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ABSTRACT - 

The d i f f e r e n c e s  i n  c a r b o n  d i o x i d e  t e n s i o n s  be tween  a r t e r i a l  

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

P(a-A)C02 and  P(a-ET)C02,  were i n v e s t i g a t e d  i n  1-3 e x p e r i e n c e d  - - - - - - 
SCUBA d i v e r s .  A r t e r i a l  b l o o d  g a s  t e n s i o n s  were e s t i m a t e d  f rom 

a r t e r i a l i z e d - v e n o u s  b l o o d ,  sampled  f rom a  d o r s a l  hand v e i n .  

Samp le s  were t a k e n  a f t e r  h e a t i n g  t h e  hand t o  40-45 d e g r e e s  C .  

f o r  t h e  d u r a t i o n  o f  t h e  e x p e r i m e n t .  The v a l i d i t y  o f  t h e  

t e c h n i q u e  was c h e c k e d  by measurement  o f  t h e  a r t e r i a l i z e d - v e n o u s  

oxygen  t e n s i o n .  A l v e o l a r  - PC02 was  d e f i n e d  a s  t h e  c a r b o n  d i o x i d e  

t e n s i o n  i n  t h e  l u n g s  a t  60% o f  t h e  e x p i r a t o r y  t i m e  d u r a t i o n .  

P (a -F)C02  and P(a-ET)C02 were measu red  a t  rest and  d u r i n g  - - - - - - 

s t e a d y - s t a t e  e x e r c i s e  ( 4 0 0  KPM/min. ) , w h i l e  s u b j e c t s  b r e a t h e d  

f rom a low r e s i s t a n c e  m o u t h p i e c e  and  f rom a n  o p e n  c i r c u i t  demand 

r e g u l a t o r .  

The - - -  P(a-ET)CO2 and  - - -  P(a-A)C02 g r a d i e n t s  r a n g e d  f rom 9.99 t o  

-5.88 mmHg and  9.68 t o  -5.74 mmHg r e s p e c t i v e l y .  Both  - PC02 

g r a d i e n t s  were p o s i t i v e  w h i l e  s u b j e c t s  b r e a t h e d  f rom t h e  low 

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

s u b j e c t s  b r e a t h e d  f rom t h e  SCUBA r e g u l a t o r .  The r e v e r s a l  o f  t h e  

PC02 d i f f e r e n c e  ( P < 0 . 0 5 )  was  accompan ied  by a n  i n c r e a s e  i n  b o t h  - 

PETC02 and  - PAC02, w i t h  no  s i g n i f i c a n t  c h a n g e  i n  - PaC02. The 

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

from t h e  SCUBA r e g u l a t o r  r e l a t i v e  t o  t h e  l o w  r e s i s t a n c e  

iii 



mouthp iece .  V e n t i l a t i o n  d e c r e a s e d  (P (0 .05 )  w i t h  a  c o r r e s p o n d i n g  

d e c r e a s e  i n  r e s p i r a t o r y  f r e q u e n c y  and an  i n c r e a s e  i n  t i d a l  

volume. 

Best s u b s e t  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s e s  per formed 

on t h e  d a t a  g e n e r a t e d  e q u a t i o n s  p r e d i c t i n g  t h e  - PC02 d i f f e r e n c e .  

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

by t h e s e  a n a l y s e s  was t h e n  t e s t e d  u s i n g  i n d e p e n d e n t  d a t a  which 

i n c l u d e d  - PETC02 and - PaC02. The b e s t  p r e f l i c t i v e  e q u a t i o n  

e s t i m a t e d  t h e  P(ET-aIC02 d i f f e r e n c e s  o f  t h e  i n d e p e n d e n t  d a t a  - - -  

w i t h  an  a c c u r a c y  o f  - +2.54 MSE, (mean s q u a r e  e r ro r ) .  

PaC02 c a n n o t  b e  assumed t o  e q u i l i b r a t e  w i t h  PAC02 o r  - - 
PETC02. D i f f e r e n c e s  depend on a  number o f  r e s p i r a t o r y  f a c t o r s ,  - 

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

g i v e n .  
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I. I n t r o d u c t i o n  

E f f i c i e n t  g a s  e x c h a n g e  r e q u i r e s  c o n t i n u o u s  r e a d j u s t m e n t s  

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

c o n t r o l  oxygen  a n d  c a r b o n  d i o x i d e  e x c h a n g e  across t h e  

a l v e o l a r - c a p i l l a r y  membrane.  One of t h e  p r i n c i p l e  a s s u m p t i o n s  o f  

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

d i o x i d e  t e n s i o n ,  (PAC021, - i s  i n  close e q u i l i b r i u m  w i t h  a r t e r i a l  

c a r b o n  d i o x i d e  t e n s i o n ,  ( P a C 0 2 ) .  - T h i s  i s  t h o u g h t  t o  o c c u r  

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

a l v e o l a r - c a p i l l a r y  membrane and  t h e  s t e e p  c a r b o n  d i o x i d e  

d i s s o c i a t i o n  c u r v e .  

U n t i l  r e c e n t l y ,  i t  h a s  g e n e r a l l y  b e e n  a c c e p t e d  t h a t  t h e  

t r a n s f e r  o f  c a r b o n  d i o x i d e  a c r o s s  t h e  a l v e o l a r - c a p i l l 3 r y  

membrane o c c u r s  by s i m p l e  d i f f u s i o n .  The a s s u m p t i o n  t h a t  - PaC02 

is i n  e q u i l i b r i u m  w i t h  - PAC02 c o n s t i t u t e s  a n  e s s e n t i a l  h y p o t h e s i s  

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

S i n c e  t h e  c a r b o n  d i o x i d e  t e n s i o n  i n  t h e  b l o o d  e n t e r i n g  t h e  

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

t h e r e  is  a n  e x c h a n g e  p r o c e s s  which  a p p r o a c h e s  a n  e q u i l i b r i u m  

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

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

c a p i l l a r y .  P e a s u r e m e n t  of t h e  v a l u e  o f  a r t e r i a l  b l o o d  - PC02 a n d  

e x p i r e d  a l v e o l a r  - PC02 a g r e e  w i t h i n  a c k n o w l e d g e d  v a r i a t i o n s  i n  



t h e  d e f i n i t i o n  o f  " a l v e o l a r "  - PC02. Gas t e n s i o n  d i f f e r e n c e s  

be tween  e n d - t i d a l  - PC02 and a r t e r i a l  PC02 a r e  c o n s i d e r e d  a s  - 
i n d i c e s  o f  t h e  e f f i c i e n c y  o f  pu lmonary  g a s  e x c h a n g e .  

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

e x i s t e n c e  o f  a n e g a t i v e  - PC02 d i f f e r e n c e  be tween  a r t e r i a l  b lood  

and a l v e o l a r  g a s ,  - - -  P(a-AIC02. T h e s e  s t u d i e s  h a v e  measured  

P(a-A)C02 g r a d i e n t s  d u r i n g  r e b r e a t h i n g  and h y p e r c a p n i c  - - -  

p r o c e d u r e s .  However,  t h e  e x i s t e n c e  o f  a n e g a t i v e  - P(a-AlC02 - - 

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

g a s  exchange .  S t u d i e s  h a v e  measured  P(a-ET)C02 g r a d i e n t s  a s  - - - 
b e i n g  r e p r e s e n t a t i v e  o f  - P(a-A)C02 - - g r a d i e n t s .  S e v e r a l  er rors  a r e  

a s s o c i a t e d  w i t h  t h i s  a s s u m p t i o n  which  may l e a d  t o  o b s e r v a t i o n  o f  

a  f a l s e  - PC02 g r a d i e n t .  The a p p a r e n t  f i n d i n g  o f  a  n e g a t i v e  

P(a-A)C02 d i f f e r e n c e  d u r i n g  normal  g a s  e x c h a n g e  c o n d i t i o n s  would - - - 

i n v a l i d a t e  t h e  b a s i c  h y p o t h e s i s  o f  c o n v e n t i o n a l  g a s  exchange  

p h y s i o l o g y ,  whe re  - PAC02 i s  i n  close e q u i l i b r i u m  w i t h  - PaC02. I f  a  

n e g a t i v e  - P(a-A)C02 - - g r a d i e n t  e x i s t s ,  s i m p l e  p a s s i v e  d i f f u s i o n  

a c r o s s  t h e  a l v e o l a r - c a p i l l a r y  membrane may n o t  b e  s u f f i c i e n t  t o  

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

S e v e r a l  mechanisms h a v e  been  p r o p o s e d  t o  e x p l a i n  t h i s  

a p p a r e n t  n e g a t i v e  - P(a-A)C02 - - d i f f e r e n c e ;  

1. V e n t i l a t i o n / p e r f  u s i o n  i n e q u a l i t i e s  i n  t h e  l u n g s ,  

2. C y c l i c  v a r i a t i o n s  i n  a l v e o l a r  g a s  c o m p o s i t i o n  d u r i n g  
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r e s p i r a t i o n ,  

T r a n s i t  t i m e  d e l a y s  i n  exchange  o f  a l v e o l a r  g a s  d u r i n g  

r e s p i r a t i o n ,  

Slow e q u i l i b r a t i o n  between C02/HCC3-/H+ i n  t h e  b lood  d u r i n g  

t r a n s i t  t i m e  i n  t h e  pulmonary c a p i l l a r y ,  

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

s u r f a c e  p r o d u c i n g  an i o n i c  g r a d i e n t  w i t h i n  t h e  pulmonary 

c a p i l l a r y ,  (Wein E f f e c t ) .  

The above  c o n t r o v e r s y  shows t h e  n e c e s s i t y  t o  c o n f i r m  or  

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

g a s  - PC02 d i f f e r e n c e  unde r  normal  g a s  exchange  c o n d i t i o n s .  



11. Review of L i t e r a t u r e  

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

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

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

t e n s i o n  ( P c C 0 2 )  - i s  i n  e a u i l i b r i u m  w i t h  a l v e o l a r  c a r b o n  d i o x i d e  

t e n s i o n  (PAC02) - i n  t h e  l u n g s .  F s  a  r e s u l t ,  i t  i s  now g e n e r a l l y  

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

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

( F o r s t e r ,  1 9 6 4 ;  C h e r n i a c k ,  -- e t  a l . ,  1 9 7 2 ;  Ganong,  1 9 7 7 ;  West, 

1 9 7 8 ) .  

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

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

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

t h e  t u r n  o f  t h e  c e n t u r y  t h e r e  were t w o  s c h o o l s  o f  t h o u g h t  o n  t h e  

b a s i c  m e c h a n i s m s  o f  p u l m o n a r y  g a s  e x c h a n g e  ( G u r t n e r  1 9 7 7 ) .  One 

g r o u p  of r e s e a r c h e r s  s u g g e s t e d  t h a t  C02 c o u l d  b e  e x c r e t e d  b y  t b e  

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

e x c h a n g e  t o o k  p l a c e  b y  simple d i f f u s i o n  a l o n e .  

H a l d a n e  ( 1 9 2 2 )  compared  t h e  c a r b o n  d i o x i d e  t e n s i o n  o f  

a l v e o l a r  g a s  (PAC021 - and  a r t e r i a l  bl-ood (PaCO2) - i n  d o g s  

b r e a t h i n g  room a i r  and  v a r i o u s  h y p e r c a p n i c  g a s  m i x t u r e s .  



Al though  t h e  d a t a  showed s i g n i f i c a n t  P(a-A)C02 d i f f e r e n c e s  when - - -  

e l e v a t e d  C02 l e v e l s  were p r e s e n t  i n  t h e  i n s p i r e d  g a s  m i x t u r e ,  

( n e g a t i v e  - P(a-A)C02 - - g r a d i e n t ) ,  Ha ldane  b e l i e v e d  t h a t  C02 

s e c r e t i o n  was p r e s e n t  u n d e r  a l l  e x p e r i m e n t a l  c o n d i t i o n s  

( H a l d a n e ,  1 9 2 2 ) .  S i n c e  H a l d a n e ' s  o b s e r v a t i o n s  s e v e r a l  g r o u p s  o f  

r e s e a r c h e r s  h a v e  r e p o r t e d  e l e v a t e d  PAC02 a b o v e  PaC02, u n d e r  - - 
v z r i o u s  e x p e r i m e n t a l  c o n d i t i o n s  (Asmussen and N i e l s o n ,  1956;  

C o l l i e r ,  1956;  G u r t n e r ,  -- e t  a l . ,  1967;  J o n e s ,  e t  a l . ,  1967;  -- 
C l a r k ,  1968;  D a l y ,  e t  a l . ,  1968;  D e n i s o n ,  e t  a l . ,  1969;  G u r t n e r ,  -- -- 

e t  a l . ,  1969;  J o n e s ,  e t  a l . ,  1969;  Whipp and Wasserman, 1969;  -- -- 

C l a u s e n ,  -- e t  a l . ,  1970;  Den i son ,  e t  a l . ,  1971;  F i e l d ,  e t  a l . ,  -- -- 

1971;  L a z s l o ,  -- e t  a l . ,  1971;  J o n e s ,  e t  a l . ,  1972;  G u r t n e r ,  1977;  -- 

J o n e s ,  e t  a l . ,  1 9 7 9 ) .  -- 
The e v i d e n c e  h a s  s u g g e s t e d  t h a t ,  d u r i n g  c e r t a i n  s t e a d y  

s t a t e  c o n d i t i o n s ,  a  p a r a d o x i c a l  n e g a t i v e  PC02 d i f f e r e n c e  e x i s t s  - 
be tween  a r t e r i a l  b lood  and a l v e o l a r  g a s  ( n e g a t i v e  P(a-A)C02 - - - 
g r a d i e n t ) .  These  f i n d i n g s  imp ly  t h a t  t h e  e x c h a n g e  o f  C02 a c r o s s  

t h e  a l v e o l a r - c a p i l l a r y  membrane c a n n o t  b e  e x p l a i n e d  e n t i r e l y  on  

t h e  b a s i s  o f  p a s s i v e  d i f f u s i o n .  



