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ABSTRACT 

To r e s o l v s  the c o n t r o v s f s y  r e g a r d i n q  t h e  e f f s c t i v a n e s s  of 

inhalation rewarminq a s  a t h e r a p y  for hypothermia  two seEara te  

s t u d i e s  were c o n d u c t e d .  

The  i n i t i a l ,  s t u d y  was d e s i g n e d  to i n v e s t i g a t e  t h e  a f f e c t  an  

increase i n  r e s p i r a t o r y  heat i n p u t  would  h a v e  on core 

temperhture q a i n s  d u r i n g  r e v a r m i n q  f r o@ Zlypothermia. Ten 

s u b j e c t s  were i m m e r s e d  i n  sea u a t s r  [mean t eoape ra ' cu re  l 2 W f  

u n t i l  a 2*C  d r o p  i n  r ec ta l  tempsrature o c c u r r e d .  T h e  subjects 

were then aswarmed  by b r e a t h i n g  h o t  s a t u r a t e d  air a t  YY•‹C f o r  30 

l a i n u t e s ,  E a c h  sub jqct  was r s w a r m s d  once wf th spontaneous 

v e n t i P a t i o n  b r e a t h i n g  a i r  and  one+ r e b r e a t h i n q  a controPfed 

f r a c t i o n  of e x p i r e d  a i r  a d j u s t e d  t o  producz a hy p e r v ~ n t i l a k i o n  

of 50 f/trt in,  A t  t h e  e n d  of the rewarming per iod,  mean r a c t a l  

temperature h a d  i n c r e a s e d  0.390C when breathing s p o n t a n e o u s l y  

c o m p a r e d  w i t h  0,770C whsn h y p e f v e n t i l a t i n g  (P < 0 . 0 1 ) .  

C o r r e s p o n d i n g  qains i n  t y m p a n i c  ternperatuses %ere '1, I0c aria 

1 . 5 O C ,  r e s p e c t i v s l y ,  C a l c u l a t i o n s  i n d i c a t e  t h a k  the a d d i t i o n a l  

r e s p i r a t o r y  h e a t  i n p u t  f ro& h y p e r v e n t i l a t i o n  y i e l d e d  a core 

c o n c l u d e d  t h a t  each a d d i t i a n a l  10 l / ~ i w  of h y p e r v e n t i l a t i o n  of 

i ii 



4 4 o c  s a t u r a t e d  a i r  will i n c r e a s e  the ra te  of core rewarlainq frob) 

h y p a t h e r m i a  by a p p r o x i  matef y 0,3•‹~/hs, 

The  s e c o n d  s t u d y  was d e s i g n e d  t o  e v a l u a t e  t h ~  contributions 

made b y  r e s p i r a t o r y  heat i n p u t  a a d  metabolic h e a t  p r o d u c t i o n  t o  

core t e m p e r a t u x e  qain dufinq r3warminq  from h p p o t h e r m i a .  T e n  

subjects ware immersed  in water  ( w a n  t e m p e r a t u r e  1 1 . 3 O C )  u n t i l  

rec ta l  t e m p e r a t u r e  f e l l  to 35OC, Ths subjects w@re t h e n  r e w a r w d  

w i t h  t h r s e  different l e v e l s  of r e s p i r a t o r y  heat input (RH), f o r  

60 m i n u t e s ,  Each subject was rewarmed once b y  s h i v e r i n q  (mean 

RH= - 10 k c a l / h r f  , once  by n o r m a l  i n h a l a t i o n  r swar in inq  b r e a t h i n 9  

a i r  (mean R H =  20 k c a l / h r ) ,  aad once by  h y p e r v e n t i l a t i o n  

i n h a l a t i o n  r e w a r m i n g  (mean RIY= 4 0  kcal/hrf u s i n g  t h e  same 

r e b r e a t h i n g  technique a s  i n  t h e  p c a v i o u s  s t u d y ,  As respiratory 

h e a t  i n p u t  i n c r e a s ~ d  c o r a  t e m p a r a t u r e  gains fncreasad 

(P < 0,05). Howevar, m e t a b o l i c  hea t  p r o d u c t i o n  and t h e  t o t a l  

hea t  available f o r  r ewarming  d e c r e a s a d  a s  r e s p i r a t o r y  hea t  i n p u t  

incraassd ( P  < 0,051, The  p a r c e n t a g s  of t o t a l  heat s u p p l i e r l  t o  

the cora ( m e a s u r a d  a s  46% of body weight a t  rec ta l  t e a p e r a t u r s f  

increased a s  r e s p i r a t o r y  h e a t  h p u t  increased, f r o m  11% i n  

s h i v e r i n q  to 15% i n  n o r m a l  inhalation r e w a r m i n g  and  t o  22% i n  

h y p e r v e n t i l a t i o n  i n h a l a t i o n  r e w a r m i n g .  T h e o r e t i c a l  

c o n s i d e r a t i o n s  suqges-t t h a t  r e s p i r a t o r y  h e a t  may be 4 t o  6 t imes ,  

a s  .ef f e c t i v s  a s  metabolic heat i n  s l s v a t i n g  c o r e  t e m p e r a t u r e ,  



It was c o n c l u d e d  that i n h a l a t i o n  rewarming is ar, effective 

rewarming therapy and t h a t i n h a f a t  ion rewarminy providas a 

significant improvement over  shivering ther~ogenssis a l o n e  in 

the t r n a t ~ e n t  of h y p o t h s r m i a .  
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Accidental h y p o t h e r m i a  i s  a common hazard i n  b o t h  

r e c r e a t i o n a l  and  i n d u s t r i a l  a c t i v i t i e s  a s  a r a s u l t  of h 3 t h  

c l i n a t i c  c o n d i t i o n s  a n d  low water t 8 a p e r a t u r e s .  I n  @any 

a c c i d w i t s  v h e r s  d s o u n i n g  is g i v e n  a s  t h e  cause of d e a t h ,  t h e  

d r o w n i n s  most p r o b a b l y  r e s u l % s  f r o e  loss a•’ c o n s c i o u s n e s s  due t o  

hypotfierntia ( K a a t i n g e ,  1968) . By p o t h e  rmia c a u s e d  by c o l d  water 

i m m e r s i o n  and m o u n t a i n  a c c i d e n t s  r e q u i r e s  corract d i a g n o s i s  and 

t h e r a p y  i f  h i g h  mor ta l i ty  rates are t o  be  a v o i d e d  (Coopwood a n d  

Kennedy, 1371) . Tha t y p e  of t h e r a p y  a d a i n i s t e r e d  is a 

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

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

A rtrajor problea a s s o c i a t e d  w i t h  t r e a t m e n t  of a c c i d e n t a l  

h y p o t h a r r a i a  i s  t h e  r e q u i r e m e n t  for r a p i d  t r a n s p o r t  of v i c t i m s  t o  

h o s p i  ta l .  I n c i d e n t s  cotmaonly o c c u r  in rsaote a r e a s .  C l i m a t i c  

c o n d i t i o n s  may d e l a y  o r  p r e v e n t  r e m o v a l  of t h e  p a t i e n t .  There is 

a t  p r e s e n t  a n  urgant r e q u i r e m e n t  b y  r e s c u e  teams f a r  a suitable 

method o f  r e s u s c i t a t i n g  s evers ly  h y p o t h e r m i c  p a t i e n t s ,  o r  even a 

" h o l d f n q f l  method t o  p r e v e n t i n g  f u r t h e r  c o r e  c o o l i n g  d u r i n q  

t r a n s i t ,  I n  most r e s c u e  s i t u a t i o n s ,  l o c a l  c o n d i t i o n s  preclude , 

t h e  more s o p h i s t i c a t e d  r e w a r m i n g  t e c h n i y  ues usually a d m i n i s t a r e d  

i n  h o s p i t a l s .  



I n h a l a t i o n  rewarminq  i s  a n  attractive t e c n i q u e  f o r  

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

t h e  c en t r a l  c o r e ,  e q u i p m e n t  for its i m p l e m e n t a t i o n  c a n  b e  made 

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

P r e s e n t l y  t h e r s  i s  c c n t r o v e r s y  r e g a r d i n g  the usefulness of 

t h i s  t e c h n i g u e  (Hudson a n d  Robinson, 1973; n a r c u s ,  1978;  Hagward 

a n d  S t e i n m a n ,  '1975; L l o y d ,  1373; f fa rcus ,  1979;  Auld,  L i q h t  and 

l o r m a n ,  1 3 7 9 ) .  D i s a g r e e m e n t  e x i s t s  b o t h  over the q u a n t i t y  and  

the d i s t r i b u t i o n  o f  t h e  h e a t  d e l i v e r e d .  Animal  a n d  htalgan s t u d i e s  

a r e  equivocal, T h i s  c o u l d  be  due t o  d i f f e r i n g  e x p e r i m e n t a l  

c o n d i t i o n s  and/or  s m a l l  s u b j e c t  s a m p l e s ,  A l t h o u g h  t h e o r e t i c a l  

a n d  p r a c t i c a l  c o n s i d e r a t i o n s  argue 5n favour  o f  t h ~  

e f  f e c t i v e n s s s  of i n h a l a t i o n  rewarming ,  e x p e r i m e n t a l  s t u d i e s  h a v e  

been fa r  from c o n c l n s i v a .  

To s e s o l v s  Z h s  c o n t r o v e r s y  r e q a r d i n g  the e f f e c t i v a n e s s  of 

i n h a l a t i o n  rewarming a s  a t h e r a p y  f o r  hypo the rmia  two saparata 

s t u d i e s  were c o n d u c t e d .  T h e  i n i t i a l  s t u d y  was d e s i q n e d  t o  

e s t a b l i s h  w h e t h e r  a n  i n c r e a s e  i n  t h e  v s n t i l a t i o n  of warm 

s a t u r a t e d  a i r  would p r o d u c e  a n  i n c r e a s e  i n  core r e w a r m i n g  a n d  t o  

q u a n t i f y  acg s u c h  i n c r e a s e  by s v a l u a t i n g  the thermal i a c r e n t e n t  

p rov ided  by a n y  increased v e n t i l a r i o n ,  The  initial s t u d y  was 

c a r . r i a d  o u t  u n d e r  field c o n d i t i o n s  a s  p a r t  o f  a much l a r q a s  

f i e l d  s t u d y  ts test t h e  z f f e c t i v s n e s s  of v a r i o u s  ccld water 



survival s u i t s ,  While the field study did provide p o s t i v e  

rssults the lack of c o n t r o l  over environmental conditions, t h e  

lack of subject uniformity and the lack cf data regarding 

changes in impor t an t  v a r i a b l e s  (i, e ,  respiratory heat qals,, 

metabol-ic heat production and body heat losses) prompted a 

sacond study. 

The second study, conducted un3er labora tory  conditiorts, 

was desf  gned  to e v a l u a t e  the f dative contributions of lnetabolic 

heat production and respiratory heat input to core %omperature 

qain during rewarming from ~ i l d  h y p o t h s r ~ i a .  



AccidenTal  hgpcthermia is a serioas p r o b l e ~  i r ,  c o l d  a i r  a n d  

water a n v i r o n r a z n t s .  I t  commonly  occurs i n  hikers and 

m o u n t a i n s e r s  lost o r  s t r a n d e d  i n  c o l d  w e a t h e r  (Preeeaan,  G r i f f i t h  

a n d  Pugh,  1969;  Puqh ,  1 9 6 6 ) ,  i n  f i s h e r m e n  and y a c h t s m e n  

f o l l o w i n g  c o l d  water i m m @ r s i o n  {Andrew and Orkin, 1964; Gcldan, 

1973) and i n  m i l  P t a r y  personal o p e r a t i n g  ia cold e n v i r o n m e n t s ,  

T h e  r a p i d  ra te  cf cooling w h i c h  occurs i n  cold va te r  i i a m s r s i o n  

{Hayward, Eckerson and  C o P l i s ,  1975) and i n  w u n t a i n  acc ident s  

(F reeman ,  G r i f  f i t h  and Puyh,  1369)  can r e a d i l y  p r o q r e s s  t o  a 

nnedical emrgency, Kea t i n q e  ( 1968) 2stimated t h a t  a p p r o x i m a t e l y  

1,000 p e r s o n s  p e r  year d i 3 d  from i~mers lon  i n  B r i t i s b  c o a s t a l  

a n d  i n l a n d  waters. A l t b o u q h  t h e s e  d e a t h s  were u s u a l l y  a t t r i b u t e d  

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

c a u s e  o f  death. After a s t u d y  o f  t h e  ~ a k o n i a  and  T i t a n i c  

disssters ( ~ e a % i n q s , 1 9 6 8 )  h e  c o n c l u d e d  t h a t  most: o f  t h e  d e a t h s  

were caused b y  hypothormia. 

T h s r e  are many techniguas d e s c r i b e d  in the l i t e r a t u r e  f o r  

r e v a r m i n q  of  h g p o t h e m i c  p a t i e n t s ,  These can be  grouped i n  three 

c a t e g o r i a s :  p a s s i v e  rewarming ( s h i v e r i n g  t h e r n t l o q e n e s i s )  , a c t i v e  , 

p e r i p h e r a l  r e w a r m i n g ,  a n d  active c o r e  r e w a r m i n g ,  Passive 

r e u a r ~ i n q  u s u a l l y  t a k e s  i n  e x c e s s  of 2Y h o u r s  t o  a t t a i n  normal 



b o d y  t m p s r a t u r e s  and  h a s  p r o d n c ~ d  poor s u r v i v a l  r fsul ts ,  with 

m o r t a l i t y  rates of 45 to 100 p e r  cent when Cora temperatures 

were i n i t i a l l y  b a l o w  3 P C  [ T o l a a n  and  Cohen,  1 9 7 0 ) .  A r e v i a w  b y  

Fsrnand%z, 03Rourke and Euy (1970) conchuded tnat Bore p a t i e n t s  

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

r e a c h e d  i n  less than 1 2  hours, and s u g g e s t e d  that  t h i s  would be  

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

(Kea t inge ,  1977; Davies, 1875; Golden  a n d  Rivers, 3375; Jesssn 

and Haqelsten, 1972) h a v e  recoinmended p e r i p h e r a l  r e w a r m i n q  b e  

u s e d  particularly for acute h y p o t h e m i a ,  u s u a l l y  by immersion i n  

a h o t  b a t h ,  by  t h e r m a l  mattress { P e r n a n d e z ,  O * X o u r k e  and  E w y ,  

'1970) , by heated b l a n k e t s  { P h i l l i p s o n  acd H e r b e r t ,  1357) , o r  by 

pluntbied hot: water g a r z a e n t s  f g e b b ,  3'373; Pfarcus,  1978) ,  

E r e q o r y  and D o o l i t t l e  (1973) i n  a review of 201 c l i n i c a l  

cases o c c u r i n y  b e t w e e n  1951 a n d  1972 ( T a b l e  1) c o n c l u d e d :  

1, I n  m i l d  h y p o t h l e r m i a ,  the a1~thod o f  r e w a r m i n g  was no t  a s  

i m p o r t a n t  for  s u r v i v a l  a s  i n  moderate o r  severe h y p o t h e r m i a .  

2 .  T h e  fowsr t h e  i n f + i a l  body core temperature when p a s s i v e  o r  

active e x t e r n a l  r e w a r m i n g  was s t a r t e d  the higher  the 

m o r t a l i t y  r a t u .  

3,$,7!he m o r t a l i t y  rate f o r  p a s s i v e  rewaruiing was lower t h a n  with , 

a c t i v e  s x t s r n a l  r e u a r a i n g  for a l l  daqrees of h y p o t h a r w i a ,  

4 ,  ~ l l  p a t i e n t s  receiving care r e w a r m i n g  s u r v i v e d .  
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Thus, whila a c t i v e  p e r i p h e r a l  r e u a r a i n y  may b e  ef f z c t i v o  in 

t h e  t r e a t m e n t  of rapid-onset h y p o t h e r m i a  o f  m i l d  s e v a r i t  y, 

p h y s i o f o q i c a l  p r o b l e m s  may a r i s e  w i t h  act ive  p e r i p h e r a l  

rewarming of  the slow-onse t, u n c o n s c i o u s  of: severely h y p c t h e r m k c  

v i c ' t i m .  

-X-'The ma lor  d i s a d v a n t a g s  of a c t i v e  p e r i p h e r a l  r e w a r m i n g  is  

t h a t  the p e r i p h e r a l  t i s s u e s  a re  rewarmed  i n  a d v a n c e  of t h e  s t i l l  

cool "coreJ8 a n d  may m a k e  m e t a b o l i c  a n d  c i r c u l a t o r y  demands t h a t  

the c a r d i a v a s c u l a r  s y s t a m  is  u n a b l a  t o  aest ( T r u s c o t t ,  F i r o r  a n d  

C h i n ,  1 9 7 3 ) .  T a n s e y  (3373) c a u t i o n s d  t h a t  t h e  rate of 

s e z ; t o r a t i o n .  of core t e - m p e r a t u r e  mus t  b s  c a r e f u l l y  balanced - ~ " *  

between t h e  r i s k  of a n o x i c  damag3 fro& too brisk a n  i n c r s a s a  i n  

tissue oxygen r e q u i r e m e n t  b a f o r e  c i r c u l a t i ~ n  is i 
- 

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

' e m p a r t u r e  assacia ted w i t h  t h e  r s s t o r a t i  ssaP b l o o d  

flow t h r o u g h  c o l d  d e e p e r  l a y e r s  of s u b c u t a n e o u s  t i s s u e .  Act ive  - - 

p e r i p h e r a l  r e w a r m i n g  r e l i e v e s  tha  intense p e r i p h e r a l  

v a s o c o n s t r i c t i o n  a s s o c i a t e d  vith h y p o t h e r i n i a .  T h i s  causes a -. .-." 

r e d f s t r i b u t i o n  of c i r c u l a t i n g  b l o o d  t o  the p s r i p h e r y ,  i m ~ a i r s  
--- . 

v e n o u s  r e t u r n  to tth b e a r t  a n d  f u r t h e ;  r e d u c e s  c a r d i a c  o u t p u t ,  

A l so ,  a c t i v e  p e r i p h e r a l  rewarming may c a u s e  t i s s u e  l i b a r a t i o n  o f  

a c i d  end p r o d u c t s  of m e t a b o l i s m  a n d  s h e  z e s u l t i n q  m a t a b o l i c  

acidosis say laad t o  v e n t r i c u l a r  f i b r i l l a t i o n  and d e a t h  f H i I l s ,  



I n  chronic Aypotharmia  i n t r a v a s c u l a r  volume is decreased 

s e c o n d a r y  t o  fluid s h i f t s ,  and rapid p e r i p h e r a l  r e w a r m i n q  may 

precipitate hy p o v o l e m i c  s h o c k  {Burton and E d h o l ~ ,  3 355 ; 

K ~ a t i n g e ,  1 3 5 9 ) .  However, accordinq to Golden (13731,  it: is 

u n l i k e l y  t o  have f a t a l  consequences in imasrsioa v i c t i ~ s ,  a s  t h e  

duration of e x p o s u r e  is u s u a l l y  insufficient t o  p e r m i t  t h e  

sccufencs of major p h y s i o l o q i c a l  a d  j u s t a e n t s  i n  c i r c u l a t o r y  

f l u i d  v o l u m s ,  

Act ive  p e r i p h e r a l  rewssminq inhibits -- _ .  

thereaoqeniesis, Rscent s t u d i e s  by Hayvard, 

depends  on an i n t e r a c t i o n  of signals from 

s h f  verinq 

E c k e r s o n  a n d  C o l l i s  

heat production in man 

peripheral a n d  c e n t r a l  

receptors. RE & m p _ t  cessa t ion  of s h i v e r i n g  was found i n  i t l i l d l y  

h y p o t h e r m i c  s u b j e c t s  immersed i n  oarnt u a t a r  b a t h s  when t h e  skin 

t s m ~ e r a  tures r e a c h e d  aproximately 330C.  "Phis occured at a time 

when core temperatures were at their lowest l~vels, 

Care r e v a r m i n q  h a s  the d i s t i n c t  a d v a n t a g e  of rewasaing t h e  

heart in advance of t h e  i n c r e a s i n g  m e t a b o l i c  r ~ q u i r e m e n t s  a t  t h e  

periphery. T h e a r a t i c a l l  - q -.- y, core rewarming avoids af l the 

p h y s i o f o g i c a f  hazards m e n t i o n e d  above t h r o u g h  d s h i v s r y  o f  hea t  
I 

ditsctly to ths cent ra l  c i r c u l a t f ~ n  a n d  tissues, l e a v i n g  t h e  

l i m b s  and p e r i p h e r a l  tissues t o  war@ more slowly. 



