  

c o e f f i c i e n t s ,  b u t  a l so  i n  t h e  f u n c t i o n a l  r e l a t i o n s h i p  

t h e  d e p e n d e n t  a n d  i n d e p e n d e n t  v a r i a b l e s .  Some p r e d i ' c  t 

- -  - 

between 

m e t a b o l  i c  

r a t e  ( H l , H 2 , T ) ,  o t h e r s  o n l y  p r o v i d e  a n  e s t i m a t e  o f  t h e  c h a n g e  i n  

m e t a b o l i c  r a t e  (SH and N). The model  s u g g e s t e d  by  Brown and 
- 

Brengelmann (1970  ) w i l l  b e  e v a l u a t e d  s e p a r a t e l y ,  a s  i t  h a s  not-?, 

b e e n  t e s t e d  w i t h  e m p i r i c a l  d a t a  a n d  h e n c e  t h e y  d i d  n o t  report 

t h e  c o e f f i c i e n t  v a l u e s .  T h e r e f o r e ,  o n l y  t h e  f u n c t i o n a l  f2 
c, 

'-a 

r e l a t i o n s h i p  o f  t h e  model  was  t e s t e d .  The f o r m u l a e  o f  Timbal  - e t  

a l .  (1976 a , b )  and Brown and Brengelmann ( 1 9 7 0 )  h a v e  i n  common - 
t h e  c o n s i d e r a t i o n  o f  dynamic  components .  T imbal  -- e t  a l . ,  (1976  

a , b )  a c c o u n t  f o r  t h e  r a t e  o f  c h a n g e  i n  s k i n  t e m p e r a t u r e ,  w h i l e  



~ r o w n  and Brengelmann (1970 ) a l s o  c o n s i d e r  t h e  - t h e r m o r e g u l a t o r y  
- - - - - - 

s y s t e m  a s  a  c l o s e d  l o o p ,  n e g a t i v e  f e e d b a c k  s y s t e m  and a l s o  t a k e  , - 

i n t o  c o n s i d e r a t i o n  t h e  r a t e  o f  c h a n g e  o f  m e t a b o l i c  r a t e . .  
/ y  

The aim o f  t h e  p r e s e n t  i n v e s t i g a t i o w w a s  t o  a s c e r t a i n  which 

r e l a t i o n s h i p  would b e s t  d e s c r i b e  t h e  m e t a b o l  i c  r e s p o n s e  d u r i n g  
I 

c o o l i n g  and rewarming.  By d o i n g  s some o f  t h e  a s s u m p t i o n s  and  k 
l i m i t a t i o n s  se t  b y  t h e  a u t h o r s  were n o t  t a k e n  i n t o  

c o n s i d e r a t i ' o n .  However, t h e s e  v i o l a t i o n s  were n e c e s s a r y  t o  a l l o w  

compar i sons  and  t o  d e t e r m i n e  w h e t h e r  t h e  mode l s  c o u l d  be  

improved, i n  o r d e r  to  p r o v i d e  a c c u r a t e  p r e d i c t i o n s  r e g a r d l e s s  o f  

t h e  p o l a r i t y  o f  t h e  t e m p e r a t u r e  t r a n s i e n t s  w i t h i n  t h e  body. 



/ 

111. A n a l y s i s  

The e v a l - u a t i o n  o f  t h e  p r e d i c t i v e  m o d e l s  was  c o n d u c t e d  i n  

s e v e r a l  s teps ,  e a c h  u t i l i z i n g  a n  a p p r o p r i a t e  s t a t i s t i c a l  

p r o c e d u r e .  The n a t u r e  of t h e s e  s t a t i s t i c a l  a n a l y s e s  and  
/ 

j u s t i f i c a t i o n  f o r  t h e i r  a p p l i c a t i o n  a r e  o u t 1  i n e d  be low : 

1. E e f o r e  a t t e m p t i n g  to  e v a l u a t e  t h e  p r e d i c t i v e  f o m u l a e  Pn a n y  

g r e a t  d e t a i l ,  i t  was d e t e r m i n e d  w h e t h e r  t h e  p r o p o s e d  

r e l a t i o n s h i p s  were s i g n i f i c a n t ,  u s i n g  t h e  e m p i r i c a l  d a t a .  I n  

o t h e r  w o r d s ,  i s  t h e r e  a v a l i d  f u n c t i o n a l  r e l a t i o n s h i p  

b e t w e e n  t h e  d e p e n d e n t  v a r i a b l e  ( o b s e r v e d  m e t a b  Trate) and 
. t h e  i n d e p e n d e n t  v a r i a b l e  ( m e t a b o l i c  r a t e  p r e d i c t e d  u s i n g  t h e  

m e n t i o n e d  m o d e l s ) ,  The S t u d e n t a + t - t e s t  w a s  u s e d  t o  t e s t  t h e  

n u l l  h y p o t h e s i s  t h a t  t h e  p Q p u l a t i o n  c o r r e l a t i o n  c o e f f i c i e n t  

is z e r o  ( R o s c o e ,  1969;  K lugh ,  1 9 7 4 )  : 

w i t h  d e g r e e s '  of f r e e d o m  ( d  .f . ) = N-2 . 
w h e r e ,  

r = c o r r e l a t i o n  c o e f f i c i e n t  
1 * 

N = number  of c a s e s  

The  c o r r e l a t i o n  i s  deemed s i g n i f i c a n t ,  i f  t h e  

c a l c u l a t e d  v a l u e  o f  t i s  e q u a l  to o r  g r e a t e r  t h a n  t h e  

t a b u l a t e d  v a l u e  of t w i t h  (N-2) d e g r e e s  of f r e e d o m .  



~ -By d e t e r m i n i n g  a  s i g n i f i c a n t  l e v e l  of t ,  w i t h  (N-2 . )  

d e g r e e - s  o f  f r e e d o m ,  a r e j e c t i o n  r e g i o n  f o r  t h e  c o r r e l a t i o n  

c o e f f i c i e n t  may b e  d e f i n e d  a s  : 

' w i t h  d . f .  = N-2 L - i i 

A o n e - t a i l e d  t e s t  w a s  c o n d u c t e d ,  s i n c e  t h e  a  priori - 

s p e c i f i c a t i o n  was  t h a t  o n l y  p&i t i v e  c o r r e l a t i o n s  a r e  o f  
Q 

i n t e r e s t .  

C o n d u c t i n g  t h i s  a n a l y s i s  o n  t h e  p o o l e d  d a t a  ( f o r  

c o o l i n g  and rewa-rming) f o r  t e n  s u b j e c t s ,  i t  was found  t h a t  a  

s i g n i f i c a n t  l e v e l  o f  t ( a t  0 .05 l e v e l  f o r  d  . f . = 2 3 0 )  is 

1.645.  I n  o r d e r  fo r  a  c o r r e l a t i o n  to b e  s i g n i f i c a n t ,  i t  h a s  

t o  b e  e q u a l  t o  o r  g r e a t e r  t h a n  0 .109  (0 .183  f o r  c o o l i n g  o n l y  
- - - -  - - - -- -- - - 

and  0 .149  fo r  r ewarming  o n l y ) .  The' c o e f f i c i e n t  of 

c o r r e l a t i o n ,  r - s q u a r e d ,  w a s  a d j u s t e d  f o r  t h e  number of 

predict :ve v a r i a b l e s  a c c o r d i n g  t o  Dixon  a n d  J e n n r i c h  ( 1 9 8 1  1 ,  

s u c h  t h a t *  : 

a d j u s t e d  r2= r2- p ( l  - ;)/(N - p ' )  

where ,  

p = number of i n d e p e n d e n t  v a r i a b l e s  

p '  = p  when i n t e r c e p t  is  e q u a l  to  0 a n d  p l = p + l ,  i f  



i n t e r c e p t  is  n o t  z e r o .  

Having conf i rmed whether  t h e  proposed e q u a t i o n s  p r e d i c t  

t he  t r e n d  o f  t h e  e m p i r i c a l  d a t a ,  t h e  v a l i d i t y  o f  t h e i r  

p r e d i c t i o n s  can be q u a n t i f i e d  from t h e  magni tude o f  t h e  

e r r o r s  g e n k a t e d ,  u s i n g  a  l e a s t  s q u a r e s  r e g r e s s i o n  a n a l y s i s .  

- 

2. The models used t o  e v a l u a t e  m e t a b o l i c  r a t e  d u r i n g  t h e  

p r o c e s s  o f  c o o l i n g  and rewarming were c o n s i d e r e d  i n  a  

g e n e r a l  ' m a t r i x  form : 

where, r 
A 

YO = (N x 1) v e c t o r  o f  p r e d i c t e d  v a l u e s .  

X = (N x p )  v e c t o p  o f  known v a r i a b l e s .  I n  model H 1  t h e  

known v a r i a b l e s  a r e  Ts and T r .  

= ( p  x 1) v e c t o r  o f  c o e f f i c i e n t s .  

6 

The observed  v a l u e s  o f  m e t a b o l i c  r a t e ,  Y i ,  were 
A 

compared to t h e ' p r e d i c t e d  v a l u e s ,  YO,  by: 



w h e r e ,  
4 P 

Y i  = (N x  1) vector  of o b s e r v e d  m e t a b o l i c  r a t e s .  
5- 

E = (  1) vector of erro.rs. 

A model  is t h e r e f o r e  s a i d  t o  b e  a c c u r a t e ,  i f  t h e  sum o f  

t h e  errors g e n e r a t e d  by  t h e  mode l  a r e  n e g l i g i b l e ,  o r  : 

> 
The g o o d n e s s  o f  f i t  o f  t h e  m o d e l s  was  a s s e s s e d  by 

t e s t i n g  t h e  i n d i v i d u a l  r e g r e s s i o n  e q u a t i o n s ,  a s  d e r i v e d  by  

t h e  s t a t i s t i c a l  c o m p u t i n g  p a c k a g e  Midas  ( F o x  and  G u i r e ,  

e r a 1  fo rm o f - t h e  r e g r e s s i o n  e q u a t i o n s  i s  shown 

i n  To tes t  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of 
- - 

tihe r e g r e s s i o n ,  t h e  r a t i o :  

F = ( r e g r e s s i o n  mean s q u a r e )  / ( r e s i d u a l  mean s q u a r e )  

= (MSR) / (MSE) 
a 

where ,  

MSR = (sum o f  s q u a r e s  d u e  t o  r e g r e s s i o n )  / ( d o • ’ .  - 1) 

= RSS / ( v -1) 

MSE = ( s u m  o f  s q u a r e s  d u e  t o  error)  / ( d  .f. - 2 )  
, 

= SSR / ( v - 2 )  
./- 



i s  compared a s  a F( p-1, v , a ) v a r i a t e ,  w h e r e  

t h e  d e g r e e s  of f reedom (N-p) and a is t h e  l e v e l  o f  

s i g n i f i c a n c e  ( 0 . 0 5 ) .  I f  t h e  v a l u e  o f  t h e  mean s q u a r e  r a t i o  

e x c e e d s  t h e  t a b u l a t e d  v a l u e  o f  F, t h e  r e g r e s s i o n  i s  

s t a t i s t i c a l l y  s i g l i i f i c a n t .  However, Wetz (1964  ) p r o p o s e s  t h e  

u t i l i z a t i o n  o f  a " f o u r  times" r u l e ,  whereby  a r e g r e s s i o n  

model is t e r m e d  a  s a t i s f a c t o r y  p r e d i c t o r ,  i f  t h e  v a l u e  o f  

t h e  F r a t i o  e x c e e d s  t h e  t a b u l a t e d  v a l u e  by  a f a c t o r ,  o f  f o u r .  

T h i s  was t a k e n  i n t o  c o n s i d e r a t i o n  when commenting on t h e  
- .  

p r e d i c t i v e  power of t h e  v a r i o u s  models. I n  a d d i t i o n ,  i n  

o r d e r  to  use  t h e  F - t e s t ,  t h e  f o l l o w i n g  a s s u m p t i o n s  were  

made : 

e r ro r  o f  p r e d i c t i o n  is d i s t r i b u t e d  n o r m a l l y  w i t h  a  

v a r i a r f c e ,  a 2  . 
b .  v a r i a n c e  is c o n s t a n t  

c . r e s i d u a l s  a re  i n d e p e n d e n t  

3 .  A b e t t e r  p r e d i c t i o n  by t h e  same model would i n v o l v e  

e s t i m a t i n g  a new v e c t o r  o f  c o e f f i c i e n t s ,  f3 ' , t h u s  

minim,izing t h e  sum o f  t h e  s q u a r e d  r e s i d u a l s ,  SSR : 



F o r  op t imum improvement  i n  p r e d i c t i o n ,  a s e p a r a t e  , 

v e c t o r  of c o e f f i c i e n t s  was o b t a i n e d  fo r  i n d i v i d u a l  s u b j e c t s  

o v e r  t h r e e  d i f f e r e n t  p e r i o d s  of t i m e ;  d u r i n g  c o o l i n g  o n l y ,  

b u r  i n g  r e w a r m i n g  o n l y  a n d  d u r i n g  t h e  cool i n g  and  rewarming  

p e r i o d  t o g e t h e r ,  T h i s - n e c e s s i  t a t e d  t h e  r e d i f i n i t i o n  of t h e  
--. 

v e c t o r  of c o e f f i c i e n t s ,  B , a n d  v e c t o r  Bf errors,  E ,  i n  

e q u a t i o n s  3 .10 a n d  3.11, r e s p e c t i v e l y .  N a m e l y ,  f3 becomes  a 

( p  x j , x  k )  v e c t o r  and  E a (N x k) v e c t o r ,  w h e r e  : 

j = 1 , 1 0  - number  of s u b 3 e c t s  + 

d "<;" 
k = 1 - c o o l i n g  a n d  r ewarming  t o g e t h e r  -- , 

= 2 -for c o o l i n g  o n l y  

:j = 3  - f o r  r ewarming  o n l y .  - 
PI- 

To d e t e r m i n e  w h e t h e r  a new B ' ( q t  a n y  l e v e l  of k )  h a s  ' 
4 

improved  t h e  p r e d i c t i o n ,  F i s h e r ' s  F - t e s t  w a s  u s e d  t o  test 

t h e  n u l l  h y p o t h e s i s '  : 

h h 

HO : ( Y i  - Y O )  = ( Y i  - Y 1 )  

w h e r e ,  
1 

YO = p r e d i c t i v e  v e a t o r  w i t h  s t a n d a r d  f3 v a l u e .  
* h 

Y1 = p r e d i c t i v e  v e c t o r  w i t h  - 'new1 6 v a l u e .  

The n u l l  h y p o t h e s i s  i s  r e j e c t e d  , i;f t h e  rat%-'-- 



where ,  
h 

SSRO = r e s i d u a l  sum o f  s q u a r e s  g e n e r a t e d  by v e c t o r  YO. 
A 

SSRl = r e s i d u a l  sum o f  s q u a r e s  g e n e r a t e d  by v e c t o r  Y 1 .  

4 .  Models may b e  improved,  i n  terms o f  t h e i r  p r e d i c t i v e  power,  

by a d d i n g  an  a d d i t i o n a l  v a r i a b l e  i n  t h e  model .  I t  was 

s u g g e s t e d  i n  e a r l i e r  p a r a g r a p h s  t h a t  d e r i v a t i v e s  o f  

p e r i p h e r a l  and core t e m p e r a t u r e  s h o u l d  b e  i n c l u d e d  i n  o r d e r  

t o  improve t h e  p r e d i c t i o n .  Numerous p o s s i b i l i t i e s  e x i s t  f o r  

m o d i f y i n g  t h e  p r e d i c t i v e  f o r m u l a e  t o  i n c l u d e  dynamic 

components .  I n c l u d i n g  a  dynamic  v a r i a b l e  a s  a  d i v i s o r  o r  

m u l t i p l i e r  i s  i n a d e q u a t e ,  a s  z e r o  g r a d i e n t s  would g e n e r a t e  

i n f i n i t e  o r  z e r o  m e t a b o l i c  r a t e s , - r e s p e c t i v e l y .  The- models  

s h o u l d  p r e d i c t  a change  of i n c r e a s e d  m e t a b o l i c  r a t e  w i t h  

i n c r e a s i n g  n e g a t i v e  and p o s i t i v e  r a t e s  of c h a n g e  i n  

p e r i p h e r a l  and core t e m p e r a t u r e .  I f  t h e  d e r i v a t i v e s  o f  s k i n  

and core t e m p e r a t u r e  a r e  n e g l i g i b l e ,  t h e n  t h e  p r e d i c t e d  

m e t a b o l i c  r a t e  s h o u l d  be  a  f u r i c t i o n  of t h e  s t e a d y  s t a t e  body 

t e m p e r a t u r e s .  

The method f o r  m o d i f y i n g  - t h e  mode l s  was t o  add a  

nami% 
component  t o  e a c h  stessy s t a t e  v a r i a b l e  i n  t h e  

- ppppp 

model .  The p r e v i o u s  s t a n d a r d  m o d e l s  were t h e r e f o r e  

t r a n s f o r m e d  to : 



1 - - - - - - - - - - 

H 1  : MRHDT - 

MR = A 1  ( ( T s  - A2) + A3 (dTs/&t)) x 
-- -- - 

x ( ( T r  - A4) + A5 ( d T r / d t ) )  ... ( 3 . 1 9 )  

MR = . B 1  ( ( T s  - B2)  + . B 3  ( d ~ s / d t ) )  x 
I I 

t SH : MRSHDT 

MR = MO + C1 ( ( C 2  - T t y )  + C3 ( d T t y / d t ) )  x 

x ( ( C 4  - T s )  + C5 ( d T s / d t ) )  .. . ( 3 . 2 1 )  

MR = MO + D l  ( ( D 2  - T t y )  + D3 ( d ~ y / d t ) )  X 
, c 

x ( ( D 4  - T s )  + D5 ( d T s / d t ) )  + 

where," , 

MO = r e s t i n g  m e t a b o l i c  r a t e .  
0 

dTs /d t  = r a t e  o f  c h a n g e  of s k i n  t e m p e r a t u r e  ( C/min.). 
0 

d T r / d t  = r a t e  o f  c h a n g e  of r e c t a l  t e m p e r a t u r e  ( C/min.) . 
6 0 

d ~ t ~ / d t '  = r a t e  o f  c h a n g e  of t y m p a n i c  t e m p e r a t u r e  ( C/min.).  . 

A i , B i , C i  ( i = 1 , 5 )  and D i l  ( i l = 1 , 7 )  = 
-- ---- 

= c o e f f i c i e n t s  of r e g r e s s i o n  f o r  mode l s  
-k 

- A- 

MRH~DT; MRH2DT, MRSHDT and  MRNDT r e s p e c t i v e l y  . 



3 . 

* 
- -  - - -  

An a d d i t i o n a l  p a r a m e t e r  i n  a  model i m p l i e s  t h a t  a 
- - - - --- - 

d e g r e e  o f  f r eedom h a s  To tes t  t h e  s i g n i f i c a n c e  o f  

t h e  i n c l u s i o n  o f  i n s a  mode l ,  t h e  f o l l o w i n g  

p r o c e d u r e  was f o l l o w e d  . t 

The t w o  models were c o n s i d e r e d  i n  t h e  form : 

9 
h 

y i  = YI + EI = 8' x + ~l a..  ( 3 . 2 3 )  

where ,  

8 '  = v e c t o r  o f  c o e f f i c i e n t s  B ' i ,  w h e r e  i = l , q  . 
B v  = v e c t o r  of c o e f f i c i e n t s  B n i , w h e r e  i = 1 , p .  

A 

- - 

E l  = v e c t o r  of errors g e n e r a t e d  by o d e 1  Yr.- - - - - 

A 

E2 = v e c t o r  of errors g e n e r a t e d  J model Y2. 
A 

- 
p , q  = number of c o e f f i c i e n t s  i n c l u d e d  i n  mode l s  Y2 and 

h 

Y 1 ,  r e s p e c t i v e l y .  N o t e  t h a t  p > q. 

The ' e x t r a  sum o f  s q u a r e s '  g e n e r a t e d  b y  a d d i n g  a  t e r m  
h A 

t o  Y1 a s  i n  Y2, is  g i v e n  by (SSR2-SSRl) , where  d .f . = p-q. 
- -- -- 

where ,  I 



Assuming t h e  errors a r e  n o r m a l l y  d i s t r i b u t e d ,  t h e  r a t i o :  

can  b e  compared w i t h  sC by a n  F(p-q ,  a ) t e s t ,  w h e r e :  

where,  
A 

SSRl 5 sum o f  t h e  s q u a r e d  r e s i d u a l s  g e n e r a t e d  by Y1 . 
A 

SSR2 = sum o f  t h e  s q u a r e d  r e s i d u a l s  g e n e r a t e d  by Y2 . 

The n u l l  h y p o t h e s i s  is t h e r e f o r e  H o :  SSR2 = SSRl and 

t h e  a l t e r n a t i v e  Ha: SSR2 less t h a n  SSR1. I f  t h e  a1te ;nat ive  

h y p o t h e s i s  is  a c c e p t e d ,  a  s i g n i f i c a n t  ( a t  t h e  0.05 l e v e l )  

m i n i m i z a t i o n  of t h e  r e s i d u a l s  h a s  been  made b y  a d d i n g  a  term 

to  t h e  e q u a t i o n .  

5. I n  a s s e s s i n g  t h e  W e l s ,  a s  t o  w h i c h  o n e  o f f e r s  t h e  l e a s t  

amount of e r ror ,  t h e  e q u a t i o n s  p roposed  by Timbal  e t  a l .  -- 
(1936 a , b )  and Brown and Brengelmann ( 1 9 7 0 )  s h o u l d  be - 

included. P r m n  and- Brengehann 41970) did  not repor* - 

p r e f e r r e d  v a l u e s  f o r  t h e  c o e f f i c i e n t s  i n  t h e i r  model; t h e y  

wefe t h e r e f o r e  d e r i v e d  u s i n g  a l e a s t  s q u a r e s  r e g r e s s i o n  



a n a l y s i s .  

A n  F - t e s t  was  u t i l i z e d  t o  d e t e r m i n e  w h e t h e r  t h e  

d i f f e r e n c e &  b e t w e e n  t h e  sums of t h e  s q u a r e d  errors o b t a i n e d  
A h 

P 

from t h e  v a r i o u s  m o d e l s  ( H I ,  H 2 ,  S H ,  TLB, B )  (were 

s i g n i f i c a n t  a t  t h e  0.05 r e v e l .  T h i s  a n a l y s i s  was c o n d u c t e d  * 
on  p o o l e d  d a t a  f o r  t e n  s u b j e c t s  a s  w e l l  a s  og t h e  p o o l e d  

cool i n g  and rewarming d a t a  s e p a r a t e l y .  



L 
I V .  R e s u l t s  

- I t  i s  e v i d e n t  f rom T a b l e  3.2,  t h a t  t h e  c o r r e l a t i o n s  f o r  a l l  

s t a n d a r d  models a r e  s i g n i f i c a n t  a t  t h e  0 .05  l e v e l  ( d o • ’ .  = 2 2 3 ) ,  

when c o o l i n g  and rewarming d a t a  a re  t r e a t e d  t o g e t h e r .  The model 

s u g g e s t e d  by T i m b a l  e t  a l .  (1976  a r b )  was shown t o  b e , , p o o r l y  -- 
c o r r e l a t e d  w i t h  t h e  o b s e r v e d  d a t a ,  when c o n s i d e r i n g  t h e  ' 

immers ion  d a t a  s e p a r a t e l y .  

When c o m p a r i n g  t h e  r a t i o  of (mean s q u a r e s  d u e  t o .  t h e  
? 

r e g r e s s i o n ) / ( m e a n  s q u a r e s   due t o  t h e  e r r o r )  w i t h  t h e  t a b u l a t e d  

v a l u e  o f  F, i t  was found  t h a t  t h e  c a l c u l a t e d  F r a t i o  exceeded  

t h e  t a b u l a t e d  v a i u e  i n  a l l  t h r e e  t i m e  i n t e r v a l s ,  a s  s e e n  i n  

T a b l e  3.3. 

I n  order to  make a  judgement  o n  t h e  u s e f u l n e s s  o f  t h e  

e q u a t i o n s  a s  p r e d i c t o r s  o f  t h e r m o g e n e s i s ,  , t h e  ' f o u r  t imes'  r u l e  

(Wetz ,  1 9 6 4 )  was  a p p l i e d .  The r e s u l t  o f  t h i s  a n a l y s i s  i n d i c a t e s ,  

t h a t  a l l  e q u a t i o r t s  a r e  good p r e d i c t o r s ,  when t r e a t i n g  t h e  p o o l e d  
- 

c o o l i n g  d a t a  a n d  rewarming d a t a  t o g e t h e r .  F o r  t h e  c o o l i n g  d a t a  

a l o n e ,  o n l y  t h e  m o d e l s  s u g g e s t e d  by  Hayward -- e t  a l .  ( 1 9 7 7 )  can  b e  

c o n s i d e r e d  a s  a d e q u a t e  p r e d i c t o r s  o f  m e t a b o l i c  r a t e .  On 

rewarming ,  t h e  e q u a t i o n s  o f  Hayward -- e t  a l .  ( 1 9 7 7  ) , a s  w e l l  a s  

Nade l  -- e t  a l .  ( 1 9 7 0  ) g i v e  good p r e d i c t i o n s  of m e t a b o l i c  r a t e .  The 

o v e r a l l  r a n k i n g  of t h e  s t a n d a r d  m o d e l s  shows t h a t  models H 1  and  

H2 a r e  b e s t  p r e d i c t o r s  o f  m e t a b o l i c  r a t e .  

By u s i n g  a  d e r i v a t i v e  f r e e  n o n - l i n e a r  r e g r e s s i o n  a n a l y s i s  

( D i x o n  -- e t  a l . ,  1 9 7 9 ) ,  t h e  c o e f f i c i e n t s  i n  t h e  s t a n d a r d  e q u a t i o n s  



i 

T a b l e  3.2 : S i g n i f i c a n c e  o f  c o r r e l a t i o n  c o e f f i c i e n t s  f o r  f i v e  
p r e d i c t i v e  models. 





t 

Table 3 . 3  : - E v a l u a t i o n  of s t a n d a r d  models w i t h  e m p i r i c a l  d a t a .  - 



- 
Model MSR MSE A 

F~~~ F~~~ Ranking 

S : COOLING AND REWARMING DATA 

C : COOLING DATA 

R : REWARMING DATA 

* Poor predic t i$b.  power, as determined by ( F  /FTAB) > 4 . 0  
(Wetz, 1964) .  See t e x t  for d e t a i l s .  
F and FTm denote  t h e  c a l c u l a t e d  and t a b u l a t e d  va lue  of 
t h e  F s t a t i s t i c ,  r e s p e c t i v e l y .  



were a l t e r e d  to  g i v e  t h e  b e s t  p o s s i b l e  p r e d i c t i o n  f o r  e a c h  

s u b j e c t ,  A s  c a n  be s e e n  f r o m  T a b l e  3 . 4 ,  t h e  m d i f i e d  v e r s i o n s  o f  

t h e  s t a n d a r d  m o d e l s  (MRH1, F M 2 ,  MRSH, MRN, MRT) , g e n e r a t e d  less  

errors f o r  a l l  t h r e e  tinte p e r i o d s  c o n s i d e r e d .  The r e d u c t i o n  i n  
# 

sum o f  t h e x s q u a r e d  r e s i d u a l s  wa s i g n i f i c a n t  a t  t h e  0 .01  l e v e l ,  

a s  o b s e r v e d  i n  T a b l e  3 . 4 .  f @ 

t 
L .- 

F u r t h e r  m i n i m i z a t i o n  o f  r e s i d u a l s  was  a c h e i v e d  by a d d i n g  

d e r i v a t i v e  c o m p o n e n t s  t o  t e n d q d  + m o d e l s .  To e v e r y  I 

s t e a d y - s t a  t e  component  i n  a  h o d e ~ ,  a t i m e  d e r i v a t i v e  component 

was a d d e d .  A s  p r e v i o u s l y ,  a  n o n - l i n e a r  r e g r e s s i o n  was used to  

o b t a i n  t h e  b e s t  c o e f f i c i e n t s  f o r  e a c h  s u b j e c t  d u r i n g  t h e  t h r e e  

t i m e  p e r i o d s  ( S ,  C a n d  R). The r e s u l t s  o f  t h i s  a n a l y s i s ,  shown 

i n  T a b l e  3.5, i n d i c a t e  t h a t  f u r t h e r  r e d u c t i o n  i n  errors o c c u r ,  

when compar ing  m o d e l s  w i t h  d e r i v a t i v e  terms a n d  p e r s o n a l i z e d  

c o e f f i c i e n t s  ( MRHlDT, MRH2DT, MRSHDT, MRNDT) w i t h  m o d e l s  

c o n t a i n i n g  t h e  same i n d e p e n d e n t  v a r i a b l e s  a s  t h e  s t a n d a r d  

m o d e l s ,  b u t  w i t h  p e r s o n a l i z e d  c o e f f i c i e n t s  (MRH1, MRH2, MRSH, 

MRN, MRT). Using t h e  F - t e s t  d e s c r i b e d  p r e v i o u s l y ,  t h e  a d d i t i o n  

o f  t i m e  d e r i v a t i v e  terms of t h e  i n d e p e n d e n t  v a r i a b l e s  

s i g n i f i c a n t l y  d e c r e a s e d  t h e  error of p r e d i c t i o n ,  a t  t h e  0 .01  

l e v e l ,  when compared to  t h e  m o d i f i e d  m o d e l s  w i t h  no  t i m e  

d e r i v a t i v e s  ( T a b l e  3 . 4 ) .  

T a k i n g  i n t o  a c c o u n t  a l l  t h e  s t a n d a r d  m o d e l s ,  t h e  m o d i f i e d  

and t r a n s f o r m e d  v e r s i o n s ,  a  t o t a l  o f  f i f t e e n  f u n c t i o n a l  

r e l a t i o ~ s h i p s  b e  tween d e p n d e n  t a n d  i n d e p e n d e n t  v a r i a b l e s  were 

t e s t e d ,  The e q u a t i o n s  were r a n k e d  a c c o r d i n g  to  t h e i r  power o f  



T a b l e  3 . 4  : E v a l u a t i o n  o f  m o d i f i e d  v e r s i o n s  of s t a n d a r d  - - 

f o rmu lae ,  c o n t a i n i n g  p e r s o n a l i z e d  c o e f f i c i e n t s .  The 
c a l c u l a t e d  F - r a t i o ,  when compared to  t h e  t a b u l a t e d  v a l u e ,  
i n d i c a t e s  s i g n i f i c a n t  r e d u c t i o n s  ( ~ ( 0 . 0 1 )  i n  r e s i d u a l s  f rom 
s t a n d a r d  mode l s .  



* 
Model SSRO-SSR1 

't: 
F 

h ' 'TAB 

A 
x. MRSH 20098.85 9444. 95 3 4.61 

i 

* Difference between the sum of the squared residuals 
generated by the unmodified standard if ormula, SSRO, 

. A  . 

- and the standard formula containing personalized 

coefficients, SSR1. 
-; -. : 



T a b l e  3 -5 : E v a l u a t i o n  of m o d i f i e d  v e r s i o n s  of s t a n d a r d  mode l s  
i n c o r p o r a t i n g  t i m e  d e r i v a t i v e  t e r m s  of t h e  i n d e p e n d e n t  
v a r i a b l e s  and  p e r s o n a l i z e d  c o e f f i c i e n t s ,  The c a l c u l a t e d  
F - r a t i o ,  when compared t o  t h e  t a b u l a t e d  v a l u e ,  i n d i c a t e s  
s i g n i f i c a n t  r e d u c t i o n s  (p<O. 01  ) i n  r e s i d u a l s  f r om t h e  
m o d i f i e d  m o d e l s  c o n t a i n i n g  p e r s o n a l i z e d  c o e f f i c i e n t s ,  b u t  no  
d e r i v a t i v e  t e r m s .  



* A 

Model SSR1-SSR2 F 

MRSHDT 105.37 

MRNDT 18.72 

p i f f e r e n c e  between t h e  sum of t h e  squared  r e s i d u a l s  

< genera ted  by t h e  s t anda rd  formula c o n t a i n i n g  
,J 

pe r sona l i zed  c o e f f i c i e n t s ,  SSR1, and t h e  s t anda rd  

formula i n c o r p o r a t i n g  p e r s o n a l i z e d  c o e f f i c i e n t s  and 

time d e r i v a t i v e s  of t h e  independent  v a r i a b l e s ,  S S R ~  



- -- - - - - - - - 

p r e d i c t i o n  a s  i n d i c a t e d  by t h e  g e n e r a t e d  sum of  t h e  squa red  

r e s i d u a l s ,  shown i n   able 3.6. R e s u l t s "  o f  t h i s  a n a l y s i s  i n d i c a t e  

t h a t  t h e  b e s t  fit , t o  t h e  o b s e r v e d  d a t a  was o b t a i n e d .  u s i n g  m o d e l  

MRSHDT, a s  s u g g e s t e d  by- S to lwi  jk and Hardy ( 1 9 6 6 ) -  Next b e s t  

p r e d i c t o r s  a r e  mode l s  MRHlDT and MRNDT. F o r  poo led  c o o l i n g  d a t a  

o n l y ,  model B g e n e r a t e s  t h e  l e a s t  amount o f  r e s i d u a l s .  Fol lowing 

model'  B ,  t h e  t r a n s f o r m e d  v e r s i o n s  o f  t h e  e q u a t i o n s  s u g g e s t e d  by 

~ a y w a r d  -- e f - a l , .  ( 1 9 7 7 ) ,  MRH2DT and MRHlDT, a r e  t h e  b e s t  

p r e d i c t o r s  . During  rewarming - - -  , t h e  b e s t  - p r e d i c t o r s  a r e  models  
- --- -- - -  -- 

MRT, MRSHDT, and MRH2, r e s p e c t i v e l y .  

O f  t h e  o r i g i n a l  s t a n d a r d  models, i t  seems t h a t  t h e  formulae  

suggested ' .  by-  ~ a y w a r d  -- e t  a l .  (1977 ) o f f e r  t h e  b e s t  p r e d i c t i v e  

power, o v e r  th-&- t h r e e  t i m e  p e r i o d s  c o n s i d e r e d  ( T a b l e  3 .6 ) .  

Al though t h e  e r r o r s  ' gene ra t ed  by H 1  a r e  s i m i l a r  i n  magni tude  to  

t h e e r r o r s  g e n e r a t e d  by - H2, model -- H2 - d o e s  --- g e n e r a t e  p-pp s l i g h t l y  - - less 
--- - -- - - - *-. 

_J 

e r r o r .  The e x c e p t i o n  to t h e  above  o c c u r s  when c o n s i d e r i n g  t h e  

poo led  c o o l i n g  d a t a  o f  t h e  t e n  s u b j e c t s .  Under t h e s e  c o n d i t i o n s ,  

model T  (Timbal  -- e t  a l . ,  1976 a r b )  proved t o  b e  t h e  b e s t  

p r e d i c t o r ,  f o l l o w e d  by model H2 and H 1  r e s p e c t i v e l y  ( T a b l e  3 . 6 ) .  



Table  3.6 : R e s i d u a l s  g e n e r a t e d  by v a r i o u s  models f o r  pooled 
d a t a  o f  t e n  s u b j e c t s  d u r i n g  c o o l i n g  and rewarming, S; 
coo l ing  o n l y ,  C; and rewarming o n l y ,  R. 



Model 

MRHl 

MRK2 

MRSH 

MRN 189.19 52.1 52.0 

MRNDT 

S - cooling and rewarming data  (pooled da ta  o f a l l  

C - cooXing da ta  only (pooled da ta  of a l l  subjec ts )  

d R - rewarming da ta  (pooled data of a l l  s b j ec t s )  i 



V. D i s c u s s i o n  

Of t h e  s t a n d a r d  fo rmulae  i n v e s t i g a t e d  ,I t h e  e q u a t i o n s  

s u g g e s t e d  by Hayyard e t  a l .  ( 1 9 7 7 )  o f f e r  b e s t  p r e d i c t i o n s  when -- 
c o o l i n g  and rewarming p e r i o d s  a r e  tGea ted  t o g e t h e r .  ~ o d e l  H Z ,  

u t i l i z i n g  tympanic t e m p e r a t u r e  a s  a n  i n d i c a t o r  of core 

t e m p e r a t u r e ,  o f f e r s  some a d v a n t a g e  when cbmpared t o  H 1 ;  which 

d i f f e r s  o n l y  i n  the .  f a c t  t h a t  i t  ' u s e s " r e c t a 1  t e m p e r a t u r e  a s  

i n d i c a t i o n  o f  t h e  t h e r m a l  s t a t e  o f  t h e  c o f e .  - 

I t  is  n o t  s u r p r i s i n g  t h a t  m o b e l  N i s  a b e t t e r  p r e d i c t o r  
- 

t h a n  SH, a s  Nadel  e t  a l .  (19701,  based"  t h e i r  'model  on SH and -- 
s u g g e s t e d  t h a t  t h e i r  ' m o d i f i c a t i o n  a c c o u n t e d  f o r  t h e  i n c r e a s e d  

m e t a b o l i c  r a t e  d u e  t o  a  d e c r e a s e  i n  p e r i p h e r a l  t e m p e r a t u r e ,  w i t h  

no a l t e r a t i o n  i n  core t e m p e r a t u r e ;  a  s i t u a t i o n  u s u a l l y  p r e s e n t  
I ) ,  ' 

-- - -- - - - - -- - - - - --- - - 

d u r i n g  t h e  f i r s t  s e v e r a l  m i n u t e s  o f  immersion i n . c o l d  w a t e r .  

. Although t h e  model o f  Nadel  e t  a1. ' (1970)  - loses t w o  d e g r e e s  o f  - - 
freedom when s t a t i s t i c a l l y  e v a l u a t i n g  i t s  p r e d i c t i v e  p o w e r ,  due 

t o  t h e  f a c t  t h a t  i t  h a s  t w o  a d d i t i o n a l  p a r a m e t e r s ,  t h i s  a l s o  
. * 

o f f e r s  some a d v a n t a g e  when &tempt ing  to  d e r i v e  p r e d i c t i v e  
i 

! 

e x p r e s s i o n s .  

The mod'el of Timbal  e t  a l .  (1976 a , b )  , a l t h o u g h  q u i t e  -- 

ad-vanced - - i n  i t s  a t t e m p t  - t o  model - t h e  - m e t a b o l i c  - - -- S e s p o n s e  - - - - - - i n  -- a i r  - - -- - - 

Hayward e t  a l .  ( 1 9 7 7 ) ,  f o r  t h e  g i v e n  s u b j e c t  pool.-It d i d ,  \ -- 
'I 

hdwever, g e n e r a t e  less  errors t h a n  m o d e l  N, when c o o l i n g  and 

rewarming d a t a  was t r e a t P d  t o g e t h e r .  - 

1 3 7  
4 



\ - 
r / 

W i t h  d u e  c o n s i d e r a t i o n  to  t h e  a u t h o r s  of 

models, t h e  r e g r e s s i o n  a n a l y s e s  t h e y  condu  t e d  F 
form o f  t h e  s t a n d a r d  e q u a t i o n s  were p e r f o r m e d  u s i n g  B h t a  

\ '~ 
o b t a i n e d  d u r i n g  c o o l i n g  o f  human s u b j e c t s  o n l y .  I t  i s  n o b  

. s u r p r i s i n g  to  f i n d  t h a t  t h e y  l a c k  i n  p r e d i c t i v e  'power ,- when\ 
-@. 

t r y i n g  to  f i t  t h e i r  mode l s  t o  d a t a  o b t a i n e d  d u r i n g  c o o l i n g  and + 

rewarming t o g e t h e r .  Wi th  t h e  e x c e p t i o n  of m o d e l s  SH and  and  N,  

t h e  s t a n d a r d  m o d e l s  i n v e s t i g a t e d  ( H l ,  H2 a n d  T )  were o b s e r v e d  t o  

g i v e  b e t t e r  p r e d i c t i o n s  d u r i n g  t h e  c o o l i n g  p e r i o d ,  a s  c a n  b e  
- 

s e e n  f rom T a b l e  3.6.  The same t a b l e  r e v e s s  t h a t  t h e  b e s t  

f u n c t i o n a l  r e l a  t i o n s h i p  f o r  c o o l i n g  d a t a  a l o n e  w a s  o b t a i n e d  w i t h  

t h e  p o s t u l a t e d  model  o f  Brown and  Brengelmann ( 1 9 7 0 ) .  O b t a i n i n g  

the c o e f f i c i e n t s  f o r  t h e i r  m o d e l  from a  b  st f i t  a n a l y s e s  u s i n g '  

-- 
*b,, 

t h e  d a t a  of M o r r i s o n  e t  a l .  ( l 9 8 2 ) ,  t h e i r  m ~ d e l  g e n e r a t e d  t h e  
- 

l e a s t  amount  o f  r e s i d u a l s ,  The Brown-and -Brengelmann model- is  

u n i q u e  i n  t h e  s e n s e  t h a t  i t  c o n s i d e r s  t h e  the ' imal  c o n t r o l l i l i g  

mechanism a s  a  c l o s e d  loop s y s t e m  w i t h  n e g a t i v e  f e e d b a c k .  T h e i r  

p r e d i c t e d  v a l u e  of s h i v e r i n g  t h e r m o g e n e s i s  i s  c o r r e c t e d  f o r  
-! 

r a t e s  o f  c h a n g e  of m e t a b o l i c  r a t e .  A l t h o u g h  t h e y  allow f o r  
I 

c h a n g e s  i n  m e t a b o l i c  r a t e  and  p e r i p h e r a l  t e m p e r a t u r e ,  t h e y  

d i s r e g a r d  t h e  c o n t r i b u t i o n s  . f rom core t e m p e r a t u r e .  

The p r e s e n t  a n a l y s i s  i n d i c a t e s  t h a t  t h e  ,most o f t e n  used  

p r e d i c t i v e  f o r m u l a e  for m o d e l l i n g  t h e  metabolic r e s p o n s e  t o  
- - - - - - - 

c o o l i n g  o f fe r  a  v a r y i n g  d e g r e e  of a c c u r a c y .  W i t h  t h e  r e s u l t s  
P 

o b t a i n e d ,  i t  is  n o t  p o s s i b l e  t o  g a i n  i n s i g h t  int -o  t h e  c a u s e s  o f  

t h e  e r r o r s  g e n e r a t e d  by t h e  m o d e l s .  ~ & r  a  c l e a r e r  u n d e r s t a n d i n g  



o f  t h e  e r rors ,  a n  a n a l y s i s  of t h e  r e s i d u a l s  s n u  - T 
t h e  model  is a c c u r a t e ,  t h e n  e i  a re  t h e  o b s e r v e & e r r o r s ,  wh ich  

2 

h a v e  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  : 
I .  