R e b r e a t h i n g  E x p e r i m e n t s  

The m a j o r i t y  o f  l i t e r a t u r e  r e p o r t s  s u p p o r t  t h e  e x i s t e n c e  

o f  a  n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t  d u r i n g  r e b r e a t h i n g  e x p e r i m e n t s  

w h i l e  s u b j e c t s  w e r e  e x e r c i s i n g  ( J o n e s ,  -- e t  a l . ,  1 9 6 7 ;  D a l e y ,  - e t  

a l . ,  1 9 6 8 ;  D e n i s o n ,  e t  a l . ,  1 9 6 9 ;  J o n e s ,  e t  a l . ,  1 9 6 9 ;  D e n i s o n ,  - -- -- 

e t  a l . ,  1971 ;  J o n e s ,  e t  a l . ,  1972 ;  J o n e s ,  e t  a l . ,  1 9 7 7 ) .  -- -- 7- 

A d d i t i o n a l  r e b r e a  t h i n g  s t u d i e s ,  w i t h  s u b j e c t s  i n s p i r i n g  

h y p e r c a p n i c  g a s  m i x t u r e s ,  w h e r e  t h e r e  is  n o  n e t  movement o f  C02 

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

f i n d i n g s  ( G u r t n e r ,  -- e t  a l . ,  1 9 6 7 ;  L a z s l o ,  -- e t  a l . ,  1 9 6 8 ;  G u r t n e r ,  

e t  a l . ,  1 9 6 9 ;  J o n e s ,  e t  a l . ,  1 9 6 9 ;  L a z s l o ,  e t  a l . ,  1971 ;  -- -- -- 

J e n n i n g s  a n d  Chen,  1 9 7 5 ;  G u r t n e r ,  -- e t  a l . ,  1 9 7 7 ) .  

J o n e s ,  -- e t  a l .  ( 1 9 6 9 )  r e p o r t e d  t h a t ,  d u r i n g  r e b r e a t h i n g  

e x p e r i m e n t s  w i t h  h y p e r c a p n i c  g a s  m i x t u r e s  i n  e q u i l i b r i u m ,  w h e r e  

t h e r e  was  no  n e t  movement o f  C02 a c r o s s  t h e  a l v e o l a r - c a p i l l a r y  

membrane,  t h e  - PC02 o f  t h e  l u n g - b a g  s y s t e m  was  e l e v a t e d  a b o v e  t h e  

PC02 o f  s i m u l t a n e o u s l y  s a m p l e d  a r t e r i a l  b l o o d .  The a b s e n c e  o f  a - 

n e t  movement o f  C02 would  i n d i c a t e  t h a t  a n  e q u i l i b r i u m  had  b e e n  

r e a c h e d  b e t w e e n  t h e  - PC02 o f  t h e  a l v e o l a r  g a s  a n d  p u l m o n a r y  

c a p i l l a r y  b l o o d .  J o n e s ,  -- e t  a l .  ( 1 9 6 9 )  s u g g e s t e d  t h a t  t h e  h i g h e r  

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

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

l i b e r a t i n g  C02 a n d  i n c r e a s i n g  t h e  H+ c o n t e n t  of t h e  b l o o d .  T h i s ,  
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combined w i t h  p r e v e n t i o n  o f  C02 e l i m i n a t i o n ,  may b e  r e s p o n s i b l e  

f o r  t h e  a p p a r e n t  n e g a t i v e  P(a-A)C02 g r a d i e n t .  When t h i s  - - -  

h y p o t h e s i s  was t e s t e d ,  a v o i d i n g  o x y g e n a t i o n  by  r e b r e a t h i n g  a  

C02-N2 m i x t u r e ,  o n l y  a  s l i g h t  r e d u c t i o n  i n  t h e  n e g a t i v e  

P (  a-A )CG2 g r a d i e n t  wes  o b s e r v e d .  - - - 

S i m i l a r  r e s u l t s  were r e p o r t e d  by D e n i s o n ,  e t  a l .  ( 1 9 6 9 )  -- 

u s i n g  t h e  same e x p e r i m e n t a l  c o n d i t i o n s .  From t h e i r  r e s u l t s ,  i t  

was c o n c l u d e d  t h a t  b o t h  mixed-venous  PC02 ( P v C O ~ ) ,  and  PaC02, - - - 
were l o w e r  t h a n  PAC02 when s u b j e c t s  r e b r e a t h e d  e l e v a t e d  C02-02 - 

and C02-N2 g a s  m i x t u r e s .  T h e r e f o r e ,  t h e  p o s s i b l e  mechanism 

d e s c r i b e d  a b o v e  c a n n o t  e x p l a i n  t h e  o b s e r v e d  n e g a t i v e  P(a-A)C02 - - -  

g r a d i e n t  d u r i n g  r e b r e a t h i n g  e x p e r i m e n t s .  

The n e g s t i v e  P(a-A)C02 g r a d i e n t  may b e  c a u s e d  by t h e  r a t e s  - - -  
o f  r e a c t i o n s  be tween  C02, HC03-, and  H+ w i t h i n  t h e  b l o o d  

( F o r s t e r ,  1972;  F o r s t e r  and C r a n d a l l ,  1 9 7 5 ) ,  o r  by  t h e  

m a i n t e n a n c e  o f  a n  H+ g r a d i e n t  a c r o s s  t h e  a l v e o l a r - c a p i l l a r y  

membrane, ( G u r t n e r ,  e t  a l . ,  1 9 6 9 ) .  -- 
G u r t n e r  e t  a l .  ( 1 9 6 9 )  measu red  t h e  hyd rogen  i o n  and p l a sma  -- 

b i c a r b o n a t e  l e v e l s  i n  t h e  mixed-venous  b l o o d  o f  d o g s  d u r i n g  

r e b r e a t h i n g  e x p e r i m e n t s .  T h e i r  r e s u l t s  were sirnil-sr t,o t h o s e  

o b s e r v e d  by D e n i s o n ,  e t  a l .  ( 1 9 6 9 )  and J o n e s ,  e t  a l .  ( 1 9 6 9 1 ,  f o r  -- -- 
s t e a d y  s t a t e  d i f f e r e n c e s  be tween  PAC02 and  PaC02 when t h e r e  was  - - 
no n e t  g a s  e x c h a n g e .  The n e g a t i v e  P(a-A)C02 g r a d i e n t  was r e l a t e d  - - -  

t o  t h e ( H + )  and  (HC03-) o f  t h e  mixed-venous  b l o o d  and  t h e  r a t e  o f  

pu lmonary  b l o o d  f l o w .  T h e s e  f i n d i n g s  would i m p l y  t h a t  t h e  



n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t  i n c r e a s e d  w i t h  a n  i n c r e a s e  i n  t h e  

(H+) o f  t h e  b l o o d  f l o w i n g  t o  t h e  l u n g s .  

L a z s l o ,  -- e t  a l .  (1-971)  and  J o n e s ,  -- e t  a l .  ( 1 9 7 2 )  h a v e  a r g u e d  

t h a t  o b s t r u c t i o n  o f  n o r m a l  C02 e x c r e t i o n  d u r i n g  r e b r e a t h i n g  

i n t e r f e r s  w i t h  t h e  t r u e  e q u i l i b r i u m  - PC02 g r a d i e n t  b e t w e e n  t h e  

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

t h a t  t h e  (HC03-) and  (H+) i n  t h e  l u n g  w a t e r  and  mixed-venous  

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

a n d  t h e s e  e l e c t r o l y t e  c h a n g e s  i n  t h e  b l o o d  may a c t  t o  slow g a s  

e q u i l i b r a t i o n .  F a i l u r e  to  r e a c h  i o n i c  e q u i l i b r i u m  w i t h i n  t h e  

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

t h e  o b s e r v e d  n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t  d u r i n g  s h o r t  

r e b r e a t h i n g  e x p e r i m e n t s .  T h i s  a n d  t h e  p r o p o s e d  h y p o t h e s i s  by  

G u r t n e r ,  -- e t  a l .  ( 1 9 6 7 )  would  i m p l y  a n  i n c r e a s e  i n  t h e  n e g a t i v e  

P(a-A)C02 g r a d i e n t  w i t h  a n  i n c r e a s e  i n  t h e  (H+) o f  t h e  b l o o d  - - - 
f l o w i n g  t o  t h e  1-ungs.  

E v i d e n c e  h a s  a c c u m u l a t e d  t o  q u e s t i o n  t h e  a s s u m p t i o n  o f  

r a p i d  and  c o m p l e t e  e q u i l i b r a t i o n  o f  - PAC02 a n d  s C 0 2  a t  t h e  

a l v e o l a r - c a p i l l a r y  membrane and  o f  t h e  t r u e  i d e n t i t y  o-f t h e  - PC02 

i n  t h e  b l o o d  l e a v i n g  t h e  pu lmonary-end  c a p i l l a r i e s  w i t h  t h e  

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

F o r s t e r ,  ( 1 9 7 2 )  p r o p o s e d  t h e  " D e l a y e d  E q u i l i b r i u m  

H y p o t h e s i s "  t o  d e s c r i b e  t h e  slow c h a n g e s  o f  - PC02, ( H + ) ,  a n d  

(HC03-) o c c u r r i n g  i n  t h e  b l o o d  l e a v i n g  t h e  p u l m o n a r y  

e n d - c a p i l l a r i e s .  T h i s  h y p o t h e s i s  p r e d i c t s  t h a t  t h e  - PC02 o f  t h e  



blood  i n c r e a s e s  a f t e r  l e a v i n g  t h e  pulmonary e n d - c a p i l l a r y ,  

r e s u l t i n g  i n  a  p o s i t i v e  - - -  P(a-A)C02 g r a d i e n t  ( F o r s t e r  and 

C r a n d a l l ,  1 9 7 5 ) .  

G u r t n e r ,  -- e t  a l .  ( 1 9 6 9 )  b e l i e v e  t h a t  t h e  n e g a t i v e  - P(a-A)C02 - - 

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

e x p l a i n e d  by t h e  "Delayed E q u i l i b r i u m  H y p o t h e s i s " .  G u r t n e r  

( 1 9 7 7 )  s u g g e s t s  t h a t  t h i s  mechanism c o u l d  a c c o u n t  f o r  o n l y  25% 

o f  t h e  o b s e r v e d  n e g a t i v e  - P(a-A)C02 - - g r a d i e n t .  T o  e x p l a i n  t h e  

r e m a i n i n g  d i f f e r e n c e ,  G u r t n e r  i n  1972 ,  p roposed  t h e  "Charged 

Membrane H y p o t h e s i s " ,  s u g g e s t i n g  t h a t  t h e  n e g a t i v e  - PC02 g r a d i e n t  

is  p r o p o r t i o n a l  t o  t h e  H+ a c t i v i t y  i n  t h e  b l o o d .  The h y p o t h e s i s  

i s  d e p e n d e n t  on  a  t r a n s i e n t  c h e m i c a l  d i s e q u i l i b r i u m  between H+ 

2nd HC03- i o n s .  Blood f l o w  th rough  t h e  pulmonary c a p i l l a r i e s  

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

t h e  c a p i l l a r y  w a l l ,  known a s  t h e  "Wein E f f e c t " .  A s  a r e s u l t ,  an 

H+ i o n  g r a d i e n t  d e v e l o p s  n e a r  t h e  c a p i l l a r y  w a l l  r e p e l l i n g  HC03- 

i o n s .  T h i s  p r o d u c e s  a g r e a t e r  c o n c e n t r a t i o n  o f  H+ i o n s  t o w a r d s  

t h e  p e r i p h e r y  o f  t h e  c a p i l l a r y  w a l l  compared w i t h  t h e  b u l k  p h a s e  

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

b lood  f l o w .  The ( H + )  i n c r e a s e s  a t  t h e  p e r i p h e r y  o f  t h e  c a p i l l a r y  

a s  a  r e s u l t  o f  H+ i o n  d i s s o c i a t i o n  from plasma p r o t e i n s ,  

d e c r e a s i n g  t h e  pH o f  t h e  b lood  and d r i v i n g  c a r b o n i c  a c i d  

d i s s o c i a t i o n ,  which e l e v a t e s  t h e  c a p i l l a r y  - PC02 a t  t h e  

a l v e o l a r - c a p i l l a r y  membrane. G u r t n e r  (1-972)  e x p l a i n s  t h a t  i t  i s  



t h e  a l v e o l a r  g a s ,  w h e r e a s  t h e  b u l k  p h a s e  o f  t h e  p u l m o n a r y  

c a p i l l a r y  b l o o d  m a i n t a i n s  a  lower - PC02 l e v e l .  T h i s  t h e o r y  c a n  

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

n e g a t i v e  - P(a-A)C02 - - g r a d i e n t  a n d  c h a n g e s  i n  t h e  (H+) and  (HC03-) 

i n  t h e  b l o o d .  