S o p h i s t i c a t e d  t e c i r n i q u s s  of core rewarming  h a v e  h a e n  

p r a c t i  sed  w f  t h  s u c c $ s s  a n d  a re  r z c o m n e n d e d  p a r t i c u l a r 1  y f o r  

s e v e f l p  h y p c t h e r m i c  p a t i e n t s .  B e t h o d s  of core rewarrninq i n c l u d a  

p e r i t o n e a l  d i a l  p s i s  (Lash ,  Rerdette a n d  ozdi 1, 1967) , 
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  ( D a v i e s ,  aillar a n d  Miller, 1967 ; 

K u g e l b s r q s  S c h i l l e r ,  Berg  and Ka l lum,  1967;  T r u s c o t t ,  Firor a n d  

C l e i n ,  l 9 7 3 ) ,  e n d o t r a c h e a l  a d a i n i s t r a t i o n  of warm, m o i s t  a i r  

[ S h a n k s  a n d  Sara, 1972)  and a d m i n i s t r a t i o n  of heated i n t r a v e n o u s  

f l u i d s .  I n  s o 0 e  cases, a  c o a t b i n a t i o n  of tho a b o v e  rttethods: h a v e  

been  entployed (Ledinghara  a n d  Mano, 1 9 7 2 ;  Shanks,  1975) . 

one of t h e  greatest p r o b l s m s  i n  the t r e a t ~ a n t  of acute 

accidental h y p o t h e r m i a  i s  transport of the p a t i e n t  t o  a aedical 

centre. A d v s r s s  weather c o n d i t i o n s  may d e l a y  o r  p r e v e n t  r e m o v a l  

of the p a t i e n t .  In s i t u a t i o n s  whera  t h e r a p y  a u s t  be a p p l i e d  by 

rescue teams, l o c a l  c o n d i t i o n s  p r e c l u d o  ~ o s t  r e n a m i n g  m e t h o d s  

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

atuch a t t e n t i o n  (Lloyd, 1973; Bayward a n d  s t e i n m a n ,  1'375; G u i l d ,  

1976). The n e c a s s a r y  equipi t lent  for i n s t i t u t i n g  treatment can be 

c o n d e n s e d  t o  a s ize  w h i c h  is  readily p o r t a b l e  (Lloyd, C a n P i f f e ,  

O r g e l  and ffalker, 1972)  a n d ,  a s  t h e  atlethod i s  non-iatrasive, it 

can be u s e d  by  s u i t a b l y  t r a i n e i Z  a o n - m e d i c a l  p e r s o n n e l .  

Inhalation r e w 3 r m i n j  i s  now b s i n q  p r a c t i s e d  by a small n u n n e r  o f .  

rescue services ( C e l f i s ,  S t s i n m a n  a n d  Clhaney, 1377),  i n  addition 

t o  being u s e d  a s  a t r e a t m a a t  i n  hospitals, 



V a r ~ o u s  o p i n i o n s  h a v e  b e e n  s x p r e s s e d  r e g a r d i n g  the 

e f f e c t i v e n e s s  o f  i n h a l a t i o n  fswarminq,  T h e  heat q a i n  is  

r e c o q n i z e d  t o  be small i n  cornpasison t o  n o r m a l  nsetabolic: h % a t  

p r o d u c t i o n  and it has baen suqgestsd that t h e  b e n e f i t  to cars 

t e m p e r a t u r e  i s  n e g l i g i b l e  (Hudson and Robinson, 1 9 7 3 ) .  L l o y d ,  

H i t c h e l l  a n d  Bill iaras 11376a) concludes t h a t  ths main b e n e f i t  oE 

i n h a l a t i o n  rewasminq i s  derived from t h e  e l i m i n a t i o n  o f  

r e s p i r a t o r y  hea t  l a s s  r a t h e r  than from additional heat s u p p l i e d  

t o  t h e  core, P r c t a q o n i s t s  of i n h a l a t i o n  r ewarn ing  psesant 

e q u a l l y  s t r o n g  a r g u m e n t s ,  As heat is d i s t r i b u t e d  p r e f e r e n t i a l l y  

t o  ths central core, a much smallsr i n p u t  may a c h i e v $  

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

c h s o n i c a l  l y  h y p o t h e s m i c  patients b y  i n h a l a t i o n  r e w a r m i n g  a l  one 

h a v e  been r e p o r t e d  by Lloyd ( 1 9 7 3 )  and  L l o y d ,  C o n l i f f e ,  Orqel 

a n d  Walker ( 1972) , 

P r e v i o u s  s t u d i e s  Rave shown t h a t  a close p a r a l l e l  ex is ts  

be tween  esophageal tsnpsrature  a n d  t h e  t e m p e r a t u r e  0 5  the heart 

a n d  g rea t  vessels  d u r i n g  hy p o t h e r m i a  i n  anaesthesized humans 

(Cooper  a n d  Kenyon, 1 9 5 7 ) .  This has  r s c s n t i y  been confirmed i n  

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

(Hayward, 19791.  Hayward a n d  S t e i n m a n  ( 1  9751 d e m o n s i t r a t o d  t h a t  

e s o p h a q e a l  t e m p e r a t u r e  showad no a f t s r d r o p  b u t  rather a r a p i d  

increase once i n h a l a t i o n  rewarminq b e g a n ,  A r a p i d  delivery of 

heat to t h e  h e a r t  ~ i g h t  therefore b s  expected, Direct w a r a i n q  o f  



the e n d o c a r d i u m  v i a  pu lmonary  venous r s t u r r ,  c o s a n a r y  a r t e r i a l  

warminq o f  the myocardium, and  m s d i a s t i n a l  warming of the 

pericardium would min imize  t h e  p o s s i b i l i t y  o f  v e n t r i c u l a r  

f i b r i l l a t i o n  a n d  would potentiate i n c r e a s e d  cardiac o u t p u t  

iBose, BcDurmott ,  L i f i e a f i a l d ,  P o r f i d o  and  K e l l y ,  1957; 

S a b i s t o n ,  T h i e l e n  a n d  Graqg, 1955) , 

It  h a s  b e e n  c l a i m e d  t h a t  i n h a l a t i o n  rewarming a s  a zlnerapy 

f o s  h y p o t h @ r m i a  of f a r s  t h e  f a l l o w i n q  a d v a n t a g e s :  

1. P e r i p h e r a l  v a s o d i l a t i o n  is a v o i d e d ,  a n d  h e n c e ,  t h e  h a z a r d s  

o f  ~ewarminq shock and  i n d u c t i o n  of v e n t r i c u l a r  f i b r i l l a t i o n  

b y  cold, a c i d o t i c  venous r e t u r n  a r e  minfuiized (Hayward and 

Steinmaat,  19755; C o l f F s ,  S t e i n m a n  and Chaney, 19771. 

2, Direct u a r ~ i n g  of t he  brain b y  c o n d u c t i o n  from the 

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

a r t e r i a l  b l c o d  o c c u r s ,  Rewarming of t h e  brain reversos 

c o l d - i n d u c e d  depression of t h ~  r e s p i r a t o r y  c e n t r e s  a n d  

s t i m u l a t e s  c o n s c i o u s n e s s  i n  s e v e r e  hypotheriuia  (Ha p a r d  and  

S t e i n a a n ,  1975; C o l f i s ,  S t a i n m a n  a n d  Chaney,  1977) .  

3, Cold - induced  depression o f  c i l i a r y  a c t i v i t y  i s  r e v e r s e d  by  

d i r e c t  thermal s t i m u l a t i o n  a n d  h e n c e  a n y  pu lmonary  

c o n q a s t  i o n  is c l e a r e d .  Also, h u m i d i f i c a t i o n  l i g u i f i e s  

, c o n g e s t i o n  and m o b i l i z e s  it for t r a n s p o r t  ( H a r n e t t ,  Sias and 

P r u i t t ,  3379) ,  



4 ,  Airway r e w a r m i n g  h a s  a beneficial e f f e c t  on card iovascular  

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

rise i n  c o r e  t e m p e r a t u r e ,  C l i n i c a l  o b s e r v a t i o n s  suggest a 

similar i m p r o v s m s n t  i n  c s r a b r a l  E u s c t i o n  (Lloyd, M i t c h s l l  

a n d  ~ i l l i a m s ,  1976b; L l o y d  a n d  # i t c h e l l ,  l97U) .  

I n  a  c o m p a h f C i v e  study, C o l l i s ,  S t e i n m a n  and Chaney (1977)  

showed t h a t  core t e m p e r a t u r e  a f t e r d r o p  was s i g n i f i c a n t 1  y reduced 

when i n h a l a t i o n  rewarning uas ada in i s t ered  c o n p a r e d  t o  s h i v e r i n q  

t h e r m o q e n e s i s  a l o n e ,  E x p e r i m e n t a l  s t u d i e s  c o m p a r i n g  t h e  

effectiveness cf hot b a t h  a n d  i n h a l a t i o n  rewarming  found t h a t  

h o t  b a t h  r e u a r ~ i n g  produced a g r e a t e r  r i se  i n  r e c t a l  t e m p e r a t u r a  

than i n h a l a t i o n  rewarming  b u t  the q a i n  i n  t y f e p a n i c  t e m p e r a t  ure 

was s l i q h t l y  l a s s  {Hayward a n d  STelnman,  3975). I n  c o n t r a s t ,  

H a r c u s  ( 1  978) showed t h a t ,  t h e  ef f s c t i v . s n e s s  o f  i n h a l a t i o n  

r e w a r m i n g  i n  r a i s i n g  t y p m a n i c  t e m p e r a t u r e  was aot  s i g n i f i c a n t l y  

d i f f e r e n t  f r o n  shiverfnq alone and was s i q n i f i c a n z l y  lass t h a n  

h o t  b a t h  rewarming. A s t u g y  c o m p a r i n y  h o t  b a t h ,  i n h a l a t i o n  and  

p a s s i v e  r e w a r m i n g  u s i n g  a n a e s t h e t i s s d ,  i n t u b a t e d  s h e e p  showsd  

h o t  b a t h  rerawinq t o  be t h e  b e s t  method f o r  e l e v a t i n q  Cora 

t e m p e r a t u r e  {Lloyd,  H i t c h e l l  a n d  ~ i l f i a m s ,  1 9 7 S a ) .  I n h a l a t i o n  

rewarming, however, showed c o n s i d e r a b l e  a d v a n t a g e  o v z r  p a s s i v e  

rewarming  a 1  one a n d  t h e  c o r s / s h e l l  t e m p e r a t u r e  q r a d i z n t s  were . 

more n o r a a l  i n  i n h a l a t i o n  r t w a r m i n g  t h a n  i n  hct b a t h  rewarminq ,  

Auld, L i g h t  a n d  Norman 11979) u s i n g  1 iqhtly a n a e s t h e t i z e d ,  

12  



i n t u b a t e d  d o q s  show?d no d i f f s r e n c s  i n  r e w a r m i n u  ratss between 

shivering a n d  i n h a l a t i . c n  r e w a r m i n g .  

The a n i m a l  studies by Lloyd,  M i t c h % P f ,  and P i l l i a m s  ( 1 9 7 6 a )  

and a u l d ,  Light and Norman (1979) were ca r r i ed  out. u n d ~ r  

a n a e s t h e s i a .  This n o t  o n l y  decreases heat p r o d u c t i o n  b y  

af  f e c t i ~ g  the h y p o t h a l a m i c  heat csizler, by  i n h i b i t i n g  s h i v s r i n q ,  

and b y  d e p r a s s i n q  m z t a b a l i s ~  t o  b a s a l  I s v e l s ,  but a l so  i n c r e a s s s  

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

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

Edholm, 1955; K e a t i n g e ,  1969; Lloyd, B i t c h e l l  a n d  H i l l i a a s ,  

1976a).  Anassthesia w o u l d  t h e r e f o r 3  slow t h e  r e w a r m i n q  rate i n  

s h i v e r i n q  thermoganesis  and i n h a l a t i o n  sewarminq; taethods w h i c h  

r e ly  o n  i n t r i n s i c  ~ e t a b o l i c  activity a s  a major heat s o u r c e  

[ B u s t o n  a n d  E d h o l i ~ ,  1355; L l o y d ,  Conliffe, O r q e i  a n d  WaPter, 

3 3 7 2 ) .  It would h o w e v e r ,  have a m i n i m a l  effect on h o t  bath 

r e w a r m i n g  which is d e p e n d e n t  on t h e  p h y s i c a l  t r a n s f e r  of haat 

from the water t o  the body,  

A s e c o n d  p r o b l e ~  w i t h  these  studies was the a n i m a l s  were 

L n t u b a t e d .  N o r m a l l y ,  i n  a i r w a y  r e w a r m i n g ,  ~ u c h  of the heat g a i n  

w h i c h  occ c r s  takes place across t h e  e a s o p h a r n y x  ( K e a t i n q s  f sono 

Marcus ,  1979)  . I n t u b a t i o n  w o u l d  t h e r e f o r e  r e d u c e  %he 

e f f e c t i v e n e s s  of inhalation r e w a r m i n q ,  



L l o y d ,  M i t c h e l l  a n d  Williams (1376a) ohsnfvad  th3t 

inhalation r e w a r m i n g  p r o v i d e d  no a d d i t i o n a l  b e n e f ~ t  when the 

v e c t i l a t o r y  rate is i n c r e a s a d ,  T h i s  result is  c h a l l e n g e d  by  

Pavlin, Hornbein anit  Chanay (1  976) whc showed that i nc reas inq  

ventilation i n c r e a s e s  t h a  r a t e  o f  t e m p e r a t u r e  elevation i n  

a n e a s t h e t i x e d  dogs ( T a b l e  2 ) ,  

S u p r i s i n g l y ,  there havs been  few s e r i o u s  attempts t o  

calculate the effectiveness of i n h a l a t i o n  r e w a r m i n g  a s  a h e a t  

s o u r c e ,  This may be a t t r i b u t s d  t o  t h e  d i f f i c u l t y  of  e s t i m a t i n q  

t h e  a c t u a l  heat  s u r r e n d e r e d  by the i n h a l a t e  and i t s  d i s t r i b u t i o r  

t h r o u g h  t h e  a i r w a y s ,  Hudson and R o b i n s o n  (1973)  e s t i m a t e d  t h a t  

t h e  gain i n  body t e m p e r a t u r e  from i n h a l a t i o c  rewarming w o u l d  b e  

O,O3oC/hr based on a h e a t  input o f  1 3  R c a l / h r ,  T h e y  assume3 

h o w e v e r ,  t h a t  i n h a l a t i o n  ravar~iny w o u l d  have  tc provide 70 Kcal 

t o  F ~ O ~ U C ~  a 1 %  rise i n  core temperature. L l o y d ,  C o n P i f f e ,  

Orqel. and Walker (9972) c a l c u l a t e d  a s imi la r  figure for 

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

h y p o t h e r m i c  p a t i e n t  (core t e m p e r a t u r e  3 0 • ‹ C )  but pointed o u t  t h a t  

t h e  s l i r a i n a t i o n  of respiratory h e a t  loss amounted to a C u r t h e r  

15 K c a l / b r  heat g a i n  i f  t h e  a i r  t e m p e r a t u r e  was O 0 C ,  I n  t h e i r  

c a l c u l a t i o n ,  Lloyd, C o n l i f f e ,  Qrqol and M a l k e r  (7973) ignored 

t h e  p o t e n t i a l  benefits of the latent heat  of c o n d e n s a t i o n ,  

Wessef, James a n d  P a u l  (1966)  e x a r a i n a d  b lood  t s m p a r a t u r a s  i n  t h e  

aor ta  and pulmcnary a r t e r y  of t h e  dog a n d  f o u n d  i n h a l a t i c n  of 



TABLE 2 

EFFECT OF TWO DIFFERENT LEVELS OF VENTILATION 

ON CARDIOVASCULAR TEMPERATURE CHANGES OF ANAESTHIZED DOGS 

IN RESPONSE TO INHALATION REWARMING 

I. Vena Cava 

S. Vena Cava 

Pulmonary 
Artery 

Left Ventricle 



h e a t e d  h u m i d i f i e d  g a s  warmed t h e  blood a s  it p a s s e d  t h r o t l q h  t h e  

pulmonary c i r c u l a t i o n .  However  it was a l s o  demonstratad t h a t  

inhalation of heatsd d r y  g a s  cooled t h 3  blood a s  it passed 

t h r o u g h  t h e  pulmnzry c i r c u l a t i o n .  S h a n k s  a n d  Harsh (3973)  

c a l c u l a t e d  t h a t  i f  s a t u r a t e d  a i r  were inhaled, t h e n  t h e  

r e s p i r a t o r y  h e a t  g a i n  would be  9.2 K c a l / h r  (care temperature 

30•‹C;  i n h a l  a t e  UO•‹C) . Allowing t h a t  the profound1 y h y p o t h e r m i c  

patient w i l l .  have a low metabolic rate of approximatsly 54 

K c a l / h r  ( L l o y d ,  Conl i f fa ,  O r g e l  and Y a l k e r ,  1 9 7 2 ) .  t h e n  t h e  

estimatad d i f f e r e n c e  i n  r a s p i r a t o r y  h2at o f  24 Kcallhr o f f s r a d  

by inhalation rewarminq may become s i . y n i f i c a a t ,  p a r t i c u l a r l y  i f  

it is a p p l i e d  directly tc t h e  cors,  

The  equivocal  nature of the arquements presented regarding 

i a h a l a s i o n  rewarming j u s t i f i e s  f u r t h e r  study t o  q u a n t i t a t i v e l y  

determine t h e  effect i n h a l a t i o n  rewarming h a s  on cors  

t eapera tum changes d u r i n q  r e w a r m i n g  from hypotherntia.  This 

coctrov9rsy cont inues  b e c a u s ~  thsre is a l a c k  of accura te  and 

a d e q u a t e l y  d e t a i b d  s c i e n t i f i c  da ta  t o  r e so lve  arquements b a s e d  

l a r q a l y  on  t h e a r e t i c a l  predictiol; ,  A thorough a n d  detailed 

evalua t ion  of inhalation rewarming is t he re fo re  needed. 