1. t h e y  - a r e  i n d e p e n d e n t .  

. . 

c2= = v a r i a n c e c  = c o n s t a n t .  

4 .  ' e i  are  n o r m a l l y  d i s t r i b u t e d -  

The above  a s s u m p t i o n s  a r e  n e c e s s a r y  when c o n d u c t i n g  
- 

r e g r e s s i o n  a n a l y s e s  and  F - t e s t s  ( o n l y  t h e  l a s t  a s s u m p t i o n  is 

f 
i n d i c a t e  w h e t h e r  t h e  assumpt i -ons  h a v e  b e e n  v i o l a t e d  or n o t .  

A l though  s u c h  a n  a n a l y s i s  may be n u m e r i c a l  or g r a p h i c a l  i n  

n a t u r e ,  D r a p e r  and S m i t h  ( 1 9 6 6 )  s u g g e s t  t h a t  i n  g e n e r a l  

r e g r e s s i o n  s i t u a t i o n s  a n u m e r i c a l  , a n a l y s i s  of t h e  e f fec t  o f  
0 I , r  

c o r r e l a t i o n  be tween  r e s i d u a l s  is  not e s s e n t i a l ,  i f  a g r a p h i c a l  

a n a l y s i s  is u t i l i z e d .  , 

I f  t h e  r e s i d i a l s  a ie : ;evenly d i i t r i b u t e d  a b o u t  t h e  a & s c i s s a ,  
' ,  

when as a T t i m e  keguenes fFi* 3-.-f,a ) , t r h e - - i n d i e a i o n - f s ~  

that  -there & n~-timeAepe&kLfar?thrwhj i s n a n k i h u t i n g  
/ 

3 

to t h e  err0r.s.' Ln t h e  se of a t i m e  d e p e n d e n t  factor  b e i n g  
* 

/ 

omik ted  from t h e  model: t h e  g r a p h i c a l  p lot  may b e  o n e  of t h e  



. F i g .  3 . 1  : General  
time sequence .  

r e s p o n s e s  of 
Adapted from 

r e s i d u a l s ,  
Draper and 

p l o t t e d  a s  



Time sequence plots of residuals--- 
/ =  



/ 

p o s s i b i l i t j e s  shown i n  F i g .  3  . l .b,c,d (Draper -  and- ~mi-th-l966)-- - 

It is  e v i d e n t ,  t h a t  a  s i m p l e  a n a l y s i s  o f  : 

N 
C e i = O  

would n o t  haGe i d e n t i f i e d  such  d i s c r e p a n c i e s  . 
A 9  p l o t  o f  t h e  n o r m a l i z e d  p e r c e n t  r e s i d u a l s  a g a i n s t  t i m e  f o r  

one  s u b j e c t  ( i n d i c a t i v e  o f  t h e  r e s p o n s e  o f  t h e  m a j o r i t y  o f -  t h e  

s u b j e c t s )  is shown i n  F i g .  3.2. The r e s i d u a l s  w e r e  g e n e r a t e d  by 

t h e  s t a n d a r d  model ,H2, which g a v e  tfGe b e s t  p r e d i c t i o n s  o f  a l l  -- 

t h e  s t a n d a r d  mode l s ,  F i g .  3.2 r e v e a l s  t h a t  a l i n e a r  o r  q u a d r a t i c  

t e r m  i n  t i m e  may h a v e  t o  b e  i n c l u d e d  i n  t h e  mode l ,  i f  i t  is t o  

model t h e  m e t a b o l i c  r e s p o n s e  d u r i n g  cool i n g  and rewarming.  The 

r e s p o n s e  s e e n  i n  F i g .  3.2 is s i m i l a r  t o  o n e  o f  t h e  p o s s i b i l i t i e s  

sugges ted  by Draper  and Smith  (1970)  and shown i n  F i g .  3 . l . d .  By 

o b s e r v i n g  t h e  e r r o r  d i s t r i b u t i o n  o v e r  a  l o n g  p e r i o d  , o f  t i m e  and 
1 

o b t a i n i n g  a p p r o p r i a t e  terms t o  minimize  t h e  error,  s h o r t  term . 

t i m e  d e p e n e d e n t  f a c t o r s  may b e  n e g l e c t e d .  An example  o f  t h i s  i s  

g i v e n  i n  F i g .  3.3,  F o r  t h i s  p a r t i c u l a r  s u b j e c t  (whose r e s i d u a l  

d i s t r i b u t i o n  was u n i q u e  among a l l  t h e  s u b j e c t s ) ,  t h e  t i m e '  

dependen t  f a c t o r  seems t o  b e  o f  a  s h o r t  term n a t u r e  i n  c o n t r a s t  
-\ 

t o  t h e  l o n g  t e r m  t i m e  e f f e c t  o b s e r v e d  i n  F ig .  3.2. A r e s i d u a l  
, 

a n a l y s i s  o f  t h e  mode l s  propose& by S t o l w i  jk and- Hardy (-66-jand -- - 
I 

o n l y  w i t h  a  downward t rend- ,  s u g g e s t i n g  t h e  i n c l u s i o n  o f  a l i n e a r  . 

f u n c t i o n  i n  t i m e  i n  t h e  model. 



- 

Fig ,  3 .2  : Time s e q u e n c e  p l o t  o f  r e s i d u a l s  g e b e r a t e d  by model 
H 2 ;  l o n g  t e r m  t i m e  d e p e n d e n t  f a c t o r  a f f e c t i n g  p r e d i c t i o n .  





" F i g .  3 . 3  :Time 
s h o r t  term 

s e q u e n c e  p l o t  o f  r e s i d u a l s  g e n e r a t e d  by model 
t i m e  d e p e n d e n t  f a c t o r  a f f e c t i n g  p r e d i c t i o n .  

+J 





- I - 

Having e s t a b l i s h e  t h e  e x i s t e n c e  of a s u b s t a n t i a l  t i m e  
C - 

- 

d e p e n d e n t  f a c t o r ,  which  h a s  been o m i t t e d  f n  t h e  m a j o r i t y  o f  t h e  

models  t e s t e d ,  i t  is  n e c e s s a r y  t o  d e t e r m i n e  how t h i s  f a c t o r  c a n  

b e  account&&, for i n  t h e  models. From t h e  e m p i r i d a l  r e l a t i o n s h i p s  

H 1 ,  H2, SH and N ,  i t  i s  e v i d e n t  t h a t  t h e  
A 

i s  a  l i n e a r  f u n c t i o n  sf--ppzr&pheral and core 

A 

YO cr f ( T p e r i p h e r y ,   core) 

and t h a t  t h e s e  i n d e p e n d e n t  v a r i a b l e s  a r e  t i m e  d e p e n d e n t .  

The t i m e  s e q u e n c e  p lo ts  o f  t h e  r e s i d u a l s  ( F i g .  3.2 and 3 . 3 )  

s u g g e s t  t h a t  a  t i m e  d e p e n d e n y  term s h o u l d  b e  added t o  t h e  model.  

T h i s  c o u l d  a l s o  b e  i n t e r p r e t e d  a s  a n  i n a d e q u a t e  f u n c t i o n a l  
- - -  - - -  - 

r e l a t i o n s h i p  be tween  t h e  m e t a b o l i c  r a t e  and t h e  i n d e p e n d e n t  

v a r i a b l e s ,  namely s k i n  and core t e m p e r a t u r e .  T h i s  i s  i l l u s t r a t e d  

w i t h  t h e  plot  of t h e  n o p a l i z e d  p e r c e n t  r e s i d u a l s  ( f o r  models  H 1  

and H2 ) a g a i n s t  t h e  i n d e p e n d e n t  v a r i a b l e s ,  s k i n  t e m p e r a t u r e  

( i g .  3.4 and core t e m p e r a t u r e  ( F i g .  3 .5 ) .  I f  t h e  r e s i d u a l s  a re  T d  s t r i b u t e d  a b o u t  t h e  a b s c i s s a  ( i n d e p e n d e n t ' v a r i a b l e ) ,  a s  
... ,;.> 

p r e v i o u s l y  shown i n  F i g .  3  . l . b , c  ,d t h e n  the '  r e l a t i o n s h i p  between 

t h e  d e p e n d e n t  and  i n d e p e n d e n t  v a r i a b l e  is l a c k i n g .  The b e l l  

shaped c u r v e  i n  F i g .  3.4,  i n d i c a t e s  t h a t  s k i n  t e m p e r a t u r e  s h o u l d  
- 

b e  we igh ted  w i t h  a  q u a d r a t i c  t e r m  i n  t h e  model or  t h a t  a  

t r a n s f o r m a t i o n  of t h e  d e p e n d e n t  v a r i a b l e  is n e c e s s a r y .  T h e r e  is 



Fig .  3.4 
a s  a 

: Plo t  of percent  e r r o r  generated by models 
function of peripheral  temperature. ' 

and 





F i g .  3.5. : P l o t  o f  p e r c e n t  e r ror  g e n e r a t e d  by models H 1  and H 2  
a s  a f u n c t i o n  o f  core t e m p e r a t u r e .  





e x p e r i m e n t a l  e v i d e n c e  to s u g g e s t  t h a ' t t h e  o r i g i n  of t h i s  - - - 

-', 
r e l a t i o n s h i p  of  t h e  r e s i d u a l s  a g a i n s t  s k i n  t empera tu r ' e  stems 

C 
f rom t h e  s e n s i t i v i t y  of t h e  t e m p e r a t u r e  t r a n s d u c e r s  i n  t h e  s k i n  

( t h e  c o l d  r e c e p T o r s )  and  t h e i r  i n f l u e n c e  o n  m e t a b o l i c  r a t e .  The 

s e n s i t i v i t y  o f  c o l d  r e c e p t o r s  t o  s t e a d y  s t a t e  t h e r m a l  s t i m u l i  

h a s  been r e p o r t e d  by  otterm man ( 1 9 5 3 )  and is p r e s e n t e d  i n  F i g .  

3 .6 .  The a v e r a g e  f i r h g  r a t e  o f  c o l d  receptors v a r i e s  w i t h  

0 t e m p e r a t u r e  and r e a c h e s  a  maximum a,t a p p r o x i m a t e l y  25  C. A 

second peak i n  d i s c h a r g e  r a t e  was o b s e r v e d  a t  t e m p e r a t u r e s  o f  

a p p r o x i m a t e l y  1 0 " ~ ;  be low t h i s  t e m p e f a t u r e  t h e  s e n s i t i v i t y  o f  

t h e  c o l d  r e c e p t o r s  i s  n e g l i g i b l e  and  t h e  p a i n  r e c e p t o r s ,  some o f  

which a r e  a l s o  t h e r m o s e n s i t i v e ,  b e g i n  to  f i r e  (Guy ton ,  1 9 7 6 ) .  

Hense l  (1976  ) h a s  p r o p o s e d  t h a t  t h e  s t e a d y  s ta te  c h a r a c t e r i s t i c s  

o f  c o l d  r e c e p t o r s ,  a t  t h e  t e m p e r a t u r e s  a t  which  t h e s e  r e c e p t o r s  

. a r e  most s e n s i t i v e ,  a r e  s i m i l a r  to  t h e  m e t a b o l i c  r e s p o n s e  

o b s e r v e d - , - i n  humans a t  s i m i l a r  t e m p e r a t u r e s  of t h e  s k i n  ( F i g .  

Comparing F i g .  3.4 and  F i g .  3 .6 ,  i t  c a n  b e  s e e n  t h a t  t h e  

p l o t  o f  t h e  r e s i d u a l s  o v e r  a  r a n g e  of s k i n  t e m p e r a t u r e s  i s  v e r y  

s i m i l a r  t o  t h e  a v e r a g e  s e n s i t i v i t y  o f  t h e  c o l d  receptors for t h e  

same r a n g e  o f  s k i n  t e m p e r a t u r e ,  wh ich  i n  t u r n  h a s  a  s i m i l a r  

r e s p o n s e  a s  m e t a b o l i c  r a t e  ( F i d . 7 ) .  T h i s  would s u g g e s t ,  t h a t  

s k i n  t e m p e x a t u r e  s h o u l d  b e  w e i g h t e d  a c c o r d i n g  'to t h e  s e n s i t i v i t y  

o f  t h e  c o l d  r e c e p t o r s  a t  a n y  p i v e n  s k i n  t e m p e r a t u r e .  
- 

I 
S i n c e  t h e  e x i s t e n c e  o f  c o l d  r e c e p t o r s  i n  t h e  v i s c e r a  h a s  

- 
been  c o n f i r m e d  (Rawson and Q u i c k ,  1971 ,  1 9 7 2 ) ,  a  s i m i l a r i t y  i n  

'3 







Fig. 3.7. : Compar i son  o f  a v e r a g e  s t a t i c  f&)equency o f  c o l d  
f i b e r s  i n  monkeys f c l o s e d  circles; Dyke?, 1975 and 
m e t a b o l i c  r a t e  i n  man ( o p e n  c i rc les ;  Ber rz inge r ,  19691,  a s  a  
f u n c t i o n  o f  s k i n  t e m p e r a t u r e .  Adapted  f + m  H e n s e l  (1976 ) . 

C ,  

B 
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* 

t h e  m e t a b o l i c  r e s p o n s e  and  c o l d  receptor s e n s i t i v i t y  may be--- -- 

e x p e c t e d ,  a s s u m i n g  t h a t  t h e  core c o l d  r e c e p t o r s  h a v e  a  s i m i l a r  

a v e r a g e  s t e a d y  s t a t e  d i s c h a r g e  r e s p o n s e - a s  t h e  s k i n  c o l d  

r e c e p t o r s .  T h i s  r e l a t i o n s h i p  c a n n o t  b e  o b s e r v e d  o v e r  a  w ide  

r a n g e  of core t e m p e r a t u r e s ,  a s  $ore t e m p e r a t u r e s  a r e  n o r m a l l y  

n o t  a l l o w e d  to  f a l l  below 3 5 O ~  i n  human e x p e r i m e n t a t i o n ,  

e x c l u d i n g  t h e  ' a f t e r  d r o p ' .  From t h e  d a t a  o b t a i n e d  by B e n z i n g e r  
0 

( l 9 7 O ) ,  i t  seems t h a t  t h i s  h y p o t h e s i s  may be t r u e .  A s  core 

t e m p e r a t u r e  d r o p s ,  a t  a  c o n s t a n t  s k i n  t e m p e r a t u r e  i m p l y i n g  

i n c r e a s i n g  s e n s i t i v i t y  of only- t h e  core cold cold r e c e p t o r s ,  ---- 
m e t a b o l i c  r a t e  i n c r e a s e s  p r o p o r t i o n a t e l y .  I n  o t h e r  w o r d s ,  . a  

s i m i l a r  r e l a  t i o n s h i p  be tween  core c o l d  receptor s e n s i t i v i t y  and  

m e t a b o l i c  r a t e  may e x i s t  a s  d e p i c t e d  i n  F i g .  3 .7  f o r  t h e  s k i n  

c o l d  r e c e p t o r s  and  m e t a b o l i c  r a t e .  A l t h o u g h  t h e  s h a p e  o f  t h e  

c u r v e s  may b e  s i m i l a r ,  t h e y  would have  to  b e  s h i f t e d  t o w a r d s  
- - - - - - - - - -- 

h i g h e r  t e m p e r a t u r e s  f o r  t h e  core. A c c o r d i n g  t o  t h e  s e t - p o i n t  

t h e o r y  ( B e n z i n g e r  , 1969  1 , m e t a b o l i c  r a t e  b e g i n s  t o  i n c r e a s e  o n c e  
0 

c o r e  t e m p e r a t u r e  f a l l s  below 37.1 C. A n a l y s i n g  t h e  p l o t  o f  t h e  

n o r m a l i z e d  p e r c e n t  r e s i d u a l s  a t  v a r i o u s  t e m p e r a t u r e s  o f  t h e  core 

i n  F i g .  3 .5 ,  i t  a p p e a r s  t h a t  t h e  r e s i d u a l s  a r e  a t  a minimum a t  a  

0 
core t e m p e r a t u r e  o f  36.6 C. Above t h i s  t e m p e r a t u r e ,  t h e  

r e s i d u a l s  i n c r e a s e  p r o p o r t i o n a t e l y .  

I t  would t h e r e f o r e  a p p e a r ,  t h a t  a n  a p p r o p r i a t e  m o d i f i c a t i o n  
- -  - --- - 

t o  t h e  m o d e l s  would b e  to  w e i g h t  t h e  s t e a d y  s t a t e  core and s k i n  

t e m p e r a t u r e s  a c c o r d i n g  to  t h e  a v e r a g e  s e n s i t i v i t y  d i s p l a y e d  by 

t h e  c o l d  receptors. A 1  t hough  t h e  r e l a t i v e  r e s p o n s e  o f  m e t a b o l i c  



-- - -- 

rate may be s i m i l a r ,  t h e  gain of t h e  [ c o x ~  receptor 
'v- responsiveness)/(metabolic r a t e  ) c o n t r o l  loop may b e  g r e a t e r .  

The p h y s i o l o g i c a l  r a n g e  o v e r  which  core c o l d  r e c e p t o r s  

c o n t r i b u t e  to t h e  m e t a b o l i c  r a t e  i s  a p p r o x i m a t e l y  3 7 O  to  3 2 O ~ .  

0 
Above c o r e  t e m p e r a t u r e s  o f  37 C t h e  h e a t  loss  mechanisms a r e  

i n i t i a t e d  by c e n t r a l  warm r e c e p t o r s  ( B e n z i n g e r  ,1970 ) . Below core 

0 t e m p e r a t u r e s  of 32  C s h i v e r i n g  t h e r m o g e n e s i s  i s  a b o l i s h e d  

(Maclean and Ernslie-Smi t h , l g i ' ?  ) , t h u s  d e c r e a s i n g  t h e  m e t a b o l i c  

r a t e .  

Eod i fy img  t h e  d e l  s by w e i g h t i n g  core a n d  s k i n  t e m p e r a t u r e  

a c c o r d i n g  to  t h e  s e n s i t i v i t y  o f  t h e  c o l d  receptors may n o t  b e  

a d e q u a t e  i n  i m p r o v i n g  t h e  p r e d i c t i v e  power of t h e  r e l a t i o n s h i p s .  
x 

The r e s p o n s e  o f  c o l d  r e c e p t o r s  d o e s  n o t  d e p e n d  o n  t h e  

t e m p e r a t u r e  o f  c o l d  r e c e p t o r s  a l o n e ,  b u t  a l s o  o n  t h e  t e m p e r a t u r e  

g r a d i e n t .  Thus t h e  . c o n t r i b u t i o n  o f  t h e  r a t e  o f  c h a n g e  o f  
- - - - - - - - - - 

t e m p e r a t u r e s  (core and s k i n )  to t h e  m e t a b o l i c  r a t e ,  i f  s u c h  a  

r e l a t i o n s h i p  e x i s t s ,  w i l l  be a  f u n c t i o n  of b o t h  t h e  t e m p e r a t u r e  

g r a d i e n t  and  t h e  cold r e c e p t o r  s e n s i t i v i t y  a t  a n y  i n s t a n t a n e o u s  

a d a p t i v e  t e m p e r a t u r e .  

A s  y e t ,  t h e  c o n t r i b u t i o n g  of dynamic  core and p e r i p h e r a l  

t e m p e r a t u r e s  t o  t h e  m e t a b o l i c  r e s p o n s e  h a v e  n o t  been  

e x p e r i m e n t a l l y  q u a n t i f i e d .  T h e r e f o r e ,  i t  i s  n o t  p o s s i b l e  t o  

s u g g e s t  t h e  errors  t h a t  would b e  - g e n e r a t e d  by t h e  o m i s s i o n  -- - of 

t h e s e  terms i n  a  p r e d i c t i v e  model .  An i n d i c a t i o n  o f  t h e  errors 

due  t o  t h e  o m i s s i o n  of t se  t i m e  d e r i v a t i v e s  i n  t h e  m o d e l s ,  is  
J-' .* 

p s s i b l e  b y  s i m u l t a n e o u s l y  p l o t t i n g  t h e  n o r m a l i z e d  p e r c e n t  e r ror  



- - -- - - -  

t 

o f  p r e d i c t i o n  and - d T s / d t ,  d T r / d t  a n d  dMR/dt a g a i n s t - t i m e ,  a s -  -- 
- - - -- - 

shown i n  F i g .  3 . 8 .  The g r a p h  i l l u s t r a t e s  t h a t  t h e  g r e a t e s t  

e r ro r s  i n  p r e d i c t i o n  ( e x p r e s s e d  a s  n o r m a l i z e d  p e r c e n t  e r ror)  

o b s e r v e d ,  c o i , n c i d e  w i t h  r e g i o n s ,  w h e r e  t h e  dynamic  components  of 

s k i n  and core t e m p e r a t u r e  a r e  t h e  g r e a t e s t ,  The dynamic  

o v e r s h o o t  i n  , m e t a b o l i c  r a t e  o b s e r v e d  a t  t h e  o n s e t  of c o l d  

e x p o s u r e  ( B e n z i n g e r ,  1969;  Hayward e t  a l . ,  1 9 7 7 )  h a s  been  -- 
8 

e x p l a i n e d  as  a  r e s p o n s e  t o  t h e  r a p i d  c h a n g e  of s k i n  t e m p e r a t u r e  

a l o n e  ( B e n z i n g e r ,  1 9 6 9 ) .  A l t h o u g h  Hayward e t  a l .  ( 1 9 7 7 )  -- 

aknowledge  t h i s  p v e r s h o o t ,  t h e i r  m o d e l  is n o t  capable o E  

p r e d i c t i n g  me t ab01  i c  r a t e  i n  t h i s  r e g  i o n  of cool i n g  . The 

o m i s s i o n  o f  d T s / d t  would t h e r e f o r e  r e s u l t  i n  errors a t  t h e  o n s e t  

o f  c o o l i n g .  The r a p i d  c o o l i n g  o f  t h e  s k i n  i s  s e e n  a s  a n e g a t i v e  

peak  i n  s k i n  c o o l i n g  r a t e  ( d T s / d t )  i n  F i g .  3.8. The r e s u l t a n t  

i n c r e a s e  i n  m e t a b o l i c  r a t e  is also e v i d e n t  from F i g .  3 . 8 .  The 

m e t a b o l i c  o v e r s h o o t  i s  n o t  a s  e v i d e n t  from t h i s - d a t a , - a s  

m e t a b o l i c  r a t e  was sampled  e v e r y  s i x  m i n u t e s  a n d  t h e  o v e r s h o o t  

may o c c u r  w i t h i n  t h e  first s e v e r a l  m i n u t e s  of t h e  c o l d  w a t e r  

immersion.  N e v e r t h e l e s s ,  t h e  r a p i d  c h a n g e  of dMR/dt a s  a  r e s u l t  

of i n c r e a s i n g  d T s / d t  i s  r e f l e c t e d  a s  a 4 0 %  i n c r e a s e  i n  t h e  

n o r m a l i z e d  error. Once t h e  t e m p e r a t u r e  o f  t h e  s k i n  h a s  

s t a b i l i z e d  a t  a l e v e l  s l i g h t l y  h i g h e r  t h a n  t h e  t e m p e r a t u r e  of 

t h e  w a t e r ,  a s  e v i d e n c e d  by t h e  z e r o  r a t e  of c h a n g e  

S i m i l a r  i n a c c u r a c i e s  a re  a p p a r e n t  a t  t h e  o n s e t  of 

rewarming ,  where  t h e  s k i n  t e m p e r a t u r e  rises r a p i d l y ,  w h i l e  t h e  

c o r e  t e m p e r a t u r e  c o n t i n u e s  t o  d r o p .  T h e r e  i s  a n  i n c r e a s e  i n  t h e  



- - - - -  

F i g .  3 . 8  : Comparison o f  t h e  r e s p o n s e s  o f  p e r c e n t  error  and t h e  " 
dynamic r e s p o n s e s  o f  core and p e r i p h e r a l  t e m p e r a t u r e  and 
m e t a b o l i c  r a t e  * d u r i n g  c o o l i n g  and rewarming. 

L 
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norma l i zed  e r k o r  a t  t h e  o n s e t  o f  r ewarming ,  c o n c o m i t a n t  w i t h  t h e  

i n c r e a s e  in -  t h e - . r a t e  of rise i n  s k i n  t e m p e r e t u r e .  A s  t h e  r a t e  of 

change  of d T s / d t  a p p r o a c h e s  z e r o ,  t h e  n o r m a l i z e d  p e r c e n t  e r ro r  

a l s o .  d e c r e a s e s .  However, t h e  n o r m a l i z e d  p e r c e n t  e r ro r  d e c r e a s e s  
i * .  . 

i n  t%o s t a g e s .  I n  t h e  first 30 r q i ~ t u e s  of r e w a r m i n g ' t h e  

no rma l i zed  p e r c e n t  error d e c r e a s e s  slower t h a n  i n  t h e  f i n a l  30  
- 

m i n u t e s  o f  rewarming .  T h i s  d i f f e - r e n c e  may ke e x p l a i n e d  by t h e  

. r e s p o n s e  of t h e  time d e r i v a t i v e  of rec ta l  t e m p e r a t u r e :  d T r / d t ,  R9"1# 

d u r i n g  t h i s  t i m e  p e r i o d .  I n  t h e  f i r s t  h a l f  o f  t h e  rewarming - .  . -- - - - - - - - -- - - - - - 

p e r i o d ,  'core t e m p e r a t u r e  a c c e l e r a t e s  t o  a pea% v a l u e  of 

rewarming r a t e  ( .Fig.  3 . 8 ) ,  f o l l o w e d  by  a d e c r e a s e  i n  t h e  .. 
r .  

rewarming r a t e  to a f a i r l y  c o n s t a n t  l e v e l .  The errors e v e n t u a l l y  
\ 

become n e g l i g i b l e  a s  core t e m p e r a t u r e  & r e a c h e s  normothermic  

8 v a l u e s ,  c o i n c i d i n g .  w i t h  s m a l l e r  c h a n g e s  i n  core t e m p e r a t u r e  o v e r  

a g i v e n  t i m e  p e r i o d .  
- - 

\ 
x I n  c o n c l u s i o n ,  t h e  p r e s e n t  s t u d y  e m p h a s i z e s  t h e  - 

i n a d e q u a c i e s  o f  e x i s t i n g  models p r e d i c t i n g  t h e r m o g e n e s i s  i n  

humans. A s  s e e n  i n  F i g  3 .9 ,  t h e  p r e d i c t i o n  of e x i s t i n g  mode l s  

h a s  been enhanced  by  s t a t i s t i c a l  m a q i p u l a  t i o n  r a t h e r  t h a n  b y  

c o n s i d e r a t i o n  of p h y s i o l o g i c a l  r e s p o n s e s .  I t  i s  h y p o t h e s i z e d  

t h a t  t h e  p r e d i c t i v e  p o w e r  c a n  be d r a m a t i c a l l y  improved ,  by 

i n c l u d i n g  w e i g h t i n g  f a c t o r s  fo r  s k i n  ..and core t e m p e r a t u r e s .  

R e s i d u a l  a n a l y s i s  i n d  ica tes t h a t -  -these--fat-tor-s--shodd------ - - - - -  

i n c o r p o r a t e  n e u r a l  r e s p o n s e  c h a r a c t e r i s t i c s  of t h e r m o r e c e p t o r s  -- -- 

i n  p e r i p h e r a l  and core r e g i o n s .  The p r e s e n t  s t u d y  a l s o  s u g g e s t s ,  " 

t h a t  o m i s s i o n  o f  t i m e  i n  t h e r m o r e g u l a t o r y  mode l s  may d e c r e a s e L  . 



F i g .  3.9 : Comparison o f  p r e d i c t i o n s  of model  H1, MRHl and 
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D. CONTRIBUTION O F  PERIPHERAL AND CORE S T A T I C  AND DYNAMIC 

TEMPERATURES TO THE THERMOGENIC RESPONSE IN MAN 



I. I n t r o d u c t i o n  

' t h e r m o g e n i c  The m i l e s t o n e  d i s c o v e r i e s  of and  

t h e r m o l y t i c '  c e n t r e s  i n  t h e  preoptic h y p o t h a l a m u s  b y  I s e n s c h m i d  

and  K r e h l  ( 1 9 1 2 )  a n d  A r o n s o h n  a n d  S a c h s  ( 1 8 8 5 )  r e s p e c t i v e l y ,  
.-, 

r e r e s e n t e d  t h e '  b e ' g i n n i n g s  o f  modern  t h e r m o r e g u l a t o r y  
- 

B 

p h y s i o l o g y .  A g r e a t  d e a l  of e m p h a s i s  h a s  b e e n  p l a c e d  s i n c e  t h e s e  

d is cove^-ies, o n  q u a n t i f y i n g  t h e  r e s p o n s e  o f  t h e  t h e , r m o r e g u l a t o r y  

c e n t r e s  t o  g i v e n  t h e r m a l  s t i m u l i  ( f o r  r e v i e w s  see Hammel, 1968 ;  

B l i g h  , 1973;  H e n s e l  , 1 9 8 2  ) . 
The t h e r m o g e n i c  or  h e a t  p r o d u c t i o n ,  c e n t r e  i n  t h e  p r , e -op t i c  

p o s t e r i o r  h y p o t h a l a m u s  r e c e i v e s  i n f o r m a t i o n  •’ram p e r i p h e r a l  

t e m p e r a t u r e  s e n s o r s  ( Z o t t e r m a n ,  1953 ;  V a l l b o  et a., 1 9 7 9 )  a s  

w e l l  a s  f rom s t r u c t u r e s  w i t h i n  t h e  b o d y  core (Rawson and  Q u i c k ,  

1 9 7 1 ,  1972 , ) .  D u r i n g  e x t r e m e s  o f  c o l d ,  t h e r m a l  i n f o r m a t i o n  i s  
- - - - -- - - 

i n t e g r a t e d  a t  t h e ' s p i n a l  l e v e l  ( L i m ,  1 9 6 0 ;  Simon, '1972,  1 9 7 4 )  

and t h e n  conveyed  v i a  a s c e n d i n g  f i b r e s  i n  t h e  s p i n a l  c o r d  (Simon 

and I r i k i  ,.1970, l 9 7 l a  , b )  , r e t i c u l a r  f o r m a t i o n  i n  t h e  b r a i n s t e m  

(Nakayama and H a r d y ,  1 9 6 9  ' a n d  mid b r a i n  r a p h e  n u c l e i  

( D i c k e n s o n ,  1976  ) to  t h e  t h e r m o g e n i c  c e n t r e  w i t h i n  t h e  p o s t e r , i o r  

h y p o t h a l a m u s .   his-centre a c t i v a t e s  t h e r m  e g u l a t o r y  p r o c e s s e s ,  g 
s u c h  a s  a n  i n c r e a s e  of m e t a b o l i c  r a t e ,  $dlowed by s h i v e r i n g  and  

t h e  h e a t  c o n s e r v i n g  m e c h a n i s m s  o f  vasoco$)str i c t i o n  a n d  
C 

-s . 

p i l o e r e c t i o n  ( F o l k o w ,  1 9 5 5 ) .  

A l t h o u g h  Aronsohn  a n d  S a c h s  ( 1 8 8 5 )  a r e  c r e d i t e d  f o r  t h e  

d i s c o v e r y  o f  t h e  h e a t  loss c e n t r e ,  b y  d e m o n s t r a t i n g  i n c r e a s e s  i n  



r e c t a l  t e m p e r a t u r e  i n  c a t s  a s  a  r e s u l t  o f  e l e c t r i c a l  s t i m u l a t i o n  

of t h i s  c e n t r e ,  t h e  t h e r m o s e n s i  t i v i t y  o f ,  t h e  h e a t  loss  c e n t r e  
:. < A* 

was  e s t a b l i s h e d  b y  B a r b o u r  ( 1 9 1 2 ) .  B a r b o u r  $+served t h a t  t h e r m a l  

s t i m u l i  a p p l i e d  w i t h  water perf u s e d  t h e r m o d e s  i n d u c e d  

v a s o c o n s t r i c t i o n  a n d  v a s o d i l a t i o n ,  when c o l d  a n d  warm w a t e r  w a s  

used  r e s p e c t i v e l y .  I t  h a s  b e e n  shown b y  Hemingway e t  a l .  ( 1 9 4 0 )  - - 
t h a t  t h i s  c e n t r e  e x e r t s  a n  i n h i b i t o r y  i n f l u e n c e  o n  t h e  p r e o p t i c  

p o s t e r i o r  h y p o t h a l a m u s .  T h e r e f o r e ,  t h e  m e  t a b 0 1  i c  r e s p o n s e  to  a  

c o l d  s t i m u l u s  would  b e  a r e s u l t  of a c o m b i n a t i o n  of t h e r m a l  

s i g n a l s  o r i g i n a t i n g  a t  t h e  
-t 

' b o d y  core ( v i s c e r a l  and  < 

i n t r a - a b d o m i n a l  r e g i o n )  a n d  t h e  c e n t r a l  n e r v o u s  s y s t e m .  

It h a s  b e e n  s u g g e s t e d  t h a t  t h e  human t h e r m o r e g u l a t o r y .  

c o n t r o l  s y s t e m  is a n a l o g o u s  t o  a  t h e r m o s t a t  ( B a r b o u r  ,1912  ) , 

which  m a i n t a i n s  i n t e r n a l  body t e m p e r a t u r e  w i t h  a n  ' a d j u s t a b l e  
A ' 

s e t - p o i n t '  (Hammel e t  a l . ,  1 9 6 3 ) .  E m p i r i c a l  e v i d e n c e  f o r  a  - - 
- -- - - - - - -  - -  - 

p h y s i o l o g i c a l  ' s e t - p o i n t '  h a s  b e e n  r e p o r t e d  b y  B e n z i s g e r  ( 1 9 6 9 1 ,  

who p r o p o s e d  t h e  t h e o r y  o f  c e n t r a l  i n h i b i t i o n  of t h e r m o g e n e s i s .  

I m p l i c a t i o n s  o f  t h i s  t h e o r y  a r e  t h a t ,  r e g a r d l e s s  of s k i n  

t e m p e r a t u r e ,  metabo1i.c  r a t e  w i l l  r e m a i n  u n a l t e r e d  u n l e s s  c e n t r a l  
4 

t e m p e r a t u r e  d e c r e a s e s  b e l o w  a  c e r t a i n  set  p o i n t  ( a c c o r d i n g  to  
* 

. B e n z i n g e r ' s  r e s u l t s  )$is i s  a t  a t y m p a n i c  t e m p e r a t u r e ,  T t y ,  of 

37.1•‹ C). Below t h i s  p o i n t  , t h e  m e t a b o l i c  ra te  w i l l  r i se  

p a r a b o l i c a l l y ,  t h e  r a t e  of i n c r e a s e  b e i n g  d e p e n d e n t  upon t h e  - 

l e v e l  o f  s k i n  t e m p e r a t u r e .  - 

B e n z i n g e r ' s  c o n c e p t  o f  t h e  m e t a b o l i c  r e s p o n s e  t o  a  c o l d  

e n v i r o n m e n t  h a s  b e e n  w i d e l y  a c c e p t e d ,  a l t h o u g h  t h e r e  is s t i l l  
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d i s a g r e e m e n t  a s  t o  t h e  n u m e r i c a l  , r e l a t i o n s h i p  be tween  m e t a b o l i c  a 

,-2 
-1 

r a t e  and s t e a d y  s t a t e  s k i n  and core t e m p e r a t u r e  ( C r a i g  and 

Dvorak,  1 9 6 6 ) .  Brengglmann  ( 1 9 6 7 )  h a s  c h a l l e n g e d  t h e  r e s u l t s  o f  

E e n z i n g e r ,  s u g g e s t i n g  t h a t  t ympan ic  t e m p e r a t u r e s  a s  r e p o r t e d  by  

B e n z i n g e r  were d e c r e a s i n g  and c o u l d  t h e r e f o r e  n o t  b e  t e rmed  

s t a t i c  b u t  f a t h e r  s h o u l d  b e  c o n s i d e r e d  a s  b e i n g  ' q u a s i - s t e a d y  

s t a t e ' .  I% 

*% 
C o n t r a r y  t o  t h e  s u g g e s t i o n s  o f  S t o l w i j k  and  Hardy  ( 1 9 6 6 )  t 1. 

t h a t ,  

' a n y  o u t p u t  ( f r o m  s e n s o r s )  c o r r e s p o n d i n g  to  t h e  r a t e  o f  
change  o f  loca l  t e m p e r a t u r e  is  i n e f f e c t i v e  i n  t h e  
( thermo- 1 r e g u l a t i n g  p r o c e s s '  , 

i t  h a s  been s u g g e s t e d  t h a t  t h e  m e t a b o l i c  o v e r s h o o t  e v i d e n c e d  i n  

t h e  i n i t i a l  s t a g e s  o f  c o l d  water immers ion  i s  a  r e s u l t  o f  

p e r i p h e r a l  c o l d  s t i m u l a t i o n  ( ~ e n z i n ~ e r ,  1 9 6 9 ) ;  Hayward g . ,  
1 9 7 7 ) .  I n  h o t  e n v i r o n m e n t s ,  t h e r e  is a l s o  e v i d e n c e  t h a t  t h e  r a t e  

- - - -  - -- - - -- - -- 

o f  change  o f  s k i n  t e m p e r a t u r e  h a s  a s i g n i f i c a n t  i n f l u e n c e  o n  t h e  

s w e a t i n g  mechanism,  a par t  o f  t h e  t h e r m o r e g u l a t o r y  c o n t r o l  

sy s t em ( W u r s t e r  and  McCook, 1969;  L i b e r t  e t  a l , ,  1978 ,  1 9 7 9 ) .  -- 
D e s p i t e  e x t e n s i v e  s t u d i e s  o n  t h e  s t a t i c  and dynamic  

c h a r a c t e r i s t i c s  o f  p e r i p h e r a l  c o l d  and w a r m  receptors by  

Zot te rman  ( 1 9 5 3 ) ,  H e n s e l  and Boman ( l 9 6 O ) ,  K e n s h a l o  and Ducl$ux 

( 1 9 7 7 )  and Duclaux  and K e n s h a l o  ( 1 9 8 0 ) ,  o n l y  s u g g e s t i o n s  h a v e  

been  made imp1 icla t i n g  p e r i p h e r a l  t e m p e r a t u r e  t r a n s i e n t s  i n t h e -  

magn i tude  o f  t h e  m e t a b o l i c  r e s p o n s e  (Hong and N a d e l ,  1 9 7 9 ) .  - 

P i a n t a d o s i  et aJ. ( 1 9 8 1  ) have  s t u d i e d  t h e  m e t a b o l i c  r e s p o n s e  to  

core c p o l i n g  i n  a h y p e r b a r i c  e n v i r o n m e n t  a n d  s u g g e s t e d  t h a t  



- 

i n c r e a s e d  c o o l i n g  . r a t e s  may b e  accompanied by g r e a t e r  m e t a b o l i c  

r a t e s  . 
  ens el ( 1 9 7 6 )  h a s  shown t h a t  t h e  s t a t i c  f i r i n g  

c h a r a c t e r i s t i c  of a c o l d  f i b r e  p o p u l a t i o n  o f  a p r i m a t e  is 

i d e n t i c a l  to  oxygen  consumpt ion  of humans f o r  a  r a n g e  o f  s k i n  

t e m p e r a t u r e  ( T s k i n  14O - 36O C ) ,  i f  t h e y  a r e  s c a l e d  t o  r e l a t i v e  
- 

u n i t s .  However, t h e r e  is  s t i l l  i n c o n c l u s i v e  e v i d e n c e  to  s u p p o r t  

t h e  h y p o t h e s i s  t h a t  t h e  dynamic c h a r a c t e r i s t i c  ok c o l d  r e c e p t o r s  

a s  a  r e s u l t  o f  t e m p e r a t u r e  t r a n s i e n t s  a t  t h e  r e c e p t o r  s i t e  

( e i t h e r  t h e  p e r i p h e r y  or  core)  c o n t r i b u t e  t o  t h e  the rmogen ic  

r e s p o n s e  i n  man. 

S t u d i e s  i n v e s t i g a t i n g  t h e  c o n t r o l l i n g  mechanisms o f  t h e  

human t h e r m o s t a t  c a n  employ numerous e x p e r i m e n t a l  p r o c e d u r e s .  

U s u a l l y  s u c h  s t u d i e s  a r e  u n d e r t a k e n  i n  e n v i r o n m e n t a l  chambers  

(Cunningham -- e t  a 1  . , 1978 ) , t h u s  i n c l u d i n g  r a d i a t i v e ,  c o n d u c t i v e ,  
- - - - - - -- - - - - - -- - - - - - - - 

c o n v e c t i v e  and e v a p o r a t i v e  pa thways  o f  h e a t  loss .  I n  o r d e r  t o  

minimize t h e  number o f  v a r i a b l e s  and  h e n c e  t h e  c o m p l e x i t y  o f  t h e  

i n v e s t i g a t i o n ,  s u b j e c t s  c a n  b e  immersed i n  w a t e r ,  t h e r e b y  

e l i m i n a t i n g  h e a t  loss by  r a d i a t i o n  and e v a p ~ r a ~ i o n  f rom t h e  s k i n  

s u r f a c e .  Hea t  loss  b y  e v a p o r a t i o n  w i l l  s t i l l  b e  p r e s e n t  from t h e  
Y 

r e s p i r a t o r y  t r a c t ;  i n  t h e  c a s e  o f  a  head-out  immers ion ,  t h e r e  

w i l l  be c o n s i d e r a b l e  h e a t  l o s s  by e v a p o r a t i o n  and r a d i a t i o n  from 

t k k h e a d  (Wissler, 1970 ) . 
c; \ 

I n  t h e  a n a l y s i s  o f  t h e  t h e r m o r e g u l a t o r y  - -- c o n t r o l  system, i t  

is  p r e f e r a b l e  to  c o n t r o l  t h e  i n p u t  s i g n a l  ( t h e r m a l  s t i m u l u s )  and 

s u b s e q u e n t l y  m o n i t o r  t h e  o u t p u t  s i g n a l  ( r e s p o n s e  o f  1 



- - 

- - - -  - 

t h e r m o r e g u l a t o r y  e f f e c t o r  mechanism)  An e x p e r i m e n t d  p r o c e d u r e  

c a p a b l e  o f  m a i n t a i n i n g  a d e q u a t e  c o n t r o l  o f  t h e  i n p u t  v a r i a b l e s  

and  a l l o w i n g  v a r i o u s  f u n c t i o n s  t o  b e  i n t r o d u c e d  t o  t h e  c o n t r o l  

s y s t e m  u n d e r  o b s e r v a t i o n ,  i s  e s s e n t i a l ,  T h i s  t y p e  o f  c o n t r o l  may 

b e  a c h i e v e d  

1 9 6 9 ) .  Such 

t e m p e r a t u r e  

ramp change  

7 

by means o f  a w a t e r  p e r f u s e d  s u i t  ( R o w e l l  e t  a l . ,  -- 
a  s u i t  i s  c a p a b l e  o f  m a i n t a i n i n g  a  c o n s t a n t  

s t i m u l u s  t o  t h e  s k i n ,  o r  i m p o s i n g  e i t h e r  a  s t e p  o r  

i n  t h e  t h e r m a l  s t i m u l u s .  