F o r s t e r  ( 1 9 7 7 )  d i s a g r e e s  w i t h  t h e  "Charged  Pflembrane 

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

t e c h n i c a l l y  p o s s i b l e  t o  m e a s u r e  d i r e c t l y  t h e  - PC02 i n  a n  a l v e o l u s  

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

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

F o r s t e r  q u e s t i o n s  t h e  v a l i d i t y  o f  a n  H+ a n d  HC03- i o n  g r a d i e n t  

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

o f  a n o n - u n i f o r m  d i s t r i b u t i o n  b e t w e e n  t h e s e  i o n s  o v e r  t h e  e n t . i r e  

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

e n e r g y  r e q u i r e d  t o  m a i n t a i n  a - PC02 g r a d i e n t  b e t w e e n  t h e  

p e r i m e t e r  and  b u l k  p h a s e  of t h e  b l o o d  would  r e p r e s e n t  1-4% o f  t h e  

t o t a l  r e s t i n g  m e t a b o l i s m  of man o r  100  t imes t h e  m e c h a n i c a l  

e n e r g y  a v a i l a b l e  i n  t h e  b l o o d  f l o w i n g  t h r o u g h  t h e  l u n g s  ( E f f r o s ,  

1 9 7 2 ) .  T h e s e  f a c t o r s  a l o n e  c a l l  i n t o  q u e s t i o n  t h e  p r o p o s e d  

mechanism o u t l i n e d  by  G u r t n e r  t o  e x p l a i n  t h e  e x i s t e n c e  o f  a 

n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t .  F o r s t e r  ( 1 9 7 7 )  q u e s t i o n s  how f a r  

C02 e x c h a n g e  h a s  p r o c e e d e d  d u r i n g  t h e  t i m e  o f  b l o o d  f l o w  t h r o u g h  

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



H y p e r c a p n i c  Gas M i x t u r e s  

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

be  tween t h e  - - -  P  (a-A ) C02 g r a d i e n t  u n d e r  more no rma l  p h y s i o l o g i c a l  

s t e a d y - s t a t e  g a s  e x c h a n g e  c o n d i t i o n s .  N e g a t i v e  - P(a-A)C02 - - 

g r a d i e n t s  h a v e  b e e n  o b s e r v e d  w h i l e  s u b j e c t s  were b r e a t h i n g  

h y p e r c a p n i c  g a s  m i x t u r e s .  

L a s z l o ,  -- e t  a l .  ( 1 9 7 1 )  o b s e r v e d  e n d - t i d a l  C02 l e v e l s  

(PETC02) t h a t  e x c e e d e d  - PaC02 when s u b j e c t s  b r e a t h e d  h y p e r c a p n i c  

g a s  m i x t u r e s .  J e n n i n g s  and Chen ( 1 9 7 5 )  a l s o  o b s e r v e d  a  n e g a t i v e  

P(a-A)C02 g r a d i e n t  i n  c o n s c i o u s  d o g s  d u r i n g  a c u t e  and c h r o n i c  - - - 

e x p o s u r e  to  h y p e r c a p n i c  g a s  m i x t u r e s .  G u r t n e r ,  -- e t  a l .  (1-977) 

o b s e r v e d  a n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t  d u r i n g  e x t r e m e  

h y p e r c a p n i a  i n  d o g s ,  i n  which  t h e  m a g n i t u d e  of t h e  n e g a t i v e  - PC02 

g r a d i e n t  was d i r e c t l y  p r o p o r t i o n a l  t o  t h e  (H+) and (HC03-) of 

t h e  mixed-venous b l o o d .  

The a b o v e  s t u d i e s  h a v e  documented t h e  p a r a d o x i c a l  b e h a v i o u r  

of C02 i n  t h e  l u n g s  u n d e r  two s e p a r a t e  e x p e r i m e n t a l  c o n d i t i o n s .  

1. With  n e t  g a s  e x c h a n g e  e l i m i n a t e d  u s i n g  r e b r e a t h i n g  

t e c h n i q u e s  t o  overcome t h e  p o s s i b l e  i n f l u e n c e  of 

v e n t i l a t i o n - p e r f u s i o n  i n e q u a l i t i e s .  

2. Dur ing  s t e a d y - s t a t e  g a s  e x c h a n g e  w i t h  s u b j e c t s  b r e a t h i n g  

h y p e r c a p n i c  g a s  m i x t u r e s .  



Both  a p p r o a c h e s  r e q u i r e  t h e  m a i n t e n a n c e  o f  a n  abnormal  

p h y s i o l o g i c a l  c o n d i t i o n .  

E l e v a t e d  PETC02 

S e v e r a l  r e s e a r c h e r s  h a v e  pe r fo rmed  e x p e r i m e n t s  u n d e r  

normal  g a s  e x c h a n g e  c o n d i t i o n s  d u r i n g  e x e r c i s e .  - P(a-A)C02 - - 

g r a d i e n t s  were n o t  measured  b u t  e l e v a t e d  - PETCC2 l e v e l s  were 

o b s e r v e d  (Go•’•’ and  B a r t l e t t ,  1957;  J a r r e t t ,  1966;  ~ d o d  and 

Bryan ,  1970;  Denned t s  and A n t h o n i s e n ,  1973;  Daell, -- e t  a l . ,  

1 9 7 3 ) .  

A d d i t i o n a l  s t u d i e s  h a v e  r e p o r t e d  t h a t  SCUBA ( s e l f - c o n t a i n e d  

u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s  ) d i v e r s  h a v e  e l e v a  t e d  - PETC02 

l e v e l s  when compared w i t h  n o n - d i v e r s ,  b o t h  a t  normal  snd  

i n c r e a s e d  a m b i e n t  p r e s s u r e s  w h i l e  s u b j e c t s  were e x e r c i s i n g  

b r e a t h i n g  room a i r  ( C h e r n i a c k  and S n i d a l ,  1956;  S c h a e f e r ,  1958;  

F r o e b ,  1960;  L a n p h i e r ,  1963;  M i l i c - E m i l i  and  T y l e r ,  1963;  

B r o u s s o l l e ,  -- e t  a l . ,  1969;  B a r n e t t ,  -- e t  a l . ,  1970;  L a l l y ,  -- e t  a l . ,  

1974;  A n t h o n i s e n ,  1976;  F l o r i o ,  -- e t  a l . ,  1 9 7 9 ) .  

The p r i m a r y  c a u s e  f o r  t h e  i n c r e a s e d  - PETC82 is t h o u g h t  t o  be 

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

t h e  a b s o l u t e  p r e s s u r e  w i l l  c a u s e  r e s p i r a t o r y  g a s e s  t o  become 

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

c a u s e s  a n  o v e r a l l  i n c r e a s e  i n  t h e  work o f  b r e a t h i n g  f rom t h e  

combined e f f e c t s  o f  b o t h  a n  i n c r e a s e  i n  r e s i s t a n c e  to  a i r f l o w  i n  

t h e  r e s p i r a t o r y  p a s s a g e s  and  r e s p i r a t o r y  r e s i s t a n c e  imposed by  



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

d i v e r s  t o  h y p o v e n t i l a t e  and i n c r e a s e  - PETCC2 a t  i n c r e a s e d  a m b i e n t  

p r e s s u r e s .  T h e r e  i s  a n  i n v e r s e  c o r r e l a t i o n  be tween  pu lmonary  

v e n t i l a t i o n  and - PETC02. 

I n  a d d i t i o n  to  t h e  a b o v e  f i n d i n g s ,  some r e s e a r c h e r s  h a v e  

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

d i v e r s  which  r e d u c e s  t h e i r  work o f  b r e a t h i n g  ( L a n p h i e r ,  1 9 6 3 ) .  

SCUBA d i v e r s  showed s i m i l a r  b r e a t h i n g  p a t t e r n s  when PETC02 was  

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

m i x t u r e s  a t  no rma l  b a r o m e t r i c  p r e s s u r e s .  D i v e r s  a d a p t  t o  h i g h e r  

l e v e l s  o f  C02 w i t h  a c h a r a c t e r i s t i c  h y p o v e n t i l a t i o n  and c h a n g e  

i n  b r e a t h i n g  p a t t e r n  ( F l o r i o ,  -- e t  a l . ,  1 9 7 9 ) .  Wi th  SCUBA d i v e r s ,  

t h e r e  a p p e a r s  t o  b e  a t r a d e - o f f  be tween  v e n t i l a t i o n ,  - PETC02, and 

t h e  work o f  b r e a t h i n g  which r e s u l t s  i n  r e t e n t i o n  o f  C02. 

T o l e r a n c e  to  e l e v a t e d  PETC02 may d e v e l o p  a s  a n  a l t e r n a t i v e  t o  a n  

i n c r e a s e  i n  t h e  work o f  b r e a t h i n g  which  would b e  r e q u i r e d  t o  

m a i n t a i n  C02 w i t h i n  no rma l  l i m i t s  d u r i n g  e x e r c i s e  and u n d e r  

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

Asmussen and  N e i l s e n  ( 1 9 5 6 )  o b s e r v e d  t h a t  PETC02 was  

g r e a t e r  t h a n  - PaC02 d u r i n g  e x e r c i s e .  They  p u t  f o r w a r d  t h e  

e x p l a n a t i o n  t h a t  v e n t i l a t i o n - p e r f u s i o n  i n e q u a l i t i e s  were 

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

Wasserman ( 1 9 6 9 )  i n v e s t i g a t e d  t h e  - P ( a - E ) C 0 2  - g r a d i e n t  d u r i n g  

g r a d e d  e x e r c i s e  to  e x h a u s t i o n  and o b s e r v e d  a  d e c r e a s e  i n  t h e  

P(a-ET)C02 g r a d i e n t  w i t h  i n c r e a s i n g  e x e r c i s e  u n t i l  PETC02 was  - - - - 



g r e a t e r  t h a n  - PaC02. Whipp and  Wasserman e x p l a i n  t h a t  t h e  

d e c r e a s e  i n  t h e  - - -  P(a-ETlC02 g r a d i e n t  o b s e r v e d  may b e  d u e  to  a n  

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

n e c e s s a r y  f o r  e f f i c i e n t  g a s  e x c h a n g e .  However,  a  c h a n g e  i n  t h e  

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

P(a-ET)C02 g r a d i e n t ,  wh i ch  t h e r e f o r e  mus t  b e  d u e  t o  a n  i n c r e a s e  - - -  

i n  t h e  C 0 2  d e l i v e r y  t o  t h e  l u n g s .  

A number o f  r e s p i r a t o r y  v a r i a b l e s  a r e  known t o  i n f l u e n c e  

t h e  - PC02 g r a d i e n t ,  i n d e p e n d e n t l y  o r  i n  r e l a t i o n  t o  o t h e r  

v a r i a b l e s  ( J o n e s ,  -- e t  a l . ,  1 9 7 9 ) .  S t e p w i s e  m u l t i p l e  l i n e a r  

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

f o l l o w i n g  e q u a t i o n ,  p r e d i c t i n g  t h e  r e l a t i o n s h i p  be tween  t h e s e  

v a r i a b l e s  and t h e  - - -  P(a-ET)CC2 g r a d i e n t  d u r i n g  e x e r c i s e .  

T h e r e  was a n  i n c r e a s e  i n  t h e  n e g a t i v e  - - -  P(a-ET)C02 g r a d i e n t  

p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  VC02 and  VT d u r i n g  t h e  

r e s p i r a t o r y  c y c l e ,  when s u b j e c t s  b r e a t h e d  a t  1 5 ,  30 ,  and  4 5  

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

f r e q u e n c y ) .  The o b s e r v e d  n e g a t i v e  - - -  P(a-ET)C02 g r a d i e n t  c o u l d  b e  

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

a l . ,  1966 ;  J o n e s ,  e t  a l . ,  1 9 7 9 ) .  The  n e g a t i v e  P(a-ET)C02 - -- - - - 
g r a d i e n t  was i n v e r s e l y  r e l a t e d  t o  t h e  f r e q u e n c y  o f  b r e a t h i n g  and  

d i r e c t l y  r e l e t e d  t o  t i d a l  vo lume,  c a r b o n  d i o x j d e  p r o d u c t i o n  and 



m i n u t e  v e n t i l a t i o n .  

From t h e  above  r e v i e w ,  i t  would a p p e a r  t h a t  a  n e g a t i v e  

P(a-ET)C02 g r a d i e n t  may o c c u r  d u r i n g  e x e r c i s e  o r  when C02 - - -  

exchange  i n  t h e  l u n g s  i s  i m p a i r e d .  These  f i n d i n g s  h a v e  i m p o r t a n t  

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

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

measu remen t s  a r e  d e p e n d e n t  o n  t h e  a s s u m p t i o n  t h a t  a n  e q u i l i b r i u m  

e x i s t s  be tween  - PAC02 and - PaC02. 