C, FIELD STUDY 



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

A p r e f i ~ i a a r y  theoretical i n v e s t i g a t i c n  was made t o  

e s t i m a t s  the quantity of heat d e l i v a r e d  by inhalation slewarminq 

and to d e t e r m i n e  whether a n y  ~odifications c o u l d  be made tc tha 

i n h a l a t i o n  rewarming t e c h n i q u e  w h i c h  would i n c r e a s e  d e l i v e r y  of 

heat  to the p a t i e n t .  

ghen a completely water-saturated gas is u s e d  t o  rewarm a 

h y p o t h e s m i c  s u b j e c t  there a r e  two c w p o n e n t s  i n  the sa tura ted  

mwarrating qas t h a t  contribute to  the ability of the gas to 

rewarm t h e  hypothera ic  v i c t i m ,  The first component is the 

c o n v e c t i v e  h e a t i n q  a b i l i t y  of the gas,  This heat i s  r e l e a s e d  

when a warm gas i n s p i r e d  a t  a n  initial. t e l n p e r a t u r e  ( T i )  cools t o  

a f i n a l  temperature (Te). T h e  s 8 c o n d  c a m p o n a ~ t ,  condensatory 

heat g a i n ,  is due t o  c o n d e n s a t i o n  of water vapor when S h e  

s a t u r a t e d  gas is  c o o f ~ d .  

Strictly, c o n v e c t ; i v e  heat  g a i n  (CONV) from a r e u a r m i n q  g a s  

depends on t h e  v o l u m e  of g a s  ventilated ( i )  , t h a  d a n s i z y  of the 

gas ( p ) ,  the specific hsat of the gas a t  c o n s t a n t  pressure (Cp) 

and the change i n  tsreperature of -the g a s  (Ti  - Te). Thus: 



where 1 a n d  e d e n o t g  i n s p i r e d  g a s  and e x p i r e d  gas r e s p e c t i v e l y ,  

X f  inspired a n d  e x p i r e d  v e n t i l a t i o n s  are assumed  t o  be 

e q u a l  and i n d e p e n d e n t  of qas m i x t u r a ,  the c h a n g e  i n  teaperatura 

is c o n s i d e r e d  i n d e p e n d e n t  of  gas  m i x t u r e ,  and  t h e  i a s p i r e d  and 

e x p i r e d  d e n s i t y - s p e c i f i c  heat products a r e  a s s u m e d  to b e  equal, 

t h e n  c o n v e c t i v e  h e a t  g a i n ,  assuming a c o n s t a n t  v e n t i i a t i c n  a n d  

t e m p e r a t u r e  d r o p ,  can b e  r e p r e s e n t e d  by ths f o l l o v i n q  modified 

a q u a t i o n ,  

CONY = c o n s t a n t  x [ p  x Cp) 

To maxia izs  t h e  convective h e a t i n g  a b i l i t y  of  a r a w a r a i n q  

g a s ,  far a q i v e n  v e n t i l a t i o n  a n d  tsmpasatufe d r o p ,  t h e  

d e n s i t y  - s p e c i f i c  heat product s h o u l d  b% maximized ,  The r e s u l t s  

of this i n v e s t i g a t i o n ,  to d e t e r m i n e  the o p t F ~ a l ,  gas  m i x t u r e  f o r  

c o n v e c t i v e  heat delivery, i s  d a t a i l e d  in Table 3, 

It may be seen  t h a t  t o  ensure  m a x i ~ u m  c o n v e c t i v e  h s a t  g a i n ,  

oxygen s h o u l d  b e  used ;  however ,  t h e  c o n v e c t i v e  h e a t i n g  ability 

of a i r  i s  o n l y  f r a c t i o n a l l y  smaller, Thus t h e  o n l y  r e m a i n i n g  

a v e n u o  of i n c r e a s i n q  t h e  c o n v e c t i v a  h e a t  g a i n  is b y  i n c r e a s i n g  

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

If  I t  i s  assumed  t h a t  the+ e x p i r e d  qas temperature is closely 



Gas 

Air 

TABLE 3 

PHYSICAL CHARACTERISTICS 

OF GASES 



related t o  cora t e m p e r a t u r e  thrn t o  increase the t empera tu re  

d rop ,  for a g i v e n  core tempmatura ,  inspired t e m p e r a t u r e  m u s t  be 

e l eva t ed .  

Condensatory  heat qain (COND) d e p e n d s  only on the mass oE 

t h e  water v a p o r  that c o n d e n s e s  a n d  amount of heat that is 

released par unft weight of water vapor that condenses (latent 

heat of c o n d e n s a t i o n ) .  The @ass of water vapor  that condenses 

is: 

Hhers  p= density of water v a p o r  a t  STP = O,8 162 gsams / l i t e r  

Pazo = f r ac t i on  o f  t h e  gas  mixture that i s  water vapor 

T h e  l a t e n t  heat  of condensation of watar vapor, corrected for 

t emps ra tu re s  others t h a n  200C, 9s g i v e n  by the folfowinq 

equation (Hoke, Jackson, Alexande r  and P l y n a ,  1 3 7 6 ) .  

Latent Heat = j590 - 0,55 i(T - 20)  ) cal/qraia l t r )  

C o m b i n i n g  e q u a t i o n s  3 and 11 produces  the equation u s e d  to 

calculate condensa to ry  haat gain.  



C o n d e n s a t o r y  b e a t  q a i n  depends o n  v e n t i l a t i o n ,  % s a t u r a t i o n  

or r e l a t i v e  humidity of the r e s p i r e d  ga s  and the inspired a n d  

expired gas t e m p r a t u r a s ,  If the r e w a r m i n g  gas i s  100% s a t u r a t e d  

t h e n  t h e  o n l y  means of i n c r e a s i n g  c o n d e n s a t o r y  h e a t  gain a r e  by 

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

I t h a s  keen s u g g e s t e d  t h a t  t h e  inhalation of warm moist a i r  

c a n  $a t o l e r a t a d  t o  t e l n ~ s r a t u r a s  a s  h i g h  a s  50 t o  60% dEloyd,  

C o n l P f f e ,  Orgel a n d  Walker, 1972; Bori tz ,  H e n r i q u e s  and ElcLean, 

1 9 4 5 ) .  SsveraZ .  a u t h o r s  s l a t e  however ,  t h a t  i n s p i r e d  temperatuslts 

over  45% a r e  not  r e a d i l y  t o l e s a t e d  b y  h y p o t h e r m i c  s u b j e c t s  

(Hayward a n d  S t e i n m a n ,  1975; L l o y d ,  1974 ;  C o l l i s ,  S t s i a m a n  a n d  

Chansy, 1977 ;  Shanks a n d  Harsh ,  3973; G u i l d ,  7 9 7 6 ) .  Tests  h a v e  

shown that i n h a l a t i c a n  sf warm moist a i r  a b o v e  47OC was 

' u n p l e a s a n t l y  h o t t  a n d  above 50•‹C p r o d u c e d  b u s n i n q  s e n s a t i o n s  

{ G u i l d ,  1976). L l o y d  f 1373) refers t o  some l a r y n g e a l  edema and 

tracheal s c a l d i n g  i n  an  e l d e r l y  patient f o l l o u i n g  r a a x i a a l  

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

s u b  j ec t f  s v e n t i l a t i o n  r e p r s s e n t s  the o n l y  s u i t a b l e  means  of 

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

by a saturated r e u a r m i n q  g a s .  



The method c h o s e n  t o  i n c r e a s e  the s u b  jectss v e n t i l a t i o n  was 

t h a t  o f  r e b r e a - t h i n q  a x p l r s d  gas, H y p e r v e n t i l a t i o n  c o u l d  be  

c o n t r o l l e d  by  adjusting the carbon dioxide fraction of t h e  

i n s p i r e d  qas m i x t u r e .  

A second i n v e s t i g a t i o n  uas made t o  d e t e s n i n e  the relative 

c o s j t r i b u t i o n  of c o n v e c t i v e  and c o n d a n s a t o r p  heat  t o  the total 

s s s p i r a t o r y  hea t  qain (RH) , 

I f  t h e  r e w a r m i n g  gas i s  air, i n s p i r e d  t e ~ p e r a t u r e  i s  45*C, 

e x p i r e d  t e m p e r a t u r e  is 32%, a n d  inspired a n d  e x p i r e d  

v e n t i l a t i o n  a r e  20 l l l r i in ,  t h e n  c o m b i n i n g  equations 1 and 5: 

R f i  = COiJV + C O N D  

R H  = 0,089 Kcal/min + 0,513 KcaX/min 

R H  = 13-6s  convective + 86 .4% c o n d e n s a t o r y  

From t h i s  result, i t  is seen t h a t  mcst of the heat  ~ r o v i d s d  

by i n h a l a t i o n  rewarirriag is  frolri t h e  c o n d e n s a t i o n  of water v a p o r ,  

Therefore  f o r  inhalation rewarming t o  b e  e f f z c t i v e  t h e  r e w a r m i n g  

gas  m u s t  be  100% s a t u r a t e d .  



The p u r p o s e  of f o l l o u i n q  exp~riesnt was to aemonstrate that 

incceasinq r e s p i r a t o r y  heat i n p u t  to mildly h y p o t  hermit s u b j e c t s  

(by increased v e n t i l a t i o n )  produces i n c ~ a a s e d  core temperature 

qain. An attempt to q u a n t i f y  this increase in terls of tors 

temperature rise p e r  l i t e r  of i nc reased  v e n t i l a t i o n  was made. 



E x p s r i m e n t s  sere carried o u t  untier field c o n d i t i o n s  on the 

Pacific C o a s t  of British Coluoabia ,  T h i s  p a r t i c u l a  r s t u d y  formed 

a n  i n t eg ra l  p a r t  of a l a r g s r  field s t u d y  t o  t e s t  t h e  

e f f e c t i v e n s s s  of d i f f e r e n t  survival s u i t s  d e s i g n e d  for c o l d  

water i m m e r s i o n  {Hayward, L i s s o n ,  C o l l i s  and E c k e r s o n ,  1378) . 
T h e  e x p e r i m s n t s  were conducted on a d i v i n g  float, off w h i c h  t h e  

s u b j e c t s  were i m m e r s e d  each d a y  i n  t h e  ocean, D u r i n g  the study, 

average water temperat urs was 13.8QC and a v e r a g e  a i r  temperature 

was 12.Y•‹C. 

Twenty volunteer, ga le  s u b j e c t s  were s e l e c t e d  a s  s u k j @ c t s ,  

Selection was on t h e  basis of m i n i m i z i n g  i n t e r - i n d i v i d u a l  

variation i n  body s ize  and  f a t n e s s  wh ich  a f f ec t  c o o l i n g  sa te  

( T i m b a l ,  Loncle,  a n d  B o u t s l i o r ,  1976) .  Table 4 presents a 

summary of s u b j e c t  p h y s i c a l  c h a r a c t e r i s t i c s ,  All subjects rJers 

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

tests, and g e t  t h e  s e q u i r e a e n t s  f o r  i n f o r m e d  c o n s e n t ,  a c c o r d r n q  

t o  psocedurss o u t l i n e d  prsviously (Hayward, Eckerson, and 

C o l l i s ,  1 9 7 5 ) .  Of t h e  20 s u b j e c t s  who p a r t i c i p a t e d  i n  t h e  

s u r v i v a l  s u i t  s t u d y ,  1 4  were c h o s e n  t o  p a r t i c i p a t e  i n  the 



TABLE 4 

PHYSICAL CHARACTERISTICS OF SUBJECTS 

I N  F I E L D  STUDY ( n = 1 0 )  

A g e  (yrs) 

Weight ( k g )  

H e i g h t  ( c m )  

Body F a t  ( % )  



A respiratory r e w a r m i n q  a p p a r a t u s  ( F i g u r e  1) was designed 

t o  s u p p l y  hc t  mcist g a s  a t  a c o n t r o l l e d  t s ape ra tu re .  A f 9 e d b a c k  

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

v a a t i l a t o r y  r e s p o n s e  o f  the subject by r s b r e a t h i n q  expired qas, 

I n s p i r e d  air was heated and s a t u r a t e d  b y  p a s s i n g  t h r o u g h  a heat 

e x c h a n g e r  and  h u m i d i f i s r  u n i t ,  Warln water e n t e r e d  t h e  t o p  o f  t h e  

u n i t  i n  t h e  fora of a s p r a y  add was r e m o v e d  a t  the h o t t o m .  T h e  

water was recycled t o  ths unit t h r o u g h  a t h e r r a o s t a t i c a l l p  

c o ~ t r o l l e d  water bath b a t e d  b y  an electr ic c o i l  (HETO, T443). 

The s u b j e c t  i n s p i r e d  t h f o u q h  a mouth-piece c o n n a c t e d  t o  the h e a t  

e x c h a n g e r ,  f n s p i r a d  gas t e m p e r a t u r e  was m e a s u r e a  by a t h e s a t i s t o r  

(YSS t y p e  401) p f a c s d  immediately b e f o r ~  the i n l e t  v a l v e  o f  t h e  

m o u t h - p i e c e ,  Gas t e m p e r a t u r e  c o u l d  be c o n t r o l l e d  t o  2 l 0 C  by 

a l t e r i n q  t h e  thermostat s e t t i n g  of t h e  wates b a t h ,  Expired q a s  

was e i t h e r  exhausted d i r e c t l y  t o  t h 5  a t m o s p h e r e  o r ,  by a d j u s t i n q  

t h e  two-way v a l v e ,  was r e c i r c u l a t e d  t o  t h e  h e a t  exchanqer whers 

it mixed w i t h  i n c o m i n g  a i r  b e f o r e  exhausting t o  the a t ~ o s p h e r e .  

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

d e s i r e d  level by a d j u s t i n g  t h e  p r o p o r t i o n  of e x p i r e d  g a s  

s e c i r c u l a t e d .  T h e  v a n t i l a t i o n  of t h e  subjec t  was m e a s u r e d  b y  

p a s s i n g  i n c o m i n g  a i r  t h r c u g h  a dry gas-meter ( P a r k i n s o n - C o w a n )  . 

connected t o  t h e  i n l e t  o f  the heat e x c h a n g e r .  



P i q u r e  1. Schematic d iag ram of the r e s p i r a t o r y  kewarminq  

appartus and instrumentation used in the field study, 
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R e s p i r a t o r y  g a s e s  Hers m e a s u r e d  by c c n t i n u o u s  s a m p l i n g  

d i r e c t 1  y at t h 5  m o u t h p i e c e .  I n s p i r e d  a n d  r ? g p i r e d  a l v e o l a r  c a r  ban 

d i o x i d e  f r a c t i o n s  ware a n a l y z e d  b y  a r a p i d  r s s p o n s e  i n f r a r s d  

carbon dioxide araalyser { G o d a r t  S tatham) . c o r r e s p o n d i n q  oxyqm 

fractions were a n a l y s e d  by a r a p i d  r e s p o n s s  zirconium oxide 

oxgq9n analyser  ( A p p l i e d  E l e c t r o c h e m i s t r y  S - 3 R )  . 

Oxpqen u p t a k e  (YO2) was ca lcula ted  from i n s p i r e d  a n d  

expirad a l v e o l a r  gas  fractions. 

Vhere it* = ( 1  - 6,) x bi [ l /min  STPD) 

Respiratory d e a d s p a c e  (k) was s s t i m a t e d  fro. t h e  d a t a  o f  

@ o r r i s o n ,  B u t t ,  Florio a n d  Mayo (1376) which r s l a t a s  m i n u t e  

v e n t i l a t i o n  and tidal volume and t h o  da t a  of Asmussen a n d  

Nielson (39535) which r e l a t e s  t i d a l  v o l u m e  and resp i ra to ry  dead 

space. 

Each  day,  one or two s u b j e c t s  u n d e r w e n t  r e s p i r a t o r y  

r e w a r a i n q ,  t h e  remainder being rewarmed u s i n g  c o n v e n t i o n a l  hot 

bath rewarnt ing .  Tha s u b j e c t s  selected for r e s p i r a t o r y  rewarning 

were d r e s s e d  sither i n  s h i r t ,  jeans and  l i f e  p r e s e r v e r  o r  wore a 

30 



s u r v i v a l  s u i t  o f f e r i n g  i n a a z q u a t e  thermal p r o t e c t i o n .  Bactai 

t e m ~ e r a t u r e s  were m e a s u r e d  by a t h e r m i s t o r  (YSI t y p e  4 0 1 )  

k n s a r  t ad  15 c e n t i m e t e r s  beyond t h e  anus .  T e n p e r a t u r e s  were 

recorded 22 t e n - m i n u t e  i n k e r v a l s  a n d  t h e  s u b j e c t s  were reaoved 

from the c o l d  water when a 2% d r o p  i n  rectal  t e l g p s r a t u r s  was 

r e g i s t e r e d .  

on r e m o v a l  Erom the water, t h a  s u b j e c t  e n t e r e d  a c a b i n  on 

t h e  d i v e  f l o a t  where h e  was s t r i p p e d  of c l o t h i n q ,  d r i e d  l i q h t l y ,  

and l a i d  o n  a bunk,  S k i n  t h e r m i s t o r s  (YSI t y p e  409) were 

a t t a c h e d  t o  t h e  r i g h t  chest i n  the r e g i o n  of p e c t o r a l i s  m a j a r  

and  t o  the l a t e r a l  a s p e c t  of t h e  r i g h t  ca l f ,  The s u b j e c t  u a s  

t h e n  c o v e r e d  with a blanket, A 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  

was i n s e r t e d  i n  t h e  l e f t  auditory canaf .  n e a r  t h e  tyapanum a n d  

sea l ed  i n  p o s i t i o n  with soft wax. The rectal, s k i n  a n d  i n s p i r e d  

g a s  t e m p e r a t u r ~  probes were connected to a t e m p a r a t u r e  meter 

having a zero offset selector  switch a n d  e x p a n d e d  scale 

m e a s u r i n q  1 lQC f u l l s c a l e  d e f l e c t i o n ,  r e a d  to  +0,05•‹C. 