I n  o r d e r  t o  o b s e r v e  t h e  o n s e t  a n d  d e v e l o p m e n t  o f  

hypo the rmia  d u r i n g  m a r i t i m e  a c c i d e n t s ,  s e v e r a l  s t u d i e s  h a v e  been  L7 

c o n d u c t e d  immers ing  s u b j e c t s  i n  t i d a l  w a t e r s  ( ~ a y w a r d  e t  a l .  -. 
J 9 7 7 ) .  Al though  s u c h  s t u d i e s  a re  e s s e n t i a l  f o r  a  b e t t e r  

u n d e r s t a n d i n g  o f  t h e  p r o g r e s s  o f  a c c i d e n t a l  h y p o t h e r m i a ,  a s  a 
. r 

means o f  a n a l y s i n g  t h e r m o r e g u l a t i o n  t h e y  a r e  l i m i t e d  by 

u n c o n t r o l l a b l e  e n v i r o n m e n t a l  f a c t o r s  s u c h  as a m b i e n t  
- -- - - - -- - -- - -- -- -- ---- - 

t e m p e r a t u r e ,  wind v e l o c i t y ,  h u m i d i t y ,  water c u r r e n t s  and  most 

i m p o r t a n t  w a t e r  t e m p e r a t u r e .  A l a b o r a t o r y  s t u d y  i s  p r e f e r a b l e  

t h e r e f o r e ,  i f  a n  a n a l y s i s  is t o  b e  made o f  t h e  ' r e s p o n s e  o f  t h e  

i 
t h e r m o r e g u l a t o r y  c o n t r o l  system t o  v a r i o u s  t h e r m a l  s t i m u l i ,  a s  

i t  allows c o n t r o l  o f  t h e .  a b o v e  m e n t i o n e d  v a r i a b l e s  ( M o r r i s o n  e t  . 
a l .  1982; Brenge lmann ,  1967;  M a r t i n ,  1 9 7 7 ) .  

The p r e s e n t  s t u d y  a t t e m p t s  t o :  1) c o n f i r m  t h e  r e l a t i o n s h i p  

e tween  s t a t i c  core and  p e r i p h e r a l  t e m p e r a t u r e  and  m e k a b o l i c  

r a t e ,  2 )  q u a n t i f y  t h e  m e t a b o l i c  o v e r s h o o t  d u r i n g  the in i t ia l  
3 

s t a g e  o f  c o l d  w a t e r  immers ion  w i t h  r e s p e c t  t o  t h e  t e m p e r a t u r e  

g r a d i e n t  imposed o n  t h e  p e r i p h e w a l  t e m p - e r a t u r e  receptors and  3 )  



-A -- - 

e l u c i d a t e  t h e  role. of core temperature t r a n s i e n t s  a t  v a r i o u s  -- 

clamped s k i n  . temperatures  i n  t h e  i n c r e a s e  of thermogenic  d r i v e .  



11. Methods ' 

S u b j e c t s  

F i v e  ma le  v o l u n t e e r s  p a r t i c i p a t e d  i n  t h e  p r e s e n t  i m m e r s i o n  

study.. The s u b j e c t s '  c h a r a c t e r i s t i c s  a re  p r e s e n t e d  i n  T a b l e  4.1. 
- - 

P e r m i s s i o n  f o r  t h e i r  p a r t i c i p a t i o n  was a l s o  o b t a i n e d  f rom a 

p h ' y s i c i a n ,  f o l l o w i n g  a  m e d i c a l  e x a m i n a t i o n .  U s i n g  t h e  method 

p roposed  by C a r t e r '  ( 1 9 8 0 ) ,  e a c h  s u b j e c t ' s  sc@atotype was 
I 

e s t i m a t e d ,  A s  shown i n  F i g .  4.1. 

A m y s i c a l  work  c a p a c i t y  t e s t  (P.W.C. 170 ) was a d m i n i s t e r e d  

t o  a l l  t h e  s u b j e c t s ,  t o  p r e d i c t  t h e i r  l e v e l  o f  f i t n e s s .  The 

e x p e r i m e n t a l  p r o c e d u r e  c o n s i s t e d  o f  t h e  s u b j e c t s  r i d i n g  a  

programmable ,  - e l e c t r i c a l l y  b r a k e d  b i c y c l e  e r g o m e t e r  ( Q u i n t o n  

I n s t r u m e n t  C o . ) .  A s t e p  i n c r e a s e  o f  work r a t e  was a p p l i e d  e v e r y  

f i v e  m i n u t e s ,  t h u s  a l l o w i n g  t h e  h e a r t  r a t e  to  s t a b i l i z e  a t  e a c h  

p a r t i c u l a r  work load .  D u r i n g  t h e  P.W.C. 170  t e s t ,  v a l u e s  o f  

oxygen u p t a k e  were o b t a i n e d  f o r  e a c h  l e v e l  o f  e x e r c i s e .  T a b l e  

4.1. d e p i c t s  t h e  oxygen  u p t a k e  a c h i e v e d  a t  a w o r k r a t e  demanding 
\ - 

a  h e a r t  r a t e  o f  170  b e a t s / m i n u t e ,  f o r  e a c h  s u b j e c t .  







F i g .  4 .1  : S u b j e c t s 1  s o m a t o p l o t s .  
Der ived  a c c o r d i n g  t o  t h e  p r i n c i p l e s  o u t l i n e d  by C a r t e r  
( 1 9 8 0 ) .  4 



mesomorphy 



b 
E x p e r i m e n t a l  Parad igm 

? 

Each s u b j e c t  was r e q u i r e d  t o  p a r t i c i p a t e  i n  a  t o t a l  o f  s i x  

immersions.  Dur ing  e a c h  mrnersion,  t h e  "ate-r  t e m p e r a t u r e  w a s  Y 
h e l d  c o n s t a n t  a t  e i t h e r  l o 0  , 15O , or  20•‹ C. The s u b j e c t s  w e r e  

exposed to  each  w a t e r  t e m p e r a t u r e  o n  t w o  o c c a s i o n s .  On o n e  

4 o c c a s i o n ,  t h e  s u b j e c t s  i n h a l e d  h u m i d i f i e d  warm a i r  (40 • ‹  - 4 5 O  

C ) ,  and on  t h e  o t h e r ,  t h e  i n h a l a t e  was normal  room a i r  (20 • ‹  C ) .  

R e s t i n g  v a l u e s  o f  t h e  p h y s i o l o g i c a l  v a r i a b l e s  m o n i t o r e d  

were  o b t a i n e d  i n  a  f i v e  m i n u t e  p e r i o d  p r e c e d i n g  t h e  immersion.  

The s u b j e c t s  t h e n  c l i m b e d  i n t o  t h e  w a t e r  t a n k  and s a t  w i t h  t h e  

w a t e r  l e v e l  up t o  t h e i r  c h i n .  S u b j e c t s  r ema ined  immersed i n  

w a t e r  f o r  one  h o u r  o r  u n t i l  t h e i r  r e c t a l ,  t e m p e r a t u r e  d ropped  to  

35O C. - \ 

Upon c o m p l e t i o n  o f  t h e  immers ion ,  t h e  s u b j e c t s  were 
4 

- - - -- - - -- - - - - 

a s s i s t $ d  o u t  o f  t h e  t a n k ,  d r i e d  w i t h  a  towel and  p l a c e d  i n  a  

s l e e p i n g  bag f o r  t h e  rewarming p e r i o d .  Rewarming was m o n i t o r e d  

(- f o r  30 m i n u t e s ,  a t  which  p o i n t  t h e  s u b j e c t  was d i s c o n n e c t e d  from 

. a l l  t h e  r e c o r d i n g  d e v i c e s ,  t h e  e l e c t r o d e s  were removed and t h e  

s u b j e c t  was p l a c e d  i n  a  h o t  t u b  to  c o m p l e t e  t h e  rewarming.  T h i s  

f i n a l  rewarming i n  a h o t  t u b  was e s s e n t i a l ,  a s  t h &  s l e e p i n g  bag 

rewarming d i d  n o t  b r i n g  t h e  s u b j e c t s '  core t e m p e r a t u r e  to  normal  

l e v e l s  and t h e y  s t i l l  e x p e r i e n c e d  m u s c l e  s t i f f n e s s  and f a t i g u e  - 

a f t e r  t h e  30 m i n u t e s  o f  s l e e p i n g  bag rewarming.  - 

During t h e  e x p e r i m e n t a l  p r o c e d u r e ,  d a t a  was c o l l e c t e d  a t  

minu te  i n t e r v a l s  w i t h  a H P  3497A Data  A c q u i s i t i o n  Sys tem 



( H e w l e t t  P a c k a r d )  c o n t r o l l e d  by  a HP 85  d e s k t o p  compu te r  

( H e w l e t t  P a c k a r d  1 .  The a c q u i s i t i o n  o f  d a t a  d u r i n g  t h e  e x p e r i m e n t  

. i s  d e p i c t e d  d i a g r a m a t i c a l l y  i n  F i g .  4.2. The c o l l e c t e d  d a t a  was 

p r i n t e d  o n  a  t h e r m a l  p r i n t e r  b u i l t  i n t o  t h e  HP 8 5  and  l a t e r  . 

t r a n s f e r r e d  i n t o  a  d a t a  f i l e  o n  t h e  main u n i v e r s i t y  c o m p u t e r ,  

IBM 4341, f o v  f u r t h e r  a n a l y s i s .  

I n s t r u m e n t a t i o n  

Immersion Tank 

An immers ion  t a n k  w a s  c o n s t r u c t e d ,  h a v i n g  d i m e n s i o n s  o f  .9  

x  .9 x 1.52 metres. The t a n k  c o n s i s t e d  o f  a s teel  f r a m e  w i t h  

s i d e s  o f  1 .8  c m .  p lywood.  A v i n y l  l f n e r  was  c u s t o m  made f o r  t h e  

t a n k ,  which  had a  t o t a l  volume o f  1 .215 c u b i c h e t e r s .  The water 

t e m p e r a t u r e  i n  t h e  immers ion  t a n k  was m a i n t a i n e d  c o n s t a n t  a t  

0 
t e m p e r a t u r e s  r a n g i n g  f rom 1 0  to  20 • ‹  C ,  b y  a c o n s t a n t  f l o w  

p o r t a b l e  c o o l i n g  u n i t  ( B l u e  M E l ec t r i c  Co., B l u e  I s l a n d ,  I l l . ) .  

The w a t e r  was c o n t i n u o u s l y  c i r c u l a t e d  by a D y n a l f l o w  power 

f i l t e r  c a p a b l e  of pumping 2730 l i t r e s  o f  water per h o u r .  A t w o  

s t e p  a lumin ium f r a m e  w a s  l o w e r e d  i n t 6  t h e  t a n k  a t  t h e  o n s e t  o f  

e a c h  e x p e r i m e n t ,  e n a b l i n g  t h e  s u b j e c t s  t o  e n t e r  and e x i t  t h e  

t a n k .  Dur ing  t h e  immers ion ,  t h e  f r a m e  p r o v i d e d  s e a t i n g  f o r  t h e  

s u b j e c t s .  



F i g .  4 . 2  : E x p e r i m e n t a l  a r ra i igement .  
I 

Two way v a l v e s  A and B c o u l d  be  a r r a n g e d ,  so t h a t  t h e  
s u b j e c t  was i n h a l i n g  e i t h e r  a i r  a t  room t e m p e r a t u r e  o r  a i r  
h e a t e d  to  40•‹ -_ 4 5 O  C and s a t u r a t e d  w i t h  w a t e r  vapour .  
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d To p r e v e n t  d e t e r i o r a t i o n  o f  t h e  w a t e r ,  t h e  pH and c h l o r i n e  

l e v e l  was c o n t i n u o u s l y  m o n i t o r e d  and t h e  w a t e r  t r e a t e d  

a d e q u a t e l y ,  t o  m a i n t a i n  a  ph o f  7.2 and  an a p p r o p r i a t e  c h l o r i n e  

l e v e l  (1 .0  p.p.m.1. 

a 
R e s p i r a t o r y ' G a s  Ana lys ' i s  

The e v a l u a t i o n  o f  e x p i r e d  ' g a s  e n t a i l e d  m e a s u r i n g  

v e n t i l a t i o n ,  t e m p e r a t u r e  o f  i n s p i r e d  and e x p i r e d  g a s ,  and t h e  

f r a c t i o n  o f  c a r b o n  d i o x i d e  and oxygen i n  t h e  e x p i r e d  and 

i n s p i r e d  a i r .  I n s p i r e d  f r a c t i o n s  o f  0 2 ,  C02 and N 2  were 

d e t e r m i n e d  p r i o r  to  t h e  n o n s e t  o f  t h e  e x p e r i m e n t .  

During t h e  immers ion ,  t h e  i n s p i r a t o r y  s i d e  o f  a  t w o  way 

v a l v e  was connec ted  by C o l l i n s  c o r r u g a t e d  p l a s t i c  t u b i n g  t o  a 

P a r k i n s o n  Cowan Dry G a s  V e n t i l a t i o n  -Meter (Park inson-Cowan,  - - -  

Chatham, On t . )  . The e x p i r a t o r y  s i d e  was c o n n e c t e d  s i m i l a r l y  t o  a 

17.78 x  31.75 x  21.59 c m .  p l e x i g l a s s  m i x i n g  box. Mixed e x p i r e d  

g a s  was sampled from t h e  m i x i n g  box and a n a l y s e d  f o r  C02 c o n t e n t  

b y  a  Godar th  Capnograph ( G o d a r t h  S t a t h a m )  and f o r  02  c o n t e n t  by 

a n  Appl ied  E l e c t r o c h e m i s t r y  S-3A Oxygen A n a l y s e r  (App l i ed  

E l e c t r o c h e m i s t r y  B.V. 1 .  The g a s  s a m p l e s  were drawn th rough  a  

t u b e  f i l l e d  w i t h  d e s s i c a n t  ( D r i e - R i t e )  , t h e r e b y  e x t r a c t i n g  w a t e r  

v a p o u r  from t h e  g a s  sample .  
-- 

The e x p e r i m e n t a l  a r r a n g e m e n t  f o r  t h e  ana rys l ' so f  

r e s p i r a t o r y  g a s  i s  i l l u s t r a t e d  i n  Fig."  4.2. T h i s  a r r a n g e m e n t  w a s  

used f o r  t h e  P.W.C. 170 t es t s ,  c o l d  w a t e r  immers ions  and 



rewarming p e r i o d s .  Such a n  a r r a n g e m e n t  e n a b l e d  a  ser ies  o f  

e x p e r i m e n t s  t o  b e  c o n d u c t e d ,  whereby  t h e  s u b j e c t  i n h a l e d  warm 

s a t u r a t e d  a i r  d u r i n g  immersign and rewarming.  I n  t h e s e  

e x p e r i m e n t s ,  i n h a l e d  a i r  was drawn t h r o u g h  a  h u m i d i f i e r  b e f o r e  

i t  r eached  t h e  s u b j e c t .  The h u m i d i f i e r  was e s s e n t i a l l y  a m i x i n g  

box ,  h a v i n g  i d e n t i c a l  d i m e n s i o n s  o f  t h e  m i x i n g  box d e s c r i b e d  

p r e v i o u s l y ,  i n s u l a t e d  w i t h  2 c m .  n e o p r e n e .  W a t e r ,  wh ich  was 

p r e v i o u s l y  h e a t e d  i n  a  w a t e r  b a t h ,  was pumped to  t h e  i n t e r i o r  

t o p  p a r t  o f  t h e  m i x i n g  box. W i t h i n  t h e  m i x i n g  box,  t h e  warm 

w a t e r  was pumped t h r o u g h  a  se r ies  o f  p e r f o r a t e d  p l a s t i c  t u b e s ,  

t h u s  a l l o w i n g  t h e  w a t e r  to  s p r a y  t h e  e n t i r e  i n t e r i o r  o f  t h e  

mix ing  box; i t  t h e n  d r a i n e d  back  t o  t h e  w a t e r  b a t h  a n d '  was 

r e c ' i r c u l a t e d .  I n  t h i s  manne r ,  t h e  a i r  i n s i d e  t h e  m i x i n g  box was 

s a t u r a t e d  w i t h  w a t e r  v a p o u r  and h e a t e d  to  a  s p e c i f i c  

- t e m p e r a t u r e ,  wh ich  w a s  d e p e n d e n t  o n  t h e  t e m p e r a t u r e  o f  t h e  w a t e r  
- - -- - -  - - -- - - 

b a t h  and was c o n t r o l l e d  by a Heto Denmark h e a t e r .  

To p r e v e n t  e x c e s s i v e  c o o l i n g  and c o n d e n s a t i o n  i n  t h e  

i n s p i r a t o r y  t u b i n g ,  be tween  t h e  m i x i n g  box and t h e  m o u t h p i e c e ,  

t h e  C o l l i n s  c o r r u g a t e d  t u b i n g  was i n s u l a t e d  w i t h  2 cm. neoprene .  

H e a r t  Ra t e  

For  t h e  P.W.C. 170  t e s t ,  h e a r t  r a t e  was r e c o r d e d  from t h r e e  

d i s p o s a b l e  p r e - g e l l e d  e l e c t r o d e s  (Harco E l e c t r o n i c s  ~ t d  . , 
, Winnipeg,  Man i toba )  p l a c e d  i n  t h e  CM5 p o s i t i o n  and a n  

e l e c t r o c a r d i o g r a m  was  o b t a i n e d  u s i n g  a  C e n t u r y  SCC - l A  E.C.G. 



r e c o r d e r  ( F u k u d a   enshi hi Co., L t d .  ) . . 
E l e c t r o c a r d i o g r a p h i c  r e c o r d i n g s  d u r i n g  t h e  i m m e r s i o n  

s t u d i e s  were o b t a i n e d  f r o m  two Beckman s i l v e r  c h l o r i d e  m i n i a t u r e  

e l e c t r o d e s ,  p l a c e d  l a t e r a l l y  o n  t h e  t h o r a x  ( m i d c h e s t ,  
< 

a p p r o x i m a t e l y  a t  t h e  5 t h  i n t e r c o s t a l  s p a c e ) .  D u r i n g  t h e  f i v e  

m i n u t e  p r e - i m q e r s i o n  r e s t  p e r i o d ,  t h e  g r o u n d  lead w a s  p l a c e d  o n  
/' 

t h e  r i g h t  f o o t .  Once  t h e  s u b j e c t  was  immersed t o  t h e  n e c k  i n  "\ 
w a t e r ,  t h e  g r o u n d  l e a d  w a s  immersed i n  t h e  t a n k ,  t h e r e b y  - 

g  round+the s u b j e c t  . 
/ ~ l e c  t r o c a r d  iograrns w e r e  a l s o  o b t a i n a b l e  f  rorn t h e  e s o p h a g e a l  

i p r o b e ,  b u t  t h e s e  w e r e  u s e d  o n l y  f o r  p o s i t i o n i n g  of t h e  p r o b e  

p r i o r  to  i m m e r s i o n  (see  Appendix  11.). 

T e m p e r a t u r e  M e a s u r e m e n t s  

I n  e x p e r i m e n t a l  s i t u a t i o n s ,  i t  i s  c r u c i a l  to b e  , a b l e  t o  
--? G 

s t a n d a r d i z e  m e a s u r e m e n t  s i t e s  a n d  a c c u r a t e l y  y b t a i n  t e m p e r a t u r e  

m e a s u r e m e n t s  of t h e  core and  s h e l l .  

1. S h e l l  T e m p e r a t u r e  

The m e a s u r e m e n t  of t h e  t e m p e r a t u r e  of t h e  s h e l l  I 

i n v o l v e s  e i t h e r  m e a s u r i n g  s u r f a c e  s k i n  t e m p e r a t u r e ,  

s u b c u t a n e o u s  t i s s u e  t e m p e r a t u r e ,  o r  b o t h .  I n  t h e  p r e s e n t  

s t u d y ,  s u r f a c e  s k i n  t e m p e r a t u r e  was  m e a s u r e d  a t  f o u r  s i t e s :  
- 

a .  a r m  - l a t e r a l  a s p e c t  o f  u p p e r  arm 

b.  c h e s t  - r i g h t  l a t e r a l  m i d c l a v i c u l a r  l i n e  a t  t h e  t h i r d  

i n t e r c o s t a l  s p a c i n g .  



c,  t h i g h  - a n t e r i o r  s u r f a t e  o f  ' t h e  mid  t h i g h  

d .  c a l f  - u p p e r  l a t e r a l  a s p e c t  o f  t h e  c a l f .  \ 
Weighted  mean s k i n  t e m p e r a t u r e  w a s  c a l c u l a t e d  u s i n g  t h e  

formula  o f  Ramanathan x i 9 6 4  ) : 

Ts = . 3  x (Tarm + T c h e s t )  + 0 .2  x ( T t h i g h  + T c a l f )  ... ( 4 . 1 )  

~ e a s u r e m e k i s  o f  s k i n '  t e m p e r p t u r e  were made w i t h  36  
-% -!* - 

gauge c o p p e r - c o n s t a n t a n  , T-type t h e r m o c o u p l e s  (Omega 
ZP- 

Engin3er  i n g  I n c  . S t a m f o r d ,  Ca . ) , - 
rrr 

Core T e m p e r a t u r e  

I d e a l l y  t h e  t e m p e r a t u r e  o f  t h e  core s h o u l d  b e  t a k e n  a t  

t h e  same a n a t o m i c a l  l o c a t i o n  f o r  a l l .  s u b j e c t s  and  s l i g h t  

v a r i a t i o n s  i n  t h e  p r o b e  p l a c e m e n t  s h o u l d  n o t  c a u s e  any  
. L- 

s i g n i f i c a n t  c h a n g e s  i n  t h e  t e m p e r a t u r e  r e a d i n g ,  O n c e  the-  -- - - 

c o r e  t e m p e r a t u r e  p r o b e  i s  i n s e r t e d ,  a method o f  v e r i f y i n g  

t h e  l o c a t i o n  o f  t h e  p r o b e  is b e n e f i c i a l ,  so  a s  t o  p r e v e n t  

any  l o o p i n g  and u n n a t u r a l  b e n d i n g  o f  t h e  c a t h e t e r  w i t h i n  t h e  

body c a v i t y .  

P a .  Tympanic T e m p e r a t u r e  

The l o c a t i o n  o f  t h e  tympanic  t e m p e r a t u r e  p r o b e  is 

f a i r l y  e a s y  t o  a s s e s s .  The tympanic  t h e r m o c o u p l e  was 

- - 
i n s e r t e d  i n  t h e  a u r a l  c a v i t K  u n t i l  it j u s t  t ouched  t h e  

, , 
tympanum, a t  which p o i n t  contact w a s  perceive& bptsfre - - - -/ 
s u b j e c t .  The p r o b e  was t h e n  e a s e d  back  a p p r o x i m a t e l y  1 

mm, a n d  t a p e d  i n t o  p l a c e .  The a u r a l  c a v i t y  was t h e n  

177 



c l o s e d  w i t h  c o t t o n  and water p r o o f  t a p e .  Due to  t h e  ' , / 

r i g i d i t y  of t h e  p r o b e  e n d i n g  and . t h e  s h o r t  d i s t a n c e  i n  

t h e  a u r a l  c a n a l ,  t h e  l o c a t i o n  o f  t h e  p r o b e  c o u l d  b e  

assumed t o  b e  i n  t h e  p r o x i m i t y  o f  t h e  tympanic  membrane. 

To p r e v e n t  damage o c c u r i n g  a t  t h e  t ympan ic  membrane, t h e  

t he rmocoup le  j u n c t i o n  was p r o t e c t e d  by a  s o f t  b a l l  o f  

c o t t o n .  v 
R e c t a l  T e m p e r a t u r e  

R e c t a 3  t e m p e r a t u r e  was measured  u s i n g  a  YSI 401 

t h e r m i s t o r  p r o b e ,  i n s e r t e d  1 0  an. be'yond t h e  anus*. The 

l o c a t i o n  o f  t h e  t i p  of t h q  r e c t a l  p r o b e  c o u l d  n o t  b e  

v e r i f i e d  o t h e r  t h a n  b y  t h e  a c t u a l  l e n g t h  o f  p r o b e  

i n s e r t e d .  Due t o  p e r i s t a l s i s  of t h e  a l i m e n t a r y  c a n a l ,  

l o o p i n g  o f  t h e  p r o b e u w a s  n o t  a n t i c i p a t e d .  The p r o b e  

c o u l d  n o t  b e  checked  f o r  s l i p p a g e  ~ o n ~ i n u o u s l y ,  d u p i n g  

t h e  immers ion ,  however c h e c k s  p r i o r  t o  and immed ia t e ly  

a f t e r  t h e  immers ion  r e v e a l e d  t h a t  l i t t l e  o r  n o - c h a n g e  

o c c u r r e d  i n  t h e  d e p t h  o f  i n s e r t i o n .  

Esophagea l  Tempera tu re  

The e s o p h a g e a l  t h e r m o c o u p l e  t e m p e r a t u r e  p r o b e  was 

c o n s t r u c t e d  a c c o r d i n g  to  t h e  s u g g e s t i o n s  made b y  

Brengelrnann ( 1 9 8 1 ) .  Dur ing  i n s e r t i o n  t h e  t h e r m o s e n s i t i v e  

e n d i n g  was c o n n e c t e d  t o  t h e  p s i  t i v e  elec trade t e r m i n a l -  

of a n  e l e c t r o c a r d l o g r a p h .  The nega t iu-e  l e a & w a s  

c o n n e c t e d  to  an  e l e c t r o d e  o n  t h e  s c a p u l a .  An 
d 

e l e c t r o c a r d i o g r a m  o b t a i n e d  from t h i s  a r r a n g e m e n t  e n a b l e d  



- 3 -  T 

e l c t r o c a r d i o g r a p h i c  v e r i f i c a t i o n  o f '  t h e  p o s i t i o n i n g  o f  

t h e  t h e r m o s e n s i t i v e  t i p  w i t h i n  t h e  e s o p h a g u s ,  a s  

s u g g e s t e d  b y  Brenge lmann  e t  a l .  ( 1 9 7 9 ) .  The p r o b e  was 

p o s i t i o n e d  a t  t h e  a t r i a l  l e v e l .  
- 

C o n s t r u c t i o n  d e t a i l ;  o f  $he a s  w e l l  a s  t h e  

me thodo logy  o f  the_electrocardiographic v e r i f i c a t i o n  o f  

p o s i t i o n i n g  is  o u t l i n e d  - ' in  a p p e n d i x  11; 
-' 1 

- V e n t i l a t i o n  

1, 

. V e n t i l ' a t i o n  w a s  measu red  on t h e  i n s p i r a t o r y  s i d e  

way v a l v e ,  a s  shown i n  F i g .  4.2. I n  o r d e r  t o  e v a l u a t e  

o f  t h e  t w o  

t h e  

a c c u r a c y  o f  t h e  v e n t i l a t i o n  meter, t h e  e x p e r i m e n t a l  r e s p i r a t o r y  

a r r a n g e m e n t  w a s  c o n n e c t e d  to a r e s p i r a t o r y  s i m u l a t o r  ( M i l n e ,  I 

The s i m u l a t o r  c o n s i s t e d  o f  fi p n e u m a t i c a l l y  d r i v e n  p i s t o n  

w i t h  a  g e a r i n g  mechanism p r o d u c i n g  a  s i n u s o i d a l  d i s p l a c e m e n t  o f  . 

t h e  p i s t o n .  I t  was p o s s i b l e  to  v a r y  t h e  m a g n i t u d e  o f  t h e  p i s t o n  
f-' 

d i s p l a s e m e h t ,  t h u s  v a r y i n g  t h e  s t r o k e  vo lume.  S i n c e  t h e  I/ 

pulmonary s i m u l a t o r  was  c o n n e c t e d  t o  t h e  e x p e r i m e n t a l  b r e a t h i n g  

a r r a n g e m e n t ,  t h e  vo lumes  d i s p l a c e d  by t h e  p i s t o n  r e p r e s e n t e d  a  

s i m u l a t e d  v e n t i l a t o r y  volume.  I n s p i r a t o r y  c i r c u i t s  f o r  b o t h  room 
- -  - -  

t e m p e r a t u r e  a i r  and warm a i r  b r e a t h i n g ,  a s  d e p i c t e d  i n  F i g .  4.2, 
- -- - 

I 

. were i n v e s t i g a t e d  to  d e t e r m i n e  t h e  a c c u r a c y  o f  v e n t i l a t o r y  . . - 

measurements .  The c a l i b r a t i o n  a r r a n g e m e n t  i s  p r e s e n t e d  i n  F i g .  

4 .3 .  





-- 

A - room temperature air 

B - warm saturated air 



D i s p l a c e m e n t  o f  t h e  p i s t o n  was measu red  w i t h  a l o n g  s t r o k e  

d.c./d.c. d i s p l a c e m e n t  t r a n s d u c e r  ( S . E .  type 353/150 mrn; 

I n t e r t e c h n o l o g y  L t d .  ) connec ted  to t h e  p i s t o n  r o d .  The 

d i s p l a c e m e n t  t r a n s d u c e r  was c o n n e c t e d  t h r o u g h  a  Wheats tone  

b r i d g e  c i r c u i t  and  a n  HP 17401A Medium G a i n  D.C. P r e a m p l i f i e r  t o  

an  HP 7404A O s c  i l l o g r a p h i c  Recorde r  ( H e w l e t t  P a c k a r d  ) . 
d 

The volumes  o b t a i n e d  by i n t e g r a t i n g  t h e  d i s p l a c e m e n t  o f  t h e  . 
p i s t o n  and c o n v e r t i n g  it t o  a  v o l u m e t r i c  measurement  c o r r e l a t e d  

w e l l  ( r  = 0.955)  w i t h  vo lumes  o b t a i n e d  by v i s u a l  o b s e r v a t i d n  o f  

t h e  P a r k i n s o n  Cowan Dry Gas V e n t i l a t i o n  Meter ( s e e P i g .  4 . 4 ) .  



F i g .  4 . 4  : C o r r e l a t i o n  . o f  v e n t i l a t o r y  vo lumes ,  a s  d e t e r m i n e d  
from t h e  o u t p u t  o f  t h e  d i s p l a c e m e n t  t r a n s d u c e r  connec ted  to 
t h e  p i s t o n  o f  t h e  r e s p i r a t o r y  s i m u l a t o r  (see t e x t ) ,  w i t h  
v a l u e s  d e t e r m i n e d  v i s u a l l y  f rom t h e  P a r k i n s o n  Cowan Dry- Gas - 
V e n t i l a t i o n  Meter. Symbols r e p r e s e n t  d i f f e r e n t  t i d a l  . 
volumes,  Vt ( t r i a n g l e s :  V t  = 1 .0  l i t e r ;  circles: Vt = 2.0 
l i t e r s ) .  Closed  symbols  r e p r e s e n t  c a l i b r a t i o n  o f  
e x p e r i m e n t a l  a r r a n g e m e n t  where t h e  r e s p i r a t o r y  s i m u l a t o r  was . 
connec ted  t o  A (see F i g .  4 . 3 )  as opposed  to  c i r c u i t  C,  
d e p i c t e d  by open  symbols  "(r2=.955 ) . - - - - - - -  



Parkinson Cowan Ventilation Meter ( 1 .  / min. ) 



111. R e s u l t s  

I n  t h e  fo  l l o w i n g  d i s c u s s i o n  of t h e  r e s u l t s  a spec i f ic  

n o t a t i o n  w i l l  b e  u s e d  t o  d e n o t e  a  c e r t a i n  e x p e r i m e n t .  The l a b e l  

o f  a n  e x p e r i m e n t  w i l l  c o n s i s t  o • ’  t h e  s u b j e c t ' s  i n i t i a l s  ( i . e . :  

0 
AL,  BC, DS, DT o r  RH), t h e  t e m p e r a t u r e  of t h e  w a t e r  ( 1 0  , 15O or 

0 
C )  and w h e t h e r  t h e  i n h a l a t e  was  a t  room t e m p e r a t u r e  ( N )  o r  

warmed and s a t u r a t e d  w i t h  w a t e r  v a p o r  (W) . BClON w o u l d ,  i n  

exampley=deno te  t h e  e x p e r i m e n t  c o n d u c t e d  o n  s u b j e c t  BC i n  l o 0  C 

w a t e r ,  w h i l e  i n h a l a l i n g  a i r  a t  room t e m p e r a t u r e ,  a s  d e p i c t e d  i n  

F i g .  4 .5 .  

S k i n  T e m p e r a t u r e  

I n  t h e  i m m e r s i o n  t a n k ,  s u b j e c t s  w e r e  i n s t r u c t e d  to  a s s u m e  a  

7 n a t u r a l  s i t t i n g  p s i  t i o n  i n  t h e  w a t e r .  N e v e r t h e l e s s ,  s u b j e c t s  
. . 

were o b s e r v e d  o c c a s i o n a l l y  t o  b r i n g  t h e i r  u p p e r  arps c l o s e r  to  

t h e  s i d e  o f  t h e  c h e s t ,  t h e r e b y  i n c r e a s i n g  t h e  t e m p e r a t u r e  a t  

t h a t  s i t e  b y  c o v e r i n g  t h e  c h e s t  t h e r m o c o u p l e  w i t h  t h e i r  u p p e r  

arm. These  i n s t a n c e s  c a n  b e  o b s e r v e d  o n  t h e  mean s k i n  

t e m p e r a t u r e  g r a p h s  a s  e i t h e r  f l u c t u a t i o n s  o r  q u i t e  p r o n o u n c e d  
- -- 

rises i n  mean s k i n  t e m p e r a t u r e .  An e x a m p l e  of s u c h  c o n s i d e r a b l e  
- - 

c h a n g e s  i n  s k i n  t e m p e r a t u r e  i s  e x p e r i m e n t  DSlON ( F i g .  4 . 6 )  

be tween  m i n u t e s  1 2  a n d  30 of t h e  i m m e r s i o n  p e r i o d .  The mean s k i n  

t e m p e r a t u r e ,  w h i c h  h a s  s t a b i l i z e d  a t  a p p r o x i m a t e l y  1 2 O  C 



8 Fig, 4.5  : Experiment B C l O N  



Cooling time (min.) Rewarming time (min.) 



Fig, 4 - 6  : Exper imen t  D S l O N  
# 



Cooling time (min.) 

0 30 6 0  

Rewarming time (min.) 



0 
s u d d e n l y  rises p a r a b o l i c a l l y  t o  1 6  C. A t  t h a t  p o i n t ,  t h e  

s u b j e c t  w a s  r e q u e s t e d  to k e e p  h i s  arms away f r o m  t h e  c h e s t ,  a s  

e v i d e n c e d  by a s u b s e q u e n t  f a l l  i n  s k i n  t e m p e r a t u r e .  The l a t e r  

r i se  i n  s k i n  t e m p e r a t u r e  o b s e r v e d  i n  t h i s  e x p e r i m e n t ,  i s  a g a i n  

a t t r i b u t a b l e  to t h e  s u b j e c t ' s  r e l u c t a n c e  t o  e x p o s e  t h e '  s i d e  of 

t h e  c h e s t  a n d  h i s  u r g e  t o  k e e p  warm. Most s u b j e c t s  r e p o r t e d  t h a t  

by  c o v e r i n g  t h e  s i d e  of t h e  c h e s t ,  t h e y  f e l t  c o n s i d e r a b l y  

warmer.  Such e x a m p l e s  o n  a  m i n o r  s c a l e  c a n  b e  o b s e r v e d  i n  most 

e x p e r i m e n t s  . 
D u r i n g  t h e  o n s e t  o f  i m m e r s i o n  s k i n  t e m p e r a t u r e  d e c r e a s e d  to  

- s t e a d y  s t a t e  l e v e l s ,  sl i g h t l y  a b o v e  water temperature, w i t h i n  

f i v e  m i n u t e s .  T h e r e  was  n o  o b s e r v a b l e  d i f f e r e n c e  i n  t h e  time 

p e r i o d  r e q u i r e d  to  a c h i e v e  s t e a d y  s t a t e  b e t w e e n  d i f f e r e n t  w a t e r  

t e m p e r a t u r e s .  F o r  a  g i v e n  t e m p e r a t u r e  o f  w a t e r ,  s k i n  t e m p e r a t u r e  

s t a b i l i z e s  a t  s i m i l a r  l e v e l s  when t h e  s u b j e c t s  a re  i n h a l i n g  warm 

a i r  s a t u r a t e d  w i t h  w a t e r  v a p o u r  a s  when s u b j e c t s  a r e  i n h a l i n g  

a i r  a t  room t e m p e r a t u r e .  T h e r e f o r e ,  t h e  p e r i p h e r a l  

v a s o c o n s t r i c t o r  r e s p o n s e  a p p e a r e d  to  b e u n a f f e c t e d  by  t h e  

c e n t r a l  w a r m  s t i m u l u s .  

A t  t h e  o n s e t  of r e w a r m i n g ,  s k i n  t e m p e r a t u r e  rose 

p a r a b o l  i c a l l y  t o  p r e - i m m e r s i o n  l e v e l s .  The t i m e  r e q u i r e d  t o  

reac 'h  p r e - i m m e r s i o n  v a l u e s  a p p e a r e d  to b e  i n d e p e n d e n t  o f  t h e  

t e m p e r a t u r e  of t h e  w a t e r  i n  w h i c h  t h e  s u b j e c t  w a s  immersed p r ior  

to  t h e  r e w a r m i n g .  

F l u c t u a t i o n s  i n  mean s k i n  t e m p e r a t u r e  d i d  n o t  a p p e a r  d u r i n g  

rewarming ,  p r o b a b l y  d u e  to  t h e  u n i f o r m  p o s t u r e  m a i n t a i n e d  by a l l  



s u b j e c t s  i n  t h e  s l e e p i n g  bag and d u e  t o  t h e  deve lopmen t  o f  a  
C 

f a i r l y  s t a b l e  microclimate i n  t h e  s l e e p i n g  bag .  

Core Tempera tu re  

Some v a r i a b i l i t y  \ 

- - 

qas n o t i c e d  be tween  t e m p e r a t  u r e  

. measurements  o b f a i n e d  a t  t h e  & t a l ,  t y m p a n i c  and e s o p h a g e a l  

s i tes ,  a l t h o u g h  t h e  o v e r a l l  r e s p o n s e s  t o  c o o l i n g  and rewarming 

appeared  t o  b e  s i m i l a r .  The d i s c r e p a n c i e s  i n  cdZe t e m p e r a t u r e  

measurements  a t  v a r i o u s  s i tes ,  i n  t h e  p r e s e n t  s t u d y  and s t u d i e s  

r e p o r t e d  i n  t h e  l i t e r a t u r e ,  a r e  d i s c u s s e d  i n  Appendix 111. 

In.  c a s e s  o f  r a p i d  core c o o l i n g ,  s u c h  a s  R H l O N  ( F i g ,  4 . 7 ) ,  

t h e  t e m p e r a t u r e  r e s p o n s e s  o f  t h e  t h r e e  si t e s  o v e r l a p p e d ,  g i v i n g  

c o r e  t e m p e r a t u r e  r e s p o n s e s  of i d e n t i c a l  m a g n i t u d e .  I n  t w e l v e  o f  
* 

t h e  t h i r t y  e x p e r i m e n t s ,  e s o p h a g e a l  t e m p e r a t u r e  was m a i n t a i n e d  a t  

-\ 
f e v e l % i g h e r  t h a n  t h a t  o f  tympanic  and r e c t a l  t i m p e r a t u r e .  f 
~ x a m p l e s  o f  t h i s  a re  e x p e r i m e n t s  DT20N ( F i g .  4 . 8 ) ,  ALlOW ( F i g .  

4 .9)  and BC15W ( F i g .  4 .10 ) .  

The r e s p o n s e  o f  tympanic  t e m p e r a t u r e  i n  t e n  o f  t h e  

immersion t r i a l s  w a s  lower t h a n  e s o p h a g e a l  and r ec ta l  

t e m p e r a t u r e s ,  a s  s e e n  i n  e x p e r i m e n t s  DT20N ( F i g .  4 . 8 ) ,  ALlOW 

( F i g ,  4 .9)  and BC15W ( F i g ,  4.10.).  I n  t w o  e x p e r i m e n t s  t h e  

0 
tympanic  t e m p e r a t u r e  was o b s e r v e d  to b e  3 C lower t h a n  r e c t a l  

t e m p e r a t u r e .  I n s u f f i c i e n t  i n s u l a t i o n  o f  t h e  a u d i t o r y  c a n a l  may 

have c s u s e d  t h e s e  o b s e r v a t i o n s .  



F i g ,  4 . 7  ,: Experiment RHlON 



Coolina time (min.) Rewarming time (min.) 



F i g .  4 .8  : ~ x ~ e r i m e n t  I3T20N 



0 30 60 0 .  30 60 

Cooling time (min.) Rewarming time (min.) 



Fig. 4 .9  : Experiment ALlOW 



0 30 80 

Cooling time (min.) 

0 3 0  60 

Rewarming time (min.) 



F i g .  4.10 : Exper iment  BC15W 



Cooling time (min.) Rewarming time (min.) 