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

s p a c e  u s i n g  t h e  Bohr  E q u a t i o n .  The e q u a t i o n  a s sumes  t h a t  - PAC02 

c a n  b e  used  t o  e s t . i m a t e  PaC02. I f  PAC02 o v e r e s t i m a t e s  PaC02, - - - 
t h e n  t h e  c a l c u l a t e d  d e a d  s p a c e  u s i n g  t h e  Rohr  e q u a t i o n  i s  a l s o  

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

c a r d i a c  o u t p u t  u s i n g  t h e  i n d i r e c t  F i c k  E q u a t i o n .  Lower e s t i m a t e s  

f o r  c a r d i a c  o u t p u t  w i l l  b e  d e r i v e d  i f  a n e g a t i v e  - - -  P(a-A)C02 

g r a d i e n t  e x i s t s  d u r i n g  e x e r c i s e ,  s i n c e  C02 e q u i l i b r i u m  w i l l  

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

e x p e c t e d  f rom t h e  C02 d i s s o c i a t i o n  c u r v e ,  t h u s  c a u s i n g  an  

o v e r e s t i m a t e  i n  t h e  venous  - PC02. Asse s smen t  o f  t h e  s u b j e c t ' s  

v e n t i l a t o r y  r e s p o n s e  to  C02 w i l l  y i e l d  lower v a l u e s  f o r  - PAC02 

t h e n  would o c c u r  u s i n g  - PaC02. I n  a d d i t i o n ,  if n e g a t i v e  - P(a-A)C02 - - 

g r a d i e n t s  o c c u r  u n d e r  normal  g a s  e x c h a n g e  c o n d i t i o n s ,  a g i v e n  

PaC02 l e v e l  c o u l d  b e  m a i n t a i n e d  a t  a l o w e r  l e v e l  o f  a l v e o l a r  -. 

v e n t i l a t i o n ,  wh ich  would b e  b e n e f i c i a l  d u r i n g  h e a v y  e x e r c i s e  

l o a d s .  



The e x i s t e n c e  o f  a  n e g a t i v e  - P(a-A)C02 - - g r a d i e n t  would 

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

exchange  p h y s i o l o g y ,  ( J o n e s ,  -- e t  a l . ,  1969;  P i i p e r  and S c h e i d ,  

1971;  S c h e i d  and P i i p e r ,  1 9 8 0 ) .  

PETC02 c a n n o t  b e  used  t o  r e p r e s e n t  - PAC02 d u e  t o  t h e  c y c l - i c  

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

(Young, 1955;  Be rengo  and C u t i l l o ,  1 9 6 1 ) .  T h e r e  w i l l  a l w a y s  b e  

d i f f e r e n c e s  be tween  t h e  a v e r a g e  v a l u e  f o r  - PAC02 and - PETC02 d u e  

t o  t h e s e  c y c l i c  v a r i a t i o n s  i n  C02 d u r i n g  t h e  r e s p i r a t o r y  c y c l e ,  

e s p e c i a l l y  w i t h  e x e r c i s e  ( D u b o i s ,  -- e t  a l . ,  1 9 5 1 ) .  The a v e r a g e  

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

t h e  Bohr  E q u a t i o n )  d o e s  n o t  e q u a l  t h e  a v e r a g e  c o m p o s i t i o n  o f  a i r  

i n  t h e  a l v e o l i  (Krogh ,  1910 ;  Rrogh ,  1 3 1 3 ) .  S i m i l a r  f i n d i n g  were 

r e p o r t e d  by S u s k i n d ,  -- e t  a l . ,  1950 ,  D u b o i s ,  e t .  a l . ,  1-951, 

F i l l e y ,  -- e t  a l . ,  1 9 5 4 ,  and B a r t e l s ,  -- e t  a l . ,  1954 .  An o v e r e s t i m a t e  

o f  t h e  mean - PAC02 may l e a d  t o  a n e g ~ t i v e  - - -  P(a-A)C02 g r a d i e n t .  

P i i p e r  and S c h e i d  ( 1 9 7 1 ) ,  and S c h e i d  and P i i p e r  ( 1 9 8 0 ) ,  

have  p r e s e n t e d  c r i t i c a l  r e v i e w s  e x a m i n i n g  t h e  e x p e r i m e n t a l  

e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  s n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t . .  

T h e i r  r e v i e w s  h a v e  d e v o t e d  much s p a c e  t o  t h e  i d e n t i f i c a t i o n  o f  

p o s s i b l e  s o u r c e s  o f  e x p e r i m e n t a l  e r ror  which  may h a v e  l e d  to  t h e  

a s s u m p t i o n  o f  a n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t .  A f t e r  c o n d u c t i n g  

t h e i r  own e x p e r i m e n t s  i n  an  a t t e m p t  t o  c o n s i d e r  s l l  p o s s i b l e  

s o u r c e s  o f  e r ro r s ,  S c h e i d  2nd P i i p e r  h a v e  c o n c l u d e d  t h a t  a t  t h e  

p r e s e n t  time t h e r e  is  n o t  a d e q u a t e  e v i d e n c e  to  r e v e r s e  t h e  



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

P(a-AlC02 g r a d i e n t  i n  t h e  human l u n g .  - - -  



P u r p o s e  o f  t h e  S t u d y  -- 

The e x a c t  p h y s i o l o g i c a l  i m p l i c s t i o n s  of a n  e l e v a t e d  

a l v e o l a r  C02 t e n s i o n  r e l a t i v e  t o  a r t e r i a l  C02 t e n s i o n  a r e  a t  

p r e s e n t  u n c l e a r .  Under  normal  c i r c u m s t a n c e s  t h e r e  is  g e n e r a l l y  

c o n s i d e r e d  t o  b e  a n  e q u i l i b r i u m  be tween  a l v e o l a r  and  a r t e r i a l  

PC02. - 

S e v e r a l  s t u d i e s  h a v e  documented  t h e  e x i s t e n c e  o f  a n e g a t i v e  

P(a-AIC02 g r a d i e n t  w h i l e  s u b j e c t s  were r e b r e a t h i n g  o r  i n s p i r i n g  - - -  

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

t r a i n e d  SCUBA d i v e r s  m a i n t a i n  e l e v a t e d  e n d - t i d a l  c a r b o n  d i o x i d e  

t e n s i o n s .  The b r e a t h i n g  s p p a r a t u s  o f  SCUEA d i v e r s  c a u s e s  a n  

i n c r e a s e d  r e s i s t a n c e  t o  b r e a t h i n g  and a c c e n t u a t e s  - PETC02 

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

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

s p e c u l a t e  o n  t h e  e x a c t  l e v e l s  o f  a r t e r i a l  - PC02 which  accompany 

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

T h i s  s t u d y  h a s  examined  t h e  - - -  P(a-A)C02 and  - P(a-ET)C02 - - 

g r a d i e n t s  i n  t r a i n e d  SCUBA d i v e r s  e x e r c i s i n g  u n d e r  normal. 

s t e a d y - s t a t e  g a s  e x c h a n g e  c o n d i t i o n s ,  w i t h o u t  r e b r e a t h i n g  or  

h y p e r c a p n i a  p r o c e d u r e s ,  t o  d e t e r m i n e  t h e  d i r e c t i o n  of t h e  - PC02 

g r a d i e n t  d u r i n g  e x e r c i s e  w h i l e  s u b j e c t s  b r e a t h  f rom a low 

r e s i s t a n c e  m o u t h p i e c e  and open  c i r c u i t  SCUEA demand r e g u l a t o r .  

The t h e s i s  o f  t h i s  s t u d y  i s  t h a t  e q u i l i b r i u m  be tween  a r t e r i a l  



PC02 and a l v e o l a r  PC02 c a n n o t  b e  assumed unde r  t h e s e  c o n d i t i o n s .  - - 

T h i s  h y p o t h e s i s  d o e s  n o t  s u g g e s t  t h a t  a  g r a d i e n t  between - PETC02 

and PaC02 or  PAC02 and PaC02 is p a r t i c u l a r  to  SCUBA d i v e r s .  The - - - 
PC02 g r a d i e n t  i s  d e p e n d e n t  on  c h a n g e s  i n  r e s p i r a t o r y  v a r i a b l e s  - 

d u r i n g  e x e r c i s e .  S i n c e  t h e  pu.rpose o f  t h i s  s t u d y  was t o  examine 

whe the r  o r  n o t  a  g r a d i e n t  e x i s t s  between PETC02 and PaCC2 o r  - - 
PAC02 and PaC02 a s  opposed to  compar ing  d i v e r s  w i t h  n o n - d i v e r s ,  - - 

c o n t r o l  s u b j e c t s  were n o t  a p p r o p r i a t e .  

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

e x i s t e n c e  o f  a  n e g a t i v e  - P(a-A)C02 - - g r a d i e n t  d u r i n g  normal  g a s  

exchange  c o n d i t i o n s  would have  a  s u b s t a n t i a l  impac t  on e s s e n t i a l  

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

r e s p i r a t o r y  p h y s i o l o g y .  



111. Methods,  M a t e r i a l s  and P r o c e d u r e  

S u b j e c t s  

The s u b j e c t s  were 11 male  and 2 f e m a l e  d i v e r s .  Each 

s u b j e c t  was t r a i n e d  i n  s e l f - c o n t a i n e d  u n d e r w a t e r  b r e - a t h i n g  

a p p a r a t u s  (SCUBA) and was an  a c t i v e  d i v e r  l o g g i n g  more t h a n  50 

h o u r s  d i v i n g  p e r  y e a r .  

The s u b j e c t s  per formed no s t r e n u o u s  p h y s i c a l  a c t i v i t y  and 

a t e  no l a r g e  m e a l s  f o r  a t  l e a s t  4 h o u r s  b e f o r e  t e s t i n g .  Upon 

v o l u n t e e r i n g ,  s u b j e c t s  were r e q u i r e d  t o  s i g n  an Informed Consent  

Form and f i l l  o u t  a  Medica l  H i s t o r y  Form. The s u b j e c t s  were t h e n  

g i v e n  a  b r i e f  o u t l i n e  o f  t h e  e n t i r e  e x p e r i m e n t  and t h e i r  

r e s p o n s i b i l i t i e s .  

Each s u b j e c t  was r e q u i r e d  t o  e x e r c i s e  on  a b i c y c l e  

e r g o m e t e r  w h i l e  b r e a t h i n g  room a i r  t h r o u g h  a l o w  r e s i s t a n c e  

mou thp iece  and an  open c i r c u i t  SCUBF demand r e g u l a t o r ,  o u t l i n e d  

i n  F i g u r e s  1 and 2.  

The SCUBA used  c o n s i s t e d  o f  a n  80 c u . f t .  compressed  a i r  

c y l i n d e r  (U.S. D i v e r s )  and a  two-s t age  demand v a l v e  r e g u l a t o r  

( V o i t  T r i e s t e  11). 
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Data  C o l l e c t i o n  

D a t a  c o l l e c t e d  p r i o r  t o  e a c h  e x p e r i m e n t  i n c l u d e d  room 

t e m p e r a t u r e  and b a r o m e t r i c  p r e s s u r e  and t h e  s u b j e c t ' s  a g e ,  

h e i g h t  and  w e i g h t .  

T a b l e  1 o u t l i n e s  t h e  v a r i a b l e s  measu red  and c a l c u l a t e d  

d u r i n g  t h e  r e s t ,  warm-up, and e x e r c i s e  c o n d i t i o n s  A and  B f o r  

e a c h  e x p e r i m e n t .  T a b l e  2  o u t l i n e s  t h e  e x p e r i m e n t a l  c o n d i t i o n s  

and  r e s p e c t i v e  s a m p l e  p e r i o d s .  

Blood Sampl ing  

Due to  t h e  m e d i c a l  r i s k s  a s s o c i a t e d  w i t h  a r t e r i a l  b l o o d  

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

a r t e r i a l i z e d - v e n o u s  b l o o d  s a m p l i n g  t e c h n i q u e  d e s c r i b e d  by 

F o r s t e r ,  -- e t  a l . ,  ( 1 9 7 2 ) .  A r t e r i a l  PC02, PO2 and  pH a r e  - - 

d e t e r m i n e d  f rom a r t e r i a l i z e d - v e n o u s  b l o o d  s a m p l e s .  I n  f u r t h e r  

d i s c u s s i o n s ,  t h e  term PaC02 w i l l  r e f e r  t o  a r t e r i a 1 i z e d . - v e n o u s  - 

PC02 m e a s u r e m e n t s .  The m a j o r  a d v a n t a g e  o f  venous  v e r s u s  a r t e r i a l  - 
b l o o d  s a m p l i n g  f o r  - PaC02 and  pH i s  t h a t  m u l t i p l e  s a m p l e s  c a n  b e  

o b t g i n e d  w h i l e  a v o i d i n g  i n h e r e n t  r i s k s  t o  t h e  s u b j e c t s  

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

e x e r c i s i n g  u n d e r  n o n - c l i n i c a l  s u p e r v i s i o n .  C a t h e t e r i z a t i o n  

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

a f  f e c t i n g  t h e  s u b j e c t ' s  p e r f o r m a n c e .  
- 
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P r i o r  t o  b l o o d  s a m p l i n g ,  t h e  hznd was  h e a t e d  i n  a h o t  w a t e r  

0 b a t h  (41-45 C . )  f o r  10-15 m i n u t e s .  T h i s  p r o c e d u r e  e n s u r e d  a  h i g h  

l e v e l  o f  a r t e r i a l i z a t i o n  a s  t h e  c o l l a t e r a l  a r t e r i o l e s  were 

d i l a t e d .  A r t e r i a l  oxygen  t e n s i o n s  g r e a t e r  t h a n  85 mmHg w e r e  u sed  

to  i n d i c a t e  h i g h  l e v e l s  o f  a r t e r i a l i z a t i o n .  P lood  f l o w  i n c r e a s e d  

to  a n  e x t e n t  t h a t  a r t e r i a l i z e d - v e n o u s  b l o o d  g a s  t e n s i o n s  we re  

n o t  a p p r e c i a b l y  a l t e r e d  by t i s s u e  m e t a b o l i s m .  The venous  

c a t h e t e r ,  ( A b b o t t  L a b o r a t o r i e s  21  g a u g e  B u t t e r f l y  I n f u s i o n  

C a t h e t e r ) ,  was  p l a c e d  i n  a d o r s a l  hand v e i n  and s e c u r e d  u s i n g  

w a t e r p r o o f  t a p e .  T h i s  p e r m i t t e d  t h e  s u b j e c t s  t o  p l a c e  t h e i r  hand 

i n  t h e  h o t  w a t e r  b a t h  f o r  t h e  d u r a t i o n  o f  t h e  e x p e r i m e n t .  Blood 

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

a h e p a r i n i z e d  s a l i n e  s o l u t i o n ,  ( 1 0 %  h e p a r i n )  b e f o r e  and a f t e r  

s a m p l i n g .  A r t e r i a l i z e d - v e n o u s  b l o o d  s a m p l e s  were drawn f rom t h e  

d o r s a l  hand v e i n  c a t h e t e r  i n t o  5 cc. d i s p o s a b l e  s y r i n g e s .  The 

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

Blood s a m p l e s  were a n a l y s e d  i m m e d i a t e l y  t o  m i n i m i z e  p o s s i b l e  

a l t e r a t i o n  o f  t h e  bl-ood g a s  and  pH v a l u e s  by c o n t i n u e d  

m e t a b o l i s m .  