The s u b j e c t  began b r e a t h i n g  hot mist a i r  f rom t h e  

r e s p i r a t o r y  rewarming  a p p a r a t u s  six a i n u t e s  af te r  l e a v i n g  t h e  

water, I n s p i r e d  air t e n t p e r a t u s e  was controlled a t  4Y•‹C,  H i n u t e  

v ~ n t f l a t f o n ,  i n s p i r e d  an3 a l v e o l a r  oxygen and  c a r b o n  dioxide gas .  

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

a n d  c a l f  t e a t p e r a t u s e s  were recorded a t  three m i n u t e  i n t e r v a l s ,  



T h e  e x p e r i m e n t  was t e r m i n a t e d  36 m i n u t e s  after g x i t  from t h e  

water and t h e  s u b j e c t  was then transferred t o  a h a t  bath for 

addit i o n a i  v a s ~ l n g  i f  m c e s s a r  y. 

Each  subject u n d e r w e n t  r e s p i r a t o r y  r e w a r m i n g  o n  two 

occasions, During one ~ r a t o c o l ,  t h ~  subject was rlewartusd 

b r e a t h i n g  a i r  c o n + a i n i n q  no  c a r b o n  dioxide, There fo re ,  the level 

o f  v e n t i l a t i o n  v a r i e d  according t o  mstabolic r a t e ,  I n  the s e c o n d  

p r o t o c o l ,  t h e  e x p i r e d  gas  was r e c i r c u l a t e d  t h r o u g h  t h e  heat  

exchanqes and v e n t i l a t o r y  response v a r i e d  a s  a f u n c t i o n  of b o t h  

n e t a b o l i c  rate and  i n s p i r e d  carbon d i o x i d e ,  T h e  i n s p i r e d  carbon 

d i o x i d e  f r a c t t o n  was a d j u s t e d  t h r o u g h o u t  the e x p e r i m e n t  i n  o r d e r  

to m a i n t a i n  a r e l a t i v e l y  cons tant  v a n t i l a t i o n  of 4 5  to 50 l / m i n  

(BTPS) , 

As t h e  e x p e r i m e n t s  were carried o u r  i n  the f i e l d  a n d  the 

p r i ~ a r y  objective was t o  establish the r a t e  of cooling when 

w e a r i n q  d i f f e r e n t  t y p e s  of p r o t e c t i o n ,  t h e r e  was soma v a r i a t i o n  

i n  c o r e  a a d  skin t e ~ p e r a t u r a s  a t  t h a  s t a r t  of rewarminq f T z s r o f .  

A n a l y s i s  of t h s  data  of the 14 s u b j e c t s  showed a s i q n i f i c a n 5  

d i f f e r e n c e  b e t w e e n  the Bean r e c t a l  z e m p e r a t u r e s  at T z s r o  l o r  t h e  

two m e t h o d s  of rewasmhng. T h e s e  da ta  showed a t e n d a n c y  for t h e  

r a t e  of rewarming t c  be  i n f l u e n c s d  by  core t e i n p f a t u r e  a t  time . 

T z a r o  presurriably due t o  its effect on s h i v e s i n y  m e t a b o l i s m ,  I n  

o r d e r  t o  eliminate t h i s  f a c to r   fro^ t h 3  a n a l y s i s ,  t e n  s u b j a c t s  



were selected s u c h  t h a t  the maan rec ta l  temperatures at t i a l e  

Tzero, for the two rewarntinq rtlsthods, were balancad to 2 0 .  l•‹C, 

A l l  data wer? quoted  a s  the mean plus or rrtinus the? s tandarri  

error of the mean. Differences i r i  response b e t w e e n  the two 

rewarming methods were analysed for significance by c o n p a r i n g  

t h e  data sets (n=l0) in a paired T - t e s t .  



1x1, B e s u l t s  

When b r e a t h i n g  a i r ,  m i n u t e  velr t i l a t i o n  {BTPS) decreased 

r a p i d l y  w i t h  the decline of s h i v e r i n q  f r om aa i n i t i a l  value of 

37.2 2 1.4 lyrnir ,  t o  11.4 2 0.7 l/mie a f t e r  30 m i n u t a s  of 

rewarminq ( P i g u m  21. I n  c o n t r a s t ,  when r e b r a a t h i n q  e x p i s e d  a i r ,  

~ i n u t e  v e n t i l a t i o n  was increased  fro^ a n  i n i t i a l  v a l u e  of 37.0 2 

1.6 l / rn in  (no r e b r e a t h i n g  i n  first 5 minutes) to 50 _1: 2 l / m i n  by 

t e n  m i n u t e s ,  This l eve l  of v e n t i l a t i o n  was m a i n t a i n e d  f o r  t h e  

duration of the experiment. 



f i g u r e  2. C o n p a r i s o n  of i n s p i r a d  ventilation [ i / m i n  BTPS) d u r i n g  

r e w a r m i n g  w i t h  noriual i n h a l a t i o n  rewasraing (control) and 

h y p e r v e n t i l a t i o n  i n h a l a t i o n  r e w a f m i n g  ( h y p e r v s n t i f a t i o n )  . 
H y p e r v % n t i l a t i . c n  was ccn t ro l l ed  at a p p r o x i m a t e l y  50 l / a i n  by 

r e b r e a t h i n g  a f r a c t i o n  of e x p i r e d  a i r .  During con t ro l  
I 

v e n t i l a t i o n  v a r i e d  i n  response t o  s h i v e r i n g  t h e r m o g e n e s i s ,  Mean 

d a t a  of 10 s u b j e c t s .  Vertical lines denote standard e r r o r s  of 

means. 
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Oxygen uptake was calculated only when b r e a t h i n g  air 

(cont ro l  r e v a r r n i n q )  . During controlled h y p e r v e n t i l a t i o n ,  thp ;  

d i f f a r e n c e s  between i n s p i r e d  a n d  alveolar oxygen and c a r b o n  

dioxide values were insufficient t o  allow a c c u r a t e  measursmsat 

of oxygen u p t a k e ,  Oxygen uptake v a r i e d  g r e a t l y  among the 

subjects, being d e p e n d e n t  on the extent of s h i v e r i n q  

t h e r n o q e n e s i s ,  oxygen uptake was 1.27 2 0.03 l / a i n  i n  t h e  first 

minute of reuasming and d e c r e a s e d  r a p i d l y  a t  f i rs t  and  t h e n  more 

s l o w l y  to a value of 0 , 3 6  2 0.01 l /min a f t e r  30 minutes of 

r e v a r r n i n q  (Figure 3 ) .  



F i g u r e  3, Oxygen u p t a k e  (l/min STPD) d u r i n g  rewarming w i t h  

normal i n h a l a t i o n  rewaraing {control) . O t h e r  c o n d i t i o n s  as in 

f i g u r e  2, 



REWARMING TIME (min) 



Core and Skin T e m g a r a l u r e s  ---- -- --- I_ I_--- 

The  rec ta l ,  t y m p a n i c  a n d  s k i n  t e m p e r a t u r e s  of each s u b j a c t  

were r a o r m a l i z s d  b y  s u b t r a c t i n g  t h e  i n i t i a l  t e m p e r a t u r e  (Tzsro) 

from t h e  t e m p e r a t u r e  at any future time, The  a a a n  t e m p e r a t u r e  

c h a n q e s  o f  t h e  10 s u b j e c t s  were the3 c a l c u l a t e d  a t  time 

i n t e r v a l s  of 3 m i n u t e s ,  

w i t h  both rewarming methods, rectal temperature { P  i g u s e  4)  

recorded a milaimua valus (Tad) w i t h i n  t h e  f i rs t  s i x  m i n u t e s  of 

rewarming. The m a r  g a i n  i n  t e a p a r a t u s e  a t  m i n u t e  30 was 0,330C 

when b r e a t h i n g  air, ccmpared w i t h  0,77OC shen h y p e r v e n t i l a t i n g  

( P  < 0.01). U s i n g  t h e  mean d a t a ,  a l eas t  squares rsgression l i n e  

was fitted t o  ths p a r t  of t h e  c u r v e  i n  which t h e  t e a p e r a t u r s  was 

rising s t e a d i l y  ( n i n u t e s  3 - 3 0 ) .  The regression e q u a t i o n  gave a 

mean rise i n  r e c t a l  t e m p e r a t u r e  o f  1,21•‹C/hr when b r e a t h i n q  air 

compared w i t h  2.150c/hr when h y p e r v e n t i l a t i n g .  The  means of t h e  

slopes of t h e  i n d i v i d u a l  r e q r e s s i o n  l i n e s ,  c a l c u l a t e d  for e a c h  

s u b j e c t ,  were s f g n i f i c a n t f y  g r e a t e r  ( P  < 0,1) with c o n t r o l l e d  

h y p e r v a n t i l a t i c n  t h a n  w i t h  n o r m a l  inhalation rewarming. 



F i g u r e  4, Compar i son  of rectal  taraperat re  c h a n g e s  {OC) d u r i n g  

rewarning  with normal i n h a l a t i o n  rewarming (central) and 

h y p e r v e n t i l a t i o n  i n h a l a t i o n  rzwafrning ( h y p e r v e n t i l a t i o n ) ,  O t h e r  

c o n d i t i o n s  as in F i g u r e  2. 
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There was n o  d i f f e r ~ ~ c e  i n  t h e  n a g n i t u d e  of rectal 

t e m p e r a t u r e  a f t e r d r o p  [Tad = 0.5•‹C), b u t  when b r e a t h i n g .  a i r ,  

a f t e r d r o p  d u r a t i o n  was lonqsr (P < 0 , l )  , Two subjects f a i l e d  to 

i n c r e a s e  t h e i r  r ec ta l  t e m p e r a t u r e  a b o v e  the i n i t i a l  v a l u e  d u r i n q  

t h e  30 m i n u t e s  of  r e w a r m i n g  when breathing a i r ,  f n these 

s u b j e c t s ,  rectal  t e m p e r a t u r e  tsnded t o  stabilise, the lowest 

t e m p e r a t u r e  change a t  m i n u t e  3 0  b e i n g  -0,350C. I n  c o n t r a s t ,  

d u r i n q  c o n t r o l l e d  h y p e r v e n t i l a t i o n  a1 l ten s u b j e c t s  registered 

an increased rectal t e ~ p e r a t u r s ,  

Tympan ic  t e a t p e r a t  u r e  g a i n s  ( P i q u r e  5) were c a n s i d a r a b l  y 

g r e a t e r  t h a n  corssspondinj rectal  t e m p e r a t u r e  gains (P < 0 . 0 3 ) .  
/ 

T h e  m i n i m a  v a l u e  of mean t y m p a n i c  t e m p e r a t u r e  was r e c o r d e d  

a f t ~ r  3 m i n u t e s  of r e u a r m l n q  by b r e a t h i n q  a i r ,  with 

h y p e r v e n t i l a t i o n ,  t h e  mean d a t a  showed no af terdrop i n  t ytnpanic 

t e m p e r a t u r e ,  T h e  mean g a i n  i n  t y m p a n i c  t e a p e r a t u r e  was 1 , j o C  

when b r 3 a t h i n g  a i r  a n d  1.5W when h y p e r v e n t i l a t i n g ,  The  ra te  of 

gain i n  t y m p a n i c  t e m p e r a t u r e  from m i n u t e  5 to  30 was c a l c u l a t e d  

usinq a least s q u a r e s  r e g r e s s i o n  a s  described f o r  t h e  r e c t a l  

t e a p e r a t u r e s ,  The regression equations gave a Bean t e m p e r a t u r e  

gain of 3,0•‹C/hr when breathing a i r  compared  with 3,5%/hr when . 

h y p e r v s n t l l a t i n q .  



Eiqure  5 .  C o m p a r i s o n  o f  tympanic tlioperatre c h a n g e s  (OC) d u r i n g  

rewarming w i t h  normal inhalation rewarming (control) and 

hyperventilation inhalation rewarminq (hyperventilation) , Other 

c o n d i t i o n s  a s  i n  Figure 2, 
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T h a  minimum t y m p a n i c  te~peratures recorded were Pov%r a n d  

tempratures took longer f P  < 0.1) t o  r ise a b c m  their i n i t i a l  

v a l u e  when b r e a t h i n g  a i r ,  For all subjects, r e s p i r a t o r y  

rewarming a c h i e v ~ d  an i n c r ~ a s e  i n  t y a p a n i c  temperature a k o v s  the 

i n i t i a l  v a l u e  of Tzero during the 30 minute p e r i o d ,  

The mean c h a n g e s  of chest and calf s k i n  temperatures d u r i n q  

t h e  rewarming per iod  are shown in F i g u r e  6, Mean chest skin 

temperature rose 5 . 2 0 C  when b r e a t h i n g  a i r  compared with 6 , 3 O C  

when h y p e r v e n t i l a t i n g  (P < 0. 1) to reach an absolute v a l u e  of 

33.6OC i n  b o t h  cases. Calf skin t e m p e r a t u r e s  rose 4,0•‹C d u r i n g  

a i r  b r s a t h i n q  and  3,30c d u r i n g  h y p e r v e n t i l a t i o n  IP < 0.1)  t o  

reach a coitimon absolute  value o f  24.7W. 



F i g u r e  6 .  comparison of chss% and c a l f  t empara tu ra  changes (Qc) 

durinq rewarming nikh norntaf inha l a t i o n  rewasclninq fccn%rol )  and 

h y p e r v e n t i l a t i o n  i n h a l a t i o n  r e w a m i n g  { h y p e r v e n t i f a t i o n )  O t h e r  

c o n d i t i o n s  as in P i g u r s  2, 



REWARMING TIME (min) 



IV, Discussion 

T h e  o n l y  treatment- d i f f e r e n c l ; ~  betuesn the two r~warminq 

methods was the respiratory s t i m u l u s ,  Thus ,  t h e  d i f f e r e n c e  i n  

r e w a r m i n g  ra te  I•‹C/hr) r e s u l t e d  f rom t h e  d i f f e r a n c e  i n  

venti latory rate, Ths r e n a r m i r t g  d a t a  o f  Figures 2 and 4 show 

t h a t  a f t e s  30  miantes of i n h a l a t i o n  r e w a r n i n g  an a d a i t i o a a l  7h1 

' f i t r s s  of v @ n t i h t i a n  zssu l ted  in a ractaf t e m p e r a t u r e  g a i n  of 

0.38QG ( Inyperven t iPa t io ' t3  - control), T h i s  y i e l d s  a n  increase of 

core (rectal) t e a p e r a t u r e  o f  5.1 x O C / l i t r e  of a d d i t i o n a l  

v e n t i l a t i o a ,  I f  t h i s  v a l u e  is t a k e n  t o  r e p r e s e n t  the 

effect iveness  of hyper v e n t i l a t i o n ,  t h e n  each a d d i t i o n a l  30 Z / m i n  

of i n h a l a t i o n  rekiarminq w i l l  i n c r e a s e  c o r e  ( r ec t a l ]  rewarra ing 

r a t e  b y  0 .3•‹C/hr. 

As core t e m p e r a t u r e  g a i n  was greater when h y p e r v e n t i l a t i n g ,  

s h i v e r i n q  t h e r m o g e n e s f s  aay have been less when b r e a t h i n g  a i r ,  

T h i s  affect: on m e t a b o l i c  s a t e  would be  somewhat o f f s e t ,  however ,  

by  t h e  i n c r e a s e d  work o f  b r e a t h i n g ,  T h e  " i n h a l a t i c n  reifarming 

f a c t o r w  (%/litre) calculated above, therefore, e n c o m p a s s e s  b o t h  

increased r e s p i r a t o r y  h e a t  g a i n  a n d  changas i n  ~ e t a b o l i c  r a t e  

c a u s e d  by ths T r e a t a e n t ,  I n  o r d e r  t o  o b t a i n  a more  a c c u r a t e  

m e a s u r e  of r e s p i r a t o r y  heat g a i n  p e r  set  a l a b o r a t o r y  s t u d y  was 



r q q u i r e d  i n  w h i c h  m e t a b o l i c  rates, respiratory heat exchange, 

a n d  body h e a t  lcsses could be monitored, 

Tympanic tqrperaturss i n c r 2 a s e d  c o n s i d e r a b l y  f a s t s r  than 

r e c t a l  temperatures (F igu res  4 and 5) , T h i s  c o u l d  have been 

caused by a n  a r t i f a c t  such a s  air passing t h r o u g h  t h e  e u s t a c h i a a  

t u b e  durinq a va lsa lva  manoeuvre, A n  errat ic r e c o r d i n g  would 

have  been e x p e c t e d  however ,  w h e r e a s  a smooth, c o n t i n u o u s  g a i n  

was recorded, A more likely e x p l a n a t i o n  is t h a t  perfus ion  0 5  t h e  

head  is p r o p o r t i o n a t e l y  g r e a t e r  t h a n  t h a t  of t h e  abdoaen, and 

a p p l y i n g  heat a t  the n a s o p h a r y n x  prevents heat loss from t h e  

h e a a  ta colder areas of the body.  