Esophagea l  t e m p e r a t u r e  w a s  e i t h e r  h i g h e r  o r  e q u a l  t o  r e c t a l  

t e m p e r a t u r e  i n  a l l  e x p e r i m e n t s ,  e x c e p t  RH15N ( F i g .  4 . 1 1 ) ,  where  

e s o p h a g e a l  t e m p e r a t u r e  e x h i b i t e d  t h e  g r e a t e s t  cool i n g  r a t e  . A s  

i n d i c a t e d  by F ig .1 ,  s u b j e c t  RH had a  h i g h  e c t o m o r p h i c  component, 

s u g g e s t i n g  a  more pronounced ,  e x p o s u r e  of t h e  t h o r a c i c  r e g i o n .  

0 I n  w a t e r  a t  1 0  C ,  i n h a l i n g  warm s a t u r a t e d  a i r  d e c r e a s e d  

t h e  c o o l i n g  r a t e  i n  most s u b j e c t ,  t h e  e x c e p t i o n s  b e i n g  s u b j e c t  

RH; where t h e  c o o l i n g  r a t ;  was i n c r e a s e d .  

The d i f f e r e n c e s  i n  c o r e  c o o l i n g  r a t e  be tween  normal  a i r  

b r e a t h i n g  and warm a i r  b r e a t h i n g  were n o t  a s  e v i d e n t  f o r  

0 0 
immersions  i n  1 5  C and-  2=0 C w a t e r  . A s  s e e n  f rom T a b l e  4.2 - 
t h e r e  i s  c o n s i d e r a b l e  v a r i a b i l i t y  i n  i n d i v i d u a l  r e s p o n s e s .  The 

s i g n i f i c a n c e  o f  t h e s e  r e s p o n s e s  a r e  d i s c u s s e d  f u r t h e r  i n  

Append i x  1.11 . 
On rewarming ,  e s o p h a g e a l  t e m p e r a t u r e  r e c o v e r e d  t o  

pre- immersion l e v e l s  f a s t e r  t h a n  t h e  o t h e r  t w o  core t e m p e r a t u r e  

measures and e x h i b i t e d  t h e  l e a s t  amount o f  a f t e r d r o p .  I n  a l l  

c a s e s ,  t h e  e x t e n t  o f  t h e  a f t e r d r o p  i n  core t e m p e r a t u r e  w a s  

l e s s e n e d  w i t h  i n h a l a t i o n  rewarming.  

A t  t h e  o n s e t  o f  immers ion ,  t h r e e  d i s t i n c t  core t e m p e r a t u r e  

r e s p o n s e s  were o b s e r v e d  : 

1. Immediate c o o l i n g  of c o r e  t e m p e r a t u r e ,  a s  i n  e x p e r i m e n t s  
6 

DT2ON ( F i g .  4 .8 )  and RH15N F i g  . 4 . 1 1 )  . I n  m o s t  c a s e s  t h e  

c o o l i n g  r a t e  c o n s i s t e d  of two components .  I n  t h e  i n i t i a l  

s t a g e s  o f  immers ion ,  t h e  c o o l i n g  r a t e  w a s  f a i r l y  s l o w . b u t  a s  

immersion p r o g r e s s e d ,  t h e  cool i n g  r a t e  i n c r e a s e d .  The 

8- 



F i g .  4.11 : E x p e r i m e n t  RH15N 



Cooling time (min.) Rewarming time (min.) 



T a b l e  4 .2  : C o o l i n g  r a t e  of s u b j e c t s  d u r i n g  d i f f e r e n t  
e x p e r i m e n t a l  c o n d i t i o n s  - 

e 



Core cooling rates (Oc/minute) 

Water Sub j . ATr ATe ATt - ATe - ATt - ATr - 
temp. . A t A t A t A t A t A +r 

ATr 

ATe 

ATt 

--denotes experiments where the inhalate was 
air at room temperature . - 

- denotes expeeiments where the inhalate .was 
warm air (40 - 45' C) saturated with water 
vapour . 

- change in rectal temperature over tGe cooling 
period ( At) . 

%change in esophageal temperature over the 
cooEing period ( ~ t )  . 

- change in tympanic temperature over the cooling 
period ( At). 

- probe slipped 



S h i v e r i n g  Thermogenes i  s 

e x c e p t i o n  w a s  s u b j e c t  RH, whose c o o l i n g  r a t e  was h i g h  a t  t h e  

o n s e t  o f  immers ion  and remained f a i r l y  c o n s t a n t  u n t i l  

removed f rom t h e  c o l d  water. 

I n  some c a s e s ,  core t e m p e r a t u r e  w a s  m a i n t a i n e d  a t  normal  

lexels f o r  v a r y i n g  p e r i o d s  o f  t i m e .  T h e r e a f t e r  t h e  c o r e  
1 

t e m p e r a t u r e  b e g a n  to d r o p  s t e a d i l y ,  a s  o b s e r v e d  i n  

e x p e r i m e n t  DS15N ( F i g .  4 .12 ) .  

O c c a s i o n a l l y ,  t h e  f a l l  i n  core t e m p e r a t u r e  was p r e c e d e d  by a  

s l i g h t  r i se  i n  core t e m p e r a t u r e ,  a b o v e  p re - immers ion  v a l u e s .  

Such a r e s p o n s e  is  p r o b a b l y  due  t o  a  c o m b i n a t i o n  of i n t e n s e  

v a s o c o n s t r i c t i o n  and i n c r e a s e d  s h i v e r i n g  t h e r m o g e n e s i s ,  

t h e r e b y  i n c r e a s i n g  core h e a t  c o n t e n t  f o ~  a s h o r t  p e r i o d  a t  

t h e  o n s e t  o f  immers ion ,  a s  s e e n  i n  BC15W ( F i g .  4 .10)  and 
LT 

DS15W ( F i g .  4 . 1 3 ) .  

The t h e r m o g e n i c  r e s p o n s e ,  i n d i c a t e d  by e l e v a t e d  l e v e l s  o f  

m e t a b o l i c  r a t e ,  c o n s i s t e d  o f  t w o  m a j o r  components .  A t  t h e  o n s e t  

o f  immersion,  t h e r e  w a s  a r a p i d - e l e v a t i o n  i n  oxygen  consumpt ion .  
-+. - 

I n  g e n e r a l ,  t h e  p e a k  o f  t h e  r a p i d  m e t a b o l i c  r e s p o n s e  was 

a t t a i n e d  w i t h i n  t h e  first m i n u t e s  o f  immers ion .  F o l l o w i n g  t h e  

peak  r e s p o n s e ,  m'etabol ic  r a t e  decayed  to l e v e l s  s l i g h t l y  a b o v e  

pre- immersion v a l u e s  and  s u b s e q u e n t l y  began  to  r i se  in a 

p a r a b o l i c  f a s h i o n .  T h i s  l a t t e r  r e s p o n s e  c o n s t i t u t e d  t h e  second  

t ,component,  h a v i n g  a much slower r e s p o n s e  t i m e .  - - 



.. 

F i g .  4.12 : E x p e r i m e n t  DS15N 



Cooling time fmin,) 

0 30 60 

Rewarming time (min.) 



Fig. 4.13 : Experiment DS15W 
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- -- 

Compar ing  t h e  p e a k  v a l u e s  of t h e  f a s t  *metabolic component ,  
- - - - - - - - 

f o r  t h e  t h r e e  w a t e r  t e m p e r a t u r e s  ( T a b l e  4 . 3 ) ,  i t  c a n  b e  o b s e r v e d  

t h a t  t h e  p e a k  v a l u e s .  a re  g r e a t e r  f o r  l a r g e  d r o p s  i n  s k i n  

t e m p e r a t u r e .  I n  s i m i l a r  w a t e r  t e m p e r a t u r e ,  i t  is  e v i d e n t  t h a t  

t h e  m e t a b o l i c  o v e r s h o o t  i s  somewhat i n f l u e n c e d  . b y  core 

t e m p e r a t u r e .  D u r i n g  t h e  warm a i r  b r e a t h i n g  t r i a l s ,  t h e  p e a k  

v a l u e  o f 4 h e  f a s t  componen t  is  lower t h a n  when b r e & h i n g  room 

t e m p e r a t u r e  a i r  . 
It c a n  b e  s e e n  f r o m  T a b l e  4.4,  t h a t  t h e  r e s p o n s e  of t h e  

slow component  i s  i n f l u e n c e d  m a i n l y  b y  core t e m p e r a t u r e  . 
Comparing t h e  e n d  iminers ion  v a l u e s  o f  m e t a b o l i c  r a t e  f o r  no rma l  

a i r  and warm a i r  b r e a t h i n g ,  i t  seems t h a t  m e t a b o l i c  r a t e  is 0"-- 

" .  
s u b s t a n t i a l l y  lower when r e s p i r a t o r y  h e a t  i s  b e i n g  d e l i v e r e d  to  

t h e  core. A c o m p a r i s o n  of t h e  m e t a b o l i c  r e s p o n s e  a t  i d e n t i c a l  

r e c t a l  t e m p e r a t u r e s  a n d  d i f f e r e n t  s k i n  t e m p e r a t u r e s  i n d i c a t e s  

t h a t  s k i n  t e m p e r a t u r e  is a l s o  a  d o m i n a n t  fac tor .  F o r  a  g k e n  

core t e m p e r a t u r e ,  t h e  m e t a b o l i c  r a t e  is h i g h e r  a t  lower s k i n  

0 
t e m p e r a t u r e s .  F o r  e x a m p l e ,  a t  a r e c t a l  t e m p e r a t u r e  of 36  C ,  

s u b j e c t  RH h a s  a m e t a b o l i c  r a t e  of 24 ,  22  a n d  1 7  ml.O2/min/kg a t  

0 
s k i n  t e m p e r a t u r e s  of 12.5O ( F i g .  4 . 7 ) .  17 .5  ( F i g .  4 .11)  and 

0 22 .5  C ( F i g .  4 . 1 4 ) ,  r e s p e c t i v e l y .  However ,  i t  i s  d i f f i c u l t  t o  

d i f f e r e n t i a t e  b e t w e e n  t h e  i n f l u e n c e  of s t e a d y  s t a t e  s k i n  

t e m p e r a t u r e  a n d  core c o o l i n g  r a t e  i n  t h e  a b o v e  e x a m p l e .  The 

d i f f e r e n c e  i n  t h e r m o g e n e s i s  o b s e r v e d  a t  s e v e r a l  l e v e l s  of s k i n  
- - 

t e m p e r a t u r e  is a r e s u l t a n t  e f f e c t  o f  s t a t i c  s k i n  and  dynamic  
r- 

core t e m p e r a t u r e .  



/ 

Table 4 . 9  : c h a r a c t e r i s t i c s  of the ' f a s t '  component of t h e  
thermogen i c  response. 
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T a b l e  4 .4  : C h a r a c t e r i s t i c s  o f  t h e  "slow" component  of t h e  
t h e r m o g e n i c  r e s p o n s e .  
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F i g .  4 . 1 4  : E x p e r i m e n t  RH20N 
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Fig. 4.15 : Experiment RH20W 
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ppp-p---- - - 

, I n  c a s e s  o f  r a p i d  c o r e  c o o l i n g  t h e  f a s t  metabo3ic  component 
1 

a s s o c i a t e d  w i t h  t h e  ra te  o f  change o f  s k i n  t e m p e r a t u r e  is n o t  

e v i d e n t ,  a s  m e t a b o l i c  r a t e  rises r a p i d l y .  Examples o f  t h i s  a r e  

RHlON ( F i g .  4.7) and RH15N (F ig .  4.,11). Some s u b j e c t s ,  d i d  no t  

e x h i b i t  t h e  m e t a b o l i c  o v e r s h o o t  and had a s m a l l  o v e r a l l  

m e t a b o l i c  r e s p o n s e ,  d e s p i t e  a d r o p  i n  s k i n  t e m p e r a t u r e  (DT20N i n  

Fig .  4.8 and ALlOW i n  F ig .  4.9 a r e  examples of t h i s  r e s p o n s e ) .  

Upon rewarming, t w o  tyZtical r e s p o n s e s  i n  m e t a b o l i c  r a t e  

1. metabo l i c  r a t e  may i n c r e a s e  t h e  above end immersion l e v e l s ,  

b e f o r e  decay ing  toward's r e s t i n g  l e v e l s .  Examples o f  t h i s  

type  o f  r e s p o n s e  are observed i n  e x p e r i m e n t s  ALlOW ( F i g .  

, 4 . 9 ) ,  DS15N ( F i g .  4.12) and R H l O N  ( F i g .  4 . 7 ) .  

2. me tabo l i c  r a t e  is main ta ined  a t  end immersion v a l u e s  f o r  a 

s h o r t  p e r i o d  , before -decay iag  -tuwaz&s- res+%ng v a h e s ~ - a s  - in 

exper iments  BC15W ( F i g .  4 .10) ,  DS15N ( F i g .  4.12)  and RH15N 

(F ig .  4.11) .  
- - 

The m e t a b o l i c  o v e r s h o o t  d u r i n g  rewarming w a s  g r e a t e s t  

0 
fo l lowing  immersion i n  1 0  C wa te r  and a lmos t  n e g l i g i b l e  

0 
fo l lowing  immersion i n  20 C wa te r .  I n  e x p e r i m e n t s  w i t h  

in&al aTion rewarming, t h e - m t a b o l  i c  6VFrsh5ot TurTEg rewarming 

w ~ s - ~ w *  +ba~-f8-F-pES~-wiit a s1-ay. Since 

t h e  recovery  of s k i n  t e m p e r a t u r e  t o  pre-immersion l e v e l s  i s  

s i m i l a r ,  f o r  pass ive  compared t o  a c t i v e  core r e w a r m i n g ,  it  is 



u n l i k e l y  t h a t  i t  if a dominan t  f a c t o r  i n  t h e  rewarming  fas t  

m e t a b o l i c  component.  I n  compar i son ,  t h e r e  is a s i g n i f i c a n t  

d i f f e r e n c e  i n  t h e  core r e c o v e r y  r a t e  d u r i n g  rewarming.  The 
\ 

magn i tude  of t h e  core t e m p e r a t u r e  a f t e r d r o p  a t  t h e  o n s e t  of 

rewarming is s u b s t a n t i a l l y  g r e a t e r  d u r i n g  p a s s i v e  rewarming i n  a 

s l e e p i n g  bag. On a t i m e  scale, t h e  rewarming  m e t a b o l i c  o v e r s h o o t  - 

c o i n c i d e s  w i t h  t h e  core t e m p e r a t u r e  a f t e r d r o p .  A 1  though s k i n  

t e m p e r a t u r e  r e c o v e r y  ra te  is  s i m i l a r  d u r i n g  b o t h  methods  of 

rewarming, it s h o u l d n o t  he r e g a r d e d  as  hawing-sne%l ig ih le - / -= -_ -=-_=  

a f f e c t  o n  t h e  metabolic o v e r s h o o t  o b s e r v e d .  The s k i n  t e m p e r a t u r e  

is  p a s s i n g  t h r o u g h  a t h e r m a l  zone  o f  maximum cold r e c e p t o r  

s e n s i t i v i t y  (T  = 20•‹ - JOO C ) .  The combined a f f e c F - o f  t h e  above  

p e r i p h e r a l  f a c t o r s  may c o n t r i b u t e  s u b s t a n t i a l l y  t o  t h e  rewarming 

a o v e r s h o o t  i n  t h e r m o g e n e s i s .  

- - - - - - - - --- -- - -- - - - - -- -- - - - - -- - 



IV. D i s c u s s i o n  

( 
The t h e r m o g e n i c  r e s p o n s e  to  c o l d  water irgmersion c o n s i s t s  

o f  two components:  a f a s t  and s l o w  component .  The f a s t  component 

i s  r e p r e s e n t e d  by an  immediate  o v e r s h o o t  i n  m e t a b o l  i c  r a t e  , 

c o i n c i d i n g  w i t h  t h e  o n s e t  o f  immers ion ,  The peak  of t h i s  

m e t a b o l i c  o v e r s h o o t  o c c u r s  w i t h i n  t h e  i n i t i a l  t e n  m i n u t e s  o f  

pizwmersion and ef- w k t 3 z k  * f &st f i v e  m-i-rt*es; ??eH mi- -the - - -- 

peak o f  t h e  f a s t  component ,  m e t a b o l i c  r a t e  d e c a y s  t o  a lower 

l e v e l ,  y e t  s l i g h t l y  h i g h e r  t h a n  r e s t i n g  v a l u e s ,  S i m i l a r  

o v e r s h o o t s  i n  oxygen u p t a k e  have  p r e v i o u s l y  b e e n  r e p o r t e d  by 

Benzinger  ( 1 9 6 9 )  and Hayward e t  a1, ( 1 9 7 7 ) -  E e n z i n g e r  obse rved  - - 
i n c r e a s e s  i n  oxygen  consumpt ion  d u r i n g  immers ion ,  The lower t h e  

- - - - - - -- -- - - - - - - 

w a t e r  t e m p e r a t u r e p i n  t h e  b a t h , t h e  g r e a t e r  t h e  p e a k s  i n  oxygen 

0 0 0 
consumption.  H i s  f i n d i n g s  were t h a t  28 , 25.2 and 22 C w a t e r  

t e m p e r a t u r e  induced  metabolic p e a k s  of i n c r e a s i n g  magn i tude  and 

d u r a t i o n ;  t h e  peaks  h e  o b s e r v e d  were o f  t h e  o r d e r  of 390, 450 

and 600 c..c. of oxygen consumed p e r  m i n u t e ,  r e s p e c t i v e l y .  ' 

Fol lowing  t h e  f a s t  m e t a b o l i c  component,  m e t a b o l i c  r a t e  

s t a b i l i z e d  a t  l e v e l s  h i g h e r  t h a n  r e s t i n g .  

Hayward e t  a l .  11977)  o b s e r v e d  a s im i l a r  component i n  t h e i r  
- - -pp - pp - -- -- - -- c-- 

q e r a g e #  d a t a  of a l l  s u b j e c t s  immersed i n  1 0  C water. T h e .  
- -- - 

ave ragepmetabo l  i c  o v e r s h o o t  o b s e r v e d  was 3 W/kg . ( e q u i v a l e n t  to  

2 - 4 2  l/min f o r  a 75  k g  man) ,  t h e  peak  o f  which  o c c u r s  w i t h i n  t h e  

f i r s t  t h r e e  m i n u t e s  of i = e r s l o n ,  



The p r e s e n t  r e s u l t s  c o n f i r m  t h e  f i n d i n g s  of Benz inge r  

(1969)  a l b e i t  i n  a lower t e m p e r a t u r e  zone .  The fa ' s t  component 

i n c r e a s e s  i n  magn i tude  a s  lower t e m p e r a t u r e s  of w a t e r  a r e  used . 
i n  t h e  b a t h  (20•‹, 15O and l o 0  C )  . 

The r e s p o n s e  o f  t h e  f a s t  component v a r i e s  among s u b j e c t s .  

S u b j e c t  A L ,  f o r  example ,  d i d  n o t  e x h i b i t  v i o l e n t  s h i v e r i n g  

d u r i n g  immersion,  t h i s  i s  r e f l e c t e d  by t h e  poor metabolic 

r e s p o n s e  d u r i n g  t h e  immersion,  An i s o l a t e d  c a s e  is s i m i l a r l y  

- 
- s u b j e c t  RH, an extreme ectamorgh, Since h i s  cool i n g  rake w a s  - -- -- 

v e r y  r a p i d  and i n s t a n t a n e o u s  w i t h  t h e  o n s e t  of immersion,  t h e  

f a s t  component i s  no  d o u b t  masked by h i s  i n t e n s e  o v e r a l l  

me tabo l  ic  r e s p o n s e ,  Such i n d i v i d u a l i t y  i n  s u b j e c t  r e s p o n s e  is 

n o t  r e f l e c t e d  i n  t h e  d a t a  of Hayward e t  a l ,  ,(1977). -- 
Benz inge r  (1969)  s u g g e s t s  t h a t  t h e  f a s t  component is a 

resuf  t of skim cof & r e c e p t o r  -stirnula t ion-F I t i s l - e - a sonabTee  to 

e x c l u d e  core c o l d  r e c e p t o r s ,  as i n  most c a s e s  where t h e  

o v e r s h o o t  i s  o b s e r v e d ,  core t e m p e r a t u r e  is s t i l l  a t  f 

pre- immersion l e v e l s ,  

I f  t h e  m e t a b o l i c  r e s p o n s e  is a r e s u l t  of cold r e c e p t o r  

a c t i v i t y ,  t h e n  t h e  r e s p o n s e  of c o l d  s e n s i t i v e  f i b r e s  s h o u l d  be  

somewhat s i m i l a r .  Indeed, t h e  r e s p o n s e  of a s i n g l e  c o l d  r e c e p t o ~ - ~  

fiber to  a s t e p  d e c r e a s e  i n  t e m p e r a t u r e  is a n  i n s t a n t a n e o u s  
-- - - - -- - - - --- - - - - - - - - - - -- - -- 

i n c r e a s e  i n  f i r i n g  frequency, Once peak  f i r i n g  r a t e  h a s  been  

r e a c h e T , t h e  number of i m p u l s e s  p e r  s econd  d e c r e a s e s  t o  a, &eady 

s t a t e  l e v e l ,  d e p e n d e n t  upon the new a d a p t i v e  t e m p e r a t u r e  

t W t t e r s n ,  f 953; &ens&, 2 9 8 2 + ,  Kenshalo and Ducl;apx 4297-73 



have  a l s o  o b s e r v e d  t h a t  t h e  m a g n i t u d e  o f  t h e  o v e r s h o o t  i n  f i r i n g  

f r equency  i n c r e a s e s  w i t h  i n c r e a s i n g  cool i n g  r a t e  o f  t h e  r e c e p t o r  

and w i t h  g r e a t e r  steps i n  t e m p e r a t u r e  change .  

Assuming ,a  close r e l a t i o n s h i p  be tween  s k i n  c o l d  r e c e p t o r  
-t 

a c t i v i t y  and t h e r m o g e n e s i s ,  t h e  p r e s e n t  r e s u l t s  o f  t h e  f a s t  

component can  b e  a d e q u a t e l y  e x p l a i n e d  on t h e  b a s i s  of t h e  

f i n d i n g s  o f  Rensha lo  ( 1 9 7 7 ) .  Immers ions  i n  w a t e r  a t  

20•‹, 15O and l o 0  C,  impose p r o g r e s s i v e l ;  g r e a t e r  

- -- -- s t e p  c h a n g e s  i n  t e m p e r a t u r e  o n  t h e  s k i n  cold r e c e p t o r s  and  a l s o  - 

i nduce  g r e a t e r  c o o l i n g  r a t e s  of t h e  s k i n .  The c o n c o m i t a n t  

o v e r s h o o t s  i n  f i r i n g  f r e q u e n c y  would t h e r e f o r e  b e  p r o g r e s s i v e l y  
0 0 0 

g r e a t e r  i n  magni tude  f o r  t h e  20 , 1 5  and 1 0  C w a t e r ,  

r e s p e c t i v e l y ,  r e s u l t i n g  i n  g r e a t e r  f a s t  components  .of t h e  

m e t a b o l i c  r a t e  a t  l o w e r  w a t e r  t e m p e r a t u r e s .  S i m i l a r l y ,  a s  c o l d  
-- - - -- - - - - - - - - - - - - - - - - - 

receptor f r e q u e n c y  d e c a y s  t o  a new l e v e l  p r o p o r t i o n a l  to  t h e  new 

p e r i p h e r a l  c o l d  s t i m u l u s .  t h e  d e c a y  o f  t h e  f a s t  component 

c o r r e s p o n d s  t o  t h e  s t a b i l i z a t i o n  of s k i n .  t e m p e r a t u r e ,  s l i g h t l y  

a b ~ v e  t h a t  o f  t h e  w a t e r  t e m p e r a t u r e .  

With t h e  c o m p l e t i o n  of t h e  f a s t '  component ,  t h e  second  or 

' s l o w *  component becomes d o m i n a n t ,  g r a d u a l l y  e l e v a t i n g  m e t a b o l i c  

r a t e .  The o n s e t  o f  t h e  s e c o n d  component c o i n c i d e s  i n  m o s t  c a se - s  

shown, w i t h  t h e  g r a d u a l  c o o l i n g  of. t h e  i n n e r  core, a s  o b s e r v e d  
- - - - -- - - - - - - - - -- -- -- 

C 

from rec ta1 , e s o p h a g e a l  and tympan ic  measurements .  A c c e p t i n g  t h e  
- - - -- -- 

e x i s t e n c e  o f  c o l d  s e n s i t i v e  s t r u c t u r e s  w i t h i n  t h e  abdomen and 

i n t e s t i n e s ,  a s  s u g g e s t e d  by Rawson and Q u i c k  (1971, 1 9 7 2 ) .  

w i t h i n  t h e  s p i n a l  c o r d  (Simon e t  a 1  ,, 1965;  Simon and I r i k i ,  -- 



-- - 

197O),  medu l l a  and t h a l a m u s  ( P o u l o s  and  Molt, l 9 7 6 ) ,  t h e  second  

component o f  t h e  t h e r m o g e n i c  r e s p o n s e  may b e  a t t r i b u t e d  to  
'\ , i n c r e a s e d  a c t i v i t y  of core c o l d  r e c e p t o r s .  Accord ing  to  

\ ' e n z i n g e r  (1969,  1970 1 ,  t h e r e  e x i s t s  a  c e n t r a l  warm i n h i b i t i o n  
' 

a 
oZ' the rmogenes i s ;  regirdless o f  t h e  p e r i p h e r a l  c o l d  s t i m u l u s ,  

t h e  m e t a b o l i c  r a t e  w i l l  n o t  i n c r e a s e  u n t i l  t h e  core t e m p e r a t u r e  

f a l l s  % l o w  a  c e r t a i n  ' s e t - p o i n t '  t e m p e r a t u r e  v a l u e ,  s u g g e s t e d  

to  be  37.1•‹ C c r a n i a l  t e m p e r a t u r e  a s  measured a t  t h e  tympanum 
\ 

( B e n z i n g e r  , \ 969). As e r a n i a l  t e m p e r a k - t t r e  decreases b e l o w  this --- 

t= r 
I 

' s e t - p o i n t '  , t \h. e m a g n i t u d e  o f  c e n t r a l  i n h i b i t i o n  of t h e  
'\ 

thermogenic  c e n t e r  is d e c r e a s e d  and i t s  s t i m u l a t i o n  of 

the r rnogenes i s  becomes d e p e n d e n t  upon t h e  m a g n i t u d e  o f  t h e  

p e r i p h e r a l  c o l d  s t i m u l u s .  P r e s e n t  f i n d i n g s  i n d i c a t e ,  c o n t r a r y  to  

t h e  s u g g e s t i o n  of B e n z i n g e r  (19691,  e l e v a t i o n s  i n  oxygen  

consiimption a t  t h e  o n i  t -0-•’ TiiiMeF3i6ii a t  cow t e m p = t C r e ~ ~ - ~  

( tympan ic ,  a s  w e l l  a s  e s o p h a g e a l  and rectal  si tes) w e l l  above  

t h e  h y p o t h e s i e d  set p o i n t  v a l u e .  

T h a t  t h e  m a g n i t u d e  o f  t h e  p e r i p h e r a l  s t i m u l u s  i s  

c o n t r i b u t i n g  to  t h e  g a i n  o f  t h e  s l o w  component i s  e v i d e n t  from 

F i g .  4.16. R e s u l t s  o f  o n e  s u b j e c t  o n l y  a r e  d e p i c t e d  i n  t h i s  

f i g u r e  and compared w i t h  r e s u l t s  of B e n z i n g e r  ( 1 9 6 9 t  and C r a i g  

and Dvorak ( 1 9 6 6 ) .  P r e s e n t  r e s u l t s  c o n f i r m  an& a l s o  complement 
- - - -  - - - - - - 

t h e  c u r v i f  i n e a r  r e l a t i o n s h i p  of the s k i n  i s o t h e r m s ;  m e t a b o l i c  . 
r a t e  p l o t t e d  a g a i n s t  t ympan ic  t e m p e r a t u r e  for t h r e e  l e v e l s  o f  

s k i n  t e m p e r a t u r e ,  I n  c o m p a r i s o n ,  C r a i g  and Dvorak o b s e r v e d  a 

more f i n e a r  ref a t f  onship k f f  a response of lesser- magn i tude .  



F i g .  4 .16  : R e l a t i o n s h i p  between t h e  thermogenic  re sponse  and 
tympanic t e m p e r ~ t u r e  a t  d i f f ~ r e n t  l e v e l s  of water  
temperature ( 1 0  , 15O and 20 C )  . The v a l u e s  of m e t a b o l i c  
r a t e  were taken a f t e r  t h e  ' f a s t '  component of t h e  
thermogenic r e s p o n s e .  Data of Benz inger  ( 1 9 6 9 )  and of Craig 
and Dvorak ( 1 9 6 6 )  a r e  a l s o  presented  for comparison.  





A 1  though o u r  r e s u l t s  complement B e n z i n g e r  s f i n a m g s ,  t h e y  are- - 

c o n t r a r y  t o  t h e  t h e o r e t i c a l  h y p o t h e s i s  e x p l a i n i n g  t h e  
I 

r e l a t i o n s h i p  o f  t h e  v a r i a b l e s :  namely  t h a t  t h e  s k i n  i s o t h e r m s  I 

r e p r e s e n t  t h e  r e l a t i o n s h i p  be tween  s t e a d y  s t a t e  s k i n  and 

tympanic  t e m p e r a t u r e  and m e  t ab01  i c  r a t e .  A c c o r d i n g  t o  Hense l  

(l976), t h e  m e t a b o l i c  r a t e  is  p r o p o r t i o n a l  t o  t h e  p e r i p h e r a l '  

c o l d  r e c e p t o r  s t a t i c  f i r i n g  r a t e .  The s t a t i c  f i r i n g  

c h a r a c t e r i s t i c s  o f  c o l d  r e c e p t o r s ,  d e s c r i b e d  by Zot terman \ 
( 1 9 5 3 ) ,  s u g g e s t s  t h a t  f i r i n g  r a t e  r e a c h e s  a maximum l e v e l  f n  t h e  

0 0 
t e m p e r a t u r e  r a n g e  of 25 - 30 C. Above and  below t h i s  

t e m p e r a t u r e  zone ,  t h e  f i r i n g  r a t e  d e c r e a s e s  ' g i v i n g  a b e l l  shaped  

c h a r a c t e r i s t i c .  T h i s  b e l l s h a p e d  c u r v e  is  i n t e r r u p t e d  a t  

a p p r o x i m a t e l y  12* C ,  whe re  Zo t t e rman  ( 1 9 5 3 )  n o t e d  a second peak  

i n  t h e  s t a t i c  f i r i n g  f r e q u e n c y  o f  c o l d  r e c e p t o r s .  Whether  t h i s  

second  p u l s e  is t h e  s u p e r p o s i t i o n  o f  p a i n  f i b e r  e x c i t a t i o n  upon 
- - - - - - - - -- - -- - - - - - - -- - - - 

t h e  c o l d  f i b e r  f i r i n g  r a t e  h a s  n o t  y e t  b e e n  c l a r i f i e d .  Apply ing  

t h i s  theory-ur r e s u l t s ,  t h e  metabolic r a t e  a t  a g i v e n  core 

t e m p e r a t u r e  F d b e  e x p e c t e d  to b e  lower a t  15O and l o 0  C ,  t h a n  

a t  20•‹ C ,  s i n c e  t h e  n e u r a l  d r i v e  is s m a l l e r .  On t h e  c o n t r a r y ,  

o u r  r e s u l t s  i n d i c a t e  an  i n c r e a s i n g  m e t a b o l i c  r e s p o n s e  w i t h  

d e c r e a s i n g  t e m p e r a t u r e  of w a t e r ,  s i m i l a r  to  B e n z i n g e r ' s  

f i n d i n g s .  However, a dominan t  f a c t o r  may b e  t h e  r a t e  of change  

o f  core t e m p e r a t u r e .  A l though  i t  was n o t  p o s s i b l e  t o  'c lamp'  
- - - --- - - - - - -- - - . 

core t e m p e r a t u r e ,  a t  giv_en s k i n  t e m p e r a t u r e s ;  i t  was p o s s i b l e  to  

a l t e r  t h e  core c o o l i n g  r a t e  a t  i d e n t i c a l  l e v e l s  of s k i n  

t e m p e r a t u r e .  A s  c a n  be s e e n  f rom F i g .  4.17,  t h e  m e t a b o l i c  



F i g .  4.17 : R e l a t i o n s h i p  be tween  t h e  t h e r m o g e n i c  r e s p o n s e  and 
tympanic  t e m p e r a t u r e  a t  d i f f e r e n t  l e v e l s  of w a t e r  
t q m p e r a t u r e  ( l o 0 ,  15O and 20•‹ C) . The v a l u e s  f o r  m e t a b o l i c  
r a t e  were t a k e n  a f t e r  t h e  ' f a s t '  t h e r m o g e n i c  component.  
Closed s y h b o l s  r e p r e s e n t  e x p e r i m e n t s  where  normal  room 
t e m p e r a t u r e  a i r  was i n h a l e d ,  w h i l e  o p e n  symbo l s  r e p r e s e n t  
e x p e r i m e n t s  where h e a t  was d o n a t e d  to t h e  t h o r a x  d u r i n g  
immersion i n  c o l d  water ( u s i n g  w a r m  s a t u r a t e d  a i r  a s  t h e  
i n h a l  a te 1 . 





- - - - - - -- - 

r e s p o n s e  . a t  t h e  same core and s k i n  t e m p e r a t u r e ,  for  t h e  same 

s u b j e c t ,  is lower d u r i n g  immers ions  where  t h e  i n h a l a t e  w a s  warm 

a i r  s a t u r a t e d  w i t h  w a t e r  v a p o u r .  I n  t h e s e  e x p e r i m e n t s ,  c o o l i n g  

r a t e  of t h e  core was lower t h a n  when room t e m p e r a t u r e  a i r  was 

i n h a l e d .  T h i s  i m p l i e s  t h a t  c o m p a r i s o n s ,  s u c h  a s  p r e s e n t e d  i n  

F i g  .I6 a r e  m e a n i n g l e s s ,  i f  d y n a k i c  components  of core 

t e m p e r a t u r e  a r e  n o t  r e p o r t e d .  Fo r  example ,  c o m p a r i s o n  o f  - 

e x p e r i m e n t s  RH20N ( F i g .  4.14) and RH20W ( F i g .  4 - 1 5 ) , ,  a t  m i n u t e  

1 5  and 30 d u r i n g  t h e  immers ion ,  r e s p e c t i v e l y ,  i n d i c a t e s  t h a t  

s k i n  and core ( t y m p a n i c )  t e m p e r a t u r e  i n  b o t h  e x p e r i m e n t s  are  

comparable .  However, core c o o l i n g  r a t e  is much g r e a t e r  i n  

expe r imen t  RH20N, wh ich  may e x p l a i n  t h e  g r e a t e r  magn i tude  of 

s h i v e r i n g  t h e r m o g e n e s i s  ( 1 7  ml./kg ./min compared to  1 2  

m l  ./kg ./min o f  oxygen  consumed) . S i m i l a r  d i f f e r e n c e s  i n  core 

c o o l i n g  r a t e  may e x i s t  be tween  t h e  r e s u l t s  o f  B e n z i n g e r  ( 1 9 6 9 )  
- - ---- - - - - -- - --- -- - -- - -- - - - - - - - - -- - 

and Cra ig  and Dvorak (1966  1. Assuming t h a t  core c o l d  r e c e p t o r s  

h a v e  similar c h a r a c t e r i s t i c s  t o  s k i n  cold receptors, t h e n  t h e y  

s h o u l d  be c o n s i d e r e d  as h a v i n g  dynamic and s t e a d y  s t a t e  

r e s p o n s e s .  T h e r e f o r e ,  t h e i r  f i r i n g  w i l l  n o t  o n l y  b e  a 

f u n c t i o n  o f  t h e  core t e m p e r a t u r e ,  o f  t h e  c o o l i n g  r a t e  

o f  t h e  core. 

I n  t h e  warm a i r  b r e a t h i n ;  t r i a l s ,  t h e  i n h i b i t i o n  of t h e  
0 

thermogen i c  c e n t r e  a p p e a r s  t o  b e  e n h a n c e d  by addikional-heat i~g-----  

of t h e  core s u c h  t h a t  i t  s u p p r e s s e s  t h e  m a g n i t u d e  of t h e  
- - - -  

m e t a b o l i c  o v e r s h o o t .  P r e s e n t  f i n d i n g s  s u g g e s t  t h e r e f o r e ,  t h a t  

t h e  c e n t r a l  i n h i b i t i o n  of t h e r m o g e n e s i s  s h o u l d  a l so  be i n c l u d e d  



P -- - -- -- 
a s  a c o n t r o l l i n g  f a c t o r  d u r i n g  t h e  f a s t  component ,  s t a g e  of t h e  

thermogen i c  r e s p o n s e .  

A n a l y s i s  of i n d i v i d u a l  e x p e r i m e n t s  r e v e a l s  t h a t  i t  is  

d i f f i c u l t  i n  human e x p e r i m e n t a t i o n  to  s e p a r a t e  e f f e c t s  due  t o  

p e r i p h e r a l  s t i m u l a t i o n  from m e t a b o l i c  r e s p o n s e s  r e s u l t i n g  from 

core c o o l i n g .  I t  becomes a p p a r e n t  t h a t  t h e r m o g e n e s i s  r e s u l t s  

from an  i n t e g r a t e d  core and s k i n  s t i m u l u s ,  wh ich  i s  s u b s e q u e n t l y  

s u p p r e s s e d  by c r a n i a l  Farm r e c e p t o r  a c t i v i t y ;  more s p e c i f i c a l l y  

warm s e n s i t i v e  n e u r o n e s  i n  t h e  p r e - o p t i c  a n t e r i o r  hypotha lamus .  
- -  - 

Although t h e  e x i s t e n c e  of e x t r a - h y p o y h a l a m i c  w a r m  r e c e p t o r s  

w i t h i n  t h e  core a n d  t h e i r  c o n t r i b u t i o n  to  t h e  t h e r m o g e n i c  

r e s p o n s e  i n  humans h a s  n o t  been  i d e n t i f i e d ,  t h e y  s h o u l d  n o t  b e  
b 

c o m p l e t e l y  r u l e d  o u t  a s  p o s s i b l e  c o n t r i b u t o r s  t o  t h e  warm 

i n h i b i t i o n  o f  t h e r m o g e n e s i s .  

I n t e g r a t i o n  of core - 
- and - s k i n  t h e r m a l  s t i m u l i  c o u l d  e x p l a i n  

- -  - - - - - - -- - - - - -- 

t h e  i n t e n s e  t h e r m o g e n i c  r e s p o n s e  o b s e r v e d  i n  s u b j e c t  RH i n  a l l  

e x p e r i m e n t s .  S i n c e  core c o o l i n g  commences i m m e d i a t e l y  on  

immersion, .  t h e  s e p a r . a t i o n  of t h e  fas t  component  and  s l o w  p h a s e  

of t h e  m e t a b o l i c  r e s p o n s e  may be masked by  t h e  e a r l y  o n s e t  of 

t h e  slower component.  A t  t h e  o t h e r  e x t r e m e ,  s u b j e c t  DS w i t h  a 

much h i g h e r  endomorphic  component and  t h u s  a v e r y  s l o w  c o o l i n g  
0 0 

r a t e  i n  1 5  and 20  C water, e x h i b i t s  a n  a l m o s t  n e g l i g i b l e  s l o w  

component .- - - - - -- - - - -- 
-- 

I n  s-ary therefore ,  the t h e r m o s  e n i c r e s ~ c r r r s e d u r i n g c o l - L  

w a t e r  immersion a p p e a r s  t o  b e  a r e s u l t  of a n  i n t e g r a t e d  s t i m u l u s  

of s t a t i c  and dynamic  s k i n  s u r f a c e  and body core c o l d  receptor 



a c t i v i t y ,  i n h i b i t e d  by t h e  s t a t i c  and dynamic  hypo tha l amic  warm 

r e c e p t o r  a c t i v i t y .  A t  t h e  o n s e t  of i m m e r s i o n ,  a  f a s t  t he rmogen ic  

component a p p e a r s  m a i n l y  a s  a r e s u l t  of dynamic  s k i n  t e m p e r a t u r e  
% 

c h a n g e s .  Once s k i n  t e m p e r a t u r e  s t a b i l i z e s  a t  a  s t a t i c  l e v e l ,  a 

c o n s t a n t  c o l d  s t i m u l u s  w i l l  b e  g e n e r a t e d  f r o m  t h e  s k i n  c o l d  
- 

r e c e p t o r s .  Depending on  t h e  s u b j e c t s  body  c o m p o s i t i o n ,  c o r e  

t e m p e r a t u r e  may r ema in  a t  a f a i r l y  s t e a d y  s t a t e  l e v e l  f o r  a  

s h o r t  p e r i o d  o f  t i m e ,  b e f o r e  t h e  o n s e t  of c o o l i n g .  T h i s  s t e a d y  

s t a t e  l e v e l  a t  a p p r o x i m a t e l y  n o r m o t h e r m i a ,  w i l l  o f f e r  v a r y i n g  

d e g r e e s  o f  s u p p r e s s i o n  of t h e r m o g e n e s i s .  The s u b s e q u e n t  slow 

component w i l l  a r i s e  from a c o m b i n a t i o n  of a g rowing  s t e a d y  

s t a t e  s t i m u l u s  f rom t h e  s k i n  c o u p l e d  w i t h  a q u a s i - s t a t i c  o r  

dynamic s t i m u l u s  from t h e  core r e c e p t o r s .  The e x t e n t  o f  t h e  

dynamic component w i l l  be  a  f u n c t i o n  of core c o o l i n g  r a t e .  

Thus,  i t  seems- tha t  human thermor_e_gulatoryyr~e~pons~s m a y b e  

e x p l a i n e d  w i t h  t h e  a i d  of n e u r a l  r e s p o n s e  c h a r a c t e r i s t i c s  of 

t h e r m o s e n s i t i v e  s t r u c t u r e s  i n v o l v e d  i n  t h e r m a l  h o m e o s t a s i s .  T h i s  - 
a p p r o a c h  may h a v e  u s e f u l  a p p l i c a t i o n s  i n  t h e '  f i e l d  o f  . 

t h e r m o r e g u l a t o r y  model1  i n g  . E x i s t i n g  n e u r o n a l  mbde l s  o f  

t h e r m o g e n e s i s  o n l y  d e s c r i b e  e x c i t a t o r y  a n d  i n h i b i t o r y  pa thways  

w i t h i n  t h e  t h e r m o r e g u l a t o r y  s y s t e m  and do  n o t  a t t e m p t  t o  
2 

q u a n t i t a t i v e l y  c o r r e l a t e  n e u r a l  a c t i v i t y  w i t h  t h e r m o g e n e s i s .  