PaC02, Pa02 ,  and  pH were  measu red  w i t h  a n  I n s t r u m e n t  - - 

L a b o r a t o r i e s  IL  213-03 pH Blood/Gas A n a l y s e r .  The s a m p l i n g  

e l e c t r o d e s  were c a l i b r a t e d  b e f o r e  and a f t e r  e a c h  s a m p l e  

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

s e n s i t i v i t i e s  f o r  t h e  b l o o d - g a s  a n a l y s e r  were - PO2 - +0.1 mmHg, 

PC02 +0 .1  mmHg, pH +0 .003 . )  To a v o i d  t h e  p o s s i b l e  s i n k  - - - 



p r o p e r t i e s  a s s o c i a t e d  w i t h  - PC02 e l e c t r o d e s ,  t h e  e l e c t r o d e  was 

c a l i b r a t e d  b e f o r e  e a c h  measurement w i t h  a c a l i b r a t i o n  g a s  

c o n t a i n i n g  a C02 t e n s i o n  s i m i l a r  t o  e x p e c t e d  b lood  C02 t e n s i o n s .  

H e a r t  R a t e  

H e a r t  r a t e  (HR) was r e c o r d e d  on an  e l e c t r o c a r d i o g r a p h  

(Fukuda Dursh i  FD-13) d u r i n g  t h e  l a s t  t e n  s e c o n d s  o f  e a c h  minu te  

t h r o u g h o u t  t h e  test. c o n d i t i o n s .  A CM5 t r a n s t h o r a c i c  ECG l e a d  w s s  

used f o r  t h e s e  measurements .  

Minute  V e n t i l a t i o n  
0 

I n s p i r a t o r y  m i n u t e  v e n t i l a t i o n  ( V I  STPD), was measured 

u s i n g  a  l o w  r e s i s t a n c e  v e n t i l a t i o n  meter (Parkinson-Cowan CD-4 

Chatham, O n t a r i o ) .  

Room a i r  o r  a i r  from t h e  SCUBA p a s s e d  t h r o u g h  t h e  

v e n t i l a t i o n  meter to  t h e  i n s p i r a t o r y  s i d e  o f  a  m o d i f i e d  two-way, \ 

low r e s i s t a n c e ,  demand v a l v e  mou thp iece  ( C o l l i n s ,  Bos ton  Mass. ,  

dead  s p a c e  70 m l ) ,  c o n n e c t e d  i n  series by C o l l i n s  h o s e  ( I . D .  

31.5 m m . )  ( F i g u r e  I and 2 ) .  

R e s p i r a t o r y  Gas Sampl ing  - 
I 

R e s p i r a t o r y  g a s  was sampled d i r e c t l y  f rom t h e  mou thp iece  

o r  from a n  e x p i r e d  g a s  mix ing  box d e p e n d i n g  on t h e  p o s i t i o n  o f  

t h e  3-way s a m p l i n g  v a l v e  ( F i g u r e s  1 and 2 ) .  The v a l v e  p e r m i t t e d  

d i r e c t  b r e a t h  by b r e a t h  measurement  o f  b o t h  i n s p i r a t o r y  and 



e x p i r a t o r y  FC02 and  F02 d u r i n g  e a c h  r e s p i r a t o r y  c y c l e  a s  w e l l  a s  

measurement  o f  m ixed -exp i r ed  FC02 and  F02. 

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

G o d a r t  Capnograph C02 a n a l y s e r  (Type 1 4 6  Mark 4  G o d a r t h s t a t h a m ) ,  

and a n  A p p l i e d  E l e c t r o c h e m i s t r y  0 2  a n a l y s e r ,  (S-3A/I02 

A n a l y s e r ) .  The o u t p u t  f rom e a c h  a n a l y s e r  w a s  r e c o r d e d  o n  a  

Hewle t t -Packa rd  4 - channe l  pen  r e c o r d e r  (mode l  7 4 0 4 ) .  Each g a s  

was r e c o r d e d  a c r o s s  t w o  c h a n n e l s  o f  t h e  pen  r e c o r d e r  t o  d o u b l e  

t h e  g a i n  and i n c r e a s e  t h e  a c c u r a c y  o f  measu remen t  ( +  - 0.02% f o r  

FC02 and  - + 0 .02% f o r  F 0 2 ) .  

C a l i b r a t i o n  g a s e s  p r e p a r e d  t o  a  g r a v a m e t r i c  s t a n d a r d  ( +  - 

0.01% f o r  FC02 and  - + 0 .01% f o r  F02 )  were used  t o  c a l i b r a t e  t h e  

g a s  a n a l y s e r s  and p e n  r e c o r d e r .  C a l i b r a t i o n  g r a p h s  were t h e n  

c o n s t r u c t e d  f r o m  t h e  known oxygen  amd c a r b o n  d i o x i d e  f r a c t i o n s  

i n  t h e  c a l i b r a t i o n  g a s e s ,  a s  shown i n  F i g u r e s  3  and  4 .  The 

c a l i b r a t i o n  were used  t o  m i n i m i z e  random e r ror  a s s o c i s t e d  w i t h  

i n d i v i d u a l  c a l i b r a t i o n  g a s e s .  The f r a c t i o n s  o f  oxygen  and  c a r b o n  

d i o x i d e  i n  room a i r  h a v e  been  i n c l u d e d  f o r  e a c h  c u r v e  . t o  show 

t h e r e  was no  s y s t e m a t i c  error  w i t h  t h e  c a l i b r a t i o n  g r a p h s .  

Eo th  C02 and  0 2  we re  measu red  as  f r a c t i o n s  o f  t h e  t o t a l  

i n s p i r e d  and e x p i r e d  g a s  m i x t u r e .  By m e a s u r i n g  0 2  and C02 a s  

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

c o r r e c t i o n s ,  w a t e r  v a p o r  s a t u r a t i o n  and  t o t a l  g a s  p r e s s u r e  a t  

t h e  r e c o r d i n g  s i t e  were e l i m i n a t e d .  Knowing t h e  b a r o m e t r i c  

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



C02 and  02 i n  t h e  r e s p i r a t o r y  g a s e s .  C o n v e r s i o n  to  g a s  p a r t i a l  

p r e s s u r e  a t  a l v e o l a r  c o n d i t i o n s  assumed c o m p l e t e  w a t e r  v a p o r  

0 
s a t u r a t i o n  a t  body t e m p e r a t u r e  ( 3 7  C . ) .  

R e s p i r a t o r y  R e s i s t a n c e  - 
F i g u r e  5  o u t l i n e s  t h e  d i f f e r e n c e  i n  b r e a t h i n g  r e s i s t a n c e  

be tween  t h e  t w o  e x e r c i s e  c o n d i t i o n s  when t h e  s u b j e c t s  b r e a t h e d  

t h r o u g h  t h e  l o w  r e s i s t a n c e  m o u t h p i e c e  and open  c i r c u i t  SCUBA 

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

20 c y c l e s / m i n .  and  t i d a l  volume o f  I L/min.,  was  used  t o  

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

o u t l i n e d  i n  F i g u r e s  1 and 2. I n s p i r a t o r y  and  e x p i r a t o r y  

p r e s s u r e s  were measu red  w i t h  a  V a l i d y n e  d i f f e r e n t i a l  p r e s s u r e  

t r a n s d u c e r  (mode l  D P  45 - +25 c m  H20). F r e q u e n c y  and  t i d a l  volume 

were measured  w i t h  a n  SE Labs  d i s p l a c e m e n t  t r a n s d u c e r  (mode l  353 

+15 c m . ) .  I n s p i r s t o r y  p r e s s u r e  i n c r e a s e d  f rom 0.66 c m  H20 d u r i n g  \ - 

e x e r c i s e  c o n d i t i o n  A t o  11.80 c m  H20 d u r i n g  e x e r c i s e  c o n d i t i o n  

B .  E x p i r a t o r y  p r e s s u r e  i n c r e a s e d  f rom 0.53 c m .  H20 d u r i n g  

e x e r c i s e  c o n d i t i o n  A t o  0.93 c m .  H20 d u r i n g  e x e r c i s e  c o n d i t i o n  

E. 



A l v e o l a r  and E n d - t i d a l  P C 0 2  

PACC2 was  d e t e r m i n e d  f r o m  a  s i n g l e  b r e a t h  r e c o r d i n g  u s i n g  - 
t h e  f r a c t i o n  o f  C 0 2  i n  t h e  e x p i r e d  a i r  a t  t h e  t i m e  c o r r e s p o n d i n g  

t o  60% o f  t h e  d u r a t i o n  o f  t h e  e x p i r a t o r y  p h a s e ,  a c c o r d i n g  t o  t h e  

f o l l o w i n g  e q u a t i o n  ( 4 7 = v a p o r  p r e s s u r e  o f  w a t e r  i n  t h e  l u n g s ,  

P B = b a r o m e t r i c  p r e s s u r e )  ( F i g u r e  6 ) .  

P A C 0 2  = F A C 0 2  * (PB - 4 7 )  - 



Figure 3. C a l i b r a t i o n  graph f o r  the oxygen analyser  
de r i ved  from the  known f r a c t i o n s  of oxygen 
i n  the  c a l i b r a t i o n  gases. 



F i g u r e  4. Cal i b r a t i o n  graph f o r  t h e  carbon d i o x i d e  
a n a l y s e r  d e r i v e d  f rom t h e  known f r a c t i o n s  
o f  carbon d i o x i d e  i n  t h e  c a l i b r a t i o n  gases. 



exercise 
condition 2 

exercise 
condition 1 

Inspiration 

Expiration 

F igu re  5. The change i n  r e s p i r a t o r y  resistance between the two k x e r - c i i :  
c o n d i t i o n s ,  b r e a t h i n g  froiir the open c i  r c u i  t SCUBA rec,c;i a t  L ) I .  

and t he  l o w  r e s i s t a n c e  mouthpiece, ds determined u s i n r ;  i 
mechanical  r e s p i r a t o r .  

VT=Ti da l  Vol ume 
T = P e r i o d  



S u b s e q u e n t  d i s c u s s i o n  r e g a r d i n g  PAC02 w i l l  r e f e r  t o  t h e  C02 - 
t e n s i o n  c o r r e s p o n d i n g  t o  60% o f  t h e  e x p i r a t o r y  p h a s e  d u r a t i o n .  

S e v e r a l  r e s e a r c h e r s  a g r e e  t h a t  t h i s  i s  t h e  b e s t  a p p r o x i m a t i o n  

f o r  mean - PAC02  ( D u b o i s ,  e t  a l . ,  1951 ;  Young, 1955;  Be rengo  and -- 
C u t i l l o ,  1 3 6 1 ) .  A l t h o u g h  t h i s  a p p r o x i m a t i o n  h a s  been  u sed  f o r  

b o t h  rest and  e x e r c i s e ,  t h e  o r i g i n a l  a n a l y s i s  by D u b o i s ,  e t  a l . ,  -- 
1 9 5 1 ,  was  b a s e d  o n  r e s t i n g  d a t a .  

PETC02 was  d e t e r m i n e d  from a  s i n g l e  b r e a t h  r e c o r d i n g  u s i n g  - 
t h e  f r a c t i o n  o f  C02 i n  t h e  e x p i r e d  a i r  a t  1 0 0 %  o f  t h e  d u r a t i o n  

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

( F i g u r e  6 ) .  

The measu red  v a l u e s  f o r  FFC02 and  FETC02, were a v e r a g e d  

o v e r  3-4 c o m p l e t e  r e s p i r a t o r y  c y c l e s .  T h e s e  v a l u e s  we re  t h e n  

u sed  t o  c a l c u l a t e  PAC02 and  PETC02. - 
PA02 and  PET02 were c a l c u l a t e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  - - 

e q u a t i o n s  ( F i g u r e  7 ) .  

PA02 = FA02 * (PB - 4 7 )  - 

PET02 = FET02 * (PB - 4 7 )  - 
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Mixed-exp i red  C02 and  0 2  f r a c t i o n s  were c a l c u l a t e d  f rom t h e  

a v e r a g e  v a l u e s  measu red  o v e r  a  1 m i n u t e  p e r i o d  o n  t h e  pen  

r e c o r d e r  t r a c e .  The v a l u e s  f o r  FC02 and  F02 were t h e n  u sed  t o  

c a l c u l a t e  oxygen  c o n s u m p t i o n  and c a r b o n  d i o x i d e  p r o d u c t i o n .  