Hyperventilation h a d  a q r e a t e r  effect on t h e  rate of c h a n q u  

i n  fec ta l  t e m p e r a t u r e  than i n  tympanic t e m p e r a t u r e ,  alt houqh the 

a b s o l u t e  e f f e c t s  were o f  a s i m i l a r  ~ a g n i t u d e ,  One possible 

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

h e a t  conduction across the upper a i r w a y s  a n d  n a s o p h a r y n x  and  

thus more dependent  on i n s p i r e d  qas t e m p e r a t u r e  r a t h e r  t h a n  

ventilatory ra te ,  #hen i n h a l a t i o n  r e w a r m i n g  i s  a p p l i e d ,  t y m p a n i c  

t e s p e r a t u r e  may be a b e t t e r  i n d i c a t o r  o f  CNS t e m p e r a t u r e  c h a n g e  

t h a n  of g e n e r a l  core t e m p e r a t u r e  changes,  



Results shown  i n  F i q u r s s  4 a n d  5 agree uith t h e  f i a d i n g s  of 

P a v l i n ,  B o r n b e i n  a n d  Chaney (19751 who noted t h a t  when the 

v e n t i l a t i o n  of a n a e s t h e t i z e d  d o q s  was i n c r e a s e d  from 6 l / a i n  t o  

12 l /min ,  t he  r a t e  of core t e m p e r a t u r e  e l e v a t i o n  was q r e a t l y  

e n h a n c e d .  I n  c o n t r a s t ,  L l o y d ,  Hitchell, and uilliaras ( 1 9 7 6 )  

f o u n d  t h a t  a s s i s t e d  v e n t i l a t i o n  h a d  n o  s i g n i f i c a n t  effect on the 

r a t e  of rewarming o f  s h e e p ,  T h i s  d i s c r e p a n c y  Bay r e s u l t  from a 

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

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

d e r i v e d  f a r g e f y  (30 t o  90%) f ro@ the l a t e n t  h e a t  of 

c o n d e n s a t i o n .  Thus, i n h a l a t i o n  o f  u n s a t u r a t e d  gas  {eg. 701 

r e l a t i v e  humidity) w i l l  h a v e  l i t t l e  effect o t h e r  khan 

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

R a s c u s  (1378) f o u n d  t h a t  i n h a l a t i o n  of h o t  mist a i r  h a d  no 

s i g n i f i c a n t  effect o n  the r a t e  of t y a p a n i c  rawarminq, T h e  

r e w a r m i n q  r a tes  quoted  by R a r c u s  mus t  be zreated w i t h  caution 

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

s u b j e c t s  and i t  is d o u b t f u l  v h e t h e r  a l l  t h e  s u b j e c t s  were t r u l y  

h y p o t h e r m i c  { n s a n  rec ta l  ternperazure 3 6 ,  P 2 0.6•‹C) . Rectal  

t e m p e r a t u r e s  shown i n  Piqure 4 c o n t r a d i c t  the claim of Hascus 

t h a t  rectal c o r e  t e m p e r a t u r e  is n o t  a suitabla m e a s u r e  fo r  

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



A f a c t o r  t o  b e  c c n s i d s r s d  i n  e v a l u a t i n g  the sffac%ivansss  

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

b e n e f i t  is i n  p r o p o r t i o n  t o  v e n t i l a t i o n  d e c r e m e n t ,  Because 

s p u n t a n s o n s  v e n t f l a t i o n  is i n i t i a l l y  h i g h  (Figure 2) d u e  tD 

s h f v e r i n q  t h e r a m g e n e s i s ,  the p o t e n t i a l  f a r  i m p r o v e d  h e a t  

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

during t h e  i n p a r t a n t  early p h a s s  of rewarming, where treatment  

is o r i s z i t e d  t o w a r d s  mi n i a i z i n g  af t e r d r a p ,  h y p e r v e n t i l a t i o n  is s f  

lsss v a l u e ,  X t s  b e n e f i t s  become qseater d u r i n g  the temperature 

i n c r e m e n t  phase  of r e w a r m i n g  when spontansous  v e n t i l a t i o n  and  

s h i v e r i n g  t h e r m o g e n e s i s  a re  d e c r e a s i n g ,  The f o r e g o i n q  i s  

i m p o r t a n t  in appreciatinq t h e  d i f f e r e n t  s i t u a t i o n  that a p p l i e s  

b e t  ween m i l d  o r  m o d z s a t e  h y p o t h s r m i a  a n d  s e v e r e  h y p o t h e r m i a .  I n  

t h e  f i r s d  case., incrsased s p c n t a n e o u s  v e n t i l a t i o n  w i l l  

f a c i l i t a t e  i n h a l a $ i o n  r e w a r ~ i n g ,  w h e r e a s  i n  s e v e r e  h y p o t h s r m i a ,  

m e t a b o l i s m  would be d e p r e s s e d  t o  approximately 60% o f  i t s  n o r m a l  

r e s t i n g  v a l u e  (L loyd ,  c o n l i f f e ,  O r y e l ,  and W a l k e r ,  1972) a n d  t h e  

a b i l i t y  t o  a d ~ i n i s t s r  heat via t h e  r e s p i r a t o r y  t r a c t  would b r  

l i m i t e d .  T h e o r e t i c a l  considerations indicate t h a t  i f  v e n t i l a t i a r s  

were depressed t o  5 l / m i n ,  t h e  n e t  c h a n g e  i n  {rectal) 

temperature d e r i v e d  f r o m  respiratory heat g a i n  would be 

a p p r o x i m a t e l y  0,15•‹C/hr. If i n h a l a t i o n  rewarming  i s  t o  h e  

a t t e m p t e d  i n  s u c h  cases, a d e g r e e  of h y p e ~ v e n t i l a t i o n  may be 

n e c e s s a r y  i n  o r d e r  ito convert core t e m p e r a t u r e  changa from a 

n e g a t i v ~  t o  a positive r a t e ,  while h y p s r c a p n i a  c a n  be tolerated 



in mild hypothermia ,  i n  sevare cases i t  should be  a v o i d e d ,  

~ y p e f v e n t i l a t i o n  could only be  a p p l i e d  acid-base 

b a l a n c e  was  m a i n t a i n e d .  

I n  conclusion, h y p s r v e n t i l a t f o n  of 44% s a t u r a t e d  gas 

of fe r s  an improvement i n  the s a t e  of core renaminq f roa  mi ld  

hypo the rmia .  This study uas d e s i g n e d  to q u a n t i f y  t h e  

r e l a t i o n s h i p  between core r e w a f m i n g  r a t e  and v e n t i l a t o r y  r a t s  

and a n  i n h a l a t i o n  rewarming factor of 5.1 x l o o 4 0 C / l i t r e  was 

obtalned for rectal core tainperature g a i n .  As haat q a i n  is 

dependant o n  m mi ti la tory rate,  controliod h y p e r v e n t i l a t i o n  

s h o u l d  be b e n e f i c i a l  p a r t i c u l a r l y  where m e t a b o f  i s m  is ds p r e s s e d ,  



D. LABQBATORY STUDY 



I. Introduct ion  

I n h a l a t i o n  rewarming h a s  b e a n  p r o n o t ~ ~ d  a s  a safe r e w a r m i n g  

process which can be e a s i l y  a d m i n i s t e r e d  t o  cases of h y p o t h a r m i a  

i n  remote e n v i r o n a e n t s  [L loyd ,  Conf if •’2, Orgel a n d  W a l k e r ,  1372; 

H a y u a r d  and S t s i n m a n ,  1975; C o l l i s ,  Stzinuian and  Chaney ,  1377). 

The effzct iven@ss of i n h a l a t i o n  r a w a r ~ i n g  a s  a h e a t  source has 

b e e n  q u e s t i o n e d  horevrr, (Hudson and  Robinson, 1973; Marcus, 

1978) a n d  t h e  w s u l t s  cf + x p s r i m e a t a l  s t u d i e s  a r e  c o n t r a d i c t o r y  

(Haywasd a n d  S t e i n m a n ,  1975; C o l l i s ,  S te inr t lan  and Chaney, 1977; 

Harcus, 36788). The rate cf r s u a r m i n g  will v a r y  n o t  o n l y  with t h a  

h e a t  s u p p l i e d  by tha rewarminq t e c h n i q u e ,  b u t  a l s o  with t h e  

metabolic h e a t  p r o d u c t i o n  and h e a t  lossas  fro% t h e  core d u r i n q  

rewarixiinq. W e t a b o l i c  hzat p r o d u c t i o n  u i f  l be l a r g e l y  d e p e n d a n t  

on c o r a  and  s k i n  t e m p e r a t u r e s  (Hayward, Eckerssn and Cof l i s ,  

19771, w h i l e  hea t  losses will be l a r g e l y  d e p e n d e n t  o n  

t e ~ ~ p e  ra tu rs  gradien ts within t h e  body a n d  the environmental 

c o n d i t i o n s ,  

Studies which have shown no s i g n i f i c a n t  d i f f w x n c e s  batween 

i n h a l a t i o n  r e w a r m i n g  a n d  shivering thermogenesi~ h a v e  i m p l i e d  

t h a t  mstabolic h e a t  p r o d u c t i o n  is not a l t e r e d  by r e s p i r a t o r y  

h e a t i n q  (Auld ,  Light a n d  Norman, 1379;  Harcus, 1978) . Hob'evsr ,  



i n  a s t u d y  c o m p a r i n q  v a f  ions r e w a r n i n g  ~tretbods ( C o l i i s ,  Seeininan 

a n d  Chaney ,  1977) subjects r e p o r t e d  s u b  jectf v s l y  t h a t  s h i v s r i n g  

was q r a a t s s t  when R O  a d d i t i o n a l  means of r s w a r m i n q  was 

a d m i n i s t e r e d .  This i n p l i e s  t h a t  t h e  ability of the mildly 

h y p o t h e r m i c  subject t o  rswarm h i m s e l f  through shiverinq 

t h e r m o g e n e s i s  was reduced  by active rswarninq, If t h e  maqni t u d e  

of h e a t  d e l i v e r e d  d u r i n g  treatment w i t h  an active r e w a r m i n g  

technique approxima ted the m a g n i t u d ~  of haat p r o d u c t i o n  l o s t  

+ h r o u q b  inhibition 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 n  no 

s i g n i f i c a n t  difference i n  the efficacy of the t h e r a p i e s  might  be 

expected. 

If i t  Bay b e  shown t h a t  respiratory h e a t  is a t  l e a s t  a s  

e f f s c t i v e  a s  m e t a b o l i c a l l y  p r o d u c e d  heat in rewarming t h e  care 

f r o m  d e p r e s s e d  s ta tes ,  then inhalation reuarminq m u s t  be 

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

The  p u r p o s e  of t h e  p r e s s a t  experiment was t o  q u a n t i f y  t h e  

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

heat i n p u t  t o  t h e  elevation of core t e m p e r a t u r e  d u r i n g  r e w a r m i n g  

from mild h y p o t h e r m i a ,  



Hypother ln ia  was i n d u c e d  o n  three o c c a s i o n s  i n  each of t e n  

s u b j e c t s ,  Each subject was then z e w a r n e d ,  on on@ occasion b y  

n o r m a l  i n h a l a t i 0 3  r e w a r m i n g  { c o n t r o l ) ,  on another by 

h y p e r v e n t i l a t i o n  i n'halation rewarning ( h y p e r v e n t i l a t i o n )  , and on 

a n o t h e r  b y  s h i v e r  f n q  t h e r g t o g e n e s i s  f s h i v e r i n q )  , T o  minirrtiz? 

habituation a n d  circadian e f f e c t s  on the r e s u l t a n t  r s u a r m i n q  

ra tes  t h e  e x p e r i m e n t s  wess started a t  t h e  s a n e  time each day and 

sequence of t h 4  t h r e e  t r e a t m e n t s  were v a r i e d ,  

Cold  Znsnnersions .took pfaca in the ' l a b o r a t o r y  in order to 

m i n i m i z e  v a r i a t i o n s  in water a n d  a i r  c o a d i t i o n s .  The imraersiion 

p o s t u r e  was s t a n d a r d i z e d  so that t h e  h ~ a d  rslaained clear of the 

water, while ths neck and  r e m a i n d e r  o f  t h s  body were coapl%?te ly  

immersed, S u b j e c t s  aade a minimum o f  v o l u n t a r y  tnovements a n d  

a a i n t a i n e d  t h e i r  p o s i t i o n  b y  s i t t i n g  o n  a n  a luminum b e n c h  

i n s u l a t e d  w i t h  a t ca neoprene c o v e r i n g ,  T h e  t e m p e ~ a t u f e  of t h e  

waker was m a i n t a i n e d  at 3 1 , 3  2 O ,  I D C .  T h e  a v e r a g e  a i r  

t q m p e r a t u r e  d u r i n g  the study was 2 1 2 2OC. 

Ten healthy, male, v ~ l u n t s s r  s u b j e c t s ,  a l l  athletically 

active, were selected f o r  t h e  study, T a b l e  5 p r o v i d e s  a sumaazy 



of subject p h y s i c a l  c h a r a c t e r i s t i c s ,  After  Oavisg s a t i s f i s d  t h e  

r i q i d  m s d i c a l  and s a f e t y  c r i t e r i a  stipulated b y  t h e  university 

e t h i c s  committes a n d  detailed below,  s u b j e c t s  were a l l o w e d  t o  

p 3 r t i c i p a t e  i n  t h i s  s t u d y ,  

1, Subjects were g i v e n  a n  informed consent which described 

subject i n v o l v e m e n t  i n  the study and a S t a n d a r d  K i n e s i o l o q y  

Medical F O ~ R  and were required t o  have a p h y s i c i a n  e x a m i n e  

them. I f  the p h y s i c i a n  was s a t i s f i s a  that the s u b j e c t  was  i n  

good health and could safely participate i n  t h e  test, h %  

p r o v i d e d  the s u b j e c t  n i z h  w r i t t e n  a u t h o r i z a t i o n  t o  t h a z  

purpose. 

2. Aftsr w r i t t s n  authorization was o b t a i n ~ d ,  the s u b j e c t  

underwent a m o d i f i e d  Sjostrand work c a p c i t y  tust (PWC 170).  

T h o  test c~asistsd of p s d a l l i n g  a b i c y c l e  e q o a s t o r  for  f o u r  

wort p e r i o d s  of f i v e  minutes each a t  a pedalling frequency 

of 80 revolutions per n t i n u t e ,  The  first work p e r i o d  was a 

v a r w u p ,  c o n d u c t e d  w i t h  no b r a k e  load. The r e m a i n i n g  t h r e e  

work p e r i o d s  were c o n d u c t e d  a t  i n c r e a s i n g  b r a k e  l o a d s  and  

designed t o  e l i c i t  heart  rates of 120,  140 and 160 b e a t s  p e r  

m i n u t e  respectively, After e a c h  work g e r i o d  t h e r e  was a 30 

second rest p e r i o d ,  during w h i c h  the s u b j e c t ' s  blood 

pressure was taken, E l e c t r o c a r d i o g r a e t  (ECG] activity was 

. m o n i t o r e d  c o n t i n u o u s l y  throughout t h e  test ,  

3 ,  The data from the test was u s e d  t o  determine t h s  s u b j e c t ' s  



TABLE 5 

PHYSICAL CHARACTERISTICS OF SUBJECTS 

I N  LABORATORY STUDY (n=10 1 

Age (yrd 

w e i g h t  ( k g )  

H e i g h t  (cm) 1 8 1 . 6  + 1 . 9  - 

Body F a t  ( % )  8 . 4  + 0.5 - 

PWC 1 7 0  (Kprn/Kg) 2 0 . 4  + 1 . 0  - 

F i t n e s s  9 3 . 4  + 2 . 1  - 
( P e r c e n t i l e )  



p e r c e n i i 3 . s  fitness u s i n g  t h e  C , A , B , P . E , R ,  norms ( R e t i v i a r  

and O r b a n ,  3 9 6 8 ) ,  Wo s u b j e c t  who ra ted  less t h a n  a t  t h e  8 0 t h  

percentile was used in t h i s  study, The h i g h  l e v e l  of fitness 

was dp,~and+d f o r  t w o  r e a s o n s ,  the  most i w p o c t a n t  o f  which 

was subject  s a f e t y ,  Ths  s e c o n d a r y  reason uas t h a t  f i t n t s , s s  

level may a•’ fect  p h y s i o l o g i c a l  responses t o  c o l d  ILebTanc ,  

Cots, D u l a c  and Turcot, 1377) . I n  a d d i t i o n ,  all .  ECG and 

blood p r e s s u r e  data nrtre a n a l y s o d  f o r  a b n o r m a l i t i e s  by a n  

independen% p h y s i o l o g i s t  o x p 3 r i e n c s d  i n  i n t e r p r e t a t i o n  o f  

c a r d i a c  data, o n l y  those s u b  jocks who s a t i s f i e d  e v e r y  p h a s e  

o f  t h e  a b o v e  P ~ O C E ~ U ~ ~  were used i n  our experiments, 

R e j e c t i o n  sata was a p p r o x i a a t e l y  50% of t h e  v c l u n t e e s s  who 

s x p r e s s @ d  interest and 2 5 %  of t h o s e  who u n d e r w e n t  

p r e l i m i n a r y  fitness t e s t i n g ,  

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

a n d  r e c t u a .  Tympanic t e m p e s a t u r e  was m o n i t o r e d  b y  a copper 

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

sea l ed  with s o f t  wax, Rectal t e m p a r a t u r e  was m o n i t o r e d  b y  a 

thermistor  {YSI t y p e  701) i n s e r t e d  15 cnts beyond the a n u s ,  

Copper  c o n s t a n t a n  t h e r m o c o u p l e s  were attached t o  the s k i n  

surface t o  m o n i t o r  s k i n  tamp9rature a n d  msan s k i n  temperature 

{PIST] u a s  calculated a c c o r d i n g  t o  Ramanathan ( 1 9 6 4 )  , 

PlST = 0.3farm + c h e s t )  + 0 . 2 f t h i q h  + c a l f )  



TO assure  s k i n  temperaturz was ineasusdd and  n o t  water 

temperature t h e  t h s r n o c o u p l s s  were t a p a d  t o  t h o  skin, covered 

with a qauze pad  a n d  t h e n  covered w i t h  a 0,5 i n c h  d i a m e t e r  

p l a s t i c  c u p .  

~ u r i n q  i m m e r s i o n s ,  the subject was u n d e r  t h e  c o n s t a n t  

s u r v e i l l a n c e  of  the e x p e r i n e n t o r s ,  ECG a c t i v i t y  was m o n i t o x e d  

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

I m m e r s i o n  was t e r m i n a t e d  when t h e  s u b  jectss ractal t e m p e s a t u r e  

r e a c h e d  35,0W, The subject was h e l p e d  from t h e  water on t h e  

c o m p l e t i o n  of immersion a n d  lightly d r i e d  with towels, The 

subject was then p l a c e d  s u p i n e  on an a d j a c e n t  mattress a n d  

e n c l o s e d  u i t h i n  a s l e e p i n g  bag, Ths purpose of the b a g  was to 

i n s u l a t e  t h e  s u b  jsct  f rcm roam a ir  a n d  keep  s k i n  t e m p e r a t u r e  low 

(i. 9, m a i n t a i n  d e v e l o p e d  v a s o c s n s t r i c t f  o n )  . T h i s  t a c t i c  

maintainsd nraximuw s f i i v e r f n q  t h e r m o g e n s s i s  and. t h e  s k i n  

tem pera t u r s s  reflected p e r i p h e r a l  t e m p e r a t u r e  chanqes  rather 

t h a n  r o o @  air t e m p e r a t u r e ,  T h e  time i n t e r v a l  fro% I e a v i n q  t h e  

water t o  i n i t i a t i o n  of r e w a r m i n g  %as six m i n u t e s ,  After each 

immers ion ,  the subject was rewarm3 by a d i f f e r e n t  r e u a r a i n g  

t s c h n i q u s .  