C o n v e r s e l y ,  mbdels p r e d i c t i n g  -m-eta%ol ic r a t e  &wing--cold------ 

expswre tile net aeeetmk 4 % ~  45he a c t i v i t y  of s u r f a c c  and core . . 

t h e r m o s e n s i  t i v e  n e u r a l  s t r u c t u r e s ;  t e n d i n g  to  t r e a t  t h e  o u t p u t  

d r i v e  to  t h e r m p g e n e s i s  a s  a t i m e  i n d e p e n d e n t  1 - i n e a r  f u n c t i o n  of 



s t a t i c  core and p e r i p h e r a l  t e m p e r a t u r e s .  To d a t e  t h e r e  h a s  been  

n o  a t t e m p t  to  model p h y s i o l o g i c a l  r e s p o n s e s  t o  c o l d  e x p o s u r e  o n  

t h e  b a s i s  of t h e  c h a r a c t e r i s t i c s  of n e u r a l  s t r u c t u r e s  i n v o l v e d  

w i t h  m a i n t a i n i n g  normothermia .  It would a p p e a r ,  t h a t  s t c h  a n  

app roach  would n o t  o n l y  improve  p r e d i c t i o n  of s h i v e r k g  
-- 

t h e r m o g e n e s i s ,  b u t  a l so  b e t t e r  r e p r e s e n t  p h y s i o l o g i c a l  

. t he rmoregu la  t i o n .  
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E .  A MODEL OF SHIVERING THERMOGENESIS BASED ON THE 

NEUROPHYS IOIDGY OF THERMORECEPTION 
i 



I. I n t r o d u c t i o n  

Numerous r e v i e w s  of t h e r m o r e g u l a t o r y  m o d e l l i n g  ( B l i g h ,  

1973;  B l i g h  and  Moore, 1972;  H a r d y ,  1972;  Hsu,  ,1971;  Hwang. and 

Konz, 1977; see a l s o  s e c t g o n  B t h i s  t h e s i s )  i n d i c a t e  that , ,  i n  
-- 

, t h e  p a s t  t h e r e  h a v e  b e e n  t w o  d i s t i n c t  the rmodynamic  a p p r o a c h e s  

t o  t h e  s i m u l a t i o n  o f  human t h e r m a l  h o m e o s t a s i s .  One a p p r o a c h  h a s  

been  to q u a n t i f y  t h e  hea. t  t r a n s f e r  w i t h i n  t h e  human body  u n d e r  
- - - - -- - - - ---- -- 

c e r t a i n  e n v i r o n m e n t a l  c o n d i f k o n s  (Gagge,  1977;  H S U ,  1971;  

Wissler, 1961 ,  1964 ;  Wyndham and A t k i n s ,  1 9 6 0 ) .  I n  a d d i t i o n ,  

a t t e m p t s  h a v e  b e e n  made to  p r e d i c t  t h e  r a t e  o f  m e t a b o l i c  h e a t  

g e n e r a t i o n  d u e  to  s h i v e r i n g  i n  r e s p o n s e  t o  a c o l d  s t i m u l u s  

(Brenge lmann ,  1 9 6 7 ;  Hayward -- e t  a l . ,  1977;  Nade l  -- e t  a l . ,  1970;  

S t o l w i  j k and  Hardy ,  1966  . More r e c e n t l y ,  complex  compu te r  
- - - - - - - - -- - - - - - - - 

mode l s  e v a l u a t i n g  h e a t  t r a n s f e r  , . w i t h i n  t h e  human body ,  h a v e  L 

i n c o r p o r a t e d  t h e  s e t - p o i n t  t h e o r y  (Hammel -- e t  a l e ,  1963  ) to  

a c c o u n t  f o r  s h i v e r a i n g  t h e r m o g e n e s i s  i n  v a r i o u s  r e g i o n s  o f  t h e  

human ,body ( ~ o n t g o m m e r y ,  1974  a , b  ; R i g g s ,  1976;  ~ t o l w i  j k ,  1970;  
I 

Wissler, 1970  1. 

The se t -po i n t  t h e o r y ,  a s  i n i t i a l l y  p r o p o s e d  by Baze tt 

( 1 9 4 9 )  and V e n d r i k  ( 1 9 5 9 )  and  l a t e r  advanced  by H a m m e l  e t  a l .  
(* 

-- 
(1963  ) , s u g g e s t s  t h a t  p e r i p h e r a l  a n d  core t e m p e r a t u r e s  a re  

compared to a c e n t r a l  r e f e r e n c e  l e v e l .  The n e t  r e s u l t  o f  s u c h  a 
- 

compar i son  is a n  error o r  e f f e c t o r  s i g n a l .  A c o m b i n a t i o n  o f  
I - 

e f f e c t o r  s i g n a l s  i n i t i a t e d  fram. p e r i p h e r a l  and c e n t r a l  r e g i o n s  



of t h e  body i s  p r o p o r t i o n a l  to t h e  - - s h i v e r i n g  - - - - - ' t he rmogenes i s .  

I t  h a s  been  found  i n  s e c t i o n  C t l i a t  m o d e l s  i n c o r p o r a t i n g  3 

t h e  s e t - p o i n t  t h e o r y  g e n e r a t e  s y s  matic errors o f  p r e d i c t i o n .  te 
The r e s u l t s  o f  t h e  s t a t i s t i c a l  a n a l y s  s c o n f i r m e d  t h e  f i n d i n g s  

i 

, I o f  Hwang and Konz ( 1 9 7 7 ) ,  t h a t  m o s t  model \ i n c o r p o r a t e  - 

t h e o r e t i c a l  c o e f f i c i e n t s  d f  r e g r e s s i o n ,  wh' h  a r e  o n l y  +? 
a p p r o p r i a t e  f o r  t h e  s u b j e c t  pool, f rom which  t h e  mode l s  a r e  - 

d e r i v e d  . 
A l t h o u g h  some models s u g g e s t  t h a t  t h e y  a re  a c c o u n t i n g  f o r  

aria - t h e  r e s p n s e s  o f  c o l d O a n d  - -- warm r e c e p t o r s  t c t h e r m a l  s t i m u l i -  -- 

/-- 
7 

( S t o l w i j k ,  19-76; Montgommery, 1974 a , b  ) , t h e y  o n l y  u s e  v a l u e s  

o f  t e m p e r a t u r e  and  h e n c e  t h e  b e l l  shaped  c h a r a c t e r i s t i c s . o f  t h e  . 

c o l d  and w a r m  r e c e p t o r s ,  d e s c r i b e d  by Zo t t e rman  ( 1 9 5 3 ) ,  n o t  a r e  

i n c o r p o r a t e d  i n  t h e  models .  An a n a l y s i s  of t h e  r e s i d u a l s  

g e n e r a t e d  by m o d e l s  p r e d i c t i n g  s h i v e r i n g  t h e r m o g e n e s i  s from 

p e r i p h e r a l -  and- core--temperat-ures,--ind i c a  ted+ha t L r e s p o n s e  

c h a r a c t e r  i s t i c s  of t h e r m o r e c e p t o s s ,  s h o u l d  be i n c o r p o r a t e d  a s  

w e i g h t i n g  f a c t o r s  f o r  s k i n  and core t e m p e r a t u r e  d r i v e s .  Much 
A 

i n s i g h t  h a s  been  g a i n e d  i n t o  t h e  s t a t i c  and dynamic  

, c h a r a c t e r i s t i c s  of c o l d  and warm receptors ( ~ u c l a u x  and 

Kensha lo , l980  ; H e n s e l  and Boman, 1960 ; I g g o ,  1969;  K e n s h a l o  and 

Duclaux , 1977;  Z o t t e r m a n ,  1953 ) . T h e r e  a r e ,  however ,  

i n s u f f i c i e n t  d a t a  a v a i l a b l e  o n  t h &  i n t e g r a t i o n  o f  n v e u r a l  coded . . 
-aria -- 

t he rma l  s i b n a l s  a t  t h e  s p i n a l  a n d  hypo tha l amic  l e v e l .  

Using p h y s i o l o g i c a l  d a t a  obtainedin k e c t i o n  -Dana 

n e u r o p h y s i o l o g i c a l  e v i d e n c e  p r e s e n t e d  i n  t h e  l i t e r a t u r e ,  a n  
/ 

_- - 
:'I 

3 



attempt h a s  been  made to  d e v e l o p  a  t i m e  d e p e n d e n t  model o f  
-- 

s h i v e r i n g  t h e r m o g e n e s i s .  The n e u ~ o p h y s i o l o g i c a l  d a t a  p e r t a i n s  t o  

t h e  r e s p o n s e  c h a r a c t e r i s t i c s  of t h e ~ m o s e n s i t i v e  n e u r a l  
4 a % 

s t r u c t u r e s .  S i n c e  t h e  r e s p o n s e  c h a + a $ t e r i s t i c s  were o b t a i n e d  . 
from n e u r a l  s t r u c t u r e s  i n  c a t s  a n d . p r k m a t e s ,  i t  was n e c e s s a r y  t o  

s c a l e  t h e  f i n d i n g s  t o  o b s e r v a t i o n s  made i n  man ( H e n s e l  and 

Boman, 1960; H e n s e l ,  1 9 8 2 ) .  A s  t h e r e  is a l a c k  of knowledge o n  
< 

t h e  d i s t r i b u t i o n  of t h e r m o r e c e p t o r s  i n  t h e  human body and t h e  

n a t u r e  o f  t h e  i n t e g r a t i o n  of n e u r a l  code t e m p e r a t u r e  P 
i n f o r m a t i o n ,  some a s s u m p t i o n s  h a v e  - b e e n  !neces sa ry .  - - 

- - -- - - - 



, - 
11. Development of Model 

The the rmogen ic  c o n t r o l  s y s t e m  i n  man may be c a t e g o r i z e d  

. i n t o  t h r e e  main components  : 

1 

- Tempera tu re  s e n s i n g  component.  T r a n s d u c e s  t h e r m a l  ; ene rgy  - 

/ 

i n t o  n e u r a l  coded i n f o r m a t i o n .  
- 

- I n t e g r a t i v e  component.  I n t e g r a t e s  t h e  t h e r m a l  i n f o r m a t i o n  

- from v a r h u s  r e g f o r r s  i n  t h e  body. - - - - -- 

- E f f e c t o r  component .  I n i t i a t e s  t h e r m o g e n e s i s  i n  r e s p o n s e  t o  

t h e  n e u r a l  cbded t h e r m a l  i n f o r m a t i o n .  

Neura l  i n f o r m a t i o n  from t h e r m a l  t r a n s d u c e r s ,  or  
- - ~ -~ - - - - - -  - -~ - -  ~ - -  

thermckec6ptors ,  i s  i n t e g r a t e d  a t  v a r i o u s  l e v e l s  o f  t h e  n e r v o u s  

s y s t e m .  The c u m u l a t i v e  s i g n a l ,  i n c o r p o r a t i n g  e x c i t a t i o n  and 

i n h i b i t i o n ,  i s  p r o p o r t i o n a l  t o  a n  i n c r e a s e  i n  h e a t  p r o d u c t i o n ,  

f o r  a  g i v e n  c o l d  s t i m u l u s ,  Fo r  t h e  p u r p o s e  o f  c l a r i t y ,  f o l l o w i n g  

a  g e n e r a l  d e s c r i p t i o n  o f  t h e  p r o p o s e d  mode l ,  t h e  s o l u t i o n  o f  

t h i s  ne twork  i s  d i v i d e d  i n t o  s e p a r a t e  a n a l y s i s  o f  t h e  t h r e e  

components .  



G e n e r a l  D e s c r i p t i o n  - of Model 

The model d e p i c t e d  i n  F i g ,  1, c o n s i d e r s  s h i v e r i n g  

t h e r m o g e n e s i s  a s  a n e t  r e s u l t  o f  t h e r m o r e c e p t o r  e x c i t a t i o n  and 

i n h i b i t i o n  from v a r i o u s  core and s k i n  r e g i o n s  i n  t h e  body. 

~ x c i t a t o r y  n e u r a l  d r i v e  is d e r i v e d  f rom t e m p e r a t u r e s  of t h e  
d 

s k i n ,  o b t a i n e d  f rom t h e  arm ( l a t e r a l  a s p e c t  of uppe r  a r m ) ,  c h e s t  
< 

(mid a x i l l a r y ,  a p p r o x i m a t e l y  a t  t h e  f i f t h  i n t e r c o s t a l  r eg i ' on )  , 
t h i g h  ( a n t e r i o r  a s p e c t )  and c a l f  ( l a t e r a l  a s p e c t ) .  Core c o l d  

gi 
e x c i t a t o r y  d r i v e  is  o b t a i n e d  from t e m p e r a t b r e s  o f  t h e  r e c t u m  ( 1 5  

Y-JX -- - - 
- -- - - - - 

cm. beyond a n u s )  and i n  t h e  e s o p h a g u s  ( a t  t h e  1 v e l  o f  t h e  

a t r i a ) .  Y 
Although t h e r e  is s u f f i c i e n t  e v i d e n c e  s u p p o r t i n g  t h e  t h e o r y *  

o f  p e r i p h e r a l  c o l d  e x c i t a t i o n  o f  s h i v e r i n g  t h e r m o g e n e s i s  

( B e n z i n g e r ,  1969; C r a i g  and Dvorak,  1966;  Hayward -- e t  a l . ,  1 9 7 7 ) ,  1 

t h e r e  - is a s  y e t  -- l i t t l e  i n f o r m a t i o n  o n  t h e  c o n t r i b u t i o n  o f  t h e  
- - - - -- -- - - - - - - - - - -- -- - -- - - - - - - - - 

v a r i o u s  p e r i p h e r a l  r e g i o n s  t o  t h e r m o g e n e s i s .  I n t u i t i v e l y  i t  

would seem, t h a t  s u c h  a r e l a t i o n s h i p  would depend on  t h e  d e n s i t y  I 

I 

o f  t h e  c o l d  r e c e p t o r s  i n  t h e  s k i n  of a p e r i p h e r a l  r e g i o n ,  a s  

w e l l  a s  t h e  mode of i n t e g r a t i o n  of t h i s  i n f o r m a t i o n  . i n  

e x t r a h y p o t h a l a m i c  r e g i o n s  and  h y p o t h a l a m i c  c e n t r e s .  Fo r  

s i m p l i c i t y ,  t h e  sk&@ r e g i o n s  a r e  n o t  w e i g h t e d  and a r e  c o n s i d e r e d  
I -257 

i n d i v i d u a l l y ,  r a t h e ?  t h a n  o b t a i n i n g  a  meari s k i n  t e m p e r a t u r e .  The 

es d e t e r m i n e d  f rom-each  s k i n  r e g i o n  a r e  summed for--- - -- 

..Ax -& 
t h e  pu rpose  of a h t a i n i n g  an e x c i t a t o r y  t h e r m o g e x k  d r i ~ _ = o m  -- 

s k i n  c o l d '  r e c e p t o r s .  Due to  t h e  n o n - l i n e a r  c h a r a c t e r i s t i c s  o f  



' ~ i g .  5.1 : Concept  of m o d e l .  



T
H

E
R

M
A

L
 

T
rR

A
N

S
D

U
C

T
IO

N
 

i 
P

R
O

C
E

S
S

IN
G

 
j I
 

IN
T

E
G

R
A

T
IO

N
 

O
U

T
P

U
T

 .
 

a
rm

 
ch

e
st

 
th

ig
h

 
ca

lf
 

sh
iv

e
ri

n
g

 

re
ct

a
l 

4
,
 

ar
m

 
c

h
e

s
t 

e
x

c
it

a
to

ry
 

st
im

u
 

in
h

ib
it

o
ry

 
,s

ti
m

~
 

p
e

ri
p

h
e

ra
l 

dr
 

c
e

n
tr

u
l 

d
ri

v
e

 



t e m p e r a t u r e .  

To a c c o u n t  'for t h e  thermogen-ic  e f f e c t o r  mechanisms induced  
2 .' 

by core c o o l i n g ,  a s  o b s e r v e d  in .  t h e  ewe (Rawson and Q , 1972 ) 

and i n  man ( P i a n t a d o s i s  gal., 1 9 8 1 ) ,  a  core c o l d  e x c i t a t o f y  
1 

d r i v e s - i s  i n c l u d e d  i n  t h e  m d e l .   gain, . t h e  d i s t r i b u t i o n  o f .  
1 

t h e r m o s e n s i t i v e  s t r u c t u r e s '  i n  t h e  core r e g i o n  o f  t h e  t r u n k  is 

unknown. Two core t r u n k  s i tes  a r e  u s e d ,  s e l e c t e d  p r i m a r i l y  f o r  , . 

e a s e  o f  o b t a i n i n g  t e m p e r a t u r e  i n f o r m a t i o n .  It--i s assumed- t-hat-by =-- + 

c o n s i d e r i n g  e s o p h a g e a l  and r e c t a l  t e m p e r a t u r e ,  some - 

c o n s i d e r a t i o n  i s  a l s o  t a k e n  fo r  t h e  t e m p e r a t u r e  of t h e  s p i n a l  ' " 

c o r d ,  a s  t h e r m a l  v a % i a t i o n  of t h e  s p i n a l  .cord a f f e c t s  t h e  
i 

t r a n s m i s s i o n  and  c o d i n g  o f  n e u r a l  t e m p e r a t u r e  i n f o r m a t i o n  to  t h e  

h y p o t h a l a m i c  t h e r m o r e g u l a t o r y  c e n t r e s  (Simon,  1974  ) . 

d e r i v e d  from n e u r a l  coded t h e r m a l  i n f o ~ a t i o n  g e n e r a t e d  i n  t w o  

r e g i o n s  o f  t h e  body.  W a r m  receptori ill t h e  s k i n  r e g i o n  (measured . 

a t  t h e  same si tes a s  f o r  c o l d  r e c e p t i o n )  a r e  t r e a t e d  i n  t h e  same 

manner a s  d e s c r i b e d  f o r  c o l d  receptors. The i n h i b i t o r y  d r i v e  

from t h e  h e a t  loss  c e n t r e  i n  the '  p r e - o p t i c  a n t e r i o r  hypotha lamus  

i s  assumed to  b e  i n d i c a t e d  by tympan ic  t e m p e r a t u r e .  

A f u n d a m e n t a l  f e a t u r e  of t h e  m o d e l  is t h e r e f o r e  t h e  
- - - - - - - - - - -- 

e s t a b l i s h m e n t  of a core and p e r i p h e r a l  se t - p o i n t ,  t h u s  e n h a n c i n g  
- - - 

t h e  t h e o r y  of c e n t r a l  i n h i b i t i o n  of 

1 9 6 9 ) ,  by s u g g e s t i n g  t h e r e  e x i s t s .  a  

t h e r m o g e n e s i s  ( B e n z i n g e r ,  

c e r t a i n  amount of p e r i p h e r a l  



h '  

il 
- - - - c b  

- - . . . i n h i b i t i o n  therniogeaksbA T h e  former  is accoun ted  f o r  by - 

c o n s i d e r i n g  tympanic t e m p e r a t u r e  a s  a n  l ' n h i b i t o r y  d r i v e  and t h e  ' - 
l a t t e r  by i n c l u d i n g  i n h i b i t i o n  by s k i n  warm r e c e p t o r s .  The model 

e s t a b l i s h e s  ~ o d i f i e d  v e r s i o n  of t h e  B a z e t t  - Vendr ik  ( B a z e t t ,  

1949; Vendr ik ,  1959)  set  p o i n t  h y p o t h e s i s .  'This  h y p o t h e s i s  

s u g g e s t s  t h a t  t h e '  s e t - p o i n t  i s  4s tab l . i shed  bp . t h e  - l 

c h a r a g t e r i s t i c s  o f  c e n t r a l  c o l d  .and warm s e n s o r s .  However, t h i s  - 

* 

t h e o r y  a l o n e  is n o t  a d e k a t e  to  e x p l a i n  t h e  h i c i a t i o n  o f  - 
* 

thermogenic  e f f e c t o r  mechan_ikrlis i n  t h e  ' absence  o f  s h i f t s  i n  core 

tempera tu re ,  when-nn1-y s k i n  t e m p & r a t u r e s h a v e b e e n  d i s p l a c e d  -_p-rzp--- 

(Qayward -- e t  a l . ,  1977; Nadel e t  a l . ,  1 9 7 0 ) .  A r p e r i p h e r a l  . , -- 
, . 

se t - p o i n t  was i n c o r p o r a t e d ,  by i n c f  u s i o n  of t h e  c h a r a c  t e r i s t ' i c s  
- .  

o f  s k i n  c o l d  and warm r e c e p t o r s ,  Comparing s t a t i c  and dynamic 
* - 

c h a r a c t e r i s t i c s  o f  cu taneous  t h e r m o r e c e p t o r s  ( H e n s e l ,  1982)  and 

c e n t r a l  t h e r m o r e c e p t o r s  ( P o u l o s ,  1 9 8 1 ) ,  i t  seems t h a t  t h e  ' 
-- - - 

g  e n e r  a l  be1 I- sha  ped respoir ise~cEurvee(  FiCJ;-5Z rI s-sh-i-ft-e-d-toward s--- 

h i g h e r  t e m p e r a t u r e s  f o r  c e n t r a l  t h e r m o r e c e p t o r s .  Cons ide r ing  t h e  

s e t - p o i n t  a s  a  t e m p e r a t u r e ,  where t h e  f i r i n g  r a t e s  o f  and 

c o l d  r e c e p t o r s  a r e  i d e n t i c a l  ( ~ e n d r i k ,  1 9 5 9 ) ,  t h i s  would imply 

t h a t  t h e  c e n t r a l  set- .pint  i s  h i g h e r  t h a n  t h e  p e r i p h e r a l ,  s k i n  

s e t - p o i n t .  T h i s  d i f f e r e n c e  i n  s e t - p o i n t  v a l u e s  i s ' t a k e n  i n t o  

accoun t  by t h e  p r e s e n t  model ,  a s  s e e n  i n  F i g .  5.2 . 





cold sensors 
warm sensors .................. 

'.peripheral set point 

35.1 

central set point 

Temperature (OC) 



- - - - - -- -- 

S i m u l a t i o n  - o f  T h e r m o r e c e p t o r  Response  

~ x p e & m e n t o r s  s t u d y i n g  i s o l a t e d  c o l d  and w a r m  recepto;s 

(Duclaux and Kensha lo ,  1980; Hense l  and Boman, 1960;  I g g o ,  1969; 

Kensha lo  and Duclaux ,  1977;  Zo t t e rman ,  1953  ) h a v e  c o n c l u d e d  t h a t  

t h e  r e s p o n s e  to t e m p e r a t u r e  c h a n g e  o f  s i n g $ e  t h e r m o s e n s i t i v e  

u n i t s  i s  a dynamic  o v e r s h o o t  o r  u n d e r s h o o t  i n  f i r i n g  f r e q u e n c y ,  

which  s u b s i d e s  t o  a  s t e a d y  s t a t e  t o n i c  a c t i v i t y .  Whether  t h e  

dynamic phase  c o n s i s t s  o f  an  o v e r s h o o t  o r  u n d e r s h o o t  i s  
- B 

d e t e r m i n e d  by t h e  d i r e c t i o n  of t h e  t e m p e r a t u r e  g r a d i e n t  and t h e  

t y p e  o f  t h e r m o r e c e p t o r  ( c o l d  or warm r e c e p t o r )  . The l a t t e ~  phase  

o f  t h e  r e s p o n s e  is o f t e n  r e f e r r e d  to  a s  a d a p t a t i o n .  F ig .  5.3 

i l l u s t r a t e s  f h i s  c o n c e p t  w i t h  r e s p e c t  to  cold and  warm 

r e c e p t o r s .  

t h e r m o r e c e p t o r s  c o n s i s t s  o f  s t a t i c  and dynamic  components .  A s  
L 

i n d i c a t e d  by Duclaux and Kensha lo  ( 1 9 8 0 )  and  K e n s h a l o  and 

Duclaux ( 1 9 7 7 ) ,  t h e  dynamic r e s p o n s e  is p r o p o r t i o n a l  to  t h e  
.,-L- -' -+- 

magn i tude  of t h e  s t e p  change  i n  t e m p e r a t u r e  and  t h e  s t a t i c  - .-,%a. --, % 

r e s p o n s i v e n e s s  a t  t h e  a d a p t i v e  t e m p e r a t u r e .  
I 

S t a t i c  Response 

- -- 

A Prom t h e  a b o v e  Z ~ d i e s ,  it i s  a p p a r e n t ,  t h a t  t h e r e  is 

c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  r e s p o n s e  c u r v e s  o f  s i n g l e  u n i t s .  

I# g e n e r a l ,  t h e y  a re  b e l l  shaped  w i t h  p e a k s  i n  t h e  r a n g e  of 20•‹ 





STAT I C 'DYNAMIC 

'1 '2 

COLD RECEPTOR 



0 - -- - -- - 

t o  30•‹c f o r  cold receptors and 40•‹ t o  4 5  C fokGiirm receptors. 

Using the averaged response cha rac te r i s t i c s  reported by 

Zotterman (1953), 'two tenth order polynomials were derived to  
i 

simulate the re la t ionsh ip  .between frequency of discharge and 

adaptive temperature : 

- s t a t i c  f i r i n g  r a t e  of cold receptor,  Fcold : - 

- s t a t i c  f i r i n g  r a t e  of warm receptor,  ha rm : 

PB* 
Fwarm (impulses/sec.) = Q0 + Ql*T + Q ~ * T ~ +  Q3*T3+ . . . . . . . ' - *  

where, 

T = adaptive temperature p ( i ) ,  q(i); i=1,10 = coeff ic ients  of 

regression. 

The derived coef f ic ien ts  of regression fo r  equations 

5.1 and 5.2 a re  given in Table 5.1. 





- - 

Y ~ o e f  ficients .for tenth order polynomials 
t '" 

in equations 5.1 and 5.2 - 

cold 
receptor 

.order of ., 
polynomial 

warm 
receptor 

residual 
mean square 

mu-ltiple r 
2 

lower 
temperature 
limit 

temper ture 
limit 4 



Dynamic Response 

R e n s h a l o  -- e t  a l .  (1974 have  s u g g e s t e d  t h a t  t h e  t r a n s i e n t  

phase  o f  t h e  t h e r m o r e c e p t o r  r e s p o n s i v e n e s s  i s  a r e s u l t  ' o f  

c e r t a i n  e x c i t a t o r y  and i n h i b i t o r y  mechanisms.  D u r i n g  a t r a n s i e n t  

s tep c h a n g e  i n  t e m p e r a t u r e ,  t h e  a c t i v i t y  of e a c h  mechanism 

decays  e x p o n e n t i a l l y ,  s u c h  t h a t  : 

- e x c i t a t o r y  mechansim, E : 

- i n h i b i t o r y  mechansim, I : 

where,  

K e  = t i m e  c o n s t a n t  f o r  d e c a y  o f  e x c i t a t o r y  a c t i o n  = 

= 5.5 s e c o n d s  . 
K i  = t i m e  c o n s t a n t  f o r  d e c a y  o f  i n h i b i t o r y  a e t i o n  = 

=. 3 .3  s e c o n d s  . %g 

The t r a n s i e n t  component of t h e - n e t  c h a n g e  i n  the-•’- i r ing---  -- 

- f r e q u e n c y  of a  t h e r m o r e c e p t o r  d u e  to a  s tep  c h a n g e  in 
-- Pi 

t e m p e r a t u r e  is  d e s c r i b e d  i n  t h e  p r e s e n t  m @ e l  a s  : 



&. . i 

where,  -. 
<> 

A = g a i n  
, . 'i 

P = c o e f f i c i e n t  a c c o u n t i n g  f o r  t h e  d i r e c t i o n  of t h e  s t e p .  change  

i n  t e m p e r a t u r e  and t h e  type of t h e r m o r e c e p t o r .  

A 9 t e p  change  i n  t e m p e r a t u r e  from T1 t o  T2 w i l l  t h e r e f o r e  

i n i t i a t e  a  t r a n s i e n k  r e s p o n s e  f r o m  t h e  s t e a d y  state f i r i n g  rate - 

a t  T1 ( F 1  i n  i m p u l s e s / s e c o n d )  t o  t h e  s t e a d y  s t a t e  f i r i n g  r a t e  a t  

t h e  a d a p t i v e  t e m p e r a t u r e  T2 (F2  i n  i m p u l s e s / s e c o n d )  . The 

t r a n s i e n t  phase  w i l l  depend on t h e  m a g n i t u d e  o f  t h e  s t e p  

change  : . 

: 

as w e l l  a s  o n  t h e  i n i t i a l  t e m p e r a t u r e ,  p r i o r  to  t h e  s t i m u l u s  : 

where,  

G = Gain .  I t  was d e t e r m i n e d  t h a t  a v a l u e  of 5.0  would a l l o w  f o r  
- - -  - 

a d e q u a t e  s c a l i n g  of t h e r m o r e c e p t o r  r 6 s p o n s i v e n e s s  t o  t h a t  
- 

o b s e r v e d  i n  humans ( H e n s e l  , 1982 ) . 



The d i r e c t i o n  'of t h e  t r a n s i e n t  r e s m e  (~vershooto~ 

u n d e r s h o o t )  is  d e t e r m i n e d  by P : 

where ,  

D = 1 , for  c o o l i n g  ( n e g a t i v e  s t e p  c h a n g e  i n  t e m p e r a t u r e ) .  - - 
=-I , f o r  warming ( p o s i t i v e  s t e p  c h a n g e  i n  t e m p e r a t u r e ) .  

Z = 1 , f o r  cold r e c e p t o r  s i m u l a t i o n  . 

I n  e q u a t i o n  5 . 5  t h e r e f o r e ,  a  p o s i t i v e ,  p a r a m e t e r  P r e s u l t s  

i n  an o v e r s h o o t  : p o s i t i v e  P = c o o l i n g  of c o l d  r e c e p t o r  = 

warming o f  warm r e c e p t o r .  A n e g a t i v e  p a r a m e t e r  P r e s u l t s  i n  an  

F F w a m i n g - -  pp u n d e r s h o o t  d u r i n g  - t h e  t r a n s i e n t  

of c o l d  r e c e p t o r  = c o o l i n g  o f  warm r e c e p t o r .  

T o t a l  T h e r m o r e c e p t o r  Response 

The d i s c h a r g e  i n  n e u r a l  i m p u l s e s  f rom t h e r m o r e c e p t o r s ,  i n  
\ 

r e s p o n s e  t o  a  t h e r m a l  s t i m u l u s ,  c a n  b e  d e s c r i b e d  a s  a c o n t r o l  

s y s t e m  u n d e r  p r o p o r t i o n a l  d e r i v a t i v e  cont-ro2 . Such-a-system 

c o n s i s t s  of a p r o p o r t i o n a l  or  p u r e  g a i n  component  and  a 

d i f f e r e n t i a  t o r ,  a l l o w i n g  f o r  d e r i v a t i v e  c o n t r o l .  The f u n c t i o n  of 

t h e  d e r i v a t i v e  c o n t r o l  is t o  a f f e c t  t h e  r e s p o n s e  t i m e s  and i n  
- - 



e x t r e m e  cases, t o  c a u s e  e i t h e r  o v e r -  o r  u n d e r s h o o t i n g  o f  t h e  
- - - - - - -- --- 

t r a n s i e n t  r e s p o n s e .  
- 

The t o t a l  s t e p  r e s p o n s e  o f  a t h e r m o r e c e p t o r  c a n  b e  

d e s c r i b e d  a s  : 

F ( t )  = A O  x ( s t ep  r e s p o n s e )  + A x ( i m p u l s e  r e s p o n s e )  = 

= A0 x F ( t )  + A x ( d F ( t ) / d t )  . . . (5 .9)  

where ,  

AO,  A = c o n s t a n t s  . 
- 

The s t e p  r e s p o n s e  is, c o n s i d e r e d  a s  : 

F s t e p  ( t )  = 1 - exp( - t /K)  
- b 

T h e r e f o r e  ,- &he kotal-neur-a& respon "k - ineorpora t i -ng  

e q u a t i o n s  5.5 and '  5.10 c a n  be d e f i n e d  a s  : 

F ( t )  = A 0  x ( 1 - e x p (  - t / K  ) + 

where ,  

A0 = g a i n  of s t ep  r e s p o n s e  = S = F2 - F 1  . 
-- -- - - - -  

K = s t a t i c  gain = 5.5 s e c o n d s ,  



S i m u l a t i o n  - of T o t a l  N e u r a l  D r i v e  from a  T h e r m o r e c e p t i v e  F i e l d  -- 

Tempera tu re  d a t a  from c o o l i n g  s t u d i e s  o n  humans, is  u s u a l l y  

r e p o r t e d  i n  t h e  l i t e r a t u r e  a t  t i m e  . i n c r e m e n t s  of o n e  minu te .  

T h i s  i s  i n a d e q u a t e  for  s i m u l a t i n g  t h e  dynamic  n e u r a l  d r i v e  from 

a p e r i p h e r a l  or  core r e g i o n ,  a s  t h e  t r a n s i e n t  p h a s e  i s  u s u a l l y  

comple ted  w i t h i n  30 s e c o n d s  ( K e n s h a l o -  e t  a l , ,  1974 ) . The p r e s e n t  -- 
m d e l  o b t a i n s  2-second d a t a  p o i n t s  t h r o u g h  l i n e a r  i n t e r p o l a t i o n  

between minu te  v a l u e s  fo r  core and  s k i n  t e m p e r a t u r e s .  For  e a c h  
- - --- -- 

2-second i n c r e m e n t ,  a  t i$e d e p e n d e n t  n e u r a l  r e s p o n s e  , F ( t ) ,  is 0 

o b t a i n e d  a c c o r d i n g  to  eqG$tion 5.11 . 
The d e r i v e d  2-second n e u r a l  , r e s p o n s e s  a re  added  a c c o r d i n g  

t o  t h e  t h e o r y  o f  s u p e r p o s i t i o n ,  t o  o b t a i n  a  t o t a l  n e u r a l  o u t p u t ,  

N ( t ) ,  f rom a p a r t i c u l a r  r e g i o n  : s 

/ t 
N (t) = Z Fi (t-i) 

i=O 

where, 

i n  2- s econd  i n c r e m e n t s .  



d r i v e  i s  d e g i v e d  f r o m  a l l  p e r i p h e r a l  and core r e g i o n s ,  Depending 

on t h e  p a r a m e t e r  P, t h i s  d r i v e  w i l l  b e  e x c i t a t o r y  (a rm,  c h e s t ,  
\ 

t h i g h ,  c a l f ,  rectal  and e s o p h a g e a l  c o l d  r e c e p t o r  r e g i o n s )  or 

i n h i b i t o r y  ( a r m ,  c h e s t ,  t h i g h ,  c a l f  and tympan ic  w a r m  receptor 

r e g i o n s ) .  - 

I n t e g r a t i o n  - o f  The rma l  N e u r a l  Coded I n f o r m a t i o n  

Al though v a r i o u s  w e i g h t i n g '  f o r m u l a e  e x i s t  for  d e t e r m i n i n g  

mean s k i n  t e m p e r a t u r e s  (Ramanathan,  1964 ) , t h e  p r e s e n t  model 

d e r i v e s  n e u r a l  ou tpu ' t  from a l l  f o u r  r e g i o n s  ( a r m ,  c h e s t ,  t h i g h  

and  c a l f )  i n d e p e n d e n t l y ,  The t o t a l  n e u r a l  d r i v e  f r o m  t h e  f o u r  

r e g i o n s  i s  summated to  o b t a i n  a to ta l  s k i n  n e u r a l  d r i v e  : 

- - - - - - - - - - - - - - -- -- - 

,- e x c i t a t i o n  : 



where ,  

NC = d e n o t e s  n e u r a l  o u t p u t  o f  c o l d  receptor f i e l d  . 
NW = d e n o t e s  n e u r a l  o u t p u t  o f  warm receptor f i e l d  . 

'.- 
"h A s  m e n t i o n e d  p r e v i o u s l y ,  t h e  mode o f  i n t e g r a t i o n  o f  n e u r a l  

d r ives  from v a r i o u s  r e g i o n s ,  a s  d e p i c t e d  i n  Fig. 5 .l, l s p d e r i v e d  - 

f rom i n f o r m a t i o n  a v a i l a b l e  i n  t h e  l i t e r a t u r e  a n d  r ev i ewed  by  

B l i g h  (19731 ,  H e n s e l  ( 1 9 8 2 )  and Simon ( 1 9 7 4 ) .  However,  it i s  n o t  

p o s s i b l e  to  a s s i g n  w e i g h t i n g  f a c t b r s  t o  t h e  i n d i v i d u a l  n e u r a l  
I 

d r i v e s  when a t t e m p t i n g  to  d e t e r m i n e  t h e  t h e r m o g e n i c  r e s p o n s e .  

The i n d i v i d u a l  n e u r a l  o u t p u t s  were used  to o b t a i n  a r e l a t i v e  
- - - - - - - - - - -- - - - - -- -- - - - - - 

t h e r m o g e n i c  d r i v e  a s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n  and 

s u b s e q u e n t l y  t h e  w e i g h t i n g  f a c t o r s  f o r  t h e  t he rmogen  i c  d r i v e  

were d e t e r m i n e d  t h r o u g h  r e g r e s s i o n  a n a l y s i s .  

Thermogenic  O u t p u t  Determin.ed -- f rom t h e  T o t a l  N e u r a l  D r i v e  - of 

I n d i v i d u a l  R e g i o n s  

S h i v e r i n g  t h e r m o g e n e s i s  i s  u s u a l l y  q u a n t i f i e d  f rom - - - - - oxygen - - 

consumpt ion  m e a s u r e m e n t s  d u r i n g  c o l d  e x p o s u r e .  As t h e r e  is 
- - - 

l i t t l e  i n f o r m a t i o n  a v a i l a b l e  o n  the k i n e t i c s  of oxygen  

consumpt ion  d u r i n g  c o l d  e x p o s u r e ,  t h e  r e s p o n s e  c h a r a c t e r i s t i c s  



d u r i n g  e x e r c i s e  ( B a k k e r  e t  a f  . , 1980;  C e r r e t e l l i  e t  a 1  ,, 1966; -- -- 
Lemon e t  a l . ,  1980;  Prampero  e t  a l . ,  1970;  S h e r r i l  and Swanson, -- -- 

., 1981; Whip and  Wasserman, 1972 1, I t  is g e n e r a l l y  r e p o r t e d ,  t h a t  

t h e  t i m e  c o u r s e  o f  oxygen consumpt ion  d u r i n g  a e r o b i c  work o f  

medium i n t e n s i t y  i s  i n  t h e  o r d e r  o f  t h i r t y  s e c o n d s .  Most s t u d i e s  
7 

do n o t  report a t i m e  l a g  between o n s e t  of e x e r c i s e  and i n c r e a s e  
J 

i n  oxygen consumpt ion .  From t h e i r  a n a l y s i s  of t h e  e f f e c t s  o f  

s i n u s o i d a l  and impuf se t y p e  w o r k l o a d s  o n  t h e  c a r d  i o r e s p i r a t o r y  

v a r i a b l e s ,  Bakker -- e t  af . f 1 9 8 6 f  d e t e r m i n e d  a p h a s e  l a g  of 22 t o  

24 s e c o n d s  be tween  o n s e t  of t h e  impu l se  type e x e r c i s e  stress and 

oxygen consumpt ion .  T h e i r  model h a s  been  c r i t i c a l l y  e v a l u a t e d  by 

S h e r r i l  and Swanson ( l 9 8 l ) ,  who s u g g e s t e d  t h a t  t h e  p r e d i c t e d  

d e l a y  o f  Bakker  e t  a l .  (1980 )is a c t u a l l y  -7 s e c o n d s ,  which h a s  -- 

no p h y s i o l o g i c a l  b a s i s .  F o r  t h e  p u r p o s e s  of t h e  p r e s e n t  model ,  a 
- - -  - - -- -~ - - - - ~  ~ - -  -- ~- - ~ - -  

t i m e  d e l a y  be tween  o n s e f  o f  t h e r m a l  s t i m u l u s  a n d  t h e r m o g e n e s i s ,  , 

e 

i s  n e g l e c t e d  . 
T h e y g e n e r a l  r e s p o n s e  o f  oxygen c o n s u m p t i o n  to  a t h e r m a l  

stress is c o n s i d e r e d  a s  a n  overdamped s y s t e m ,  whose o u t p u t  may 

b e  d e s c r i b e d  a s  : 
. 

where,  

A K R  ( t )  = change  i n  m e t a b o l i c  r a t e  = 

= c h a n g e  i n  oxygen consumpt ion  (V02). 



Using t h e  h y p o t h e t i c a l  a&ptlt  ~ T O I R  e a c h  -- 

e x c i t a t o r y  and i n h i b i t o r y  r e g i o n  c o n s i d e r e d ,  a  r e l a t i v e  

( d i m e n s i o n l e s s )  thermogenic  d r i v e  was de te rmined  on t h e  

b a s i s  of t h e  r e l a t i o n s h i p  p r e s e n t e d  i n  e q u a t i o n  5.16. It  i s  

assumed. t h e r e f o r e ,  t h a t  e a c h  t h e r m o r e c e p t  i v e  r e g i o n  w i l l  

g e n e r a t e  an  e x c i t a t o r y  o r  i n h i b i t o r y  d r i v e  t o  the rmogenes i s ,  

t h e  magnitude b e i n g  dependen t  o n  t h e  n e u r a l  response  from 

t h a t  r e g i o n ,  Metabo l i c  r e s p o n s e s  a r e  o b t a i n e d  f o r  s t e p  
+ 

changes  i n  n e u r a l  a c t i v i t y  f r o m  i n d i v i d u a l  r e g i o n s ,  a t  20 

secod intervals, The to-2  metzbof ic r e s p o n s e  f rom a r e g i o n  - 

is t h e n  c o n s i d e r e d  a s  a  s u p e r p o s i t i o n  of a l l  20 second 

thermogenic 

t 
Mc (t) = C 

i=O 

t 
M r  (t) = C 

i=O 

f L- 

Me (t) = I  
i=O 

r e s p o n s e s  : 



where, 

i + t in 20- second increments. 

and 

t 

~c(t),NR(t),NE(t),NT(t),m?(t) = t o t a l  n e u r a l  d r i v e s ,  o b t a i n e d  by 

s u p e r i m p o s i n g  t h e  n e u r a l  r e s p o n s e s  t o  t h e r m a l  s t i m u l i  

a p p l i e d  a t  2 s e c o n d  i n t e r v a l s  t o  t h e  c o l d  receptors i n  t h e  

s k i n  ( N C ( t ) l ,  r e c t a l  ( N R i t l ) ,  and  e s o p h a g e a l  ( N E ( t ) )  r e g i o n ,  

a s  w e l l  a s  t h e  warm r e c e p t o r s  i n  t h e  s k i n  ( N W ( t ) )  and 

tympanic  (NT(t)) r e g i o n s .  