T i d a l  Volume 

T i d a l  vo lume (VT) was  c a l c u l a t e d  by d i v i d i n g  t h e  m i n u t e  

v e n t i l a t i o n  ( G E )  measu red  d u r i n g  e a c h  m i n u t e  o f  t h e  s a m p l e  

p e r i o d  by t h e  r e s p i r a t o r y  f r e q u e n c y ( F R ) ,  a s  o u t l i n e d  i n  t h e  

f o l l o w i n g  e q u a t i o n .  

Minu t e  Carbon  D i o x i d e  P r o d u c t i o n  and Oxygen Consumption 

Minu t e  C02 p r o d u c t i o n  ( C C O ~ ) ,  and  0 2  c o n s u m p t i o n  ( $ 0 2 ) ,  

were c a l c u l a t e d  u s i n g  t h e  measu red  v a l u e s  f o r  mixed -exp i r ed  C 0 2  

and  02  and  m i n u t e  v e n t i l a t i o n  a c c o r d i n g  t o  t h e  f o l l o w i n g  

e q u a t i o n s .  



R e s t  C o n d i t i o n  

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

s u b j e c t s  r e s t e d  fo r  t h i r t y  m i n u t e s  p r i o r  t o  t h e  s t a r t  of t h e  

warm-up and  e x e r c i s e  c o n d i t i o n s .  

H e a r t  r a t e  was measu red  d u r i n g  t h e  l a s t  1 0  s e c o n d s  of e a c h  

m i n u t e  f o r  t h e  f i n a l  5  m i n u t e s  o f  t h e  r e s t  c o n d i t i o n .  

Minu t e  v e n t i l a t i o n  and r e s p i r a t o r y  f r e q u e n c y  were measu red  

c o n t i n u o u s l y  t h r o u g h o u t  t h e  rest  c o n d i t i o n .  

FETC02, FET02, FAC02, FA02, - PaC02, - Pa02 and  pH were 

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

A l l  v a l u e s  we re  a v e r a g e d  o v e r  3-4 c o m p l e t e  r e s p i r a t o r y  c y c l e s .  

Warm-up C o n d i t i o n  

P r i o r  t o  t h e  e x e r c i s e  c o n d i t i o n ,  t h e  s u b j e c t s  p e r f o r m e d  a  

f i v e  m i n u t e  warm-up o n  a  b i c y c l e  e r g o m e t e r  ( Q u i n t o n  

I n s t r u m e n t s ) ,  a t  a  w o r k r a t e  o f  200 k i l o p o n d  meters p e r  m i n u t e  

(Kpm/min.) and p e d a l  f r e q u e n c y  o f  60 c y c l e s  p e r  m i n u t e .  

HR,  GE, FR were measu red  and r e s p i r a t o r y  g a s  a n a l y s i s  and  

b l o o d - g a s  a n a l y s i s  were p e r f o r m e d  a s  o u t l i n e d  p r e v i o u s l y .  

A t  t h e  end  o f  t h e  f i v e  m i n u t e  warm-up p e r i o d ,  t h e  w o r k r a t e  

was i n c r e a s e d  t o  400 Kpm/min. f o r  t h e  d u r a t i o n  of t h e  two 

e x e r c i s e  p e r i o d s ,  wh ich  l a s t e d  1 5  m i n u t e s  e a c h .  T h i s  w o r k r a t e  

was  c h o s e n  t o  m i n i m i z e  p o s s i b l e  i n t e r a c t i o n  p r o c e s s e s  a s s o c i a t e d  

w i t h  a n a e r o b i c  m e t a b o l i s m .  I n  a d d i t i o n ,  t h e  method d e s c r i b e d  by 



Dubo i s ,  e t  a l .  1 9 5 1  t o  d e t e r m i n e  PAC02, h a s  n o t  been  p roven  f o r  -- - 

e x e r c i s e .  

E x e r c i s e  Cond it. i o n  

A f t e r  c o m p l e t i o n  o f  t h e  warm-up p h a s e ,  s u b j e c t s  e x e r c i s e d  

a t  a  c o n s t a n t  w o r k r a t e  o f  400  kpm/rnin. 

HR, CE, FR were measured  and r e s p i r a t o r y  g a s  a n a l y s i s  and 

b l o o d  g a s  a n a l y s i s  were pe r fo rmed  a s  o u t l i n e d  f o r  t h e  r e s t  and 

warm-up c o n d i t i o n s .  A f t e r  c o m p l e t i o n  o f  t h r ~ e ,  5-minute  s amp le  

p e r i o d s  ( e x e r c i s e  c o n d i t i o n  A ,  T3 t o  T 5 )  w h i l e  b r e a t h i n g  room 

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

e x e r c i s e  a t  t h e  same w o r k r a t e  f o r  t h r e e  a d d i t i o n a l  5-minute  

sa-mple p e r i o d s  ( e x e r c i s e  c o n d i t i o n  B ,  T6 t o  T3). Dur ing  e x e r c i s e  

c o n d i t i o n  B ,  t h e  s u b j e c t s  b r e a t h e d  room a i r  w i t h  added  

r e s i s t a n c e  f rom a n  e x t e r n a l  b r e a t h i n g  a p p a r a t u s  p r o v i d e d  by t h e  

SCUBA ( F i g u r e  1 B ) .  

PC02 G r a d i e n t s  

The s t u d y  examined v a r i a b l e s  which  may i n f l u e n c e  t h e  

d i f f e r e n c e  be tween  (PETC02 - and  - PaCO2) and (PAC02 - and - PaC02) 

d u r i n g  e x e r c i s e .  

B e s t  S u b s e t  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  was 

pe r fo rmed  on t h e  d a t a  t o  y i e l d  e q u a t i o n s  which  r e l a t e  --- P(ET-a)C02 

and - P(A-a)C02 - - g r a d i e n t s  t o  t h e  measured  v a r i a b l e s .  T h i s  method 

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



o f  v a r i a b l e s ,  f rom t h e  i n d e p e n d e n t  v a r i a b l e s  e n t e r e d  i n t o  t h e  

a n a l y s i s ,  to  d e s c r i b e  t h e  e q u a t i o n s  p r e d i c t i n g  - - -  P(ET-a)C02 and  

P(A-a)C02.  The " b e s t "  s u b s e t  s e l e c t i o n  w a s  d e t e r m i n e d  by t h e  - - -  
L 

a d j u s t e d  R ( T h e i l ,  1 9 7 1 )  and Mallows' Cp ( D a n i e l  and Wood, 1 9 7 1 )  

c r i t e r i a .  

The u l t i m a t e  a s s e s s m e n t  o f  t h e  merit o f  a r e g r e s s i o n  

e q u a t i o n  is how w e l l  i t  f i t s  new d a t a .  The f i v e  " b e s t "  s u b s e t s  

o f  v a r i a b l e s  p r e d i c t i n g  t h e  - - -  P(ET-a)C02 g r a d i e n t  were 

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

f rom o t h e r  s t u d i e s ) ,  u s i n g  t h e  d a t a  r e p o r t e d  by J o n e s ,  -- e t  a l .  

(1969), i n  which  - PaC02 and PETC02 had  been  m e a s u r e d ,  t o  

d e t e r m i n e  t h e  b e s t  r e g r e s s i o n  e q u a t i o n .  A s i m i l a r  

c r o s s - v a l i d a t i o n  o f  t h e  e q u a t i o n s  p r e d i c t i n g  t h e  - P(A-a )C02  - - 

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

E r r o r s  be tween  t h e  p r e d i c t e d  and measu red  - - -  P(ET-a)C02 

g r a d i e n t  were c a l c u l a t e d  f rom t h e  f o l l o w i n g  e q u a t i o n ,  

E r r o r  = P r e d i c t e d  P(ET-a )C02 - Fleasured P (ET-a ) C02 - - -  - - - 

The mean s q u a r e  e r r o r  was t h e n  c a l c u l a t e d  f rom t h e  p r e d j c t e d  and  

measu red  P(ET-a)C02 d i f f e r e n c e .  - - -  

S y s t e m a t i c  errors  be tween  t h e  p r e d i c t e d  and measu red  

P(ET-a)C02 g r a d i e n t  we re  t h e n  d e t e r m i n e d  by p l o t t i n g  t h e  error  - - -  

a g a i n s t  t h e  messu red  - - -  P(ET-a)C02 g r a d i e n t .  



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

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

s t u d y ,  was used t o  p r e d i c t  t h e  P(ET-a)C02 g r a d i e n t  from d a t a  - - -  

r e p o r t e d  by M o r r i s o n ,  e t  a l .  ( 1 9 7 6 ) ,  i n  which PETC02 was -- - 

measured .  

Non- invas ive  E s t i m a t e s  o f  PaC02 - 
The same r e g r e s s i o n  a n a l y s i s  was used t o  d e r i v e  an  

e q u a t i o n  t o  p r e d i c t  PaC02 from PETC02 and o t h e r  n o n - i n v a s i v e  - - 
measurements .  

B e s t  s u b s e t  m u l t i p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  was a l s o  

pe r f c rmed  on t h e  d a t a  t o  d e r i v e  an e q u a t i o n  p r e d i c t i n g  PaC02 - 
from b o t h  n o n - i n v a s i v e  and i n v a s i v e  measurements .  

S t a t i s t i c a l  A n a l y s i s  
V" 

S t a t i s t i c a l  a n a l y s i s  o f  t h e  r e s u l t s  were per formed on an 

IBM 370/155 i n  t h e  Simon F r a s e r  Computing C e n t e r .  

An i n t e g r a t e d  s y s t e m  o f  computer  p rog rams ,  "BMDP1!, 

(B iomed ica l  Computing Programs.  U n i v e r s i t y  o f  C a l i f o r n i a  1 9 7 9 ) ,  

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

t r a n s f o r m a t i o n ,  b a s i c  s t a t i s t i c a l  a n a l y s i s  and r e g r e s s i o n  

a n a l y s i s  o f  t h e  d a t a .  



I V .  R e s u l t s  

S u b j e c t  Data  

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

f r e q u e n c y ,  r e s p i r a t o r y  g a s  a n a l y s i s  and b lood -gas  a n a l y s i s  f o r  

e a c h  s u b j e c t  d u r i n g  res t ,  warm-up, and e x e r c i s e  c o n d i t i o n s  A and 

B a r e  g i v e n  i n  Appendix I .  

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

e x p e r i m e n t  a re  g i v e n  i n  T a b l e  3. Each s u b j e c t  was t e s t e d  

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

T a b l e s  1 and 2 .  

The mean and s t a n d a r d  error  f o r  a l v e o l a r  and e n d - t i d a l  

oxygen and c a r b o n  d i o x i d e  t e n s i o n s  d u r i n g  t h e  r e s t ,  warm-up and  

e x e r c i s e  c o n d i t i o n s  a r e  g i v e n  i n  T a b l e  4 .  

The mean and s t a n d a r d  e r ror  fo r  h e a r t  r a t e s ,  v e n t i l a t i o n ,  

r e s p i r a t o r y  f r e q u e n c i e s  and t i d a l  vo lumes  d u r i n g  t h e  r e s t ,  

warm-up and e x e r c i s e  c o n d i t i o n s  a r e  g i v e n  i n  T a b l e  5. 

The mean and s t a n d a r d  e r ror  f o r  a r t e r i a l  oxygen and c a r b o n  

d i o x i d e  t e n s i o n s  and a r t e r i a l  pH d u r i n g  t h e  rest ,  warm-up and 

e x e r c i s e  c o n d i t i o n s  a r e  g i v e n  i n  T a b l e  6 .  
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PC02 G r a d i e n t s  

The mean and s t a n d a r d  e r r o r  f o r  t h e  p a r t i a l  p r e s s u r e  

g r s d i e n t s  between e n d - t i d a l  and a r t e r i a l  c a r b o n  d i o x i d e  t e n s i o n s  

P(ET-a)C02 and a l v e o l a r  and a r t e r i a l  c a r b o n  d i o x i d e  t e n s i o n s  - - -  
P(A-a)C02 d u r i n g  t h e  r e s t ,  warm-up and e x e r c i s e  c o n d i t i o n s  A and - 7 - 

B a re  g i v e n  i n  T a b l e  7 .  
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V a r i a b l e s  I n f l u e n c i n g  t h e  PC02 G r a d i e n t  -- 

P(a-ET)C02 D i f f e r e n c e s  

The P(a-ET )C02 d i f f e r e n c e  d e c r e a s e d  f rom rest t o  e x e r c i s e  - - -  
c o n d i t i o n  A .  T h i s  was accompanied  by i n c r e a s e s  i n  v e n t i l a t i o n ,  

r e s p i r a t o r y  f r e q u e n c y ,  t i d a l  vo lume ,  m i n u t e  oxygen  c o n s u m p t i o n ,  

m i n u t e  c a r b o n  d i o x i d e  p r o d u c t i o n ,  e n d - t i d a l  - PC02, and a r t e r i a l  

PC02. D u r i n g  e x e r c i s e  c o n d i t i o n  R ,  t h e  P(a-ET)C02 d i f f e r e n c e  - - - - 
became n e g a t i v e .  T h i s  c h a n g e  was accompanied  by d e c r e a s e s  i n  

v e n t i l a t i o n ,  r e s p i r a t o r y  f r e q u e n c y ,  m i n u t e  oxygen  consumpt ion  

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

vo lume,  e n d - t i d a l  - PC02, and a r t e r i a l  PC02, r e l a t i v e  t o  t h e  - 
v a l u e s  i n  e x e r c i s e  c o n d i t i o n  A .  

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

l i n e a r  r e g r e s s i o n  a n a l y s i s  a r e  o u t l i n e d  i n  T a b l e  8 .  The u n i t s  

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

i n  T a b l e s  4 , s  and  6 .  