Pha respiratory rswasmiaq apparatus d e s c r i b e d  in t h e  f i e l d  

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

{Fiqur~ 7 )  , The m o d i f i c a t i ~ n s  were a n  e x p i r e d  g a s  m i x i n q  box 



insart-bbd b e t v e ~ n  the subject and the two-way v a l v e  u s e d  t o  

c o n t r o l  r e b r e a t h i n g ,  and 2 cm neoprene i n s u l a t i o n  wrapped around 

the i n l e t  and c u t l e t  b r ~ a - t h i n g  hoses. The mixing box zlfowsd 

accurate  m e a s u r e m s n t  of subject* s expired gas u h i l e  t h e  neoprene 

i n s u l a t i o n  p r e v e n t e d  h e a t  lossss and af forded  stable r e a d i n g  of 

i n s p i r e d  and e x ~ i r e d  g a s  t e m p e r a t u r e s .  

I n s p i r s d  respiratory q a s  was measured by s a m p l i n g  close t o  

the mouth piece, immediately before the i n l e t  va lve .  W i  x e d  

expired gas was measured by s a m p l i n g  directly at the distal e n d  

of the e x p i r e d  gas m i x i n g  box. Inspired and mixed e x p i r e d  carbon 

dioxide fractions were analysed a l t e r n a t e l y  b y  a r a p i d  r e s p o n s e  

i n f r a r e d  c a r b o n  d i o x i d e  a n a l y s e r  (Godard  Stathaat) , C ~ r r e s p c n d i n g  

oxyqen f r a c t i o n s  were analysed by  a r a p i d  response z i r c o n i u m  

o x i d e  oxygen a n a l y s e r  (Applied E l e c t r o c h e m i s t r y  5-38). 

Instruments were c a l i b r a t e d  with t h e  use of 3 primary s t a n d a r d  

gas m i x t u r e s  (accurate t c  0.02%) at t h e  beginning a n d  e n d  o f  

each experiment, Oxygen u p t a k e  was c a l c u l a t e d  from inspired and 

mixed e x p i r e d  gas f r a c t i o n s  d u r i n q  all r e n a r m i n q  trials, 

E s s t a b o l i c  heat p r o d u c t i o n  was c a l c u l a t e d  assu rn ing  a m e t a b o l i c  

equivalent f o r  o x y g e n  of 4.8 Kcal/liter.  



Piqt i ica  7, S c h e m a t i c  diagram of the r e s p i r a t o r y  reuarmirzq 

apparatus and  i n s t r u m e n t a t i o n  used in the  l a b ~ r a t o r y  study, 
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A l l  temperature a n d  r e s p i r a t o r y  gas d a t a  u s r s  recorded by a 

prsqrammable d a t a  logg~r;r [Rays  f n s t r u m s n t s f  h a v i n g  10 

t h e s m o c o u p f e  i n p u t s  c o n n e c t i n q  t o  a n  i n t e r n a l  ice point 

r~ference ani: 10 voltage i n p u t s .  T h e  e x p e - f i m a n t  %as t e r m i n a t e d  

a f t a r  60 m i n u t s s  of rewarming and the subject was than 

t r a n s f e r r e d  t o  a h o t  bath for a d d i t i o n a l  warming,  

T s m p e r a t u r a  a n d  r e s p i r a t o r y  data were a l s o  collected during 

the cooling phasla of e a c h  e x p e r i m e n t ,  Four head t e m p e r a t u r e s  

(forohsad, right a n d  left c h e e k  and  c h i n )  and  four s l e e p i n q  bag 

tern F% r a t u r e s  v s r e  m o n i t o r e d  d u r i n g  re warming. These a d d i  t i 0  n a l  

data were c o l l e c t e d  fcr r e s e a r c h  p r o j e c t s  that were not  p a r t  of 

t h i s  t h e s i s .  

A 1 1  data were e x p r e s s e d  a s  mean 2 SEM, Differences i n  

response b e t w e e n  the t h r e a  ra warming msthods were first analyzed 

for s t a t i s k i c a l  s i g n i f i c a n c e  b y  a repeated measures a n a l y s i s  o f  

v a r i a n c e  ( B R D P 2 V ;  BMDP Manual, 19773 , S i g n i f i c a n t  d i f f e r e n c e s  

between r e w a r m i n g  methods were t h e n  d e t t r m i n e d  by  a Tukey 

Post-Hoc t e s t  (Rir k , 1 968) . 



111. B ~ s u ~ ~ s  

V e n t i l a t i o n  ----- 

Mean inspired m i n u t s  v e n t i l a t i o n  was c a l c u l a t s d  a t  m i n u t e  

2,  4 a n d  t h e n  a t  4 m i n u t e  i n t e r v a l s  fo r  t h e  r e m a i n d e r  of t h e  

r e w a r m i n g  p e s i o d  (Figure 8) . A suamary  o f  inspired v e n t i l a t i o n  

d u r i n g  r e w a r m i n g  i s  given i n  T a b l e  6 ,  

The i c i t i a l  v a n t i l a t i o n  r e a d i n g  was h i g h e r  fP < 0 , 0 5 )  fo r  

s h i v e r i n g  t h a n  f o r  b o t h  c o n t r o l  a n d  h y p e r v ~ n t i l a t i o n ,  For 

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

e x p o n e n t i a l l y  from t h e  i n i t i a l  values, w i t h  r e d u c t i o n  i n  

metabolic r a t e ,  t o  a p p r o x i g a t a l y  9 l / m i n  a f t e r  6 0  n i n u t e s  of  

r e w a r m i n g ,  T h e  average i n s p i r e d  m i n u t e  v a n t i l a t i c n  f o r  the 

e n t i r e  rswarminq p e r i o d  uas h i g h e r  (I? < 0,051 f o r  s h i v a r i r r q  

321.7 I / m i n )  t h a n  f o r  c o n t r o l  f17,2 I / m i n f .  T h e  avsraqe i n s p i r e d  

m i n u t e  v e n t i l a t i o n  for  hyperventilation was 3 9 , 6  l /min ,  



F i g u r e  8. Comparison sf  i n s p i r e d  v e n t  i f a t i o n  4 l / a n i r _  BTPc;) d u r i n g  

rswar ninq from h y p o t h e r n r i a  b y  s h i v e r i n g  t h e r m o g e n s s i s  

( s h i v e r i n q )  , normal i n  h a l a t i o n  rawaralinq ( c o n t r o l )  and 

h y p e r v e n t i f e t i c n  inhalation rewarminq ( h y p a r v a o k i l a t i o n )  . D u r i n g  

s h i v e r i n g  subjects s p o n t a n s o u s i y  v e n t i l a t e d  room air ( 2 3  -+ ~ O C ) ,  

d u r i n q  control s u b j e c t s  s p o n t a n e o u s l y  v e n t i l a t e d  saturated a i r  

( 47  2 10C) and d u r i n g  hyperventilation subjects ventilated 

saturated a i r  (47  2 1OC) a t  a p p r o x i m a t e l y  4 0  l / m i n ,  Mean da ta  of 

10  subjects, Vertical l i n e s  denote s t a n d a r d  errors of means. 



rewarming time (min) 



t - l  



v 

Oxygen u p t a k e  (VOZ)  was calculated a+_ ths same time 

i n t a r v a f s  a s  Lnspired ventilation. Bean oxygen !3~ tak% v e r s u s  

time is shown in Fiqure 9. A sumtaary of oxygen u p t a k a  during 

rewarming  i s  p r o v i d e d  i n  Table 7 ,  

T ~ P  initial t o 2  r e a d i n q  uas higher f a r  s h i v e r i n g  t h a n  t h e  

two i n h a l a t i e n  methods {P < O .Q5) . D u r i n g  a l l  rewarming 

procedures VOz d e c r e a s e d  a x p o n a n t i a l l y  towards basal  a e t a b o f i s ~ .  

This decrease was most r a p i d  i n  h y p a r v e n t i l a t i o n  while s h i v e r i n q  

showed t h e  slowest decrease i n  V02. This is shown by t o t a l  

oxygen consumed and mean o x y g e n  uptake durinq rewarming. T h u s ,  

mean o x y q e n  uptake was g r e a t e r  [P < 0.05) f o r  s h f  rresing (10,76 

l / m i n )  t h a n  mean oxyqen u p t a k e  for ei ther  c o n t r o l  (0,6Y l / m i n )  

or  h y p e r v e n t i l a t i o n  (0 ,51 l / m i n ) ,  Also, mean oxyqgn uptake was 

greater  for c ~ n t r o l  t h a n  for h y p z r v e n t i l a t i c r n  fP < 0 .O5) . 

After t h e  i n i t i a l  rapid decseass, VOz decreased more slowly 

to a value of 0 ,33  2 0 , 0 1  l / n i n  a f t e r  50 a i n n t e s  f o r  a l l  t h r e s  

rewarming  methods .  



Fiqure 9, Compar i son  of a x y q e n  a p t a k a  ( l / m i r a  STPD) d n r i n q  

rewar n ing  f r o ~ l  hypothe rmia by shivering therrnogen?sis 

(sbiverinq) , normal. in ha la t f  on r e r a r m i n g  (control) and 

h y p e r v s o t  i l a t i c n  i n h a l a t i o n  rewarmicy ( h p p e r v e n  t i l a t ioc )  , o t h e r  

c o n d i t i o n s  as in F i g u r e  8, 
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R e s p i r a t o r y  Heat Input -- 

R e s p i r a t o r y  h e a t  input (RH) was calculated a t  t h e  same t i a a  

i n t e r v a l s  a s  i n s p i r e d  v e n t i l a t i o n ,  The mean R H  d a t a  v e r s u s  time 

f o r  each of t h e  3 f s w a f m i n q  m e t h o d s  i s  shown i n  F i g u r e  10, A 

summary of R H  d u r i n g  r e w a r m i n g  i s  p r o v i d e d  i n  T a b l e  8. 

R ~ s p i r a t o r y  heat  input u n d e r  these e x p e r i ~ s n t a l  c o n d i t i o n s  

d e p e n d e d  on  inspired t e m p s r a t u r e  a n d  v e n t i l a t i o n ,  Thus, a s  

expected, R H  was g r e a t e s t  f o r  h y p e r v e n t i l a t i o n  a n d  n s g a  t i v e  (ie 

a n%t heat loss) f o r  s h i v e r i n g ,  

Tha  i n i t i a l  va lues  of RH (minuts two) for s h i v e r i n q  (-0.37 

k c a l / m i n )  and c o n t r o l  (0.74 k c a l / m i n )  decreased exponential1 y in 

repanse to the decrease in ventilation to -0.06 kcal/ain and 

0, '1 9 k c a l / m i n  r e s p e c t i v % l y .  For hyp . ; rv r ; a . t i l a t i on  R H  was 

sna in t a inad  a t  a p p r o x i m a t e l y  0.70 kcal/mia durinq the entisa 

p e r i o d  of r e w a r m i n g .  



F i g u r e  10, Comparison of r e s p i r a t o r y  hoat  icput I k c a l / m i n )  

d u r i n q  rewarming  froa h y p o t h s r m i a  b y  s h i v e r i n g  tberwxpnes i s  

f s h i v e l c i n q f  , normal i n h a l a  t i o n  rgwartaing ( con t ro l )  and 

h y p e r v e n t i f  atf on i n h a l a t i o n  rewarming ( h y p s r a e n t i f a t i o n )  , Other  

c o n d i t i o n s  as  in Figure  8, 
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Bean skin t e m p e r a t u r e  was ca lcu la ted  from t h s  s k i ~  

t z t u p e r a t u s e s  measured a t  t h e  arm, chest, thigh and calf 

according t o  t h o  nethod o f  R a m a m t h a n  (1964)  . The mean skin 

t e m p e r a t u r e  of each s u b j e c t  was n o r m a l i z e d ,  a s  i a  the f i e l d  

study, r e l a t i v e  to t h e  t e m p e r a t u r e  a t  t h e  start of r s w a r m i n q  

{ T z e r o ) .  The mean skin tempssature changes v e r s u s  time f o r  s a c h  

o f  t h e  r e v a r m i n g  m e t h o d s  i s  shown ir, F i g u r e  11 .  W h i l e  +here v s r e  

n o  significant differences b e t  ween mean s k i n  t e m p a s a t u r @ s  for 

the ciiffesent m e t h o d s  of r e w a r m i n g  s t u d i e d ,  Htean s k i n  

tempsrature f o r  s h i v e r i n g  showed the q r e a t e s t  r i s s ,  

Tabls 9 shows the s t a r t i n g  t a a t p e r a t u r e s  (Tzero) and 

t e m p e r a t u r e s  g a i n s  (T50) f o r  t h e  4 skin t e r n p a r a t u s e s  monitored 

i n  t h i s  sxper iment .  No significant d i f f  a r e n c e s  between ~ e t h o d s  

c o u l d  bs demonstrated f a r  initial o r  f i n a l  t e m p e r a t u r e  a t  any 

skin s i t e ,  tiowever, two q e n s r a l  t r e n d s  were a p p a r e n t :  

1 .  Initial t e m p e r a t u r e s ,  f r o m  h i g h a s t  t o  lowest were - c h e s t ,  

t h i g h ,  arm, calf. 

2. T e m p e r a t u r e  g a i n s ,  from f a r y e s t  t o  smallest were - t h i q h ,  

ches t l  arm, c a l f ,  



f iqure 1 1 ,  Comparison of mean skin tamperstuse changos (oC) 

d u r i n g  rewarming from h y p o t h e r m i a  b y  shiverinq t h e r m o g a n a s i s  

( s h i v e r i n q )  , normal l i n h s l a t i o n  reua-rming (control) and 

h y p e r v a n t i i l a t i o n  inhalation rewarming ( h y p s r v e n t i l a t i o n )  . O t h a r  

c o n d i t i o n s  as in F i g u r e  8 .  



rewarming time (min) 
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Core  T ~ m p e r a t u r e s  - 

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

r e l a t i v e  tc thc, t e m p e r a t u r e  a t  t h e  start of rewarming .  Ths 

t e m p e r a t u r e  c h a n g e s  were then c a l c u l a t e d  at two minu te  

intervals, The a v k r a g e  v a l u e s  of i n i t i a l  t e m p e r a t u r e  (Tzero) , 
magnitude of a • ’  t a r d r o p  (Tad) , f i n a l  t s m p e r a t  ur:3 (Tho) , tiate t o  

maximum a f t e r d r o p  ( t a d )  a n d  d u r a t i o n  of a f t e r d r o p  (to') for each 

revar i r i inq  m e t h o d  a r e  shown i n  T a b l e s  10 (Tympanic)  and 1 1  

( R e c t a l ) .  

T h e r e  wefa n o  s i q n i f i c a n t  dif fsrences  between methods f o r  

i n i t i a l  t y m p a n i c  t e m p e r a t u r e  (Tzero) , magnitude of t y m p a n i c  

a f t e s d r s p  ( T a d ) ,  a n d  final t y a t p a n i c  t e m p e r a t u r a  (T60), T h e  time 

takaa t o  arrest  t y m p a n i c  a f t e r d r o p  (i.e, dT/dt=O) was faster 

( P  < 0.05) f o r  h y p e r v e n t i l a t i o n  t h a n  for s h i v e r i n g  o r  c o n t r o l .  

T h e  dura t io r ,  of  t y m p a n i c  afterdrop was longer (P < 0.05) f o r  

shivering t h a n  f o r  either c o n t r o l  o r  h y p e r v e n t i l a t i o n .  Tha 

a v e r a g e d  t y m p a n i c  t e m p e r a t u r e  v a r i a t i o n  with time during 

r ewarming  i s  shown i n  F i q u r e  12, 



F i q u f  e 12,  C o m p a r i s ~ n  of t y ~ p a n i c  t 3 rnpe ra tu rP  c h a n g e s  f • ‹C]  

during re warwing from h y p o t h e r n t i a  b y  shir rer iag  t h e r m o q e n 2 s i s  

( s h i v e r i n g )  , normal i n h a l a t i o n  rewarming ( c o n t r o l )  and 

b y p s r v e n t i l a t i c n  i n h a l a t i o n  rswarming (hyparven t i l a t i o n )  . 0 t h e r  

c o n d i t i o n s  as in Figure 8, 



rewarming time (min) 

8 4  
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\ 

S h i v e r i n g  recorded b o t h  a qseatsr iaaqnituaa (Tad) axid 

d u r a t i o n  ( t o * )  of r e c t a l  tempesature afterdrop T h a n  the two 

a c t i v e  senarming m e t h o d s  (P < 0.05) . H y p e r v e n t i l a t i o n  p r c v i d e d  a 

qrsater r e c t a l  t e m p e r a t u r e  gain 1T60) t h a n  e i t h a r  s b i v a r i n q  o r  

c o n t r o l  (P (0.051. T h e  rectal temperature g a i n  r e c o r d e d  b y  

c o n t r o l  was g r s a t e r  (P < 0,1) t h a n  t h a t  r s c o r d i s d  by  s h i v e r i n g ,  

~ h z  a v e r a g e d  rectal  temperature variation w i t h  tima i i u r i n q  

rewarming is shown in f i q u r s  13. 