MC{~), Mrft), eft), Mt(t), W f t )  = total h y p o t h e t i c a l  

me tabo l  ic  d r i v e ,  o b t a i n e d  by s u p e r i m p o s i n g  m e t a b o l i c  

r e s p o n s e s  t o  t w e n t y  s e c o n d  n e u r a l  s t i m u l i  from t h e  c o l d  

r e c e p t o r  r e g i o n s  of t h e  s k i n  ( M c ( t ) ) ,  r e c t u m  ( M r ( t ) )  and 

esophagus  ( M e ( t ) ) ,  and  f r o m  t h e  warm r e c e p t o r  r e g i o n s  of 



111. R e s u l t s  

Gain F a c t o r s  f o r  Thermogenic    rives of I n d i v i d u a l  R e g i o n s  - 

Two a p p r o a c h e s  w e r e  u n d e r t a k e n  i n  d e r i v i n g  t h e  g a i n  f a c t o r s  

f o r  thermogenic  d r i v e s  o f  i n d i v i d u a l  r e g i o n s ,  i n  o r d e r  to  

p r e d i c t  t h e  t o t a l  c h a n g e  i n  t he rmogen ic  d r i v e  f r o m  r e s t i n g  
- - - -  

v a l u e s ,  AMR-predicted. I n  t h e  t h e  f i r s t  a p p r o a c h  b o t h  s t a t i c  

and dynamic r e s p o n s i v e n e s s  o f  t h e  t h e r m o r e c e p t o r s  were a c c o u n t e d  

for,  w h i l e  t h e  s econd  a p p r o a c h  o m i t t e d  dynamic  p r o p e r t i e s  o f  t h e  

t h e r m o r e c e p t o r s .  To e s t a b l i s h  w h e t h e r  t h r e e  core t e m p e r a t u r e  

sites a r e  n e c e s s a r y  f o r  p r e d i c t i o n  of t h e r m o g e n e s i s ,  t h r e e  
. . 

v a r i a t i o n s  o f  t h e  c o n c e p t u a l  model shown i n  F i g .  5.1 were 
- - - - - - - - - - - - - - - - - - - -- - - - - 

e v a l u a t e d ,  u s i n g  t h e  s t a t i c  c h a r a c t e r i s t i c s  o f  t h e  

t h e r m o r e c e p t o r s  o n l y .  

The f i r s t  model  (model  A )  i n c o r p o r a t e s  r ec ta l  and 

e s o p h a g e a l  t e m p e r a t u r e s  a s  e x c i t a t o r y  i n p u t s  t o  t h e r m o g e n e s i s ,  

w h i l e  tympanic  t e m p e r a t u r e  is c o n s i d e r e d  a n  i n h i b i t o r y  d r i v e .  

The a b s o l u t e  t h e r m o g e n i c  d r i v e  is p r e d i c t e d  by  : L- 



where, 

M c (  t )  , M r (  t )  ,Me(t) =. s t a t i c  e x c i t a t o r y  the rmogen ic  d r i v e s  

i n s t i g a t e d  by n e u r a l  o u t p u t  from c o l d  r e c e p t o r s  i n  t h e  s k i n  
i 

( c )  , r e c t a l  ( r  and esophagea l  ( e )  r e g i o n s  

d Mw( t )  , M t (  t )  = s t a t i c  i n h i b i t o r y  thermogenic  d r i v e s  i n s t i g a t e d  by 
- - -- - - - - - 

n e u r a l  o u t p u t  from warm r e c e p t o r s  i n  t h e  s k i n  (w)  and 

tympanic (t) r e g i o n s .  

M c ( t )  , k ( t )  , k ( t )  , ~ e ( t )  ,fit(t) '= dynamic components  o f  t h e  

thermogenic d r i v e  a s  i n s t i g a t e d  by dynamic r e s p o n s i v e n e s s  

from t h e r m o r e c e p t o r s  i n  t h e  v a r i o u s  r e g i o n s  a s  d e f i n e d  

above. 

i 

\ 1 

Omit t ing  t h e  dynamic components, o f  n e u r a l  and thermogenic 

r e s p o n s i v e n e s s ,  s u g g e s t &  t h e r e f o r e  t h a t  t h e  g a i n  o f  t h e  

dynamic components i n  model A, p3, i s  e q u a l  to z e r o ,  t h e  above 

model was t r a n s f o r m e d  to  : 

Model B : 



I n  a d d i t i o n ,  a n  a n a l y s i s  was performed to  W a l u a t e w h e t h e r  

. two e x c i t a t o r y  t h e r m o g e n i c  d r i v e s  were e s s e n t i a l  f o r  a c c u r a t e  
, 

p r e d i c t i o n  o f  s h i v e r i n g  t h e r m o g e n e s i s .  The m o d e l s  e v a l u a t e d  

were : 

Model C : 

and p 4 )  were d e t e r m i n e d  u s i n g  a  r e g r e s s i o n  a n a l y s i s  (Dixon - e t  

a l e  1 9 7 9 ) .  The s t a t i s t i c a l  package  f i t t e d  t h e  b e s t  p a r a m e t e r s  - 

for  d e t e r m i n i n g  t h e  a b s o l u t e  m e t a b o l i c  r a t e  d u r i n g  c o l d  w a t e r  

immersion and rewarming i n  u n i t s  of ml.02/kg./mine,  u s i n g  t h e  

e m p i r i c a i  d a t a  o b t a i n e d  i n  s e c t i o n  D. The c o n s t a n t  p l ,  i n  

e q u a t i o n s  5.22 t o  5.25,  may a l s o  b e  i n t e r p r e t e d  a s  t h e  r e s t i n g ,  

o r  pre- immersion,  m e t a b o l i c  r a t e  o b t a i n e d  a t  t h e  - n e u t r a l  ' s e t  --- 

p o i n t '  t e m p e r a t u r e s .  However, t h i s  c o n s t r a i n t  was n o t  p l a c e d  on 
- -- - - -- - 

t h e  r e g r e s s i o n  a n a l y s i s .  The p a r a m e t e r  p l  w a s  a l l o w e d  t o  assume 

v a l u e s  between 1 . 0  and 10 .0  . The c o n s t r a i n t s  p l a c e d  on 



p a r a m e t e r s  p2 ,  p 3  and  p4 were t h a t  t h e s e  p a r a m e t e r s  shou ld  be .-. 

p o s i t i v e .  S i n c e  t h e  dynamic r e s p o n s i v e n e s s  of t h e  p e r i p h e r a l  and 

core t h e r m o r e c e p t o r s  were assumed to b e  i d e n t i c a l ,  t h e ,  g a i n  o f  

t h e  p e r i p h e r a l  and core dynamic components  w e r e  c o n s i d e r e d  to b e  

i d e n t i c a l  ( p 4  ) . 
Each model ( A ,  B, c and D) Was d e v e l o p e d  w i t h  t h e  c o o l i n g  - 

., and rewarming d a t a  o b t a i n e d  from a  t ro t a l  of t h i r t y  c o l d  w a t e r  

immersion and rewarming t r i a l s .  F i v e  s u b j e c t s  underwent  , 

I 

immers ions  i n  t h r e e  d i f f e r e n t  w a t e r  t e m p e r a t u r e s  -(-lo0, 15O and-- - - 

20•‹  C) twice. On o n e  o c c a s i o n  t h e  i n h a l a t e  was room t e m p e r a t b r e  
I 

a i r ,  w h i l e  o n  t h e  second  o c c a s i o n  t h e  i n h a l a t e  was warm 

s a t u r a t e d  a i r  ( 4 0 • ‹  - 45O C,  s a t u r a t e d  w i t h  w a t e r  v a p o u r ) .  I n  

t h i s  manner,  f o r  t h r e e  l e v e l s  o f  c lamped s k i n  t e m p e r a t u r e ,  t w o  

core t e m p e r a t u r e  c o o l i n g  r a t e s  were induced  f o r  e a c h  s u b j e c t .  

s u b j e c t .  

The r e g r e s s i o n  a n a l y s i s  was c o n d u c t e d  o n  t h e  r e s u l t s  o f  

e a c h  s u b j e c t  i n d i v i d u a l l y ,  t h e r e b y  o b t a i n i n g  p e r s o n a l i z e d  g a i n  
I .  

p a r a m e t e r s  p l ,  p2 ,  p 3  and  p4. The p e r s o n a l i z e d  g a i n  p a r a m e t e r s  

o b t a i n e d  f o r  e a c h  model o n  i n d i v i d u a l  s u b j e c t s  are p r e s e n t e d  i n  

T a b l e  5.2 . The error ,  a s  i n d i c a t e d  by t h e  sum of t h e  s q u a r e d  

r e s i d u a l  (SSR) , g e n e r a t e d  by t h e  models fo r  d i k f e r e n t  s u b j e c t s  
-- - -  -- -- 

v a r i e s  c o n s i d e r a b l y .  T h i s  i s -  p a r t l y  d u e  to  t h e  d i f f e r e ' n t  number 
- - - 

of sample  o b s e r v a t i o n s .  Comparing t h e  errors g e n e r a t e d  by t h e  

d i f f e r e n t  mode l s  f o r  i n d i v i d u a l  s u b j e c t s  ( T a b l e  5 - 2 1 ,  i t  is 
- 

a p p a r e n t  t h a t  t h e  d i f f e r e n c e s  . in  t h e  sum of t h e  s q u a r e d  
h 



Tab le  s u m ;  o f -  t h e  squared  r e s i d u a l  (SSR)  
genera ted  by 
Persona l i zed  
s u b j e c t s .  

f o u r  -&bdels ( A ,  B,  C and D) on f i v e  s u b j e c t s .  
c o e f f i c i e n t s  w e r e  d e r i v e d  f o r  i n d i v i d u a l  



~ubj. Model SSR - MSE - 

Total A 44107.95 
B 44527.03 
C 45931.2 
D 45908.68 

Note: Models D, E and F omit the contributions of the dynamic 
components from core and peripheral thermosensitive regions. 
The gain of the dynamic component, P4, is therefore equated 
to zero. 



r e s i d u a l s  a r e  n o t  s i g n i f i c a n t .  T h i s  i s  a l s o  shown w i t h  ' the  

compar i son  of t h e  to ta l  sum o f  t h e  s q u a r e d  r e s i d u a l s  g e n e r a t e d  
I I 

by t h e  mode l s  o n  a l l  f i v e  s u b j e c t s  ( T a b l e  5 . 2 ) .  O v e r a l l ,  t h e r e  
9' 

is a  s i m i l a r i t y  i n  t h e  g a i n s  a s s i g n e d  to t h e  p e r i p h e r a l  ( p 2 )  and 

core ( p 3 )  t h e r m o g e n i c  d r i v e s .  Wi th  t h e  e x c e p t i o n  bf s u b j e c t s  DS 

and AL f o r  model A,  t h e  g a i n  on- t h e  dynamic  component  ( p 4  ) is 

a s s i g n e d  l o w  w e i g h t i n g  v a l u e s .  The v a l u e s '  of 0.00001 f o r  p4,  

o b s e r v e d  i n  T a b l e  5.2,. c o i n c i d e  w i t h  t h e  minimum v a l u e  

r e s t r i c t i o n  p l a c e d  on  p4 i n  t h e  r e g r e s s i o n  a n a l y s i s ,  

O m i t t i n g  t h e  dynamic  t e r m  i n  m'odel A d i d  n o t  i n c r e a s e  t h e  

sum o f  t h e  s q u a r e d  r e s i d u a l s  s i g n i f i c a n t l y ,  a s  o b s e r v e d  from t h e  

r e s u l t s  of model B i n  T a b l e  5.2. The o v e r a l l  SSR i n c r e a s e d  from 

44102.95 f o r  model A t o ' 45858 .02  f o r  model  -B. I t  i s  a l s o  e v i d e n t  

from T a b l e  5.2,  t h a t  u s i n g  e i t h e r  o n l y  t h e  r ec ta l  (m6del C) or 

o n l y  e s ~ p ~ a g e a l  (model D) s t a t - i c  e x c r t a  tow € f l h e ~ i ~ n i c ~ d r i ~ Y e s ~  - - 

r e s u l t s  i n  s i m i l a r  m a g n i t u d e s  o f  errors. 

A b e s t  f i t  r e g r e s s i o n  a n a l y s i s  w a s  c o n d u c t e d  on  t h e  

combined d a t a  :of t h e  f i v e  s u b j e c t s .  The a n a l y s i s  r e v e a l e d ,  t h a t  . 

t h e  f o l l o w i n g  e q u a t i o n s  w e r e  b e s t  p r e d i c t o r s  of s h i v e r i n g  
.- 

t h e r m o g e n e s i s  i n  t h e  p r e s e n t  s u b j e c t s  : 

Model A 9: 



Model B : 

Model C: 

I n  
Model D : 1 

where, 

M t o  tal( t 3 = pr-edic te& meka bol i c r a  t e  in-un-i ts o F m k 0 2 j ~ g r / m  i r -  - 

a t  t i m e  t .  

On the  combined d a t a ,  t h e  g a i n  on  t h e  core thermogenic 

- d r i v e  i s  g i v e n  more w e i g h t i n g ,  when compared to the  p e r i p h e r a l  

g a i n .  -* t 
i 

+ 



Comparat ive E v a l u a t i o n  

- 3 

An e v a l u a t i o n  was conducted  on  t h e  models  A ,  B, C and D, by 

comparing t h e i r  power'of p r e d i c t i o n  w i t h  t h a t  o f  t h e  models 
. 

sugges ted  by Hayward e t  a l e  (1977)  ,model H,  and Nadel e t  a l e  -- -- 

( 1 9 7 0 ) ,  m o d e l  N ,  Of  t h e  models  e v a l u a t e d  i n  s e t i o n  C, t h e  

models  o f  Hayward e t  a l e  (1977)  and Nadel e t  a l e  (1970)  proved - -- . -. . &- -- 
t o  have t h e  b e s t  o v e r a l l  c a p a b i l i t y  o f  p r e d i c t i n g  s h i v e r i n g  

thermogenes is .  Both models a r e  based  on t h e  s e t - p o i n t  concep t  
- -- - - - - - - - - - - -- - - - - - - - - - 
- - 

and d e f i n e  per r m e r a l  and c o r e  se t -poin  t t e m p e r a t u r e s .  However, 

no  a l lowance  is made fo r  c e n t r a l  o r  p e r i p h e r a l  , i n h i b i t i o n  from 
b 

warm s e n s i t i v e  r e c e p t o r s .  ~ h 2  model< o f  Hayward -- e t  $1. (1977)  

p r e d i c t s  t h e  a b s o l u t e  m e t a b o l i c  r a t e ,  w h i l e  t h e  e x p r e s s i o n  of 

Nadel -- e t  a l .  (1970)  p r e d i c t s  t h e  i n c r e a s e  i n  thermogenes is  from 
4- 

r e s t i n g  v a l u e s ,  a s  s h o w n - - i n - e q ~ a ~ i e n s  5  .-30-and 5 .-31-:--- - - - - -- -- 

Hayward e t  a l .  (19-77) : -- 

Nadel e t  a l e  (1970)  : -- 

-- 

A M R  ( k c a l . / h r . T =  36*C36.5-Tt)*(32:2-Ts)+ - 

- - +-Pk32 .2- Ts -) . r.tf;3+ 



A s  o b s e r v e d  i n  e q u a t i o n  5.31,  NadeS e t  a l .  (1970 ) i n c l u d e  -- 
a n  a d d i t i o n a l  term for  s k i n  t e m p e r a t u r e  i n  t h e i r  p r e d i c t i v e  

e x p r e s s i o n ,  t o  a c c o u n t  for  i n c r e a s e s  i n  t h e r m o g e n e s i s  due  t o  

d i s p l a c e m e n t  o f  p e r i p h e r a l  t empe ' r a tu re  i n  t h e  a b s e n c e  o f  core 

t e m p e r a t u r e  c h a n g e s .  

' Using t h e  same s u b j e c t  d a t a ,  a  b e s t  f i t  ' t o ' t h e  f o r m u l a e  i n  ' * 
/ e q u a t i o n s  5.30 and 5 .31  was  e s t a b l i s h e d  u s i n g  a  r e g r e s s i o n  

a n a l y s i s .  To min imize  t h e  error  a s  much a s  p o s s i b l e ,  t h e  

s e t - p o i n t  v a l u e s ,  a s  w e l l  a s  t h e  g a i n s  w e r e  assumed to  b e  
- - - - --- - - - -- - - - 

unknown. The r e s t r i c t i o n  o n  p l  i n  T a b l e  5 .3  was ,  t h a t  i t  must  

assume a  v a l u e  i n  t h e  r a n g e  1.0 t o  10.0 . The p a r a m e t e r  p l  was 

i n c l u d e d  i n  t h e  model  o f  Nadel  e t  as .  ( l 9 7 O ) ,  so  t h a t  a b s o l u t e  -- 
m e t a b o l i c  r a t e  c o u l d  b e  d e t e r m i n e d  . T h i s  p a r a m e t e r  is  t h e r e f o r e  

a  f u n c t i o n  o f  r e s t i n g  m e t a b o l i c  r a t e  and  t h e  r e s t r i c t i o n s  p l a c e d  

o n  it a r e  i d e n t i c a l  - to  t h e  r e s t r i c t i o n s  p l a c e d f  on p l  i n  model 0 
- - - - - - -- --- - - - - - - - - - - 

B, C and D. From T a b l e  5 .3  i t  is e v i d e n t  t h a t  i n  model N,  t h e  ' 

s e t - p o i n t  f o r  t h e  s k i n  t e m p e r a t u r e ,  p4, a s s u m e s  p h y s i o l o g i c a l l y  

r e a s o n a b l e  v a l u e s ,  w i t h  minimum v a r i a b i l i t y  be tween  s u b j e c t s .  I n  

c o n t r a s t  t h e  tympanic  s e t - p o i n t  f o r  model N,  p3 ,  v a r i e s  

c o n s i d e r a b l y  be tween  s u b j e c t s  a n d  i n  a l l  b u t  o n e  s u b j e c t  (BC) , 
assumes  v a l u e s  which c a n n o t  b e  j u s t i f i e d  p h y s i o l o g i c a l l y .  

S i m i l a r  v a r i a t i o n s  i n  s e t - p o i n t  t e m p e r a t u r e  v a l u e s  are  o b s e r v e d  

w i t h  t h e  m d e l  of Eayward -- e t  a1 . ( 2  977 ) , however t h e  m q m i t u d e -  --- 

( T a b l e  5 . 3 ) .  I n  a d d i t i o n ,  t h e  m a g n i t u d e  o f  t h e  v a r i a t i o n s  of t h e  

g a i n s  p2 and p 5  for  model  N and  p l  f o r  model  H d o e s  n o t  a p p e a r  
.* 
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- a c c e p t a b l e  i n  t e r m s  o f  model l  ing  the thermege~ic response-Eer a 

l a r g e  p o p u l a t i o n  6 f  i n d i v i d u a l s .  - 1 

S i n c e  t h e  s e  t - p o i n t s  f o r  p e r i p h e r a l  and core thermogenic 

d r i v e s  a r e  c o n s t a n t  i n  models A ,  B, C and D and o n l y  g a i n s  were 

I, 
de te rmined  by r e g r e s s i o n  a n a l y s i s ,  i t  seemed a p p r o p r i a t e  t o  

conduct  a compar ison o f  the. models d e r i v e d  i n  t h i s  t h e s i s  wi th  

t h e  models o f  Hayward e t  a l .  (19771,  model HS, and Nadel e t  a l .  -- -- 
(1977)  ,model NS, u s i n g  t h e  s e  t - p o i n t s  s u g g e s t e d  by t h e  a u t h o r s  

and a l l o w i n g  o n l y  t h e  g a i n s  t o  b e  d e t e r m i n e d  by t h e  r e g r e s s i o n  

a n a l y s i s .  T h i s  compar ison was conducted  w i t h  t h e  combined d a t a  -- 

o f  a l l  f i v e  s u b j e c t s  (N=2129) and t h e  r e s u l t s  a r e  t a b u l a t e d  i n  

T a b l e  5.4 . I n  t h e s e  compar isons ,  model D, u t i l i z i n g  s t a t i c  

e x c i t a t o r y  thermogenic  d r i v e  from o n l y  t h e  e s o p h a g e a l  r e g i o n ,  

g e n e r a t e d  t h e  l e a s t  amount o f  e r r o r  a s  i n d i c a t e d  by t h e  SSR. The 

sum of t h e  s q u a r e d  r e s i d u a l s  a r e  n o t  s i g n i f i c a n t l y  d i f f - e r e n t  
- - - - - - - -- - - - - - - - - -- - - - - - - 

from t h o s e  g e n e r a t e d -  byPmodel A ,  i n c o r p o r a t i n g  r e c t a l  and 

esophagea l  thermogenic  d r i v e s  w i t h  b o t h  s t a t i c  and dynamic 

c h a r a c t e r i s t i c s .  I n  comparison w i t h  t h e  e x p r e s s i o n s  sugges ted  by 

Haywards e t  a l .  (1977)  and Nadel e t  a l .  (1970 ) , model D proved to -- -- 
be s i g n i f i c a n t l y  b e t t e r  i n  p r e d i c t i n g  t h e  o v e r a l l  thermogenic 

r esponse  o f  t h e  f i v e  s u b j e c t s .  

When c o n d u c t i n g  t h e s e  compar isons ,  i t  is  e s s e n t i a l  to  a l s o  

o b s e r v e  t h e  number o f  p a r a m e t e r s  and i n d e p e n d e n t  v a r i a b l e s  
- - 

u t i l i z e d  by t h e  models.  The n m b e r  o f  i n d e p e n d e n t  v a r i a b l e s  

i m p l i e s  t h e  number o f  v a r i a b l e s  t h a t  a r e  independen t  o f  one 
, . 

a n o t h e r .  S i n c p c  and w a r e  d e r i v e d  from s k i n  t e m p e r a t u r e ,  t h e y  



Table  5.4 : Comparison o f  f o u r  models  ( A ,  B ,  C and Dl developed 
i n  t h i s  t h e s i s ,  w i t h  t h o s e  of Hayward e t  a l .  (1977)  and 
Nadel e t  a l .  ( 1 9 7 0 ) .  The r e s i d u a l  a n a l s i r w a s  conducted on 
t h e  c o z i n e d  d a t a  o f  f i v e  s u b j e c t s .  The t a b l e  a l s o  r e v e a l s  
t h e  e r r o r  g e n e r a t e d  ( s u m  o f  t h e  s q u a r e d  r e s i d u a l ,  SSR) by 
models H and N ,  i f  t h e  s e t  p o i n t s  a r e  c o n s t r a i n e d  to  v a l u e s  
sugges ted  by t h e  a u t h o r s ,  a s  i n  models '  HS and NS. 



MODEL S S R  MSE P1 P2 P T  P4 P5- -- - - 

Note: 
@ .  * . . 

A ,  B, C and D - denote  models developed i n  p r e s e n t  s tudy (see t e x t  a 

f o r  d e s c r i p t i o n ) .  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

H and N - r e l a t i o n s h i p s  suggested by Hayward -- e t  a l .  (1977) 

and Nadel e t  a l .  41970), r e s p e c t i v e l y .  No r e s t r i c t i o n s  -- 
placed on g a i n  and set p o i n t  values.  

HS and NS - models H and N ,  respeTely ,- bu t  wi th  r e s t r i c t j o n s  

placed on set p o i n t  temperatur s. S e t  p o i n t  va lues  considered 

c o n s t a n t  and have va lues  a s  suggested by Haywazd e t  a l ,  (1977) -- 
and Nadel -- e t  a l .  (19701, r e spec t ive ly .  



From T a b l e  5.4 it is  
- - - - - - - - - - L -- 

o f  independen / 
same number of \ 

*r 
N, y e t  i t  is t h e  b e s t  

c o n s t i t u t e  o n l y  one  - independen t  - v a r i a b l e .  

e v i d e n t ,  t h a t  model D h a s  t h e  same number 

v a r i a b l e s  a s  m o d e l s  N and H,  and a l s o ,  t h e  

pa ramete r s  a s  model H b u t  l e s s  t h a n  model 

c o o l  i n g  and rewarming. 

t h e  number o f  

o v e r a l l  p r e d i c t o r  of t h e r m o g e n e s i s  d u r i n g  

I n  t h e  l a s t  a n a l y s i s  on models  NS and HS, 

pa ramete r s  a r e  r educed  to  3 and 1 r e s p e c t i v e l y ,  a s  t h e  

s e  t - p o i n t s  a r e  m a i n t a i n e d  a t  c o n s t a n t  v a l u e s .  



I V .    is cuss ion 

Th.e mode l s  used  i n  t h e  c o m p a r a t i v e  e v a l u a t i o n  o f  t h e  

p r e s e n t  s t u d y  (Hayward ., 1977;  Nadel  -- e t  a l . ,  1970 1 s u g g e s t  

t h a t ,  f o r  a  v a r i e t y  o f  t h e  t h e r m o g e n i c  r e s p o n s e  i s  a  - 

f u n c t i o n  o f  t h e  d i s p l a c e m e n t  o f  p e r i p h e r a l  and core t e m p e r a t u r e s  

from p r e - d e t e r m i n e d  s e t - p o i n t  v a l u e s .  I t  h a s  been  shown, t h a t  

t h e  g a i n s  o f  t h e s e  m o d e l s  show s i g n i f i c a n t  s u b j e c t  v a r i a b i l i t y  - -- 

and  a r e  t h e r e f o r e  n o t  a c c u r a t e  i n  t h e i r  p r e d i c t i o n  o f  

t h e r m o g e n e s i s  f o r  i n d i v i d u a l  s u b j e c t s .  Th9 a n a l y s i s  i n  s e c t i o n  C 
Q 

h a s  i n d i c a t e d  tha$ t h e  e r r o r s  g e n e r a t e d  by N and  H d o  n o t  f o l l o w  

a  random d i s t r i b u t i o n ,  b u t  s u g g e s t  t h a t  a  f u n c t i o n a l  
- 

r e l a t i o n s h i p  h a s  b e e n  o m i t t e d  f rom t h e  models .  Hense l  ( 1 9 7 6 )  h a s  

shown t h a t  m e t a b o l i c  r a t e  is-proport-iomal-eo--*ee s t a t i - c  

r e s p o n s i v e n e s s  o f  c u t a n e o u s  c o l d  r e c e p t o r s  a t  a c p n s t a n t  c o r e  

t e m p e r a t u r e .  The c h a r a c t e r i s t i c s  of t h e r m o s e n s i t i v e  n e u r a l  

s t r u c t u r e s  h a v e  to d a t e  been  o m i t t e d  from t h e r m o r e g u l a t o r y  

p r e d i c t i v e  models .  

The mode l s  d e r i v e d  i n  t h e  p r e s e n t  s t u d y  a re  based  s o l e l y  on  

t h e  s t a t i c  and dynamic  p r o p e r t i e s  of c u t a n e o u s  and  core 

t h e r m o r e c e p t i v e  u n i t s .  C e n t r a l  and p e r i p h e r a l  s e t - p o i n t s  a r e .  
- 

e s t a b l i s h e d  on  t h e  b a s i s  o f  t h e  f i r i n g  f r e q u e n c y  o f  c o l d  and 
- -  - -  - - -- - - - -- 

warm r e c e p t o r s .  The r e g i o n  o f  t h e r m o n e ~ t r a l i t ~ ,  w h e r e  t h e  f i r i n g  

f r e q u e n c y  of t h e s e  r e c e p t o r s  i s  i d e n t i c a l ,  i s  assumed to  b e  t h e  
i 

p h y s i o l o g i c a l r  se t - p o i n t  . P o u l o s  and M o l t  ( 1976 1 i n d i c a t e d  t h a t  



-- -- - - - - - - - - 

t h e  s t a t i c  r e s p o n s e  c u r v e s  o f  c e n t r a l  warm and  c o l d  s e n s i t i v e  

u n i t s  assume s imi la r  s h a p e s  a s  c u t a n e o u s  t h e r m o r e c e p t o r s  , b u t  
< 

t h e  g e n e r a l  b e l l - s h a p e d  c u r v e s  ( I h c l a u x  and  K e n s h a l o ,  1980; 

Kensha lo  and Duc laux ,  1977;  Z o t t e r m a n ,  1 9 5 3 )  a r e  s h i f t e d  towards  

h i g h e r  t e m p e r a t u r e s .  I n  t h e  p r e s e n t  d e r i v a t i o n ,  t h i s  i s  assumed 

t o  ' ind  ic  

core and 

0 
a t e  h i g h e r  core - se t - p o i n t  t e m p e r a t u r e s ,  namely 37.1 fo r  - * -4 
35.1•‹ C for t h e  p e r i p h e r y .  

The p r e s e n t  m o d e l l i n g  a p p r o a c h  s u g g e s t s  t h a t  d i s p l a c e m e n t  - 
of p e r i p h e r a l  and core t e m p e r a t u r e s  d o e s  n o t  i n s t i g a t e  l i n e a r  

- 
- - -  

changes  i n  t h e  t h e r m o g e n i c  d r i v e  f rom core and  p e r i p h e r a l  

r e g i o n s  r e s p e c t i v e l y ,  b u t  t h a t  t h e  t h e r m o g e n i c  d r i v e s  are  
.- 

p r o p o r t i o n a l  t o  t h e  s t a t i c  and d y n a m i c ~ r o p e r t i e s  -- - of 

t h e r m o s e n s i  t i v e  n e u r a l  s t r u c t u r e s .  I n  a d d i t i o n ,  t h e  t he rmogen ic  

d r i v e  is a  n e t  sum o f  e x c i t a t o r y -  and i n h i b i t o r y  o u t p u t  from c o l d  

and warm r e c e p t o r s .  
- -  - - 

I n  c o m p a r i s o n  w i t h  t h e  p r e d i c t i v e  e x p r e s s i o n s  of Hayward - e t  

a l .  ( 1977)  and Nade l  e t  a l .  ( 1 9 7 0 ) ,  t h e  m o d e l s  d e r i v e d  i n  t h e  - -- 

p r e s e n t  s t u d y  were found to  g e n e r a t e  s i g n i f i c a n t l y  less errors, - 
a s  i n d i c a t e d  by t h e  a n a l y s i s  of t h e  sum o f  t h e  s q u a r e d  

r e s i d u a l s .  I n  a d d i t i o n  to  t h e  o v e r a l l  improvement  i n  p r e d i c t i o n  

of s h i v e r i n g  t h e r m o g e n e s i s ,  t h e  b e n e f i t s  o f  t h e  p r e s e n t  

c o n c e p t u a l  model  become a p p a r e n t  i n  t h e  r e s u l t s  of t h e  

r e g r e s s i o n  a n a l y s e s  of a l l  the models o n  i n d i v i d u a l s u b j  ec ts 

( T a b l e  5 .2  and  T a b l e  5 . 3 ) .  The --- v a r i a t i o n  - -- - of - - - -- t h e  - p e r i p h e r a l  and 

core g a i n s  i n  a l l  t h e  s u b j e c t s  i s  minimal  and t h e r e  is a  

t endency  t o  b a l a n c e  t h e  t w o  g a i n s .  I n  c o n t r a s t  t h e r e  is  n o  t r e n d  



a p p a r e n t  i n  t h e  g a i n s  d e t e r m i n e d  by t h e - r e g r e s s i o n  a n a I @ ~ s - f i r - ~ ~  

mode l s  N and H. It would a p p e a r  t h e r e f o r e ,  t h a t  s u c h  s u b j e c t  

v a r i a b i l i t y  would a c c o u n t  f o r  l a r g e  errors  o f  p r e d i c t i o n ,  i f  t h e  

g a i n s  assume c o n s t a n t  v a l u e s .  T h i s  becomes a p p a r e n t  when f i t t i n g  . 
t h e  mode l s  t o  t h e  combined d a t a  of a l l  t h e  s u b j e c t s .  I n  

c o n t r a s t ,  t h e  g a i n s  d e r i v e d  on  t h e  b a s i s  o f  t h e  combined d a t a  
- 

f o r  mode l s  A, B, C and D assume s i m i l a r  v a l u e s  a s  f o r  i n d i v i d u a l  
t 

s u b j e c t s ,  w i t h  a  s l i g h t l y  h i g h e r  w e i g h t i n g  g i v e n  t o *  core 

the rmogen ic  d r i v e s  ( p 3 ) ,  when compared to  t h e  p e r i p h e r a l  d r i v e  

Assumpt ions  h a v e  been  made i n  t h e  d e r i v a t i o n  o f  t h e  models ,  

which may b e  t h e  s o u r c e  o f  some o f  t h e  i n a d e q u a c i e s  i n  t h e  

p r e d i c t i o n  of t h e r m o g e n e s i s  : 

The s t a t i c  r e s p o n s e  c h a r a c t e r i s t i c s  of i n d i v i d u a l  
- - - - - - - - - - - - - - - - - - - - - - - - - - - 

C 

t h e r m o r e c e p t o r s  v a r y ,  s u c h  t h a t  t h e  c h a r a c t e r i s t i c  b e l l  *a 

\ 
shaped  r e s p o n s e  c u r v e s  are  s h i f t e d  to  h i g h e r  o r  lower 

t e m p e r a t u r e s ,  w i t h  v a r y i n g  d e g r e e s  o f  m a g n i t u d e  o f  t h e  peak .  

I n  t h e  p r e s e n t  model an a v e r a g e d  s t a t i c  r e s p o n s e  was 

u t i l i z e d .  \ 

The dynamic and s t a t i c  c h a r a c t e r i s t i c  o f  t h e  t h e r m o r e c e p t o r s  

were mode l l ed  w i t h  d a t a  o b t a i n e d  on  c a t s  (Duc laux  and \/ 

i 

Kenshalo,  1980;  Kensha lo  and Duc laux ,  1 9 7 7 )  - and s c a l e d  to  -- 

r e s p o n s e s  o b s e r v e d  i n  humans ( H e n s e l  and Boman, 1960; 
- - - - -- - -- - - - - - - -- - 

H e n s e l ,  1 9 8 2 ) .  T h i s  was n e c e s m y  a s  t h e  r e s p o n s i v e n e s s  o f  

human c u t a n e o u s  r e c e p t o r s  h a s  n o t  b e e n  i n v e s t i g a t e d  a t  l o w  



- --- - -- 

7- 
t e m p e r a t d r e s  ( b e l o w  1 5 O ~ ) .  .\ 

'< 
3 .  The d e n s i t y  o f  t h e r m o s e n s i t i v e  n e u r a l  s t r u c t u r e s  i n  v a r i o u s  

c o r e  and p e r i p h e r a l  r e g i o n s  of t h e  human body h a v e  n o t  y e t  

been  d e f i n e d  . The c o n t r i b u t i o n  o f  a  t h e r m o s e n s i  t i v e  r e g i o n  

to  t h e  t h e r m o g e n i c  r e s p o n s e  may b e  p r o p o r t i o n a l  to  t h e  

d e n s i t y  and a b s o l u t e  number of t h e r m o s e n s i t i v e  s t r u c t u r e s  

3 i  t h i n  t h a t  r e g i o n .  The p r e s e n t  c o n c e p t u a l  models assume - * 
I 

e q u a l  d e n s i t y  a n d  a l l o w  t h e  r e g r e s s i o n  a n a l y s i s  t o  a s s i g n  

w e i g h t i n g  v a l u e s  o n l y  t o  t h e  i n t e g r a t e d  core and p e r i p h e  
- - L-'l - -- - - - - 

t he rmogen ic  d r i v e s .  

4. The i n t e r a c t i o n  o f  n e u r a l  coded t e m p e r q t u r e  i n f o r m a t i o n  

w i t h i n  t h e  . s p i n a l  c o r d  and hypo tha l amus  a r e  n o t  y e t  

c o m p l e t e l y  i d e n t i f i e d  i n  humans. P r e s e n t  mode l s  a r e  based  on 

o b s e r v a t i o n s  made o n  c a t s  ( P o u l o s  and  ~ o l t ' ,  1976: Simon, 
I 

1974 and s h e e p  (Rawson ~d Quick, 1 9 7 1 . 9 7 2 ,  -- -- ---- -- - 

5. The p e r i p h e r a l  and core s e t - p o i n t  t e m p e r a t u r e s  a r ' e  

e s t a b l i s h e d  on  t h e  b a s i s  of a v e r a g e d  n e u r a l  d a t a  of me 

r e g i o n  i n  c a t s  . A 1  though core se t - p o i n t  t e m p e r a t u r e  is  set  

a t  a l e v e l  c o i n c i d i n g  wi.th t h e r m o n e u t r a l  i t y ,  t h e  p e r i p h e r a l  

s e t - p o i n t  t e m p e r a t u r e  may b e  s u b j e c t  t o  v a r i a t i o n ,  b o t h  from 

one  r e g i o n  to a n o t h e r  and be tween  i n d i v i d u a l  s u b j e c t s .  T h i s  

i m p l i e s  t h a t ,  t h e  core t h e r m o n e u t r a l  zone  is c o n f i n e d  w i t h i n  

much n a r r o w e r  l i m i t s  t h a n  t h e  p e r i p h e r a l  t h e r m o n e u t r a l  zone  07-- 

6. The constant pl i n - m s  A&, C and-JLkqxqnrkianalttcr-- 

r e s t i n g  m e t a b o l i c  r a t e .  I n  t h e  d e r i v a t i o n  o f  t h e  p r e s e n t  

J 
mode l s  t h i s  p a r a m e t e r  was c o n s t r a i n e d  w i t h i n  a  r a n g e  w i d e r  



-- -- 

t h a n  t h e  e x p e c t e d  v a r i a t i o n  of r e s t i n g  m e t a b o l i c  r a b  (1 .0  - 
'10.0 ml.O2/kg . /mine ) I t  w o u l d  a p p e a r  t h a t  t h i s  p a r a m e t e r  

shou ld  a w e  t h e  v a l u e  of t h e  r e s t i n g  m e t a b o l i c  r a t e .  Such 

a  r e s t r i c t i o n  would r e q u i r e -  t h e  r e - e v & l u a t i o n  of t h e  g a i n  

f a c t o r s ,  a s  w e l l  a s  p o s s i b l e  r e - ad  j u s t m e n t s  of t h e  

p e r i p h e r a l  se t  p o i n t  v a l u e .  

7. The p r e s e n t  m o d e l s  d o  n o t  i n c l u d e  a n y  s u b s t a n t i a l  d e l a y  

f u n c t i o n s  for t h e  t h e r m o g e n i c  r e s p o n s e .  The t i m e  c o n s t a n t  o f  

t h e  t r a n s i e n t  component  of core and  p e r i p h e r a l  receptors may . 

- - -  - - --- -- - - - - 

b e  l o n g e r  t h a n  is assumed i n  t h e  p r e s e n t  m o d e l l i n g  a t t e m p t .  

Kensha lo  and Duclaux  ( 1 9 7 7 )  and Duclaux and K e n s h a l o  ( 1 9 8 0 )  

a have s u g g e s t e d  j t h a t  t h e  t r a n s i e n t  component may c o n s i s t  o f  

s e v e r a l  e x p o n e n t i a l  f u n c t i o n s ,  e a c h  h a v i n g  a l o n g e r  t i m e  

c o n s t a n t .  S i n c e  t h e  models a re  b a s e d  on n e u r a l  mechanisms ,  

!%e d e l a y s  i n c o r p o r a t e d  a r e  e x t r e m e l y  s h o r t  i n  d u r a t i o n  and 
- - - - - - - -- -- - - - - - - - - -  - 

would have  a n e g l i g i b l e  e f fec t  o n  t h e  r e s p o n s e  t i m e  when 

p r e d i c t i n g  t h e r m o g e n e s i s .  A l a g  i n  r e s p o n s e  may b e  

i n t r o d u c e d  by hormonal  mechanisms.  The sudden  o n s e t  of c o l d  

stress u n d o u b t e d l y  i n i t i a t e s  a  s u b s t a n t i a l  s y m p a t h e t i c  d r i v e  
C 

and hence  a  release o f  e p i n e p h r i n e .  T h i s  would c o n t r i b u t e  to 

t h e  o v e r a l l  oxygen consumpt ion ,  b u t  t h e  c o n t r i b u t i o n  of t h i s  

r e s p o n s e  would h a v e  a  t i m e  d e l a y .  

The c o n t r i b u t i o n  o f  p a i n  recept-ors d u r i n g  cdd w a t e r  - -- - ---- 

immersion is - o m i t t e d  f r o n  p r e s e n t  - m o d e l s ,  mainly_ - -- - - - d u e  -- - t o  - - l a c k  - - 

b 

o f  o b s e r v a t i o n s  a v a i l a b l e  of t h e  c o n t r i b u t i o n  of t h e s e  . 
r e c e p t o r s  t o  t h e  t h e r m o r e g u l a t o r y  c o n t r o l  mechanism. 

- 



The models d o  n o t  a c c o u n t  f o r  a d a p t a t i o n ,  e i t h e r p a t  t h e p  
1 

i 

r e c e p t o r  l e v e l  or i n  t h e  o v e r a l l  a c c l i m a t i z a t i o n  o f  a n  

i n d i v i d u a l .  A t  t h e  r e c e p t o r  l e v e l ,  t h i s  a d a p t a t i o n  would 

r e p r e s e n t  t h e  f a t i g u f  ng o f  t h e  t r a n s d u c i n g  mechanism, 

r e s u l t i n g  i n  d e c r e a s e d  n e u r a l  d r i v e .  From t h e  work o f  Bruck 
- 

and Hinckel  ( 1 9 8 2 ) ,  i t  h a s  become a p p a r e n t  t h a t  t h e r e  may 

e x i s t  s h o r t - t e r m  c e n t r a l  c o l d  a d a p t i v e  m o d i f i c a t i o n s  t o  t h e  

f i r i n g  c h a r a c t e r i s t i c s  o f  c o l d  s e n s i t i v e  n e u r o n s  i n  t h e  

lower b r a i n  s t e m .  A c c l  ima t i z a t i o n  o f  i n d i v i d u a l s  should  
* 

- - 

r e f l e c t .  s h o r t - t e r m  a d a p t a t i o n  a s  w e l l  a s  l o n g  term orp 

g e n e t i c  f a c t o r s .  