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

v a r i a b l e s  wh ich  m i n i m i z e  t h e  s e l e c t i o n  c r i t e r i o n  and  a d j u s t s  t h e  

c o r r e l a t i o n  c o e f f i c i e n t  a c c o r d i n g  t o  t h e  number o f  r e l a t e d  

v a r i a b l e s .  

P r e d i c t e d  v a l u e s  f o r  t h e  P(a-ET)C02 g r a d i e n t ,  d e r i v e d  f rom - - -  



e q u a t i o n  1, T a b l e  8 ,  were p l o t t e d  a g a i n s t  t h e  measured  v a l u e s  

f o r  t h e  - - -  P(a-ET)C02 g r a d i e n t  ( F i g u r e  8 ) . 
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Figure 8. The measured P(&a)COZ grad ien t  p lo t t ed  aga ins t  the 

p red i c ted  _P(E&a)COt grad ien t  us ing the data f r o m  the 

present study. 



P(a-A)C02 D i f f e r e n c e  

The P(a-A)CC2 d i f f e r e n c e  d e c r e a s e d  f rom rest t o  e x e r c i s e  - - -  
c o n d i t i o n  A.  T h i s  was accompanied  by  i n c r e a s e s  i n  v e n t i l a t i o n ,  

r e s p i r a t o r y  f r e q u e n c y ,  t i d a l  vo lume,  m i n u t e  oxygen  c o n s u m p t i o n ,  

m i n u t e  c a r b o n  d i o x i d e  p r o d u c t i o n ,  a l v e o l a r  - PCC2, and a r t e r i a l  

PCC2. D u r i n g  e x e r c i s e  c o n d i t i o n  B ,  t h e  P(a-A)CC2 d i f f e r e n c e  - - - - 
became n e g a t i v e .  T h i s  c h a n g e  was  accompan ied  by d e c r e a s e s  i n  

v e n t i l a t i o n ,  r e s p i r a t o r y  f r e q u e n c y ,  m i n u t e  oxygen  c o n s u m p t i o n ,  

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

vo lume,  a l v e o l a r  - PCC2, and a r t e r i a l  PCC2, r e l a t i v e  t o  t h e  v a l u e s  - 

i n  e x e r c i s e  c o n d i t i o n  A .  

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

l i n e a r  r e g r e s s i o n  a n a l y s i s  a r e  o u t l i n e d  i n  T a b l e  9 .  Tbe u n i t s  

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

i n  T a b l e s  4 ,  5 and 6 .  

P r e d i c t e d  v a l u e s  f o r  t h e  P(a-A)C02 g r a d j e n t ,  d e r i v e d  f rom - - -  
e q u a t i o n  1, T a b l e  9 ,  were p l o t t e d  a g a i n s t  t h e  measu red  v a l u e s  

f o r  t h e  - - -  P(a-AIC02 g r a d i e n t  ( F i g u r e  9 ) .  





F i g u r e  9. The measured P(/kq)C02 g r a d i e n t  p l o t t e d  a g a i n s t  the 

predicted _ P ( k a ) C 0 2  g r a d i e n t  u s i n g  t h e  d a t a  f r o m  t h e  

p r e s e n t  s t u d y  . 



P r e d i c t i o n  - of PaC02 

PaC02 i n c r e a s e d  f rom res t  t o  e x e r c i s e  c o n d i t i o n  A .  T h i s  - 
was accompanied  by a n  d e c r e a s e  i n  a r t e r i a l  p H .  D u r i n g  e x e r c i s e  

c o n d i t i o n  B ,  PaC02 r ema ined  c o n s t a n t  r e l a t i v e  to  t h e  v a l u e s  i n  - 
e x e r c i s e  c o n d i t i o n  A .  A r t e r i a l  pH a l s o  r ema ined  c o n s t a n t  be tween  

t h e  t w o  e x e r c i s e  c o n d i t i o n s .  

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

f o l l o w i n g  e q u a t i o n s  t o  p r e d i c t  - PaCC2 from i n v a s i v e  ~ n d  

n o n i n v a s i v e  measu remen t s  r e s p e c t i v e l y ,  

The u n i t s  fo r  e a c h  v a r i a b l e  u sed  i n  t h e  r e g r e s s i o n  e q u a t i o n  a r e  

o u t l i n e d  i n  T a b l e s  4 , 5  and 6 .  

P r e d i c t e d  v a l u e s  f o r  - PaC02, d e r i v e d  f rom b o t h  i n v a s i v e  

measu remen t s  and  n o n i n v a s i v e  m e a s u r e m e n t s ,  were compared w i t h  

t h e  measu red  v a l u e s  f o r  - PaC02 ( F i g u r e s  1.0 and 11 r e s p e c t i v e l y ) .  



52 
$2 34 36 98 40 42 44 48 

Predicted PeCO2 (mmHg) 

Figure 10. The measured arterial PC02 plotted against the predicted 
arterial PC02 using the data from the present study, 



Predicted PaCO2 (mmHg) 

Figure 1 1 .  The measured arterial _PC02 plotted against the pred 

arterial _PC02 using the data from the present study 
invasive measurements). 
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S t a t i s t i c a l  A n a l y s i s  

P a i r e d  t - T e s t  

P a i r e d  t - T e s t s  (BMDP3D) were used  t o  compare  d i f f e r e n c e s  

( P < 0 . 0 5 )  be tween  i n d i v i d u a l  v a r i a b l e s  across o n e  o r  more samp le  

p e r i o d s  ( T a b l e  1 0  ) . 
V e n t i l a t i o n  i n c r e a s e d  s i g n i f i c a n t l y  f r o m  rest t h r o u g h  

e x e r c i s e  c o n d i t i o n  A. T h i s  c h a n g e  was  accompanied  by a  

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

f rom res t  t h r o u g h  e x e r c i s e  c o n d i t i o n  A .  D u r i n g  e x e r c i s e  

c o n d i t i o n  B, v e n t i l ~ t i o n  d e c r e a s e d  s i g n i f i c a n t l y  r e l a t i v e  t o  

e x e r c i s e  c o n d i t i o n  A .  R e s p i r a t o r y  f r e q u e n c y  d e c r e a s e d  

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

c o n d i t i o n  A.  T i d a l  volume d i d  n o t  c h a n g e  s i g n i f i c a n t l y  be tween  

t h e  t w o  e x e r c i s e  c o n d i t i o n s .  

Both  a l v e o l a r  - PC02 and  e n d - t i d a l  - PC02 i n c r e a s e d  d u r i n g  e a c h  

e x e r c i s e  c o n d i t i o n ,  ( T l  t o  T8, T a b l e  5 ) .  The h i g h e s t  v a l u e s  were 

measu red  d u r i n g  e x e r c i s e  c o n d i t i o n  B .  PAC02 and  PFTC02 were - 
s i g n i f i c a n t l y  g r e a t e r  d u r i n g  e x e r c i s e  c o n d i t i o n  E r e l a t i v e  t o  

e x e r c i s e  c o n d i t i o n  A .  

T h e r e  was no  s i g n i f i c a n t  c h a n g e  i n  a r t e r i a l .  - PC02 

measu remen t s  be tween  t h e  t w o  e x e r c i s e  c o n d i t i o n s .  A r t e r i a l  p H  



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

( T a b l e  6 ) .  

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

s t a r t  o f  e x e r c i s e .  Maximal v a l u e s  were measu red  d u r i n g  e x e r c i s e  

c o n d i t i o n  A. Mean V02 d e c r e a s e d  1 8 %  d u r i n g  e x e r c i s e  c o n d i t i o n  R 

r e l a t i v e  t o  e x e r c i s e  c o n d i t i o n  A.  The d e c r e a s e  i n  V02 was  

i s i g n i f i c a n t .  

Minu te  c a r b o n  d i o x i d e  p r o d u c t i o n  s l s o  i n c r e a s e d  

s i g n i f i c a n t l y  w i t h  t h e  o n s e t  o f  e x e r c i s e ,  r e a c h i n g  maximal 

v a l u e s  d u r i n g  e x e r c i s e  c o n d i t i o n  A .  T h e r e  was  a  1 4 %  d e c r e a s e  i n  
0 

mean VC02 d u r i n g  e x e r c i s e  c o n d i t i o n  A r e l a t i v e  t o  e x e r c i s e  

c o n d i t i o n  B .  The d e c r e a s e  i n  VC02 was  s i g n i f i c a n t .  

P a i r e d  t - T e s t s  wcre a l s o  u sed  t o  test  f o r  s i g n i f i c a n t  

( P < 0 . 0 5 )  d i f f e r e n c e s  be tween  - PaC02 r e l a t i v e  t o  - PETC02, and  f o r  

PaC02 r e l a t i v e  t o  PAC02, d u r i n g  e a c h  c o m p l e t e  s a m p l e  p e r i o d ,  T l  - - 

t h r o u g h  T8 ( T a b l e  11). c o m p l e t e  s a m p l e  p e r i o d ,  TI t h r o u g h  T8 

( T a b l e  11). 

T h e r e  w a s  a  s i g n i f i c a n t  d i f f e r e n c e  be tween  - PaC02 a n d  - PETC02 

d u r i n g  s a m p l e  p e r i o d s  T I ,  T2 ,  T4,  T6,  T7,  and  T8. The - P(a-ET)C02 - - 
d i f f e r e n c e  was  p o s i t i v e  f o r  s a m p l e  p e r i o d s  T1,  T2 and  T4 and  

n e g a t i v e  f o r  s a m p l e  p e r i o d s  T6,  T7 ,  and  T8. 

T h e r e  was a s i g n i f i c a n t  d i f f e r e n c e  be tween  - PaC02 and  - PAC02 

d u r i n g  s a m p l e  p e r i o d s  T1  t h r o u g h  T5,  T7 and  T8. The - P(a-A)C02 - - 

d i f f e r e n c e  was  p o s i t i v e  f o r  s a m p l e  p e r i o d s  T1 t h r o u g h  T5 and 

n e g a t i v e  f o r  s a m p l e  p e r i o d s  T7 and  T8. A t  rest t h r o u g h  e x e r c i s e  



condition A ,  the P(a-EJ)C02 and - P(a-A)CO2 - - differences were 

positive. During exercise condition B, both - PC02 gradients 

became negative. The mean - - -  P(ET-a)C02 and - P(F-a)C02 - - gradient 

ranged from -4.03 mmHg to 2.54 mmHg and -6.02 mmHg to 1.46 mmHg 

respectively (Figure 12). There was a significant difference for 

both - - -  P(ET-a)CC2 and - P(A-a)C02 - - gradients during exercise 

condition A relative to exercise condition B. 
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Figure 12 .  The - P(ET-a)C02 - and P(La)~02 g r a d i e n t s  measured d u r i n g  

each exercise condition, T 1  t o  T8. The p l o t t e d  va lues  

are  the means for  each sample p e r i o d .  



V a l i d a t i o n  S t u d y  

From t h e  c r o s s - v a l i d a t i o n  s t u d y ,  e q u a t i o n  3  was  c h o s e n  a s  

t h e  b e s t  e q u a t i o n  f o r  p r e d i c t i n g  t h e  - - -  P(ET-a)CC2 g r a d i e n t  ( T a b l e  

8 ) .  T h i s  e q u a t i o n  was  u sed  t o  p r e d i c t  t h e  - - -  P(ET-a)C02 g r a d i e n t  

f rom t h e  d a t a  r e p o r t e d  by J o n e s ,  e t  a l .  ( 1 9 7 9 ) .  The mean s q u a r e  -- 
error be tween  t h e  p r e d i c t e d  and  measu red  - PC02 g r a d i e n t  was  5 .01  

( T a b l e  1 2 . )  The mean s q u a r e  e r r o r  u s i n g  t h e  e q u a t i o n  f rom t h e i r  

s t u d y  was  1 .65 .  

U s i n g  t h e  d a t a  f rom t h i s  s t u d y ,  t h e  mean s q u a r e  errors 

u s i n g  e q u a t i o n s  1 and  3  were 1 .99  and  2.04 r e s p e c t i v e l y  ( T a b l e  

1 2 ) .  From t h e  e q u a t i o n  d e r i v e d  by J o n e s ,  -- e t  a l . ,  ( 1 9 7 9 3 ,  t h e  

mean s q u a r e  e r ror  was 9 .32 .  The errors be tween  t h e  p r e d i c t e d  and 

measu red  - PC02 g r a d i e n t ,  u s i n g  t h e  a b o v e  e q u a t i o n s ,  were compared 

w i t h  t h e  measu red  - PCC2 g r a d i e n t  f rom t h e  r e s p e c t i v e  s t u d i e s  

( F i g u r e s  1 3  and  1 4 ) .  

T a b l e  1 3  p r e s e n t s  a n  e s t i m a t e  of t h e  P(ET-a)CC2 g r a d i e n t  - - -  

which  s h o u l d  o c c u r  f o r  d i v e r s  w o r k i n g  a t  i n c r e a s e d  a m b i e n t  

p r e s s u r e s .  The e s t i m a t e s  i n  T a b l e  1 3  were d e r i v e d  u s i n g  

p r e d i c t i v e  e q u a t i o n  3 and  t h e  d a t a  r e p o r t e d  by M o r r i s o n ,  -- e t  a l . ,  

( 1 9 7 6 ) .  
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Figure 13. The er ror  between the predicted and measured - -  P(ET-a)C02 

gradient plotted against the measured f(&)C02 gradient 
showing the systematic error  in the equation derived by 

Jones, et d., (1979), using the data from the present 

study . 