Piguse  1 3 ,  Comparison of rsc ta l  tswpsl r a t u m  c h ~ n q e s  for) d u r i n 7  

rewar n h q  f zoln hypo  thsrmis by s h i v e r i n g  ther fpogm8~i . s  

(shiverinq) , nornnal i nha l a t i onHrswara ing  (control) and  

h y p s r v a n t i l a - t i c n  i n h a l a t i s n  rswazming ( b y p e r v s r t i f a t i o r r )  . Othar 
c o n d i t i o n s  as in F i g u r e  8. 
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IV. Discuss ion  

f fi q e n e r a l ,  r e s u l t s  o b t a i n e d  from ths l a b o r a t o r y  study, 

w i t h  the control arid h y p e r v e n t i b a t i o n  r 9 w a r m i n g  m e t h o d s ,  wars 

similar t o  results o b t a i n e d  f rom the field s t u d y .  D i f f e r e n c e s  

b e t w e e n  the twc s t u d i e s  most p r o b a b l y  result from different 

z n v i r o a m e n t a f  and experimental c o n d i t i o n s ,  

V s n t t l a t i o n  f o r  t h e  h y p e r v e n t i l a t i o n  ffiethod was r e d u c e d  

frcnz approximat&y 50 X/min i n  t h e  fisld s t u d y  to UO l j m i n  i n  

t h e  laboratory study, T h e  r e d u c e d  v x i t i l a t i o n  i n  the f 3 b o r a t o r y  

s t u d y  was caused by  m o d i f i c a t i o n s  iuade to t h e  respiratory 

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

levels, T h e  r e d u c a d  ventilation f o r  the l a b o r a t o r y  

hypervsntilaticn msthod r e d u c e d  r a s p i r a t o r y  heat  i n p u t  t o  t h e  

s u b j e c t ,  T h e r e f o r e ,  it was e x p e c t e d  t h a t  core t s m p e r a t u r e  gains 

f o r  th? l a b o r a t o r y  h y p e r v s n t i l a t i o n  method w o u l d  be  s l i g h t l y  

l e ss  t h a n  core t e m p e r a t u r e  q a i n s  f o r  t h e  f i e l d  h y p e s v e n t i l a  tion 

r e w a r m i n g  m e t h o d ,  However ,  t h e  i n s p i r e d  gas t e a p e r a t u r e s  u s s d  i n  

t h e  l a b o r a r o r y  study were s l i g h t l y  h i g h e r  t h a n  those u s e d  i n  t h e  

f i e l d  study (47% in t h s  laboratory study v e r u s  44OC in th.12 

field study) and t h i s  would tend to  c o m p e n s a t e  f o r  t h e  l o w r  

v s n t i  l a t i o n .  



w c t a  l tempera t a r e  gains for c o n t r o l  and  h y p e r v e n t i l a t i o n  

in the l a b o r a t o r y  s t u d y  a f t e r  30 minu t .gs  of rewarfninq ware 

a l m c s t  identical t o  those o b s e r v e d  in the f i s X d  s t u d y .  Tympanic 

t e a p e r a t u r e  gaf n s  i n  t h e  l a b o r a t o r y  s t u d y  Here s i m i l i a r  f o r  

c o n t r o l  b u t  usre s a a l l e r  f o r  h y p e r v e n t i l a t i o n  t h a n  thosa 

o b s e r v e d  i n  t h e  f i e l d  s t u d y .  Also, i n  the l a b o r a t o s y  s t u d y ,  

r e c t a l  a n d  t y ~ p a n i c  cors temperature a f t e r d r o p s  were l a r g e r .  

It  i s  t h o u g h t  t h a t  t h e  smallss a f t e r d r o p s  seen i n  t h e  field 

s t u d y  were d u e  t o  Bore subject erovement b e f o r e  the start o f  

r ewar iu ing ,  T h u s ,  in t h e  f i e l d  s t u d y ,  most of t h e  a f t e r d r o p  

o c c u s r a d  b e f o r e  r e w a r m i n g  was i n i t i a t e d ,  f t is h y p o t h e s i s s d  that 

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

h y p e r v a n t i l a t i e n  reklartainq method was due t o  reduced r e s p i r a t o r y  

h e a t  i n p u t .  

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

s t u d y ,  after 3 0  m i n u t e s  of rewarminq ,  w n r s  l a r y s r  to t h o s e  

o b s e r v s d  in t h e  field s k u d y .  The h i q h s r  s k i n  t o m p e r a t u r a  g a i n s  

o b s e r v e d  i n  the l a b o r a t o r y  s t u d y  vesa t h o u g h t  t o  be a r e s u l t  of 

improved body  i n s u l a t i o n  a n d  r e d u c e d  heat l o s s e s  and  louer 

initial s k i n  t e ~ p e r a t u r s s ,  





l a b o r a t o r y  s t u d y ,  d n e  tc t h 2  l o a q e r  rewamlnq p e r i d  t h e  r a t e  =f 

q a i n  o f  core t e m p ~ r a t u r e  decreased 3 s  n o r m a l  core temperaturs 

was a p p r o a c h e d ,  Hence a l i n e a r  model o f  c o r e  r e w a r m i a q  c o u l d  n o t  

a p Non- l inear  modelf i a q  of c o r e  tern p s r a t u r s s ,  mean s k i n  

t e m p e r a t u r e  and  oxygen u p t a k e  d u r i n g  r e w a r m i n g  i s  p r a s 9 n t e d  i n  

Appendix  1, 

T h e  o n l y  t r e a t m e n t  d i f f e r e n c e  between the t h r e e  r*uarming  

t e c h n i q u e s  u s e d  in t h e  l a b o r a t o r y  s t u d y  was r e s p i r a t o r y  h e a t  

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

the f i n d i n g s  of B a r c u s  ( 1978 ) ,  metabolic h e a t  p r o d u c t i o n  ( i e ,  

shivering t h e r m o y e n z s i s )  was s i g n i f  i c a n t l l y  r e d u c e d  ( P  < 0.05) by 

r e s p i r a t o r y  heating, Usinq  t h e  d a t a  s u m m a r i z e d  i n  T a b l e  12,  a 

n e g a t i v e  c o r r e l a t i o n  was c a l c u l a t e d  b e t w e e n  mean r e s p i f a t o r y  

h e a t  i n p u t  { R H )  a n d  mean m e t a b o l i c  h e a t  p s o d u c t i o n  (HH) a s  

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

It is a s s u m s d  that t h i s  r e d u c t i o n  i n  HH was c a u s e d  by  

changes i n  R R  a s  moan s k i n  t e m p e r a t u r e s  Hare s imi l ia r  d u r i n q  

each r e w a r n i n g  method, Thus the r e d u c e d  aH i n d i c a t e s  a more 

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

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

c o c d u c t f o n  from t h s  n a s o p h a r y n x  and c i r c u l a t i o n  o f  warmed 



artericlf b l o o d  ';!iayward and S t e inman ,  3975;  C c L l i s ,  S t e i n m a n  a ~ d  

Chansy,  1 9 7 7 ) .  

The  c a l c u l a t i o n  of HH a s s u m e s  t h a t ,  under t h e  c o n d i t i a n s  of 

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

t o t a l  metabolic h e a t  p r o d u c t i o n  were small  and  a n y  d i f f a r e n c e s  

among m e t h o d s  wsrs n o t  s i g n i f i c a n t ,  I t  i s  r e c o g n i z e d  t h a t  

a n a e r o b i c  @e- ta f i a l i sm d o e s  o c c u r  i n  s e v e r e  h y p o t h s r m i a  a s  

e v i d s n c a d  b y  the low pH o f t e n  recrsrqd i n  s u c h  casss ( B l a c k ,  

Vanderanter a n d  Cohn, 1 9 7 6 ) .  However, no d a t a  is a v a i l a b l a  for 

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

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

made t h i s  p r o c e d u r s  u n d e s i r a b l e ,  fn t h i s  study mean s k i n  

ts;mpemtur@s rose r a p i d f  y during r e w a r ~ i n q  ( F i y u r a  11) and 

d i f f e r s n c e s  i n  mean s k i n  t e m p e r a t u r e s  among m e t h o d s  uere sitia3.l. 

T h u s ,  t h e  r a p i d  r e s t o r a t i o n  o f  p e r i p h e r a l  blood a s  shown by  the 

r a p i d  rise i n  mean skin t e m p e r a t u r a  i n d i c a t e s  t h a t  s u b s t a n t i a l  

a n a e r o b i c  heat p r o d u c t i o n  was u r l  i k e l  y, If a n a e r o b i c  ~ e t a b o l i s r u  

d i d  o c c u r  t o  a n y  s i q n i  f icant  degree, t h e  lack of d i f f e r e n c e s  i a  

mean s k i n  t e ~ p e r a t u r e  aaonq @ a t h o d s  suqgssts t h a t  anaerob ic  

m e t a b o l i s ~  occured t o  a s i a i l i a r  degree i n  a l l  methods and 

ths re fo re  would  s 3 p r s s e n t  a c o n s t a n t  erros, 



E q u a t i o c  9 i n p l i e s  t h e  t c t a l  hea t  available f o r  rswaraing 

(TH) would  b.; reduced a s  RH i s  incr . . ased ,  ~ d d i t i o n i l l f y  aquat ion 

9 f n r p l i e s  t h a t ,  or, average, f o r  e v e r y  k c a l  of haat  s u p p l i e d  v i a  

t h e  r e sp i r a to ry  tract, 1.4 k c a l  of 8H is forfe i ted,  It is 

r e m a r k a b l  B the re fo re  that R H  e n h a n c e d  the cors ternpra t u r s  

r e c o v e r y  f r o &  h y p o t h e r m i a  a s  shown i n  T a b l e s  10 and 01 ,  If R H  is 

o f  equal or less va lue  than HH i n  c a u s i n g  core t e n p s r a t u r e  t o  

increase, then i t  w o u l d  b e  s x p ~ c t a d  t h a t  a s  RH is i n c r e a s e d  c o f e  

temperature q a i n s  would decrsase, 

Core t e m p e r a t u r e  gains w9re n o t  r s d u c e d  b y  increased R a  

d e s p i t e  reductions i n  as and TH, For example, u s i n q  the 

h y p e r v s n t i l a t i l o n - s h i v e r i n q  d i f f e r e n c e s  (Tabla 12)  , 
h y p e r v e n t i f a t i o n  with an a d d i t i o n a l  40 k c a l  of RH p r o d u c e d  

greater  g a i n s  i n  core  temperature t h a n  s h i v e r i n q ,  despite a 

r e d u c t i o n  i n  M A  of 73 kcal a n d  a r e d u c t i o n  i n  Ti3 of 31 kcal, 

~ l s o ,  usinq the hypervsntilation-coctrol d i f f e r e n c e s ,  

h y p e r v e n t i l a t i o n  w i t h  an  a d d i t i o n a l  20 kca l  of R H  produced 

qreater g a i n s  i n  core  t e m p e r a t u r e  than c o n t r o l ,  d e s p i t e  a 

reduction i n  H H  of 36 kcal and a r e d u c t i o n  i n  Ti3 of 16 kcal, 

F i n a l l y ,  using the control-shivering d i f f e r e n c e s ,  con t ro l  w i t h  

an a d d i t i o n a l  20 kcal of RH produced a greater g a i n  i n  r ec ta l  

core temperature and a similar qain i n  t y m p a n i c  core t s m p e r a t u r g  

to s h i v e r i n g ,  d e s p i t e  a r e d u c t i o n  i n  MH of 35 kcal and a 

r e d u c t i o n  in TH of 15 kc3l. 
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T h e s e  results suggsst t b a t  RH i s  Bore s f f s c t i ~ e  i n  

p r o d u c i n q  core temperature q a i n s  than HH,   his i s  l i k e l y  

e x p l a i n e d  b y  R H  b e i n g  d e l i v e r e d  dir~ctly t o  the c s n t r a l  c o r e  

(ie, haad a n d  c h e s t )  v h i f e  8H f ro in  s h i v e r i n g  i s  produced l a r g s i y  

i n  t h e  p e r i p h e r y .  

To quantify t h e  c o n t r i b u t i o n s  of BH, BH aod TH to core 

t a m p a r a t u r a  qain, t h e  core heat i n p u t  (CH) n e c a s s a r y  t o  c a u s e  

t h e  o b s e r v e d  r9c ta l  temperature i n c r e a s e s  were c a l c u l a t e d  u s i n q  

B u r t o n ' s  (3335)  estimate of core aass. 

CH = T60r x 0.83 x core mass 

where  TGOr = r ec ta l  t e m p e r a t u r e  i n c r e a s e  d u r i n g  r e v a r a i n q  

0,83 = specific hcat of t h ~  body (kca l JQC/kq]  

core @ass  = 0.46 x body we ight  

T h e  p e r c e n t a q s  of TH s u p p l i e d  to the core i n c r e a s e s  from 

d u r i n q  s h i v e r i n g  to 34.73 d u r i n g  control and t o  24.9% 

d u r i n g  hyperven t i f a t i o n ,  T h e s e  r e s u l t s  a g a i n  s u q g e s t  t h a t  RB is  

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

alone.  



In order to calculat.1 the efficiency cf R H  in terms of c u r ?  

h e a t  g a i n  i t  was assumed that t h e  salge percenrage of PlH was 

supplied to ths core in the c o n t r o l  aria h y p e r v e n t i l a t i o n  

procedures a s  I n  the s h i v s r i n g  case, where TH is entirely 

metabolic heat .  The d i f f e r e n c e  between the metabolic 

contribution (i.e, 10.7% of BH) and CB is that s u p p l i e d  by RHO 

The i ~ f f i c i e n c y  of R H  i s  t h e n  e x p r s s s e d  b y  t h e  f o l l o w i n g  

e q u a t i o n :  

Efficiency Q • ’  RH = f f C H  - 0.107 HH)/ RR) x 100% ( 1  1) 

In the control t r ea taen t ,  i t  was estilgatsd t h a t  47.7% of 

the R H  was s u p p l i e d  to the core and, i n  the hyperventilation 

t r e a t m e n t ,  it uas e s t i m a t e d  t h a t  65.1% of t h e  R R  uas s u p p l i e d  to 

the core. Ahen these eff ic iencies  are compared w i t h  t h e  1 0 , 7 1  

efficiency of MH, t h e n ,  i n  t h e  c o n t r o l  treatment, R H  was 4.5 

times a s  effective a s  HH in elevating core temperature a n d ,  i n  

t h e  h y p s r v e n t i l a t i o n  t r e a t m e n t ,  R H  gas 6.1 t i m s  as effective a s  

H f i  i n  e l e v a t i n g  core temperature, 

T h e  accuracy of B u r t o n ' s  11935) estimate of tor% Bass is  

justified i n  Appandix 2, It should be n o t e d  h o w s v e r ,  that t h e  

r e l a t i v e  a f f i c i e n c y  sf 3H t o  BH i s  r e P a t i v e l y  i n s e n s i t i v e  t o  t h e  . 

v a l u e  of c o r e  mass chossn. The  o b s e r v a t i ~ n  that t h e  %TH s u p p l i e d  

to the core increases as B 8  increas~s is s i g r i f i c a n t  r e q a r d l a s s  



A c o n s i d s r a b l e  body of e v i d 9 n c e  s u g g e s t s  t h a t  i n  cases of 

severs h y p c p t h e r m i a  active p a r i p h e r d l  r e w a r m i n g  can be haza rdous ,  

a n d  c i r c u l a t o r y  c o l l a p s e  is ccmmon in t h e  early p o s t - r e s c u e  

p h a s e  ( T r u s c o t t ,  F i r o r  a n d  C l s i n ,  1373; Tansey, 1973;  Keatinge, 

1969; G o l d e n ,  1373; B u r t o n  a n d  Edhofm, 1955; Graqory a n d  

Dool i t t le ,  1373; B a r c u s ,  1979) .  T h e  reason g e n e r a l l y  q i v e n  is 

p e r i p h e r a l  v a s o d i l a t i o n ,  Peripharal v a s o d i l a t i o n  a l l o w s  cold, 

a c i d o t i c  b l o o d  t r a p p e d  i n  t h e  periphery t o  r e t u r n  t o  the c o r e  

t h e r e b y  a c c e n t u a t i n g  a * a f t e s d r o p r *  of core t e a a p a r a t u r e .  T h e  aa jor 

reasons i n h a l a t i o n  r e w a r m i n q  has b e e n  promoted a s  a t h e r a p y  f o r  

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

before t h e  p e r i p h e r y  i t  s h o u l d  a v o i d  o r  r e d u c e  b a z a r d s  o f  

a f t e r d r o p ,  t h e  method  is compatible  w i t h  first a i d  ( f i e l d )  

a p p l i c a t i o n  by n o n - m e d i c a l  p e r s o n r i a l  a n d  is  safe fo r  a l l  l s v a l s  

o f  h y p o t h s r m i a ,  However ,  G o l d e n  a n d  Hervey 11977) claimed t h a t  

ccre t e m p e r a t u r e  a f t e r d r o p  is a s i a p l e  c o n d u c t i o n  of h e a t  down a 

p h y s i c a l  g r a d i a n t  and not d u e  to  p e r i p h s r a l .  v a s o d i l a t i o n .  Cooper 

a n d  Ross (1950)  f o u n d  that r a p i d  a c t i v e  r e w a r m i n g  w i l l .  e f f a c t  

the d u r a t i o n  of cars t e m p e r a t u r e  a f t e r d r o p  but n o t  i ts 

m a g n i t u d e .  



Rzrcus (1378) shove3 no 6 i f f :xencas  i n  the m a q n i t u d e  cx 

d u r a t i o n  o f  a f t e r d r o p  of  t y m p a n i c  t s m p e r a t u r e  be?ween i n h a l a t i o n  

rewarming, s h i v e r i n g  t h s r m o q e n e s i s ,  hot b a t h  r e w a r n i n q  and p i p e d  

s u i t  r e w a r m i n g .  A s t u d y  b y  Hayward a n d  s t e i n m a n  (1975) comparinq 

h o t  b a t h  r e w a r m i n g  a n d  i n h a l a t i o n  r e w a r m i n g  s h o w e d  no 

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

S t e i n m a n  a n d  C h a n e y  (1977) c o n f i r m e d  t h o  f i n d i n g s  of Hayward and 

S te inma in  11 975) . A d d i t i o n a l l y  howaver, they showsd s i g n i f i c a n t  

r e d u c t i o n s  Fn the m a g n i t u d e  of rec ta l  and t y m p a n i c  t e m p e r a t u r e  

a f te rdrop a n d  the d u r a t i o n  of t y m p a n i c  t e m p e r a t u r e  a f t e r d r o p  

when c o m p a r i n g  i n h a f a k i o n  r s w a m i n g  t o  s h i v e r i n g  t h e r m o q e n e s i s ,  

The  present s t u d y  a l s o  showed s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  

m a g n i t u d e  a n d  d u r a t i o n  of rectal t e ~ p e r a t u r e  a f t e r d r o p  and  i n  

the d u r a t i o n  s f  t y r n p a n i c  t e ~ p e r a t u r p  a f t e r d r o p  when c o ~ p a r i n g  

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

T h e r e f o r e  i n  terms of r e d u c i n g  the d u r a t i o n  o f  a f t e r d r o p  i t  

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

b a t h  w v a r m i n g ,  T h e  present s t u d y  a n d  t h e  s t u d y  c o n d u c t e d  b y  

C o l l i s ,  S t a i n m a n  a n d  Chansy ( 1377) both d e m o n s t r a t e d  s i g n i f i c a n t  

d i f f e r e n c e s  i n  core a f t e r d r o p  between  i n h a l a t i o n  r e n a r a i n q  a n d  

s h i v e ,  r i n q  t h e z m o g e n e s i s  a l o n e ,  W h i l e  E la rcus  ( 1  978) was unable to 

demonstrate s i g n i f i c a n t  d i f f e r e n c e s  i n  t y ~ p a n i c  t e m p e r a t u r e  

a f t ' e r d r o p  b e t w e e n  a n y  of t h e  r e w a r m i n q  t e c h n i q u e s  h e  s t u d h a ,  i t  

is n o t e d  t h a t  i n h a l a t i o n  r e w a r a i n g  p r o d u c e d  t h e  smallest 



t y m p a n i c  t s a p e r a t u r s  a f t e r d r o p ,  bsth m a g n i t u d e  and d u r a t i s z ,  of  

a n y  technique used, 

Bn a d d i t i o n a l  benlfit ~f i n h a f a t i o n  r e w a r m i n g  c a n  b e  

anticipated on t h e  b a s i s  of o u r  r e s u l t s .  ~ h s  lower metabolic 

r a t e  c a u s e d  by inhalation r e w a r m i n g  (figure 3) r e d u c e s  s h i v s r i n q  

t h e r m o q e n e s i s  a n d  t h e r e f o r e  t h e  metabolic d e m a n d s  of t h e  

p e r i p h e r y ,  One of t h e  h a z a r d s  associated with revarminq from 

h y p o t h e r m i a  is in m e e t i n g  t h e  metabolic d e m a n d s  of t h e  p e r i p h e r y  

before the h g p s t h e r m i c  h e a r t  muscle  can r e s p o n d  t o  treatment 

(Truscott, F i r o r  and C l e i n ,  1973). T h u s ,  a l o w e r  metabolic rate 

i r ,  t u r n  lowers the p e r p h e r a l  c a r d i a c  o u t p u t  r e q u i r e m e n t  t h e r e b y  

r e d u c i n q  t h e  r i s k s  of c a r d i o v a s c u l a r  co l l a spe  f r o m  ove r t ax inq  

the h ypo t  hesmic  heart ,  

T h e  c o r ~  t e m p e r a t u r e s  r n o n s t o r e d  i n  t h i s  s - t u d y  (rectal a n d  

t y m p a n i c )  were s e l e c t e d  t o  p r o v i d e  an  a c c o u n t  of the c h a n g e s  

t h a t  occur In %he Shoracic core a n d  central n e r v o u s  system 

d u r i n g  reuarming, However, It has been suggested that r e c t a l  a n d  

t y m p a n i c  t e m p e r a t u r e  a re  n o t  adequate measures of the h e a r t  a n d  

chest b l o o d  te l n p e r a t u r e  durinq r e w a r m i n g  a n d  that s s o p h a q e a l  

temperature o f f ~ r s  better a q r e s r n e n t  with p u l m o n a r y  a r t e r y  

t e m p e r a t u r e  during rewarmislq f ro@ h y p a t h e r a i a  in c o n s c i o u s  Baa . 