The models ' i n  t h e  p r e s e n t  s t u d y  a p p e a r  t o  p r e d i c t  t h e  

thermogenic r e s p o n s e  d u r i n g  c o l d  w a t e r  immersion and rewarming 
- - - - - - - -- --ppppp- - - - 

b e t t e r  than  t h e  models  o f  Hayward e t  a l .  (1977)  and Nadel e t  a l .  -- -- 
j, 

(1970 1 . A s  a n  example,  i n  F i g .  5.4 t h e  observed-ues of oxygen 
f% 0 

c o n s ~ & ~ t i o n  d u r i n g  immersion i n  1 0  C w a t e r  f o r  o n e  s u b j e c t  a r e  

compared to  t h e  v a l u e s  p r e d i c t e d  by model D and m o d e l s  HS and N S  
I 

(Tab le  5 . 4 ) .  The , response  obse rved  f o r  m o d e l  D is i n d i c a t i v e  o f  

models A, B and C. It is e v i d e n t ,  t h a t  t h e  model s i m u l a t e s  t h e  

thermogenic t r a n s i e n t  obse rved  d u r i n g  t h e  i n i t i a l  t e n  m i n u t e s  o f  

immersion and t h e  - s u b s e q u e n t  - - -p - - p r o g r e s s i v e  - - e l e v a t i o n  - -p - - i n  metabol  -p - - ic  -- 

r a t e  d u r i n g  t h e  r e m a i n i n g  p e r i o d  o f  immersion. I n  c o n t r a s t ,  t h e  
- -- pp - -- 

-+. 

m e t a b o l i c  o v e r s h o o t  a t  t h e  o n s e t  o f  immersion is n o t  a p p a r e n t  i n  

t h e  p r e d i c t i o n s  o f  models  HS and NS. I n  a d d i t i o n ,  t h e s e  l a t t e r  



-- - 

F i g .  5.4 : 

- -- 

Compar i son  o f  o b s e r v e d  v a l u e s  of oxygen  consumpt ion  
f o r  o n e  s u b j e c t  d u r i n g  immers ion  i n  10•‹C water and 
rewarming,  with v a l u e s  p r e d i c t e d  by models D, HS (Hayward - e t  - - a l . ,  1 9 7 7 )  and NS (Nade l  -- e t  a l . ,  1970 1 ? 





fl models u n d e r e s t i m a t e  t h e  t h e r m o g e n i c  r e s p o n s e  o v e r  t h e  d u r a t i o n  

o f  t h e  c o l d  w a t e r  immersion.  A s  s e e n  f rom F i g .  5.4,  a l l  t h e  

models ( D ,  HS and  N S )  a r e  i n a d e q u a t e  i n  s i m u l a t i n g  t h e  m e t a b o l i c  

t r a n s i e n t  o b s e r v e d  a t  t h e  o n s e t  o f  rewarming .  Model  does 

p r e d i c t  a n  e l e v a t e d  m e t a b o l i c  r e s p o n s e  a t  t h e  s t a r t  o f  

rewarming,  b u t  i s  i n a d e q u a t e  i n  s i m u l a t i n g  t h e  d u r a t i o n  o f  t h e  

m e t a b o l i c  o v e r s h o o t .  Models HS and NS p r e d i c t  a d e c r e a s e  i n  

t h e r m o g e n e s i s  a t  t h e  s t a r t  o f  r ewarming ,  r e s u l t i n g  i n  g r e a t e r  

errors  of p r e d i c t  i o n .  - - - - - - - - - - 

" 

Some of t h e s e  i n a a e c p a c i e s  may a r i s e  from a s s u m p t i o n s  

o u t l i n e d  p r e v i o u s l y .  Model D i n  F i g .  5.4 d e r i v e s  i t s  core c o l d ,  

e x c i t a t o r y  d r i v e  f r o m  t h e  e s o p h a g e a l  r e g i o n  o n l y .  Dur ing  t h e  

rewarming p e r i o d  f o r  t h i s  s u b j e c t ,  e s o p h a g e a l  t e m p e r a t u r e  d i d  

n o t  e x h i b i t  a n  a f t e r d r o p  and t h u s  d i d  n o t  i n c r e a s e  its s t i m u l u s  

t c r  t h e r m o g e n e s i s .  Onf y t h e  rectal +mperature-exhibitexpan-- 
1 

a f t e r d r o p .  T h i s  would s u g g e s t  t h a t ,  d u e  to  t h e  d i f f e r e n t  

t e m p e r a t u r e  r e s p o n s e s  w i t h i n  t h e  core r e g i o n ,  m o d e l s  C and D, 

u t i l i z i n g  o n l y  one c o r e  r e g i o n  f o r  e x c i t a Y o r y  c o l d  s t i m u l i ,  may 

b e  i n a d e q u a t e  . 
D e s p i t e  t h e  s h o r t c o m i n g s  1 h t e d  above ,  t h e  m o d e l s -  deve loped  

a p p e a r  to  have  better , p r e d i c t i v e  a b i l i t i e s  t-han t h e  models of 

Hayward -- e t  a l .  (1977  1 and Nadel  -- e t  a l .  ( 1 9 7 0 ) .  A l though  t h e  

l a t t e r  m c d e l s  a r e  a d e q u a t e ,  i f  t h e  c h a r a c t e r i s t i c s  o f  t h e  .errors 

a r e  t a k e n  i n t o  a c c o u n t ,  t hee f fec t s  o F E h e s e  e r ro r s -becox  

o b s c u r e d  when t h e s e  m c d e l s  a r e  u sed  w i t h i n  more complex 

ther rnoregul  atory m d e l s .  The m o d e l  d e v e l o p e d  by W i s s l e r  f 1 9 7 8  1 



- -- - - 

a l c u l a t e s  t h e  t h e  m e t a b o l i c  h e a t  p r o d u c t i o n  acc 

model  o f  Hayward e t  a l .  ~ ( 1 9 7 7  . The v a l u e  f o r  t h e  h e a t  
. . -- 

p r o d u c t i o n  is s u b s e q u e n t l y  u s e d  to  d e t e r m i n e  h e a t  d i s s i p a t i o n  

f rom v a r i o u s  r e g i o n s  ok t h e  \ ody a n d  e v e n t u a l l y  t h e  o v e r a l l  h e a t  

loss .  The p r e d i c t i d n  o f  h e a t  p r o d u c t i o n  w i l l  t h e r e f o r e  h a v e  

s i g n i f i c a n t  i m p l i c a t i o n s  t o  t h e  o v e r a l l  a n a l y s i s  o f  t h e  m o d e l .  

S i m i l a r l y ,  t h e  complex  t h e r m a l  m d e l s  d e v e l o p e d  by  S t o l w i  j k  

( 1 9 7 0 )  and Montgommery (1974  a , b ) '  b a s e  t h e i r  m e t a b o l i c  h e a t  

p r o d u c t i o n  c a l c u l a t i o n s  o n  t h e  model  o f  ~ t o l w i j k  a n d  Hardy  
- - - - 

( l 9 6 6 ) ,  wh ich  i s  t h e  p r e d e c e s s o r  o f  t h e  model s u g g e s t e d  by Nadel  

e t  a l .  ( 1 9 7 0 )  . The model  o f  S t o l w i j k  ( 1 9 7 0 )  implies t h a t  n e u r a l  -- 
d r i v e s  a r e  t a k e n  i n t o  a c c o u n t .  T h e s e  d r i v e s  a r e  e q u a t e d  to  t h e  -- '. 
s k i n  t e m p e r a t u r e ,  t h e r e f o r e  n e g l e c t i n g  t h e  s t a t i c  and dynamic 

c h a r a c t e r i s t i c s  o f  t h e  t h e r m o s e n s i t i v e  n e u r a l  s t r u c t u r e s .  

The p r e s e n e  s t u d y  d o e s  no t -  net-essari-&y- promote-the-------- 

e x c l u s i o n  o f  c o n t r o l  s y s t e m s  p r i n c i p l e s  i n  t h e r m o r e g u l a t o r y  

m o d e l l i n g ,  o n  t h e  c o n t r a r y  i t  s u g g e s t s  t h a t  w i t h  c u r r e n t  

knowledge o f  n e u r o l o g i c a l  mechanisms  o f  t h e r m o r e g u l a t i o n ,  

e x i s t i n g  m o d e l s  s h o u l d  b e  enhanced  to  i n c l u d e  t h i s  knowledge.  

The s u b s e q u e n t  b e n e f i t s  would b e  a p p a r e n t  i n  t h e  a c c u r a c y  o f  t h e  

p r e d i c t i o n s  o f  s h i v e r i n g  t h e r m o g e n e s i s .  
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APPENDIX I .  : C a l c u l a t i o n s  and Conversion F a c t o r s  



1. Dete rmina t ion  o f  S.T.P.D. f a c t o r  . 

According t o  t h e  laws o f  Boyle ,  C h a r l e s  and Guy-Lussac : 

- -  - c o n s t a n t  f o r  a f i x e d  m a s s  of  g a s .  
T 

where, P = p r e s s u r e  

V = volume 

T = t e m p e r a t u r e  

- f o r  a g a s  a t  s i f i i f i iFd  temperatui-G and p r e s s u r e ,  dry =- - - ---- 

T 

- - -  f o r  t h e  s a m e  g a s  a t  ambien t  t e m p e r a t u r e  and p r e s s u r e  
T 

s a t u r a t e d .  I n  t h i s  case, P r e p r e s e n t s  t h e  sum c& t h e  

d r y  g a s  p a r t i a l  p r e s s u r e s  (or  a ib ien t  p r e s s u r e  minus 

t h e  vapour  p r ~ e s s u r e )  . 

P v - P v = - 
S.T.P.D. A.T.P.S. 

- - 
V ~ . ~ . ~ . ~ .  V ~ .  T. P. S. 

(S.T.P.D. f a c t o r )  = 



, and, 

V02 ( i n s p i r e d )  = VI F 
10, 

VO, (expi red)  

where, F - - 
1•‹2 

gas  f r a c t i o n  of oxygen i n  insp i red  gas. 

gas  f r a c t i o n  of oxygen i n  expired gas, 

volume of oxygen e i t h e r  i n s p i r e d  (V021) o r  

expired ( V 0 2 E ) ,  measured i n  l i t e r s  per  minute, 
- - - - - - - - - - - - - - .  

S.T.P.D. 

V02 (consumed) = V021 - V02E = 

d 

Equation A l . 1  m a y  be r e w r i t t e n  a s  : 

-- - - 
F -IN,- - - - - -- - - - 

Subs t i tu t ing  A 1 . 4  i n  equat ion A 1 . 3  : 

V02 (consumed) = V F - -I 102 

F , '  

IN, 

- - - --- -P - 

where, V02 (consumed) = volume of oxygen consumed per minute 

in w&ki e f  k&ez% S.T.P.D. per-+&nuts. , 



where , - - 
'standard 

- - 
'ambient 

- - 
Tstandard 

- - 
Tambient 

P 
H2•‹ 

- - 

barometric pressure, 
P~ - 

273O Kelvin . 
ambient temperature, Ta (OC). ' 

vapour pressure, Vp. 

2. Calculation of metabolic rate . 
4 

As no nitrogen is consumed in the metabolic process, it 

may be assumed that the net transport of nitrogen (N2) across 

the respiratory membrane is zero, Hence, 

assuming inspired and expired volumes of gas are corrected to 

standard temperature and pressure, dry. Temperature and pressure 

are therefore constant. 

where, V (inspired) = inspired volume of air measured in liters 

per minute, S.T.P.D. = VI . 
= expired volume of air measured in liters 

perminute, S.T.P.D. = V  . 
- - - -- - - - - E -- - 

= dry gas fraction of nitrogen in inspired 
- - 

gas. 

= dry gas fraction of nitrogen in expired 

gas. 



I 
where, 

F ~ ~ ~ ,  
= d r y  g a s  f r a c t i o n  o c  carbon  d i o x i d e  i n  expired 

,5 gas .  

F ~ ~ 0 2  
= d r y  g a s  f r a c t i o n  of ca rbon  d i o x i d e  i n  i n s p i r e d  

gas .  

and 

Determination of V 0 2  wi thout  knowledge of  t h e  f r a d t i o n  of 

Carbon d i o x i d e  i n  exp i r ed  a i r  (assuming a r e spLra to ry  

q u o t i e n t  of 0.85).  
- - - -- 

s i m i l a r l y  

where, VC02 = produc t ion  of ca rbon  d i o x i d e  i n  l i ters  S.T.P.D. 

p e r  minute. 

. . . ( A l .  7 )  

Assuming R= 0.85, t hen  : 

From equa t ions  A1.5 and A1.6, it f o l l o w s  t h a t  : 8 



3 

Equation A1.8 may be rewritten as : 

equation A1.8 , it follows that : 

~ubstitu9ng R = Q. 85 in equation A1.10 : 

To obtain a value for oxygen consumption, equation Al.ll 
- - -  - -  - -  

may b e  subs ti tu t & -?n eequstionpAl-S 8. -- 



- - 4. mi& for metabo&ix-rate W02L ; - -  -& - 

Oxygen consumption (VO is usually expressed in terms 2 
of liters/minute; or (when corrected For body mass) in terms 

of ml. O2 /kg./min. 

1 liter of .02 = 4.8 kcal. 

- 1 liter 02/min.= 4.8 kcai./mtn. 

1 kcal./hour = 1.1622 Watts 

Note: 

1 kcal . /min. = 69.77 Watts 

1 liter 02/min.= 348.85 Watts 
-- - 

B 

- 

1 Watt = 1 Joule/second = 60 J./min. = 

= ,01432 kcal./min. I= ,8592 kcal./hour 





'_ 
I. I n t r o d u c t i o n  

. . 
~ c c u r a t e  a s s e s s m e n t  o f  b d y  t e m p e r a t u r e  is i m p e r a t i v e  i n  

r e s e a r c h  p e r t a i n i n g  t o  thermoregu-ta  t o r y  p h y s i o l o g y .  I n  o r d e r  to 

d i f f e r e n t i a t e  be tween  t h e  t h e r m o g e n e t i c  i n t e r i o r  and t h e  h e a t  

exchang ing  p e r i p h e r y ,  t h e  c o n c e p t  of a  'core a n d  s h e l l  ' h a s  been 

deve loped  by B u r t o n  ( 1 9 3 5 )  and Aschof f  and  Wever ( 1 9 5 8 ) .  The 

p r i n c i p l e  o f  s e p a r a t i n g  t h e  human body i n t o  t w o  m a j o r  

thermodynamic components  m a i n t a i n s ,  t h a t  t h e  core c o n s i s t s  o f  
- - -- - - - - - - - - - - - 

t h e  c a r d i o v a s c u l a r  system, t h e  c e n t r a l  n e r v o u s  s y s t e m ,  some 

components  o f  t h e  m u s c u l o - s k e l e t a l  s y s t e m  and v i s c e r a ,  w h i l e  t h e  

s h e l l  comprises of t h e  s k i n ,  a d i p o s e  t i s s u e  and  t h e  r e m a i n i n g  
* 

muscle .  

The common s i t e s  f o r  m e a s u r i n g  core t e m p e r a t u r e s  a r e  i n  t h e  

rectum, - - -  e s o p h a g u s  - - or  - a t  t h e  tympanum. The measu remen t s  a r e  o f t e n  
-- - - - - -- -- --- -- - -- 

r e p o r t e d  i n  t h e  l i t e r a t u r e  a s  core t e m p e r a t u r e ,  b u t  a r e  n o t  

i n t e r c h a n g e a b l e ,  I d e a l l y  , t h e  t e m p e r a t u r e  of t h e  core shou ld  be < 
t a k e n  a t  t h e  same a n a t o m i c a l  l o c a t i o n  for  a l l  s t u d i e s  and s l i g h t  

v a r i a t i o n s  i n  probe p l a c e m e n t  s h o u l d  n o t  c a u s e  a n y  s i g n i f i c a n t  

v a r i a t i o n s  i n  t h e  t e m p e r a t u r e  measurements .  

T h e r e  is  no  a d e q u a t e  d e f i n i t i o n  a v a i l a b l e  for - r e c t a l  

t e m p e r a t u r e ,  b u t  i ts  v a l u e  s h o u l d  b e  s i m i l a r  to t h e  t e m p e r a t u r e  

of t h e  Mood in the viscera% e r  4~ruRk r e g i a .  A 1  though it-may---- 
C 

seem W zedal e . s q h i i g ~ a ~ r a t i ~ r e  s h o u l d  he c l o s e l y  

r e l a t e d ,  it h a s  g e n e r a l l y  been  acknowledged t h a t  rec ta l  

t e m p e r a t u r e  is more ' s l u g g i s h '  (Molnar  and Read., 1 9 7 4 )  o r  slow 



r e s p o n d i n g *  w h i l e  e s o p h a g e a l  t e m p e r a t u r e  is_maresensi_tive _to- - - 

change .  
9 

Although r e c t a l  t e m p e r a t u r e  is i n s e n s i t i v e  to  p e r i p h e r a l  

s t i m u l i ,  i t  v a r i e s  c o n s i d e r a b l y  w i t h  d e p t h  of i n s e r t i o n  beyond'  

t h e  anus .  Behnke and  .Yaglou ( 1 9 5 1 )  have  shown t h a t  v a r i a t i o n s  o f .  

up t o  4 cm. i n  d e p t h  of i n s e r t i o n  c a n  c a u s e  a t e m p e r a t u r e  

d i f f e r e n c e  o f  o n e  d e g r e e  c e n t i g r a d e .  T h i s  d i f f e r e n c e  seems t o  

r ema in  c o n s t a n t  d u r i n g  t h e  c o o l i n g  p h a s e  (Mead and Bonmar i to ,  

I n  a series af c o l d  water immers ion  and  rewar-ming--*ia-Is, -- - - 

Hayward (1982  1 found  t h a t  t h e  b e s t  c o r r e l a t e s  of pu lmonary ,  b lood  

t e m p e r a t u r e  were e s o p h a g e a l  and tympan ic  t e m p e r a t u r e s .  These 

s i t e s  o f f e r e d  much b e t t e r  i n d i c a t i o n  t h a n  o r a l ,  g a s t r i c  or 

r e c t a l  t e m p e r a t u r e  unde r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  c o o l i n g '  

and rewarming. McCaffrey e t  a1 . (1975 h a v e  shown t h a t  t h e  -- 
- -- - - -- ---- - - - - - 

tymp%nic t e m p e r a t u r e  is i n f l u e n c e d  by h e a d  s k i n  t e m p e r a t u r e  and 

i s  t h e r e f o r e  n o t  a good i n d i c a t o r  of c e n t r a l  b lood  t e m p e r a t u r e ,  

when t h e  head i s  exposed  to  a- d r a s t i c a l l y  d i f f e r e n t  env i ronmen t  

t h a n  t h a t  of t h e  core. I n  order to  m i n i m i z e  t e m p e r a t u r e  

f l u c t u a t i o n s  w i t h i n  t h e  a u r a l  c a v i t y ,  t h e  o p e n i n g  may 'be  s e a l e d  

w i t h  wax or  t h e  t e m p e r a t u r e  of t h e  o u t e r  ear may b e  clamped by a 

s e r v o c o n t r o l l e d  h e a t e r  ( K e a t i n g e  and S l o a n ,  1 9 7 5 ) .  

It seems t h a t  e s o p h a g e a l  t e m p e r a t u r e  is t h e  p r e f e r r e d  s i t e  
I 

- -- - - - - -- - - - - -- - - -- - -- 

of core t e m p e r a t u r e  measurement .  However, a c c u r % c y  and 
- - - - - - - - - - - - - - 

' conven iency '  may s u f f e r  f r o m  the, compl&ity of c o r r e c t l y  

l o c a t i n g  &he t e m p e r a t u r e  s e n s i t i v e  e n d i n g  w i t h i n  t h e  esophagus .  



Whereas  r e c t a l  T e m p e r a t u r e  p r o b e s  a r e  n o t  'p rone- to  Dmpfinq, 

e s o p h a g e a l  p r o b e s  a r e  usua t h i n ,  h i g h l y  f l e x i b l e ,  and may 

l o o p  v e r y  e a s i l y .  T h e r e f o r  h e  d e p t h  o f  i n s e r t i o n  w i t h i n  t h e  

e sophagus  may n o t  n e c e s s a r i l y  b e  p r o p o r t i o n a l  to t h e  l e n g t h  o f  

p r o b e  i n s e r t e d  beyond t h e  n o s t r i l .  Brengelmann e t  a l .  ( 1979)  -- 
have  proposed  an  e l e c t r o c a r d i o g r a p h i c  method o f  v e r i f y i n g  t h e  

p o s i t i o n  of t h e  t h e r m o s e n s i t i v e  e n d i n g  by u s i n g  t h e  e s o p h a g e a l  

p r o b e  a s  t h e  p o s i t i v e  e l e c t r o d e  and  p l a c i n g  t h e  n e g a t i v e  C 

e l e c t r o d e  o n  t h e  r i g h t  s h o u l d e r .  Wi th  t h i s  t e c h n i q u e  o n e  c a n  
- - - - - - - - - - - 

m o n i t o r  c h a n g e s  i n  ECG r e c o r d i n g s  a s  t h e  d e p t h  of i n s e r t i o n  i s  t 
v a r i e d .  It i s  t h u s  p o s s i b l e  to  a s c e r t a i n  when th,e p r o b e  r e a c h e s  

t h e  m i d - a t r i a l  l e v e l  w i t h i n  t h e  e s o p h a g u s .  A l though  t h e  p r o b e  

d e s i g n e d  by Brengelmann -- e t  a l .  ( 1 9 7 9 )  a l l o w s  f o r  s i m u l t a n e o u s  

r e c o r d i n g  o f  t e m p e r a t u r e  and  e l e c t r o c a r d i o g r a m ,  t h e  c o n s t r u c t i o n  

of t h e  p r o b e  is q u i t e  complex and r e l a t i v e l y  e x p e n s i v e ,  a s  i t  
- - - --- - -- - -- - - - - - - - - -- - - 

i n v o l v e s  p l a c i n g  a  t h e r m i s t o r  w i t h i n  t h e  t i p  of t h e  p r o b e .  



11. Method 

T h i s  p a p e r  o u t l i n e s  t h e  c o n s t r u c t i o n  and  e v a l u a t i o n  o f  a n  
J 

e s o p h a g e a l  p r o b e ,  s i m i l a r  to t h a t  p roposed  by Brengelmann e t a 1  . -- 
9 

( l 9 7 9 ) ,  b u t  u t i l i z i n g  t h e r m o c o u p l e  w i r e .  

S i z e  36 ,  t e f l o n  c o a t e d  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  w i r e  

(&ega E n g i n e e r i n g  I n c .  ) was f e d  t h r o u g h  r a d i o o p a q u e  

p o l y e t h y l e n e  t u b i n g -  CCook-Bloomihgton, I n c  ,) h a v i n g  an  i n s i d e  -- - -- 

d i a m e t e r  of 1.14mm. a n d  a n  o u t s i d e  d i a m e t e r  o f  1.57mm. The 
-? 

coppe r -cons t an  t a n  t h e r m o c o u p l e  w i r e  p r o t r u d i n g  f r o m  t h e  

p o l y e t h y l e n e  t u b i n g  w a s  t h r e a d e d  t h r o u g h  a 5mm p i e c e  of 1 8  gauge 

I 
s t a i n l e s s . s t e e 1  n e e d l e  s t o c k .  The end  o f  t h e  s t a i n l e s s  s t ee l  

n e e d l e  p i e c e  w a s  welded c l o s e d  i n  s u c h  a manner ,  t h a t  t h e  

thermocouple-  j u n c t i o n  was a t  t h e - w e l d  t i~.--The--wtld- c r e a t e d -  

smooth S p h e r i c a l  t i p ,  wh ich  a i d e d  p e n e t r a t i o n  t h r o u g h  t h e  n a s a l  

pharynx upon i n s e r t i o n .  The t i p  o f  t h e  e s o p h a g e a l  p r o b e  is shown 

I n  o r d e r  "to locate t h e  p o s i t i o n  of t h e  p r o b e  w i t h i n  t h e  

e sophagus ,  it w a s  c o n n e c t e d  t o  t h e  p o s i t i v e  t e r m i n a l  of a n  

e l e c t r o c a r d i o g r a p h .  The n e g a t i v e  t e r m i n a l  of t h e  ECG w a s .  

connec ted  to  a p r e - g e l l e d  s u r f a c e  e l e c t r o d e  l o c a t e d  a t  t h e  r i g h t  
- - - - - - - - - - - - - -- - - -- - -- -- - - 

c h e s t .  The e l s t r o d e  was p l a c e d  o n  t h e  m i d - a x i l l a r y  l i n e  a t  t h e  

l e v e l  o f  t h e  f i f€l i  me-a1 s p a c i n g .  W h e n t h e  p r o b e  was 

p r o p e r l y  p o s i t i o n e d  a c c o r d i n g  to  t h e  ECG t r a c e ,  t h e  

e l e c t r o c a r d i o g r a p h  w a s  d i s c o n n e c t e d  from the t h e r m o c o u p l e  w i r e ,  



F i g .  A2.1 : C o n s t r u c t i o n a l  d e t a i l s  o f  t h e  t e m p e r a t u r e  s e n s i t i v e  
ending o f  t h e  e s o p h a g e a l  probe .  
A - p o l y e t h y l e n e  c o a t i n g  of thermocouple  w i r e  
B - t e f l o n  c o a t i n g  
C - c o p p e r / c o n s t a n t a n  w i r e  2 
D - r a d i o  opaque p o l y e t h y l e n e  t u b i n e  ( i  .d. = 1.14 m. and . 

0.d. = 1 .57  mm.) 
A E - 5 nun. p i e c e  o f  1 8  gauge s t a i n l e s s  s t ee l  n e e d l e  s t o c k .  

F - t h e r m o s e n s i t i v e ,  welded t i p  of p r o b e .  





r e f e r e n c e ,  f o r  t e m p e r a t u r e  measurement .  

To v e r i f y  t h e  c h a n g e  i n  e l e c t r o c a r d i o g r a m  w i t h  d e p t h  of 

i n s e r t i o n ,  t h e  p r o b e  was i n s e r t e d  a t  d e p t h - o f  36 ,  40,  44 and 48  

c e n t i m e t e r s  f rom t h e  n o s t r i l  and t h e  p o s i t i o n  v e r i f i e d  by 

r a d i o g s a p h y ,  a s  shown i n  F.ig. A2.2. 

ECG v e r i f i c a t i o n  o f  p r o b e  p s i t i o n i n g  was t e s t e d  i n  a  

series o f  c o l d  w a t e r  immersion e x p e r i m e n t s .  A s  r a d i o g r a p h i c  

e v a l u a t i o n  was d o t  n e c e s s a r y ,  r e g u l a r  p o l y e t h y l e n e  t u b i n g  

--- 

{ I n t r a m e d i c )  was u s e d  i n  t h e  c o n s t r u c t i o n  of t h e  p r o b e s .  - 

E l e c t r o c a r d i o g r a m s  were o b t a i n e d  u s i n g  a  Fukuda FD-13 

e l e c t r o c a r d i o g r a m .  T e m p e r a t u r e s  a t  t h e  r e c t a l ,  t ympan ic  and 

e s o p h a g e a l  sites were r e c o r d e d  w i t h  a  Hewle t t -Packa rd  3497A Data 

A c q u i s i t i o n  s y s t e m ,  w i t h  i n t e r n a l  ha rdware  c o m p e n s a t i o n  f o r  t h e  

j u n c t i o n  t e m p e r a t u r e  . 
- -  - - - - 



F i g .  A2.2 : R a d i o g r a p h i c  v e r i f i c a t i o n  o f  e s o p h a g e a l  t e m p e r a t u r e  
p r o b e  p l acemen t  a t  v a r i o u s  d e p t h s  of i n s e r t i o n .  
1) 36 rnm. 
2 )  4 0  cm. 
3 )  44 cm. 
4 )  4 8  c m .  

S u b j e c t  i s  i n  l e f t  l a t e r a l  p o s i t i o n .  Tempera tu re  
s e n s i t i v e  e n d i n g  (B) is l o c a t e d  i n  close p r o x i m i t y  o f  t h e  
a s c e n d i n g  a o r t a  ( A )  i n  f r a m e  1, a n d  w i t h  i n c r e a s i n g  d e p t h  o f  
i n s e r t i o n  a p p r o a c h e s  t h e  l e v e l  of t h e  a p e x  of t h e  h e a r t  (C) . 
me b1 ack- d o t  s i t u a t e d  b e t w e e n - t h e s t e r n u m  a n d t h F h e a r t I Z  - 

a l l  t h e  f r a m e s  i s  t h e  e x t e r n a l  p r e - g e l l e d  n e g a t i v e  
e l e c t r o d e .  The g round  e l e c t r o d e  was p l a c e d  on t h e  s c a p u l a .  





111. R e s u l t s  

The waveforms o b t a i n e d  from ECG r e c o r d i n g s  a t  e a c h  d e p t h  o f  

i n s e r t i o n  a r e  shown i n  F i g ,  A2.3. Above t h e  a t r i a l  l e v e l  ( ~ i g .  

A2.2.1), t h e  QRS wave o b t a i n e d  from t h e  p o s i t i v e  l e a d  w i t h i n  t h e  

esophagus i s  p o s i t i v e  and smal l  i n  magni tude  ( F i g .  A2.3.1). 

Approaching t h e  mid a t r i a l  l e v e l  ( F i g .  A2.2.2), t h e  'QRS t r a c e  \ 

p r o g r e s s e s  th rough  a  b i p h a s i c  s t a g e  ( F i g .  A2.3.2) and f i n a l l y ,  
- - 

- -- - - - - -- -- 
- - 

a t  t h e  a t r i o v e n t r i c u l a r  b o r d e r  ( F i g .  A2.2.3 1, a  n e g a t i v e  

d e f l e c t i o n  o f  t h e  QRS t r a c e  is obse rved  ( F i g .  A2.3.3). With 

f u r t h e r  i n s e r t i o n  towards  t h e  mid v e n t r i c u l a r  l e v e l  ( F i g .  

A2.2.4), t h e  QRS m a i n t a i n s  a  n e g a t i v e  d e f l e c t i o n  b u t  d e c r e a s e s  

s l i g h t l y  i n  magni tude ,  compared to  i t s  magni tude  a t  t h e  

a-tr io-vent - r icular  - b o r d e r .  -- - - - - -- Brengelmann - -- e t a 1  . ,(  1979)  s u g g e s t  t h a t  
-- - ---- 

p o s i t i o n i n g  o f  t h e  e s o p h a g e a l  p r o b e  is b e s t  de te rmined  by 

examining t h e  P wave. A t  t h e  m i d - a t r i a l  l e v e l ,  t h e  esophagea l  

l e a d  w i l l  r e c o r d  bo th  ' p o s i t i v e  and n e g a t i v e  a c t i v i t y  d u r i n g  

a t r i a l  d e p o l a r  i z a  t i o n .  The e s o p h a g e a l  p robe ,  t h e y  s u g g e s t ,  

should  be p o s i t i o n e d  i n  t h e  r e g i o n  where t h e  P wave is b i p h a s i c  

i n  n a t u r e  ( F i g .  A2.3.1). 
0 

R e s u l t s  from a  t y p i c a l  immersion i n  10  water, shown i n  

Fig  . A. 4 ,  i n d i c a t e  t h a t  thee-sopha~aL-temperatur-q-agrees- -- - -- 

4 e s e l y  w&# k y m p ~ i c  tPmr>erature.as conf i rmed by Hayward e t  

a l ,  (1982) and is m a i n t a i n e d  a t  h i g h e r  l e v e l s  t h a n  rec ta l  

t empera tu re  ( p r o b e  i n s e r t e d  1 5  cm. beyond t h e  a n u s ) .  



F i g .  A2.3 : E l e c t r o c a r d i o g r a p h i c  t r a c e s  o b t a i n e d  from 
t h e r m o s e n s i t i v e  t i p  o f  e s o p h a g e a l  p r o b e  a t  v a r i o u s  d e p t h s  o f  
i n s e r t i o n  beyond t h e  n o s t r i l .  S i g n a l  was  o b t a i n e d  th rough  
t h e  t h e r m o c o u p l e  w i r e .  Ana tomica l  locations of t h e  p r o b e ,  
c o r r e s p o n d i n g  to  t h e  v a r i o u s  d e p t h s  a r e  shown i n  Fig.2.  



E.C.G. Depth of insertion ( cm. )  

1 sec. 



- - - - 1 -- - - - - - - - -- -- - - - -  -- 
- -- 

-- -- - - - - - - - - - - 

/ 
u 

Fig. A2.4 : Results of cold water immersion t r i a l  using the 
esophageal probe, placed a t  the m i d  a t r i a l  l eve l .  
Tc - core temperature-closed c i r c l e s  indicate  r e c t a l  
temperature, open t r iangles  the esophageal temperature and 
crosses, the tympanic temperature. 



0 10 SO 30 

Cooling time in min. Rewarming time in min. 



IV. D i s c u s s i o n  

The mid a t r i a l  l e v e l  o f  t h e  h e a r t  p r o v i d e s  a r e g i o n  o f  5-7 

cm. where t h e  l e f t  a t r i u m  and esophagus a r e  i n  close p r o x i m i t y  

(Brengelmann -- e t  al. ,  1979) .  I f  a n  e r r o r  o f  a few c e n t i m e t e r s  

o c c u r s  i n  p o s i t i o n i n g  t h e  p robe ,  i t  would s t i l l  b e  i n  close 

prox imi ty  of t h e  a t r i u m  a n t e r i o r l y  and t h e  a o r t a  p o s t e r i o r l y .  

The _resu1 ts p r e s e n t e d  s y y o r t  t h e  v iew of: t h p p ~ o p h a ~ s  -- 

b e i n g  an i m p o r t a n t  s i te  o f  core t e m p e r a t u r e  measurement and add 

t o  t h e  c a n t r o v e r s y  qf o t h e r  reports as  t o  whe the r  r e c t a l  

t empera tu re  is u s u a l l y  m a i n t a i n e d  g t  a  h i g h e r  l e v e l  than  

esophageal  or tympanic t e m p e r a t u r e  (E ichna  -- e t  a1  . , 1951, Cooper 
%' 

a n d  Kenyon, 1957; Molnar  and Read, 1974 ) . 
' 6 '  

- -- ~i t h  t h e  present- ar-ra~g&ten+ +or-nteasuritl-sopbag&- - - - 

' 

t empera tu re ,  i t  is  n o t  p o s s i b l e  t o  ~ i m u l t a n e o u s l y  r e c o r d  
- a I .  . 

e l e c t r o c a r d  i o g r a p h z c  t r a c e s .  T h i s  cou ld  b e  a c h i e v e d  w i t h  t h e  

' co r&ra t io r i  d f  a  selecto; & i t c h ,  which would e n a b l e  t h e  r e a d i n g  
s .  I '  

6 f .  e i t h e r '  t e d p e r a t u r e  or  .-. ECG. However, t h e  c o n s t r u c t i o n -  o f  t h e  
7 ,  

probe'  is s i m p l e  a n d  economicai  . The measurement i s  r e l i a b l e  i n  
1 

m o s t  enb i ronments ,  and it r e f l e c t s  more a c c u r a t e l y  t h e  f a s t e r  
t .  
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APPENDIX 111. : A Comparisonof  E r e  ~empera ture  Responses a s  

Measured i n  the R e c t u m ,  Esophagus and Tympanum during Cold Water 

Immersion and Rewarming in  Humans 



I. I n t r o d u c t i o n  

The n e c e s s i t y  f o r  s t a n d a r d i z e d  

measurements .wi th in  t h e *  human body, 

c o r e  t e m p e r a t u r e  

h a s  been emphasized i n  

\ 
Appendix 11. However, u n t i l  such  s t r i c t e r  s t a n d a r d s  a r e  - 

\ fo rmula ted ,  t h e r m o r e g u l a t o r y  s t u d i e s  w i l l  c o n t i n u e  to  u t i l i z e  a  . 

v a r i e t y  o f  core s i t e s  ' a s  a n  i n d i c a t i o n  o f  c o r e  t e m p e r a t u r e ,  
\ 

I 

t e m p e r a t u r e s  measured a t  d i f f e r e n t  s i t e s  w i t h i n  
- - - - - - -  -- -- - - - -  -- - 

i n t e r c h a n g e a b l e .  F'urthermore, depending on t h e  

\ pro toco l \o f  t h e  s t u d y ,  t h e  r e s p o n s e s  o f  a  s e t  o f  core 

t e m p e r a t u h  ' ( i n  t h e  e v e n t  t h a t  more than  o n e  c o r e  t e m p e r a t u r e  
'\ 

is  being moni tored  1 may v a r y  under  e x p e r i m e n t a l  c o n d i t i o n s .  

The p r e f e r r e d  s i t e s  o f  core t e m p e r a t u r e  measurements a r e  a t  ' 

- t h e  tympanum, i r r  t h e - e s o p h a g m a n d -  r e c t u m - T h e r - e a r e a p p o s i n g  
- 

views a s  t o  t h e  r e s p o n s i v e n e s s  and r e l a t i v e  magni tudes  of IEore 

t e m p e r a t u r e s  measured a t  t h e s e  s i tes ,  Some i n v e s t i ' g a t o r s  have  

found r e c t a l  t e m p e r a t u r e  to  b e  h i g h e r  than  b lood (Eichna  -- e t  a l . ,  

l 9 5 l ) ,  stomach (Molnar and R e a d ,  1974 ) and esophagea l  

t empera tu re  ( Cooper and Kenyon, 1957)  . However, t h e  above 

s t u d i e s  u t i l i z e d  a \ a r i e t y  o f  t h e r m a l  s t i m u l i  under  d i f f e r e n t  
\ 

e x p e r i m e n t a l  c o n d i t i o n s .  
-- 

S fie5 TGEtaTtSiQpeFa tXrFevSFieSesWiitIi aep t i37Fr I tnSe=t ion  o- 
r 
{ 

- -- - 
b \ 

I 

Behnke and Yaglou, 1951 ) and 

by the head skin temperature 
. . 

tympanic t e m p e r a t u r e  is 'in•’ luenced  

(McCaffrey ete,, 19751, there may - 



a r e  made based on c o r e  temperature. 

The p r e s e n t  s tudy  compares t h e  r e s p o n s e s  and r e l a t i v e  

magnitudes of r e c t a l ,  esophageal  and tymapnic temperatures,  

under a v a r i e t y  of p e r i p h e r a l  and core thermzl s t i m u l i .  



11. Method 

. A d e t a i l e d  d e s c r i p t i o n  o f  t h e  methodology f o r  t h e  p r e s e n t  

s t u d y  h a s  been r e p o r t e d  e a r l i e r  i n  S e c t i o n  C. B r i e f l y ,  it 

involved immersing v o l u n t e e r  s u b j e c t s  i n  w a t e r  a t  t e m p e r a t u r e s  
r 

0 0 
o f  l o 0 ,  1 5  and 20 C w h i l e  i n h a l i n g  a i r  a t  e i t h e r  room 

0 0 
tempera tu re  o r  h e a t e d  to  40 -45 C and s a t u r a t e d  w i t h  wa te r  

0 
t h e i r  r e c t a l  t e m p e r a t u r e  d e c r e a s e d  to  35 C o r  a f t e r  one  hour o f  

immersion, and t h e n  rewarmed. During t h e  rew&ming p e r i o d ,  

s u b j e c t s  were p l a c e d  i n  a s l e e p i n g  bag and moni to red  for 30 
1 

minutes ,  a f t e r  which t h e y  were rewarmed i n -  a j a c u z z i .  

Core t e m p e r a t u r e  was measured w i t h  a YSI 401 t h e r m i s t o r  

inser-ted 1 5  cm . b e ~ o n b t h e  a n u s  ,_a _thermocouple  i n s e r t e U d b -  

- esophagus a t  t h e  l e v e l  o f  t h e  a t r i a  (see Appendix 11. f o r  

d e t a i l s )  and a thermocouple  i n s e r t e d  i n  t h e  a u r a l  c a v i t y .  b u r i n g  

t h e  immersion and rewarming p e r i o d s ,  t h e  t e m p e r a t u r e  p r o b e s  were 

secured  w i t h  w a t e r  wa te rp roof  t a p e  and t h e r e f o r e  t h e  d e p t h  of 

i n s e r t i o n  d i d  n o t  va ry .  The a u r a l  c a v i t y  w a s  i s o l a t e d  from t h e  

e x t e r n a l *  env i ronment .  w i t h  c o t t o n  and w a t e r p r o o f  tape. 

~ e a s u r e m e n t s  of core t e m p e r a t u r e  were made w e r y  minute  
* 

w i  t h  a-FEwf e t3 -Packara  3 4WAmCa AcaquisSi Ei-n-Sys €em. 



111. R e s u l t s  

The d a t a  o b t a i n e d  d u r i n g  t h e  c o o l i n g  and rewarming p e r i o d  

a r e  p r e s e n t e d  i n  T a b l e  A3.1. 

Using a  o n e - t a i l e d  t - t e s t  f o r  r e p e a t e d  s a m p l e s ,  

pre-immersion v a l u e s  o f  e sophagea l  t e m p e r a t u r e  w e r e  found t o  b e  

s i g n i f i c a n t l y  h i g h e r  than  r e c t a l  ( p  < 0.001) and tympanic ( p  < 

0.02) t e m p e r a t u r e s .  R e s t i n g  r e c t a l  and tymapnaic  t e m p e r a t u r e s  
- - - - - - - - - -- - - - - - - - -- - - - - - - - - 

- - -- - - 

were n o t  s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  p r e s e n t  s t u d y .  

During a  f i v e  minute  pre-immersion r e s t  p e r i o d  , i n h a l a t i o n  

of warm a i r  s a t u r a t e d  w i t h  wa te r  vapou%r, d i d  n o t  i n c r e a s e  t h e  

-core t e m p e r a t u r e  s i g n i f i c a n t l y ,  when compared to  l e v e l s  observed 

d u r i n g  rest p e r i o d s ,  when s u b j e c t s  were i n h a l i n g  a i r  a t  room 
t 

0 
~ n a l y s i n g  t h e  d a t a  o f  a l l  s u b j e c t s  for  immersion i n  1 0  , 

0 0 
1 5  and 20 C w a t e r ,  it was f o u  t h e  c o o l i n g  r a t e  o f  r e c t a l  

t e m p e r a t u r e  was g r e a t e r  than  t e m p e r a t u r e  cool i n g  r a t e  

( p  < 0 .O9), when t h e  i n h a l a t e  was room t e m p e r a t u r e  a i r .  The 

d i f f e r e n c e  between cob1 ing  r a t e s  o f  e s o p h a g e a l  and tympanic 
s 

t e m p e r a t u r e  was n o t  s i g n i f i c a n t  i n  t h e s e  c o n d i t i o n s .  Donation o f  

h e a t  to  t h e  t h o r a x  by way o f  ' h e a t e d  and h u m i d i f i e d  i n s p i r e d  a i r ,  

I 

b u t  d i d  n o t  a • ’  f e c t  rectal  or t v m p a n i c ~ m p e x a t u r s ,  
C 

To a s s e s s  t h e  e f f e c t  o f  h e a t  d o n a t i o n  to t h e  t h o r a x ,  d u r i n g  

immersion, o n  core c o o l i n g  r a t e s ,  a  p a i r e d  sample comparison was 
-- 



B 

Table  A3.1 : Comparison of c o o l i n g  r a t e s  a t  rectal ,  e sophagea l  
and tympanic sites dur ing  c o l d  water  immersion, w i t h  and 
w i t h o u t  d o n a t i o n  of h e a t  to t h e  r e s p i r a t o r y  t r a c t .  



0 
C o r e  cool-i-ng ~ t - e s - ( - - C / m i n u t e ) - -  - - --- 

Water Subj . - ATr - ATe - ATt ATr ATe ATt - - 
temp. A t A t A t A t EX A t 

20 AL *. ,0133 .01  .0153 .0083 .0117 
BC -0053  * -0067 -0095 -.0017 .0067 
D S  -0159 -0035  .0035 -0067 -005 .0067 

-- Dl! -0138 .0131 . 0 1 3 1 . 0 1 3 2  -0083 .el - -- - 

RH C _ .048 .0433 ,0233 .0312 -02  ,015  

N - - d e n o t e s  e x p e r i m e n t s  where t h e  i n h a l a t e  w a s  
a i r  a t  r o o m  t e m p e r a t u r e  . % 

W - d e n o t e s  e x p e 6 i m e n t 3  where t h e  i n h a l a t e  w a s  
warm a i r - W  - 4 5  C) s a t u r a t e d  w i t h  w a t e r  
vapour  . 

3Tr - change i n  rectal  t e m p e r a t u r e  o v e r  t h e  cool in^-i 
p e r i o d  ( A t ) .  

ATe - change i n  e s o p h a g e a l  t e m p e r a t u r e  over  t h e  
-- cmling--p&&-[-AtL - - -- 

ATt - change i n  tympan ic  t e m p e r a t u r e  o v e r  t h e  c o o l i n g  
p e r i o d  f A t ) .  

.. 

* - probe s l i p p e d  



- -- - -- - - - - - 

made by combining t h e  c o r e  t e m p e r a t u r e  t r a n s i e n t s  dur ing-  each 

c o n d i t i o n  f o r  a l l .  s u b j e c t s .  ~ u r n i d i f ~ i n ~  and h e a t i n g  t h e  i n s p i r e d  

a i r  was obse rved  to s i g n i f i c a n t l y  d e c r e a s e  t h e  overa.11 c o o l i n g  

r a t e  o f  core t e m p e r a t u r e  ( p  < 0.005).  

An a n a l y s i s  of rewarming d a t a  ( T a b l e  A3.3) r e v e a l e d ,  t h a t  

d u r i n g  p a s s i v e  -rewarming ( s h i v e r i n g  thermogenesi  s )  b r e a t h i n g  
- - 

room a i r ,  e s o p h a g e a l  t e m p e r a t u r e  had t h e  f a s t e s t  r e c o v e r y  r a t e ,  

when compared to  tymapnic t e m p e r a t u r e  ( p  < 0 - 0 2 )  and r e c t a l  

t empera tu re  ( p  < 0.001) .  I n h a l a t i o n  rewarming w a s  obse rved  to  

b e n e f i t  o n l y  e s o p h a g e a l  t e m p e r a t u r e .  R e c t a l  and tympanic 
/ 

t e m p e r a t u r e s  c o n t i n u e d  to  have  a n e g a t i v e  g r a d i e n t  d u r i n g  t h e  

rGwe-ming p e r i o d .  



Table A3.3  : Comparison of rewarming r a t e s  a t  r e c t a l ,  esophageal 
an< tympanic sites, during p a s s i v e  and a c t i v e  core 
( inha la t i on )  rewarming. 



Water Subj,, - ATr ATr - ATe 
temp. At At At At - bt' At 

N - denotes experiments where the inhalate was air at 
room temperature : 

W - denotes experiments where the inhalate was warm air 
'(40~ - 4S0 C) saturated with water vapour. \ 

ATr - change in rectal temperature over the rewarming period 
(~t) f 

ATe - change in esophageal temperature over the rewarming 
period (~t) . 

* - probe slipped ., 



IV.  D i s c u s s i o n  

P r e s e n t  d a t a  s u g g e s t  t h a t  d u r i n g  re'st, e s o p h a g e a l  

t e m p e r a t u r e  is m a i n t a i n e d  h i g h e r  t h a n  recta l  or tympanic  

-- - - -- 

- t e m p e r a t u r e .  Dur ing  t h e  c o o l i n g  i n  c o l d  w a t e r ,  rec ta l -  
-. 

t e m p e r a t u r e  e x h i b i t s  t h e  fastest  c o o l i n g  r a t e ,  w h e r e a s  t h e  

c o o l i n g  r a t e s  .of e s o p h a g e a l  and tympan ic  t e m p e r a t u r e s  a r e  

g a s t r i c  and pulmonary a r t e r i a l  b l o o d  t e m p e r a t u r e ,  d u r i n g  c o o l i n g  

and s e v e r a l  methods  o f  rewarming.  H e  found  t h $ t  t h e  b e s t  

c o r r e l a t e s  of t h e  t e m p e r a t u r e  of t h e  b l o &  i n  t h e  pulmonary 

a r t e r y  were e s o p h a g e a l  and tympan ic  t e m p e r a t u r e .  The r e s u l t s  of 

+ r e l a t i v e  r a t e s  of change  o • ’  core t e m p e r a t u r e s .  
. - 

Dona t ion  o f  h e a t  to t h e  r e s p i r a t o r y  t r ac t  s i g n i f i c a n t l y  
I 

r e d u c e d  t h e  c o o l i n g  r a t e s  of e s o p h a g e a l  and tympan ic  

t e m p e r a t u r e ,  b u t  d i d  n o t  affect  t h e  r e s p o n s e  of r e c t a l  

t e m p e r a t u r e .  S i n c e  t h e  h e a t  i s  b e i n g  t r a n s f e r r e d  d i r e c t s  t o  t h e  

blood p e r f u s i n g  t h e  a l v e o l i  i n  t h e  l u n g s ,  t h i s  f i n d i n g  would 

%, s u g g e s t  a r e l a t i v e l y  d e c r e a s e d  h e a t  t r a n s f e r  t o  t h e  
k. - . * 
r + 

2 g a s*o in t% S i F a l  r e g  i ~ n 7 I t h a s b e e n  K g g e s t e d t h a  t t h e  

t h o r a c i c  r e g i o n  ( W e s t ,  1 9 7 9 ) .  T h i s  c o u p l e d  w i t h  a d e c r e a s e  i n  



m a ~ t o  an e x t e n t  also e x p l a i n  t h e  g r e a t e r  r e spons iveness  of -- 

r e c t a l  temperature  d u r i n g  p e r i o d s  o f  coo l ing  . Since  t h o r a c i c  

blood volume i n c r e a s e  and p e r f u s i o n  o f  t h e  -hypothalamus i s  n o t  

a l t e r e d ,  a s t rong  c o r r e l a t i o n  o f  esophageal  and tymapnic 

temperature would be expected . 
During p e r i o d s  o f  p a s s i v e  and ,  a c t i v e  rewarming, esophageal  

temperature had a s i g n i f i c a n t l y  f a s t e r  recovery  r a t e  than r e c t a l  - 
- 

- - < - -  - .  

and tympanic temperatures .  The p r e s e n t  s t u d y  does  n o t  i n d i c a t e  
r 

improved recovery r a t e s  of c o r e  tempera ture ,  when i n h a l a t i o n  

rewarming is u s e c L H o ~ e v e r ,  _Mo&solle_t al_, Cl!38Q)L s _ ~ g g = t ~ t h a t - ~  -- 

core  temperature  a t  t h e  o n s e t  o f  rewarming should be taken i n t o  

account,  i f  such comparat ive  s t a t emen t s  a r e  t o  b e  made. They 
L 

d 

suggest  t h e  fol lowing r e l a t i o n s h i p s  between rewarming r a t e s  and 

i n i t i a l  body tempera tures  : 

where, 

'0 gr = r a t e  o f  rewarming of  rectal tempera ture ,  dTr /d t  ( C / m i n , ) .  

p ) t  = r a t e  o f  rewarming of  tympanic t e m p e r a t u r e , d ~ t / d t  

Tor = r e c t a l  temperature  a t  o n s e t  o f  rewarming. 

T o t  = tympanic tempera ture  a t  o n s e t  o f  rewarming: 

T o s  = mean s k i n  tempera ture  a t  o n s e t  o f  'rewarming, obtaine'd from 



I n d e e d ,  t h e  i n i t i a l  core t e m p e r a t u r e s  d u r i n g  rewarmrng were 

s u b s t a n t i a l l y  h i g h e r  d u r i n g  e x p e r i m e n t s  whe re  s u b j e c t s  i n s p i r e d  

w a r m  moist a i r  d u r i n g  c o o l i n g  i n  a o l d  w a t e r .  

S u b j e c t i v e  o b s e r v a t i o n s  d u r i n g  t h e  r ewarming  p e r i o d  
- 

i n d i c a t e  t h a t  i n h a l a t i o n  rewarming  s u p r e s s e d  t h e  i n t e n s i t y  o f  

t h e  s h i v e r i n g  tremor; by d o i n g  so, t h e  m a g n i t u d e  o f  s h i v e r i n g  
U 

- - -  t h e r m o g e n e s i s  i-s-&s-<rdecreased. I t  would appear  t h e r e f o r e ;  t h a t -  -=- 
B I 

t h e  t h e r m a l  8na rgy  d o n a t e d  to t h d r e  was. n o t  s u b s t a n t i a l l y  

g r e a t e r  t h a n  t h a t  wh ich  w a s  s u p p r e s s e d ,  b y  v i r t u e  of t h e  

i n h i b i t i o n  o f  s h i v e r i n g  t h e r m o g & e s i s .  
\ 

The p r e s e n t  r e s u l t s  d o  n o t  c o n f i r m  t h e  r e s u l t s  o f  Molnar 
\ 

and Read ( 1 9 7 4 ) ,  w h i c h  s u g g e s t  t h a t  r ec t a l  t e m p e r a t u r e  is 
--- - -- - -- - -- - - -- -- - - - - - - - -- - - - - - 

g r e a t e r -  t h a n  b l o o d  t e m p e r a t u r e ,  a s suming  e s o p h a g e a l  t e m p e r a t u r e  

is a good correlate o f  a r t e r i a l  b l o o d  t e m p e r a t u r e .  However, 

t h e i r  measu remen t s  w e r e  made w i t h i n  t h e  e x t r a c o r p o r e a l  

c i r c u l a t i o n  and n o t  -- i n  v i v o ,  and  it is  p o s s i b l e  t h a t  b l o o d  

t e m h a t u r e  may h a v e  d e c r e a s e d  s l i g h t l y  i n  &e e x t r a - c o r p o r e a l  
,' 

c i r c u l a t i o n .  Cooper  and Kenyon ( 1 9 5 7 )  a l s o  r e c o r d e d  h i g h e r  - 
t e m p e r a t u r e s  w i t h i n  t h e  r e c t u m  compared to t e m p e r a t u r e s  i n  t h e  

e sophagus .  However, t h e i r  s u b j e c t  w a s  a n a e s t h e  t i z e d  and 
--- - - - 

unde rgo ing  open c h e s t  s u r g e r y ,  wh ich  would make c o m p a r i s o n ' ~  w i t h  

t h e  p r e s e n t  s t u d y  u n j u s t .  



d i f f e r e n t  core t e m p e r a t u r e  s i t es  a r e  summarized i n  T a b l e  A 3  - 4 .  = 

" The p r e s e n t  s t u d y  i n d i c a t e s  a good c o r r e l a t i o n  i n  t h e  , _  

- .  a 
r e s p o n s i v e n e s s  of e s o p h a g e a l  and tympan ic  t e m p e r a t u r e  and *=*- -% 

s u g g e s t s  t h a t  r e c t a l  t e m p e r a t u r e  a l o n e  is  n o t  a n  a d e q u a t e  
1. 

meaSure o f  t h e  t h e r m a l  s t a t e  o f  t h e  body c o r e ,  i f  t h e  body core 

t e n f p e r a t u r e  is  t o  i n d i ~ a t ~ t h e  s t a t u s  o he  myocardium and 

c e n t r a l  n e r v o u s  s y s t e m .  
3 

F- -- 
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APPENDIX I V .  : c a r d i o v a s c u l a r  Responses t o  Prolonged Immersion " . 
i n  Cold Water and to Rewarming i n  Humans 



I. I n t r o d u c t i o n  

Sudden immersion i n  c o l d  w a t e r  i n d u c e s  a n o t a b l e  t r a n s i e n t  

r e s p o n s e  i n  h e a r t  r a t e  (Hayward e t  a l . ,  1977;  McKay, 1 9 7 2 ) .  The -- 
most p rominen t  i n s t i g a t o r s  a r e  a n x i e t y ,  t e m p e r a t u r e  s e n s a t i o n  

and i n  t h e  c a s e  o f  e x t r e m e l y  c o l d  w a t e r  ( ~ 1 5 ~  C) s e n s a t i o n  o f  

p a i n .  Cold w a t e r  immersion r e s u l t s  i n  i n c r e a s e d  the rmogen ic  

d r i v e ,  - - i n d i c a t e d  by e l e v a t e d  1-eve ls  o f  oxygen  consumpt ion  (see 

s e c t i o n  D ) .  I n i t i a l l y  t h e r e  is  a  t r a n s i e n t  r e s p o n s e  fo l lowed  by 

a r e t u r n  to l e v e l s  s l i g h t l y  h i g h e r  t h a n  p re - immers ion  v a l u e s .  

During p r o l o n g e d  c o l d  w a t e r  immersion t h e r e  is a p r o g r e s s i v e  B 
r ise i n  m e t a b o l i c  h e a t  g e n e r a t i o n .  

d 

A s  o u t l i n e d  by Raven e t  a l .  ( l 9 7 O ) ,  t h e r e  h a s  been  an -- 

emergence of o p p o s f n g  o b s e r v a t i o n s - ~ n t h =  r e s p o n s e  o f  heart-rstte - 

d u e  to p r o l o n g e d  c o l d  w a t e r  immersion.  E v i d e n c e  o f  McKay ( 1 9 7 2 )  

and Raven -- e t  a l .  (1970 1 s u g g e s t s  s l i g h t  e l r e v a t i o n  o f  h e a r t  r a t e  

d u r i n g  p r o l o n g e d  c o l d  e x p o s u r e .  V a r i a t i o n s  o b s e r v e d  by McKay 

( 1 9 7 2 )  i n  water a t  4.6O, 1 0 . 9  and 1 8 . 2 ~  C w e r e  more p rominen t  

t h a n  t h o s e  r e p o r t e d  by Raven e t  a l .  ( 1 9 7 0 ) ,  who s t u d i e d  -- 
0 

r e s p o n s e s  of i n d i v i d u a l s  exposed  to  a  cold a i r  e n v i r o n m e n t  o f  5 

C.  
- -- --- 

C o u n t e r a c t i n g  t h e  m e t a b o l i c  e x c i t a t o r y  s t i m u l u s ,  i s  t h e  

i n h i b i t o r y  e f fec t  of c o o l i n g  of t h e  c a r d i a c  m u s c l e  ( f i r u k a w a  - e t  

a l e ,  1979; G o l d b e r g ,  195-8; ~ e d s o m e  e t  a l . ,  l 9 8 l ) ,  s p i n a l  co rd  - -- 

(Wal the r  -- e t  a l . ,  1 9 7 0 )  and s k i n  (Rowel l  e t  a l . ,  1 9 6 9 )  on h e a r t  -- 



ra te .  It i s  d i f f i c t t f e  te pa r t i t ion  k h e e r % t i o n s  or------- -- 

e x c i t a t o r y  a n d  i n h i b i t o r y  s t i m u l i  o n  h e a r t  r a t e  d u r i n g  c o l d  

e x p o s u r e  i n  humans. T h e r e  h a s  b e e n  a t e n d e n c y  t o  q u a n t i f y  t h e  

i n h i b i t i o n  d u e  to  a  d r o p  i n ' c a r d i a c  m u s c l e  t e m p e r a t u r e ,  b y  

o b s e r v i n g  t h e  e f f e c t  o f  c h a n g e s  i n  r e c t a l  t e m p e r a t u r e  o n  h e a r t  

r a t e  and  oxygen  c o n s u m p t i o n .  A l t h o u g h  t h i s  s i t e  is f a v o u r e d  f o r  
, * .  

e v a l u a t i n g  core t e m p e r a t u r e ,  d u e  to  ease o f  m e a s u r e m e n t ,  t h e  

t e m ~ ~ r a t u r e  i s  n o t  i n d i c a t i v e  o f  c a r d i a c  m u s c l e  t e m p e r a t u r e .  

Uripubl i s h e d  d a t a  o f  Hayward (1982  ) i n d i c a t e  t h a t  e s o p h a g e a l  

t e m p e r a t u r e  is  t h e  b e s y i n d i c a  tor o f  p u l m o n a r y  ar ter i -a i -b lood . -- - -- - 

< 

The p r e s e n t  s t u d y  i n v e s t i g a t e s  t h e  r e l a t i o n s h i p  be tween  

h e a r t  r a t e  and  oxygen  c o n s u m p t i o n  d u r i n g  i m m e r s i o n  i n  t h r e e  

d i f f e r e n t  b a t h  t e m p e r a t u r e s ,  w h i l e  a c c o u n t i n g  f o r  t h e  -. 

c o n t r i b u t i o n  o f  c h a n g e s  i n  e s o p h a g e a l  t e m p e r a t u r e .  The h e a r t  

r a t e  r e s p o n s e  to  a t h e r m o g e n i c  s t i m u l u s  i s  a l so  compared t o  t h e  



11. Methods 

F i v e  m a l e  u n i v e r s i t y  s t u d e n t s  p a r t i c i p a t e d  i n  t h e  s t u d y .  

Each s " b j e c t  u n d e r w e n t  s i x  immers ion  t r i a l s  a n d  a  submaximal 

e x e r c i s e  test .  On s e p a r a t e  o c c a s i o n s ,  s u b j e c t s  were immersed i n  
0 0 

w a t e r  a t  a t e m p e r a t u r e  of 1 0  , 1 5  and 20•‹ C. One series of .  

. immers ion  t r i a l s  e n t a i l e d  t h e  s u b j e c t s  i n h a l i n g  a i r  a t  room 

t e m p e r a t u r e ,  w h i l e  d u r i n g  a  s e c o n d  series o f  i m m e r s i o n s  i n  
-- --- - 

0 
i d e n t i c a l  w a t e r  t e m p e r a t u r e s ,  t h e  i n h a l a t e  was  warm a i r  ( 4 0  to  
0 

4 5  C )  s a t u r a t e d  w i t h  w a t e r  v a p o u t .  

Dur ing  t h e  e x e r c i s e  c o n d i t i o n ,  s u b j e c t s  p e r f o r m e d  a g r a d e d  

e x e r c i s e  o n  an e l e c t r i c a l l y  b r a k e d  b i c y c l e  ( Q u i n t o n  I n s t r u m e n t s  

L t d . )  . Each l e v e l  of e x e r c i s e  w a s  m a i n t a i n e d  f o r  f i v e  m i n u t e s  t o  

a l l o w  f o r  s t a b i l i z a t i o n  of h e a r t - r a t e  and-oxygen c o n s u m p t i o n .  

D e t a i l s  of t h e  e x p e r i m e n t a l  a r r a n g e m e n t  a n d  of t h e  methods  
-."%2 

of a c q u i s i t i o n  o f  p h y s i o l o g i c a l  " d a t a  h a v e  b e e n  ~ u t l i n e d  i n  

s e c t i o n  D. E s o p h a g e a l  t e m p e r a t u r e  w a s  r e c o r d e d  w i t h  a 

t h e r m o c o u p l e  p r o b e  l o c a t e d  a t  t h e  l e v e l  o f  t h e  a t r i a ,  a s  

s u g g e s t e d  by Brengelrnann -- e t  a l .  (1979 ;  see a l so  ~ p p e n d i x  11- of 

t h i s  t h e s i s ) .  

S u b j e c t s  were m o n i t o r e d  c o n t i n u o u s l y  t h r o u g h o u t  t h e  c o o l i n g  

and rewarming p e r i o d  and d a t a  w a s  collected at- m - i n u t e  i n t e r v a l s  ., 



111. R e s u l t s  

The h e a r t  r a t e  r e s p o n s e  to  c o l d  water immers ion  f o l l o w e d  a  - 
s i m i l a r  p a t t e r n  f o r  a l J  s u b j e c t s .  A r e p r e s e n t a t i v e  example  o f  

t h e  h e a r t  r a t e  r e s p o n s e ,  f o r  o n e  s u b j e c t ,  i s  d e p i c t e d  i n  F i g .  

A4.1. The i n i t i a l  t r a n s i e n t  r e s p o n s e ,  a t  t h e  o n s e t  o f  immers ion ,  

d e c a y s  t o  l e v e l s  s l i g h t l y  a b o v e  r e s t i n g  v a l u e s ,  The m a g n i t u d e  o f  
- - 

t h e  o v e r s h o o t  i n  h e a r t  ' r a te  r e s p o n s e  seems partly d u e  to  t h e  

p e r i p h e r a l  t h e r m a l  s t i m u l u s .  A s  o b s e r v e d  i n  F i g .  A4.1, t h e  . 

m a g n i t u d e  o f  t h e  t r a n s i e n t  r e s p o n s e  is g r e a t e r  for immers ions  ' i n  

0 1 0  and 15O C w a t e r  t h a n  f o r  t h e  immers ion  i n  20•‹ water. F o r  

t h i s  p a r t i c u l a r  s u b j e c t ,  t h e  i n i t i a l  h e a r t  r a t e  r e s p o n s e  is 

s l i g h t l y  g r e a t e r  fo r  t h e  immers ion  i n  15O C water ,  I n  g e n e r a l ,  
- -- -- - - - - - - - - - -- - - -- - -- - - - - - - - - 

t h e  t r e n s i e n t  r e s p o n s e  t o  immers ion  i n  l o 0  and 15O C w a t e r  were 

s i m i l a r  f o r  a l l  s u b j e c t s .  The o n s e t . o f  t h e  h e a r t  r a t e  o v e r s h o o t  

c o i n c i d e s  w i t h  t h e  i n i t i a l  t r a n s i e n t  ' r e s p o n s e  i n  t h e r m o g e n e s i s ,  

a s  i n d i c a t e d  by t h e  o x y g e n  consum$t ion  (V02 i n  ml. 02/min./kg. 

i n  F ig .  A4.1. 

A f t e r  e i g h t e e n  m i n u t e s  of immers ion  t h e r e  is a g r a d u a l  

i n c r e a s e  i n  t h e r m o g e n e s i s ,  w h i c h  i s  n o t  r e f l e c t e d  'by t h e  h e a r t  
. . 

rate  r e s p o n s e .  ' I n  .PO C water, t h e  h e a r t  r a t e  is m a i n t a i n e d  

f a i r l y  c o n s t a n t  a t  l e v e l s  a b o v e  r e s t i n g ,  w h i l e  i n  15O and 20•‹ C 
- - - - - - - - 

water, t h e  h e a r t  r a t e  d e c a y s  and  o s c i l l a t e s  a b o u t  r e s t i n g  

l e v e l s ,  r e s p e c t i v e l y  . On rewarming  f rom m i l d  h y p o t h e r m i a  ( e n d  

immersion r e c t a l  t e m p e r a t u r e  o f  35O C ) ,  a s u b s t a n t i a l  t r a n s i e n t  



F i g .  A 4 . 1  : H e a r t  r a t e  and oxygen consumpt ion  r e s p o n s e s  o f  
s u b j e c t  AL d u r i n g  immersion i n  l o 0 ,  15O and 20•‹ C w a t e r .  





i - -- - -- 

response '  is ~ b s e r v e d ~ a f t e r  bniergence from l o 0  C w a t e r  and is n o t  

' 0 
e v i d e n t  i n  t h e  rewarming  p e r i o d s  f o l l o w i n g  immers ion  i n  1 5  and 

o0 C w a t e r .  On t h e  c o n t r a r y ,  rewarming  f o l l o w i n g  immersion i n  
L*, 7 , 

bhQ C w a t e r  i n s t i g a t e d  a  p ro found  b r a d y c a r d i a  d u r i n g  t h e  i n i t i a l  

t e n  m i n u t e s  o f  rewarming  f o r  s u b j e c t  AL, d e p i c t e d  i n  F ig .  A4.2. 

The l a c k  o f  r e s p o n s i v e n e s s  o f  h e a r t  r a t e  t o  t h e  o v e r a l l  

therm%genic d r i v e  becomes a p p a r e n t  i n  F i g .  A4.3. D e s p i t e  

s even - fo ld  ' e l e v a t i o n s  i n  oxygen  c o n s u m p t i o n  f rom r e s t i n g  l e v e l s  . 

of 4  m l .  02/min./kg. t o  30 .1  m l .  02/min./kg., h e a r t  r a t e  is 
- - - . - - - -- - - -- - - - - - -- 

- - 

' m a i n t a i n e d  w i t h i n  l i m i t s  o f  60 t o  84 b e a t s / m i n u t e ,  d u r i n g  

immersion i n  l o 0  C water and be tween  '45 a n d  70 b e a t ~ / m i n u t e  
1 

d u r i n g  r e w a v i n g  . 
' For  c o m p a r a t i v e  p u r p o s e s ,  t h e  r e s p o n s e  t o  a  submaximal 

e x e r c i s e  s t i m u l u s  is  p l o t t e d  i n  F i g .  A4.3, -The p l o t t e d  v a l u e s  

were- o b t a i n e d  a t  - - - t h e  - - - - end  - - of e a c h  f i v e  m i n u t e  - - - - e x e r c i s e  - -- - - p e r i o d :  - 
- - - - - 

0 

For  a  r & g e  - .  o f  v a l u e s  be tween  r e s t i n g  and 170  bea ' t s /minute ,  
% 

w 

t h e r e  was! a  l i n e a r  r e l a . t i o n s h i p  be tween  oxygen  consumpt ion  and 

h e a r t  r a w .  Only  a  p o r t i o n  o f  t h e  d e r i v e d  r e g r e s s i o n  l i n e '  is 

p l o t t e d  i n  F i g .  A4.3. I t  is  e v i d e n t ,  t h a t  t h e  i n c r e a s e d  demands 

f o r  oxygen d u r i n g  c o o l i n g  and rewarming w e r e  n o t  m e t  w i t h  
I 

e l e v a t e d  h e a r t  r a t e s ,  a s  o b s e r v e d  d u r i n g  t h e  e x e r c i s e  s t i m u l u s .  _ 
F i g ,  A4.4 i l l u s t r a t e s  t h a t  t h e  m a j o r - s t i m u l u s  f o r  

t b e r m o g e n e s i s  is  d e r i v e d  f r o m  core t e m p e r a t u r e .  T h e r e - i ~ - ~ -  

c u r v i l i n e a r  iprease  irr m e & & e Z h z k -  p~edu&&o-&tL . , 

d e c r e a s i n g  e s o p h a g e a l  t e m p e r a t u r e  . Dur ing  rewarming ,  however ,  
a - 

t h e  thermcqen i c  d r i v e  d e c r e a s e s  d e s p i t e  d e c r e a s e d  e s o p h a g e a l  ' 



F i q .  A4.2 Heart r a t e  and - 
s u b j e c t  
20•‹ C water .  

oxygen consumption  r e s p o n s g s  
AL d u r i n g  rewarming i n  10  , a f t e r  

- 
immersion YE0 and 





F i g .  A 4 . 3  : Comparison of t h e  r e l a t i o n s h i p  be tween  h e a r t  r a t e  
and oxygen consumpt ion  d u r i n g  c o l d  w a t e r  immersion and 
submaximal e x e r c i s e .  
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~ a o p h a g e a l  temperature ( O C )  



t e m p e r a t u r e .  F o r  t h e  r a n g e  o f  e s o p h a g e a l  t e m p e r a t u r e s  . 

i n v e s t i g a t e d ,  t h e r e  a p p e a r s  t o  b e  n o  e f f e c t  o n  h e a r t  r a t e ,  d u e  

t o  e s o p h a g e a l  t e m p e r a t u r e  per - se. 

The h e a r t  r a t e  r e s p o n s e s  d u r i n g  i e r s i o n  a n d  rewarming  3 
t r i a l s ,  w h e r e  t h e  i n h a l a t e  was  warm s a t u r a t e d  a i r ,  a r e  s i m i l a r  

t o  t h e  r e s p o n s e s  o b s e r v e d  i n  t r i a l s  where  room t e m p e r a t u r e  was 

i n h a l e d .  D o n a t i o n  of h e a t  t o  t h e  core r e g i o n  d i d  n o t  a f f e c t  t h e  
L 

i n i t i a l  t r a n s i e n t  r e s p o n s e  to  s u d d e n  immers ion .  The most 

p r o m i n e n t  f e a t u r e  of these l a t t e r  t r i a l s ,  a s  d i s c u s s e d  i n  - -- - 

s e c t i o n  D,  i s  a n  i n h i b i t i o n  of t h e r m o g e n e s i s ,  w h i c h  r e s u l t s  i n  

v a r i a t i o n s  o f  o x y g e n  c o n s u m p t i o n  w i t h i n  much n a r r o w e r  l i m i t s  f o r  

ear$%- w a t e r  t e m p e r a t u r e  t h a n  d e p i c t e d  i n  F i g .  A4.3. 



IV.  D i s c u s s i o n  

D e c r e a s i n g  c e n t r a l  a n d  core t e m p e r a t u r e s  r e s u l t s  i n  
). 

p r o g r e s s i v e l y  e l e v a t e d  l e v e l s  o f  s h i v e r i n g  t h e r m o g e n e s i s  

J z i n g e r ,  1969;  C r a i g  and  D v o r a k ,  f 9 6 6 ;  s e c t i o n  D of t h i s  

t h e s i s ) .  The e f f e c t  of d e c r e a s i n g  c a r d i a c  m u s c l e  t e m p e r a t u r e  

however ,  i s  a n  i n h i b i t i o n  o f  h e a r t  r a t e  (Furukawa  -- e t  a l .  ( 1 9 7 9 ) ;  

G o l d b e r g ,  1958 ;  Ledsome -- e t  a l .  ( 1 9 8 1 ) .  D u r i n g  a n  e x e r c i s e  

s t i m u l u s ,  i n c r e a s e s  i n  o x y g e n  c ~ n s u m p t i ~ n  a r e  reflected by  a n  - 

i n c r e a s e  i n  h e a r t  r a t e  (Ekblom -- e t  a l . ,  1 9 7 1 ) .  Whole  b o d y  d 0 0 l i n g  

t h e r e f o r e ,  r e s u l t s  i n  o p p o s i n g  s t i m u l i  o n  h e a r t  ra te ;  t h e  

e x c i t a t o r y  e f f e c t  o f  i n c r e a s i n g  s h i v e r i n g  t h e r m o g e n e s i s  a n d  

i n h i b i t o r y  e f f e c t  d u e  t o  d e c r e a s i n g  c a r d i a c  m u s c l e  t e m p e r a t u r e .  

A l t h o u g h  t h e  r e s u l t s  d e p i c t e d  i n  F i g .  A4.4 i l l u s t r a t e  t h e  

s t i m u l a t i o n  o f  t h e r m o g e n e s i s  w i t h  d e c r e a s i n g  core ( e s o p h a g e a l  

t e m p e r a t u r e ,  t h e  e f f e c t  o n  h e a r t  r a t e  is  n o t  e v i d e n t .  I t  i s  

p o s s i b l e  t h a t ,  i n  t h e  a b s e n c e  o f  a t h e r m o g e n i c  d r i v e ,  
a 

b r a d y c a r d i a  would r e s u l t  f r o m  t h e  d e c r e a s e d  c a r d i a c  m u s c l e  

t e m p e r a t u r e .  However,  t h e  i n c r e a s i n g  m e t a b o l i c  

s h i v e r i n g  m u s c l e  a c t s  t o  e l e v a t e  h e a r t  r a t e .  The h e a f t  r a t e  

r e s p o n s e  o b s e r v e d  i n  F i g .  A4.4 i s ,  t h e r e f o r e ,  t h e  r e s u l t  o f  a . 
s u p e r p o s i t i o n  of t e m p e r a t u r e  and  m e t a b o l i c  effects .  

The d i f f e r e n c e s  i n  h e a r t  r a t e  r e s p o n s e  t o  ' e x e r c i s e  a n d  
i. 

- -- - - - 

s h i v e r i n g '  t h e r m o g e n e s i s  are  s u b s t a n t i a l  ( F i g .  A4 .3 ) .  Assuming a  

s i m i l a r  c a r d i a c  o u t p u t  f o r  b o t h  c o n d i t i o n s ,  i t  i s  e v i d e n t  from ,/' 

F i g .  A4.3, t h a t  a t  a n  o x y g e n  c o n s u m p t i o n  o f  2 0  ml.O2/kg./min. 

. 3 1 5  



e- - 
0 

d u r i n g  immersion i n  1 0  C w a t e r ,  t h e r e  would h a v e  t o  b e  a  n e a r l y  

t w o  f o l d  i n c r e a s e  i n  s t r o k e  volume,  s i n c e  t h e  h e a r t  r a t e  is 

a p p r o x i m a t e l y  h a l f  o f ,  t h a t  o b s e r v e d  d u r i n g  t h e  e x e r c i s e  

s t i m u l u s .  

C a r d i o v a s c u l a r  p a r a m e t e r y f  c a r d i a c  o u t p u t  and  s t r o k e  

volume were n o t  m o n i t o r e d  i n  p r e s e n t  s t u d y .  However, marked 

d i f f e r e n c e s  i n  s t r o k e  volume d u r i n g  e x e r c i s e  i n  a i r  a n q  w a t e r  
> 

( l 8O ,  25O and 33O C) have  been  o b s e r v e d  by McArdle st ,,dl. 

(1976) .  From t h e i r  s t u d y  i t  i s  n o t  e v i d e n t  w h e t h e r  t h e  s u b j e c t s  6 ...- 
e x p e r i e n c e d  core c o o l i n g .  I t  i s  v e r y  l i k e l y  t h a t  e x e r c i s e  i n  18O 

w a t e r  g e n e r a t e d  s u f f i c i e n t  m e t a b o l i c  h e a t  f o r  m a i n t e n a n c e  o f  

"..' 
normothermia.  T h e i r  r e s u l t s  a r e  t h e r e f o r e  n o t  confounded  ,wi th  

e f f e c t s  o f  d e c r e a s i n g  core t e m p e r a t u r e .  N i c o l a s  and N i c o l a s  

(1974 1 have  shown t h a t  a c c i d e n t a l  hypo the rmia  i n s t i g a t e s  l o w  

c a r d i a c  o u t p u t  and s t r o k e  volume,  a s  a  r e s u l t  o f  b r a d y k a r d i a .  
- - 

- I 
The m a j o r i t y  o f  t h e  s u b j e c t s  e x h i b i t e d  a  p ro found  I 

b r a d y c a r d i a  d u r i n g  t h e  rewarming p e r i o d .  A s  c a n  b e  s e e n  from - 
Fig .  ~d - 2 ,  m e t a b o l i c  r a t e  r e m a i n s  e l e v a t e d  d u r i n g  t i n i t i a l  

- P 
p e r i o d  o f  rewarming and s u b s e q u e n t l y  d e c r e a s e s  t o w a r d s  r e s t i n g  

l e v e l s .  Dur ing  t h e  l a t t e r  h a l f  o f  rewarming t h e r e f o r e ,  t h e  

thermogenic  s t i m u l u s  i s  a b s e n t .  C o r e  t e m p e r a t u r e  however  r e m a i n s  

a t  end- immersion v a l u e s .  The b r a i y c a r d  i a  o b s e r v e d  o n  rewarming 

may t h e r e f o r e  r e f l e c t  more the i n f l u e n c e  of c a r d i a c  nus& 

t e m p e r a t u r e  o n  h e a r t  r a t e .  
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11. P r e d i c t i n g  t h e  R e l a t i v e  Thermogenic D r i v e  from t h e  

G e n e r a l i z ~ d  Neural  Response to a  Thermal S t i m u l u s  i n  Humans 
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APPENDIX V I .  : E m p i r i c a l  D a t a  



The e m p r i c a l  B a t a  p r e s e n t e d  i n  t h i s  s e c t i o n  was c o l l e c t e d  

d u r i n g  t h e  c o l d  w a t e r  immersion and rewarming t r i a l s ,  a s  

o u t l i n e d  i n  s e c t i o n  D. The d a t a  was used to e v a l u a t e  t h e  
7 

m e t a b o l i c  r e s p o n s e  o f  humans t o  i e r s i o n  i n  w a t e r  a t  d i f f e r e n t  T 6 ... 

t e m p e r a t u r e s  and to  rewarming ,  w i t h  and w i t h o u t  t h e  d o n a t i o n  o f  

h e a t  to t h e  r e s p i r a t o r y  t r a c t .  I n  s e c t i o n  E ,  t h i s  d a t a  was used 

to d e v e l o p  and e v a l u a t e  t h e  t ime-dependent  t h e r m o r e g u l a t o r y  

model based  on t h e  t h e o r y  o f  s u p e r p o s i t i o n .  
1 

Each g r a p h  i s  r e p r e s e n t e d  w i t h  a  n o m e n c l a t u r e ,  d e s c r i b i n g  a 
- - 

t h e  e x p e r i m e n t a l  c o n d i t i o n .  The f i r s t  t w o  l e t t e r s  o f  t h e  

,mnemonic r e p r e s e n t  t h e  s u b j e c t ' s  i n i t i a l s  ( e i t h e r  AL ,  BC,  D S ,  DT 

- or  RH)  . The proc.eeding t w o  numbers s p e c i , f y  t h e  t e m p e r a t u r e  o f  

t h e  immersion b a t h  ( e i t h e r  l o m ,  15"  or  20" C ) ,  w h i l e  t h e  l a s t  
di 
l e t t e r  r e f e r s  t o  t h e  n a t u r e  o f  t h e  i n h a l a t e ;  N f o r  e x p e r i m e n t s  

where normal room t e m p e r a t u r e  a i r  was t h e  i n h a l a t e  and W where  

warm a i r  (40"-45" C )  s a t u r a t e d  w i t h  w a t e r  v a p o u r  was t h e  

i n h a l a t e .  

The e m p i r i c a l  d a t a  i s  p r e s e n t e d  i n  t w o  s e c t i o n s .  The f i r s t  

s e c t i o n  c o n s i s t s  o f  w e i g t h e d  mean s k i n  ( a c c o r d i n g  t o  t h e  fo rmula  
. - 

o f  Ramanathan, 1964 and core ( r ec t a l ,  . e s o p h a g e a l  and tympan ic )  

t e m p e r a t u r e ,  a s  w e l l  a s  m e t a b o l i c  r a t e  ( i n  u n i t s  o f  , 

ml.O2/kg ./mine ) , d u r i n g  c o o l i n g  and rewarming. 

The second s e c t i o n  c o n s i s t s  o f  t h e  c a r d i o v a s c u l a r  r e s ~ n s e s  - - - - - - - 

( h e a r t  r a t e  i n  bea.ts/min.  ) , d u r i n g  t h e  immersi*on t r i a l s  and 
- - - .- - 

rewarming p r o c e d u r e .  



f 
I. Average Skin and Core Temperatures, and Metabolic Rate during 

Cool ing and Rewarming \ 

Core temperature measurements were taken a t  r e c t a l  (c losed 

c i r c l e s )  , esophageal ( c rosses )  and tympanic (open t r i a n g l e s )  

s i t e s .  Although measurements were recorded f o r  each minute of 

cooling and rewarming, f o r  reasons of c l a r i t y ,  only  every second 

minute is p lo t t ed  on the graphs, 



F i g .  ~ 6 ~ 1  : S u b j e c t  A L  
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F i g .  A 6 . 2  : S u b j e c t  BC 

a )  B C l O N  

b )  B W N  

c )  B C 2 0 N  

d )  BClOW 

e )  BC15W 
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Fig. A6.3  : Subject DS 
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Fig. A 6 . 4  : S u b j e c t  Dl? 

a )  D T l O N  

b) D T 1 5 N  

c) D T 2 0 N  

d )  DTlOW 
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F i g .  A 6 . 5  : S u b j e c t  R H  

a )  R H l O N  
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Heart  R a t e  R e s p o n s e s  d u r i n g  Cool i n g  and Rewarming 
a 

Heart  R a t e  was  measured d u r i n g  e a c h  m i n u t e  of c o o l i n g  and 
P 

rewarming, b u t  o n l y  e v e r y  s e c o n d  m i n u t e  i s  p l o t t e d  i n  t h e  

g r a p h s .  



, F i g ,  A6,6  : S u b j e c t  AL 





Fig. A6.7 : S u b j e c t  AL 

-a) ALlOW 
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Fig. A6.8 S u b j e c t  BC 
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F i g .  A6.9 : S u b j e c t  
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Fig. A6.10 : Subject DS 
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Fig. A6.11 : Subject DS 
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F i g .  A6.12 : S u b j e c t  DT 





Fig. S u b j e c t  MI 
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F i g .  .A6 .14  : Subject RH 
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', , r r f  

X - a )  R H l O N  

b ) ' R H ~ ~ N  



" 0 20 40 60 

Cooling time (min.) 

0 20 40 80 

Rawarming time (min.) 



Fig. A 6 . 1 5  : S u b j e c t  RH 
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