(Hayward, 1 9 7 3 ) .  It  would b e  e x p e c t a d  frcm t h e  results of 

Hayward a n d  S t s i n m a n  11975) that t h e  d i f f 3 3 ~ e ~ 1 c e s  b e t w e e n  



t r ~ a t r n ~ n ?  s shown in this s t u d y  woule D/? %-sen g r e a t e r  had 

e s o p h a g ~ a l  k e m p e r a t u r e  been u s e d  a s  a m o n i t o r  of corcl 

t e m p e r a t u r e .  

I n  conclusion, i n c f e a s i n g  t h e  sespfratory h e a t  i n p u t  t o  a 

m i l d l y  hypo ther r r r i c  s u b j e c t  w i l l  cause a n  i n c r e a s e  i n  r ec ta l  a n d  

t y m p a n i c  c o r e  t e m p e r a t u r e  e l e v a t i o n ,  T h e  core t e m p e r a t u r e  

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

p r o d u c t i o n  a n d  i n  t h e  t o t a l  heat available f o r  rawarminq, The 

p e r c e n t a g e  of the t o t a l  heat supplied t o  the core must therefore 

increase a s  respirator y b a t  i n p u t  is i n c r e a s e d .  Theorb;tical 

c o n s i d e r a t i o n  i n d i c a t e d  that respiratory h e a t  is a p p s o x i m t a l y  4 

t o  6 t i n e s  a s  effective a s  m e t a b o l i c  haat in p r o d u c i n q  c o r e  

t e m p e r a t u r e  e l 2 v a t i o n s .  Also, i n h a l a t i o n  rewarminq  r e d u c e d  core 

t sg lpera ture  a f t e r d r o p  colapared t o  shivering t h e r m o g e n e s i s .  



The fol lowinq main p o i n t s  were d e d u c e d  a s  a result of t h e  

w o r k  c a r r i e d  out. 

'1, The i n c r e a s e  i n  core temperature d u %  t o  inhalation r e w a r m i n g  

-4 was estimated t o  b e  between 2 x 10 and  5 x d4 OC for each 

litre of warm, s a t u r a t e d  a i r  v e n t i l a t e d ,  

2, Incraasing r e s p i r a t  osy h e a t  i n p u t  t o  ~ i l d l p  hy p o t h e r r n i c  

s u b j e c t s  i n c r e a s e 3  t h e  core t e m p e r a t u r e  g a i n  d u r i n g  r e w a r m i n g ,  

d e s p i t e  r e d u c t i o n s  i n  m+t ;abo i i c  h e a t  p r o d u c t i o n  a n d  i n  t h e  t o t a l  

h e a t  a v a i l a b l e  fo r  rewarming .  

3 .  Heat p r a v i d s d  t o  m i l d l y  h y p o t h e r m i c  s u b j e c t s  v i a  t h s  

r e s p i r a t o r y  t r a c t  was 4 t o  6 timss wore effective i n  e l e v a t i n q  

core temperature t h a n  metabolically p r o d u c e d  hea t .  

4, I n h a l a t i o n  r a w a r m i n g  was a s i g n i f i c a n t  improvement over 

s h i v e r i n q  thermogsnesis alone a s  a therapy for h y p o t h e r m i a ,  f n  

addition t o  b e i n q  more e f f i c i e n t  i n  r e w a s m i n q  t h e  core, core 

af terdrop was reduced. 



APPENDIX 3 

Exponrn t i a l  n o d e l l i n g  of Laboratory R a u a r m i n q  Data 



BLL d a t a  selected f r o @  t h e  l a b o r a t o r y  study was ~ o d e l f s d  by 

either s i n g l e  o r  d o u b l e  e x p o n s n t i a l s .  Mean s k i n  temperature and  

o x y  qen uptake ware raodef lod  b y  s i n g l e  e x p o n e n t i a l s .  Mean s k i n  

temperature was m o d a l l s d  by a n  e x p o n s n t i a l  c u r v e  of t h e  foxm 

T = A t 7  - e x p f - k t ) )  

where T = t e a p e r a t u s e  a t  time t 

A = p r e d i c t e d  f i n a l  B S T  a t  t = i n f i n i t y  

k = e x p o n e n t i a l  ra te  constant 

t = time 

The o n l y  d i f f e r e n c e  between t h e  e x p c n e n t i a l s  w h i c h  d e s c r i b i ;  

WST (Tabla 13) during t h e  thrsa rewarming methods was t h e  

p r e d i c t e d  f i n a l  HST. The  p r e d i c t e d  f i n a l  HST f o r  s h i v e r i n q  was 

larger than for e i t h e r  c o n t r o l  o r  h y p a r v c s n t i l a t i o n ,  T h i s  i m p l i e s  

a f a s t e r  r a t e  of mean skin t e m p e r a t u r e  g a i n  i n  s h i v e r i n g  a n d  

a l s o  imp1  ies  final skin t e m p e r a t u r e  would be q r e a t e r ,  However,  

a s  t h e  body a p p r o a c h s  nar t r to thermia  o t h e r  p h y s i o l o g i c  m e c h a n i s m s  

{ c e s s a t i o n  of s h i v e r i n g  and skin v a s o d i l a t i o n )  ~ o u l d  affect 

f i n a l  s k i n  t e m p e r a t u r e ,  I n  a d d i t i o n ,  t h e  predicted final &ST was 

close to the e x p e r i m e n t a l l y  o b s e r v e d  final HST and i n  a n a l y z i n g  

the e x p e r i m e n t a l  d a t a  no s i g n i f i c a n t  d i f f e r e n c e s  c o u l d  be found 

amonq m e t h o d s  for f i n a l  HST. T h u s  t h e  p r e d i c t e d  f i n a l  MS? h a s  

dubious value a s  a  p r e d i c t o r .  Based on the shape of the a b s e r v e d  

RST c u r v e s  [ F i g u r e  1 1 )  t h e  p r e d i c t e d  f i n a l  &ST would appear t o o  



low, it iaay be that a s i z g l a  a x p c j n a n t i a l  is n o t  cornplex sncuqh 

to truely d e f i n e  R S T  during rewarming, 

Uxyqer, u p t a k s  was t nods l l ed  b y  a n  i ; xponen t i a l .  c u r v e  of t h s  

form 

w h e r e  VOz = oxygen u p t a k e  a t  t i m s  t 

A + B = value of i o z  3t t = ~  

k = e x p o n e n t i a l  r a t e  c o n s t a n t  

3 = resting rmetabolic ra te  ( B H R )  

T h e  s x p b n e n t i a l s  modelling oxygen u p t a k e  ( T a b l e  13) v e r i f y  

t h e  analysis made on t h e  raw data, T h e  p r e d i c t e d  initial v a l u e  

of oxygen u p t a k e  i s  h i g h e r  for s h i v e r i n g  than t h e  other  two 

methods  b u t  it may be a r t i f i c a l l y  h i g h  due t o  a p l a t e a u  a t  

maximum s h i v e r i n g  i n t e n s i t y .  The ra te  c o n s t a n t s  show t h a t  o x y g m  

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

by  c c n t r o l  and than shivering. It is a l s o  n o t e d  t h a t  t h e  

predicted R f l R  Ls h i g h e s t  for h y p e r v e n t i l a t i o n ,  f o l l o w e d  by 

control and  then shivering. This may reflect differences i n  t h a  

work of breathing i n  t h a  case of continued h y p e r v e n t i l a t i o n  or 

may be random d e v i a t i o n  of the predicted EHR obtained from th; 

d a t a  sets o r  n a y  be d u e  to the h i g h e r  body t e m g e r a t u r 2 s  produced 

by t h e  active r ewa rming  methods ( Q I O  effsct) . 
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single e x p o n e n t i a l  modelling was n o t  attexipted on t h e  core 

t a a t p e r a t u r e  d a t a  becauss the a f t e r d r o p  phenomena c o u l d  not b e  

included i n  s u c h  a model ,  ~ h i l e  the t e m p e r a t u r e  i n c r e a s e  p h a s e  

of t he  c o r e  data  c o u l d  be modelled b y  a sinqle z x p o n m t i a l  

d i f f e r e n t  time i n t e r v a l s  would have  a p p l i e d  t o  t h e  curve f i t  of 

each methcd t h u s  making c o i n p a r i s o n  difficult. T o  model t h a  

compf e t e  core t z m p e r a t u r e  c u r v e s  d u r i n g  rawarmiog a doub le  

e x p o n e n t i a l  was fitted t o  t h e  mean d a t a  (Tabhe 1 4 1 ,  The f i rs t  

e x p o n e n t i a l  r e p r e s e n t s  t h e  warming function while this s e c o n d  

represents t h e  cooling o r  afterdrop f u n c t i o n ,  

2 = A ( 1  - z ; x p ( - a t ) )  - E ( s x p ( - b t )  + 1) 

where  T = temperature at tima t 

A = a s g a t t o t s  f o r  warming exponential 

a = exponential ra te  constant for warming 

0 = asyrtttote for c o o l i n g  e x p o n e n t i a l  

b = e x p o n e n t i a l  rate constant fot c o o l i n g  

A - •’3 = p r e d i c t e d  f i n a l  corrs  'reaperature 

fn gensral, t h e  model o f f e r s  a good f i t  t~ the e x p e r i i a e n t a l  

r e s u l t s ,  For rrctal  t e m p e r a t u r e ,  hyperventilation h a s  t h e  

h i q h e s t  p r e d i c z e d  final t e m p e r a t u r a  { A  - B) fol3.owed b y  congrol 

and then s h i v e r i n q ,  T h e  model p r e d i c t s  t h e  magnitude a n d  



d u r a l i s a  of rectal  t s m p e r a t u r a  a f t e r d r o p  i s  qreatest f o r  

s h i v e r i n g  and  l eas t  for h y p e r v s n t i l a t i o n ,  F o r  t y m p a n i c  

t e m p e r a t u r e ,  h y p e r v e n t  i f  ation has the highest predicted f i n a l  

tempexature,  f o l l o w e d  b y  s h i v e r i n g  a n d  than co~trol. Dif f s r e n c s  

i n  t y i u p a n i c  t e R p e r a t u r e  a f t e r d r o p  are n o t  a p p a r e n t .  

T h e  model. is difficult t o  i n t r e p r e t  beyond  6 0  minutes, 

p e r h a p s  because t h e  mode l  i s  too s i m p l e .  AS normal body 

%eapera+ur% is a p p r o a c h e d  s e v e r a l  p h y s i o l o q i c a ' i  responses o c c u r ,  

the most i m p o r t a n t  of which a r e  p e r i p h 2 r a l  v a s o d i l a t i o n ,  

i n c r a a s a d  skin blood flow a n d  i n c r e a s e d  body h e a t  losszs. I t  i s  

d o u b l t f u l  t h i s  s i m p l e  modal  can account-, f o r  all. the, 

physiological changes which occur a s  n o r a a l  body t a m p e r a t u r s  i s  

a p p r o a c h e d ,  a s  t h e y  a re  not fully r e p r e s e n t e d  w i t h i n  t h e  ' t i n t + ?  

p e r i o d  of the e x p e r i m e n t a l  data, b u t  r a t h e r  would  tend t o  

materalise a t  times grea te r  t h a n  S O  m i n u t e s  i n  r e s p o n s e  to  

normo t h a r m i a  b e i n q  a t t a i n e d ,  
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C a l c u l a t i o n  of Baan Body T e ~ p e r a t u r e  

and Changes of Body Heat Content 



To v e r i f y  t h s  a p p l i c x b i f i t y  of B u r t o n l s  (1935) est imats  of 

core mass to tke p r e s e n t  study th% weightinq coaf f i c i e n t s  of 

m a n  body t e m p e r a t u r e  were c a l c u l a t s d .  nean body temperature 

{MBT) i s  q ~ n e r a l i t y  q i v e n  by t h e  equation: 

MBT = f x )  Tr + ( 7  - xf MST 

where Tr = rectal t e m p e r a t u a  

RST = wean s k i n  kenaparature 

Save ra l  studies h a v e  been  c a r r i e d  o u t  to d&ermine  the 

v a l u e  o f  [x) . B u r t o n  and Edholna [7355)  found (x )  to be 0.7, 

while Rardy a n d  Dubois f3938 )  found (x) to be 0.8, Stolvijk and 

Rardy (1966)  conf i rmed  t h a  value of f x) to be 0.8 in a i n  a h o t  

e n v i r o n ~ e n ? .  L i v i n r j s t o n ~  (1967) and colin, T i a b a l ,  Houdas, 

Boute l i s r  a n d  Guicsu (1 971) have d e m o n s t r a t e d  that the r e l a t i v e  

Basses of core and p e r i p h e r a l  tissues can vary a c c o r d i n y  to t h a  

heat l o a d .  

The most appropriate v a l u e  of (x) Ton: t h e  l a b o r a t o r y  study 

was determined by the f o f l o v i n g  procedure: 

1, Three v a l u e s  of ( x )  0.50, 0.65 and  0.80 a n d  the measured  

qains i n  Tr and PlST [ T a b l a s  3 and 11) were used i n  e q u a t i o n  15 . 

to compute  t h s  i n c r e m e n t  in WBT (hMBT), This v a l u e  was t h e a  

substituted into % q u a t i o n  I 6  to calculate the total hea t  i n p u t  



{THC) necessary to a l e v a t 2  H3T by tha C O ~ F U ~ R E  i n c r e m e n t .  

THC = A H B T  x 0.83 x Body weight ( 36) 

Apply inq  a total hsat balance according t o  t h e  equation: 

where HL represents h e a t  loss from t h e  skin s u r f a c e ,  then t h e  

correct value of THC s h o u l d  b e  t h a t  neccesary to obtain 

equilibrium, 

2. A f i n e a r  r e g r e s s i o n  a n a l y s i s  o f  d i f f e r e n c e s  between THC and 

(MH +EH) { T a b l e  12) a n d  the c h o s s n  v a l u e s  of (x )  was than 

calculated, 

3. The bast e s t i m a t e  o f  [x)  was taken t o  b e  tbs v a l u e  w h i c h  gave 

a difference (THC - (PIH +RH)) of 20 kcal, r e p r e s e n t i n g  t h e  

estimatsd heat loss  d u r i n g  r s n a r m i n g  (i.e. HL = 20 kca l )  . Heat 

l o s s  e s t i m a t e s  were obtained from th re t i ?  s u b j e c t s  u s i n g  f o u r  h e a t  

flow t r a n s d u c e r s  [ T h e r m o n e t i c s ,  HPT-A) placed over  the skin a t  

the same sitss used f o r  s k i n  t e m p e r a t u r e  measurement. 

Differences i n  h e a t  1 osses b e t w e e n  methods were assumed t o  b@ 

small due to the s i a i l i a r i t y  of mean s k i n  temperatures and  

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

details of t h i s  a n a l y s i s  a r e  shown i n  Table 35, The  a p p r o p r i a t e  

v a l u s  of  [ x f  thus o b t a i n s d  was 0.75, giving the equation 
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MBT = 0,?5Tr + F,25MST ( 18 )  

The above analysis was used t o  check the validity o f  Burton's 

(1935 )  es t imate  cf core mass under  t h e  conditions cf the p r e s e n t  

s t u d y *  

Burton (1  335) e s t i m a t e d  that the body was 46% core and 54% 

periphery, Burton f u r t h e r  assumad t h a t  mean p e r i p h e r a l  

t e m p e r a t u r e  was half-way between core (rectal) a n 8  wean skin 

t e m p e r a t u r e ,  Thus i t  can b e  deduced  t h a t  m a n  body temperature 

MBT = 0 ,YbTcors  + 0,54Tperiphery 

= 0.46Tr + 0.54 (0.50Tr + 0.50HST) 

= 0.73Tr + 0.27BST 

The above f o r m u l a ,  based on t h e  a s s u m p t i o n s  o f  Burton 

(1935)  i s  i n  close ag reemen t  w i t h  that d e r i v e d  directly from the 

e x p s r i m a n t a l  data f o r  mean body t e m p e r a t u r e  b a s e d  on total b o d y  

heat b a l a n c e  (squation 18 ) .  r t  would appear  t h e r e f o r e  from t h e  

above aaaf y s i s ,  for the c o n d i t i o n s  of this e x p e r i m e n t ,  the u s e  

of Burton's estimate of  cow mass i s  justified. 
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