Figure 14. The error between the predicted and measured 

P(ET-a)C02 gradient plotted against the - -  
measured _P(ELa)C02 gradient showing the 

systematic error in Equation 1, derived in 

the present study, using the data reported-by 

Jones, a. , (1979). 





V. D i s c u s s i o n  

The p r i m a r y  a i m  o f  t h i s  s t u d y  was  t o  examine  w h e t h e r  

n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t s  o c c u r  i n  a  p o p u l a t i o n  o f  SCUBA 

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

and  f rom a n  open  c i r c u i t  demand r e g u l a t o r .  

A s e c o n d  a im  o f  t h e  s t u d y  was t o  g e n e r a t e  r e g r e s s i o n  

e q u a t i o n s  wh ich  a c c u r a t e l y  p r e d i c t e d  t h e  - - -  P(a-A)C0'2 and  

P(a-ET)C02 d i f f e r e n c e s  f rom measu red  and  c a l c u l a t e d  v a r i a b l e s .  - - -  

PC02 G r a d i e n t s  

The p r e s e n t  series o f  e x p e r i m e n t s  h a s  d e m o n s t r a t e d  t h e  

e x i s t e n c e  o f  n e g a t i v e  - - -  P(a-A)C02 g r a d i e n t s  i n  SCUBA d i v e r s .  The 

n e g a t i v e  - PC02 g r a d i e n t s  were p r e s e n t  o n l y  d u r i n g  e x e r c i s e ,  when 

s u b j e c t s  b r e a t h e d  t h r o u g h  a n  open  c i r c u i t .  demand r e g u l a t o r .  

D u r i n g  rest,  a l v e o l a r  - PC02 and  e n d - t i d a l  &.- PC02 were 

s i g n i f i c a n t l y  l o w e r  t h a n  a r t e r i a l  - PC02, ( -6 .02  mmHg - +0.68)  and  

(-4.03 mmHg - +0 .76 )  r e s p e c t i v e l y .  When s u b j e c t s  b r e a t h e d  t h r o u g h  

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

PC02 g r a d i e n t .  A l v e o l a r  PC02 , and  e n d - t i d a l  PC02 w e r e  i n  close - - - 

e q u i l i b r i u m  w i t h  a r t e r i a l  - PC02. When s u b j e c t s  e x e r c i s e d  w h i l e  

b r e a t h i n g  t h r o u g h  t , he  open  c i r c u i t  demand r e g u l a t o r ,  t h e r e  was  a  

c h a n g e  i n  t h e  e q u i l i b r i u m  be tween  - PAC02, PETC02 and  - PaC02. T h e s e  

c h a n g e s  r e s u l t . e d  i n  n e g a t i v e  - - -  P(a-A)C02 and  - - -  P(a-ET)C02 g r a d i e n t s .  



A l v e o l a r  and e n d - t i d a l  PC02 i n c r e a s e d  r e l a t i v e  t o  a r t e r i a l  Pc02 ,  - - 
R e v e r s a l  o f  t h e  PC02 g r a d i e n t  i n d i c a t e s  a  m o d i f i c a t i o n  i n  P A C O ~  - - 
and PETC02 i n d e p e n d e n t  of mean PaC02. - - 

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

w a s  n o t  accompanied  by a n  i n c r e a s e  i n  a r t e r i a l  PC02 (see T a b l e  - 
6 ) ,  m e a s u r e m e n t s  o f  a l v e o l a r  o r  e n d - t i d a l  PC02 a l o n e  c a n n o t  - 

a c c u r a t e l y  p r e d i c t  a r t e r i a l  - PC02. Hence ,  i f  - PaC02 is t o  b e  

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

c o n s i s t i n g  o f  a  number o f  r e s p i r a t o r y  v a r i a b l e s  i s  n e c e s s a r y .  

The e q u a t i o n s  d e r i v e d  t o  p r e d i c t  PaC02, f r om b o t h  i n v a s i v e  and  - 
n o n - i n v a s i v e  m e a s u r e m e n t s ,  c a n  a c c u r a t e l y  p r e d i c t  PaC02 r e l a t i v e  - 

t o  - PETC02 ( a d j u s t e d  r =0.885 and  0 .881 r e s p e c t i v e l y ,  F i g u r e s  1 0  

and  11). C a l c u l a t i o n  o f  PaC02 u s i n g  e i t h e r  of t h e s e  e q u a t i o n s  - 
r e d u c e s  errors i n h e r e n t  i n  e q u a t i n g  PaC02 d i r e c t l y  w i t h  PETC02. - - 

F a c t o r s  I n f l u e n c i n g  Measured PC02 G r a d i e n t s  

S e v e r a l  f a c t o r s  r e l a t e d  t o  a l v e o l a r  and  a r t e r i a l  - PC02 

m e a s u r e m e n t s  may a c c o u n t  f o r  t h e  r e v e r s a l  o f  t h e  - - -  P(a-ET)C02 and  

P(a-A)C02 g r a d i e n t s .  I d e n t i f i c a t i o n  o f  a  n e g a t i v e  P(a-A)C02 - - -  - - - 

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

o n l y  mechanism d e t e r m i n i n g  t h e  e x c h a n g e  o f  c a r b o n  d i o x i d e  w i t h i n  

t h e  l u n g s .  



1. A l v e o l a r  PC02 Measurements  - 

E l e v a t e d  PETC02 and PAC02 c a n  r e s u l t  f r om c y c l i c a l  - 
v a r i a t i o n s  i n  a l v e o l a r  g a s  c o m p o s i t i o n  d u r i n g  r e s p i r a t i o n .  The 

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

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

t h e  same (DuBois ,  e t  a l . ,  1952 ;  Young, 1955;  Asmussen and -- 

N i e l s e n ,  1 9 5 6 ) .  A p o s s i b l e  r e a s o n  why - PETC02 is h i g h e r  t h a n  

PaC02 is t h a t  t h e  a l v e o l a r  s a m p l e s  r e p r e s e n t  t h e  l a s t  p a r t  o f  - 
t h e  a l v e o l a r  e x p i r e d  a i r ,  wh i ch  u n d e r g o e s  l a r g e  c h a n g e s  i n  

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

A t  rest,  r e l a t i v e  t o  e x e r c i s e ,  a l v e o l a r  v e n t i l a t i o n  is  

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

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

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

PAC02. E x e r c i s e  c a u s e s  a n  i n c r e a s e  i n  a l v e o l a r  v e n t i l a t i o n  and a  - 

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

c a u s e s  g r e a t e r  f l u c t u a t i o n s  i n  PAC02 when s amp led  d u r i n g  t h e  - 
e x p i r a t o r y  p h a s e .  I n  a d d i t i o n ,  t h e  i n c r e a s e d  c a r b o n  d i . o x i d e  

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

volume d u r i n g  t h e  e x p i r a t o r y  p h a s e .  T h i s  r e s u l t s  i n  a  g r e a t e r  

c a r b o n  d i o x i d e  t e n s i o n  (PETC02) a t  t h e  end  o f  t h e  e x p i r s t o r y  - 
c y c l e .  T h e s e  combined e f f e c t s  l e a d  t o  a n  e l e v a t i o n  i n  PC02 - 
d u r i n g  e x p i r a t i o n  wh ich  is g r e a t e r  t h a n  t h e  a v e r a g e  C02 t e n s i o n  

i n  t h e  l u n g s .  To estimate mean e x p i r e d  PAC02, a  m e a s u r e  was  - 



t h e  a l v e o l a r  g a s  volume, F i g u r e  4 .  Using t h i s  measurement ,  i t  

was p o s s i b l e  to  e s t i m a t e  mean e x p i r e d  PAC02 DuBois, e t  a l .  1952; - -- 
Young, 1 9 5 5 ) .  

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

r e s p i r a t o r y  c y c l e  may l e a d  to  o v e r e s t i m a t i o n  o f  PaC02 from - 
measurements  o f  PETC02 or  PAC02, i n  t h e  a b s e n c e  o f  d i r e c t  - - 
a r t e r i a l  s ampl ing .  

The i n c r e a s e  i n  PAC02 was a l s o  i n f l u e n c e d  by t h e  d i v e r s '  - 
r e s p i r a t o r y  p a t t e r n .  E x e r c i s e ,  w h i l e  s u b j e c t s  b r e a t h e d  t h r o u g h  

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

v e n t i l a t i o n .  T h i s  was accompanied by a n  i n c r e a s e  i n  r e s p i r a t o r y  

f r e q u e n c y  and t i d a l  volume. A l v e o l a r  - PC02 i n c r e a s e d  i n  r e s p o n s e  

to  t h e  i n c r e a s e d  m e t a b o l i c  C02 p r o d u c t i o n  a s s o c i a t e d  w i t h  

e x e r c i s e .  A r t e r i a l  - PC02 a l s o  i n c r e a s e d  r e l a t i v e  t o  t h e  r e s t i n g  

v a l u e s .  The r e s p i r a t o r y  p a t t e r n  was m o d i f i e d  when t h e  d i v e r s  

b r e a t h e d  t h r o u g h  t h e  o p e n - c i r c u i t  demand r e g u l a t o r .  V e n t i l a t i o n  

and r e s p i r z t o r y  f r e q u e n c y  d e c r e a s e d  w h i l e  t i d a l  volume 

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

p r o l o n g e d  i n s p i r a t o r y  and e x p i r a t o r y  p h a s e s .  Both t h e  l o w e r  

f r e q u e n c y  and t h e  r e l a t i v e  h y p o v e n t i l a t i o n  a c c e n t u a t e  c y c l i c a l  

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

e l e v a t i o n  i n  measured PAC02 and PETC02 and an s p p a r e n t  c a r b o n  - - 
d i o x i d e  r e t e n t i o n .  T h e r e  was no accompanying change  i n  PaC02 - 
between t h e  t w o  e x e r c i s e  c o n d i t i o n s .  



2. A r t e r i a l  PC02 Measurements  - 

It  i s  g e n e r a l l y  assumed t h a t  a l v e o l a r  - PC02 a c h i e v e s  

e q u i l i b r i u m  w i t h  a r t e r i a l  - PC02 a t  t h e  t i m e  o f  g a s  e x c h a n g e  

across t h e  a l v e o l a r - c a p i l l a r y  membrane. Fny c h a n g e  i n  t h e  - PC02 

o f  t h e  b l o o d  d u r i n g  t r a n s i t  t i m e  be tween  t h e  pu lmonary  

c a p i l l a r i e s  and  t h e  s a m p l e  s i t e  may r e f l e c t  a  " s p u r i o u s "  - PC02 

g r a d i e n t  which  d o e s  n o t  e x i s t  a c r o s s  t h e  a l v e o l a r - c a p i l l a r y  

membrane. 

The m a g n i t u d e  and d i r e c t i o n  o f  t h e  - PC02 g r a d i e n t  measu red  

is  d e p e n d e n t  on  a n y  c h a n g e  i n  b l o o d  - PC02 d u r i n g  t h i s  p e r i o d  o f  

t i m e .  R e s u l t s  f rom t h i s  s t u d y  c a n n o t  b e  e x t e n d e d  t o  s u g g e s t  

w h e t h e r  o r  n o t  t h e  - PC02 o f  t h e  b l o o d  i n c r e a s e s  o r  d e c r e a s e s  

d u r i n g  t h e  t i m e  o f  t r a n s i t  be tween  t h e  pu lmons ry  c a p i l l a r i e s  and  

t h e  s amp le  s i t e .  F r t e r i a l i z e d - v e n o u s  b l o o d  s a m p l i n g  masks  

c h a n g e s  i n  b l o o d  - PC02 d u r i n g  t h i s  p e r i o d  o f  t i m e .  

S e v e r a l  r e s e a r c h e r s  h a v e  p r o p o s e d  mechanisms ,  r e l a t e d  to  

c h a n g e s  i n  b l o o d  - PC02, which  may a c c o u n t  f o r  t h e  e x i s t e n c e  o f  a n  

a p p a r e n t  n e g a t i v e  - PC02 g r a d i e n t  ( G u r t n e r ,  -- e t  a l . ,  1972;  F o r s t e r ,  

1972;  F o r s t e r ,  -- e t  a l . ,  1 9 7 5 ) .  The f i n d i n g s  f rom t h e s e  s t u d i e s  

h a v e  been  p r e s e n t e d  i n  t h e  l i t e r a t u r e  r e v i e w .  I t  i s  u n l i k e l y  

t h a t  t h e  mechanisms o u t l i n e d  i n  t h e s e  s t u d i e s  c a n  e x p l ~ i n  t b e  

n e g a t i v e  - PC02 g r a d i e n t  o b s e r v e d  d u r i n g  t h i s  s t u d y ,  u s i n g  

measu remen t s  o f  PAC02 and  PaC02. S i n c e  PaC02 d i d  n o t  c h a n g e  - - - 
? 
k be tween  t h e  two e x e r c i s e  c o n d i t i o n s ,  a l v e o l a r  - PC02 i n c r e a s e d  f o r  

a  c o n s t a n t  v a l u e  o f  - PaC02. T h i s  mechanism would t h e r e f o r e  
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r e q u i r e  a  d i f f e r i n g  amount o f  change  i n  b lood  - PC02 between t h e  

pulmonary c a p i l l a r i e s  and t h e  s i t e  o f  measurement  i n  t h e  two 

e x e r c i s e  c o n d i t i o n s .  

The e q u a t i o n s  g e n e r a t e d  t o  p r e d i c t  - PaC02 from i n v a s i v e  and 

n o n - i n v a s i v e  measurements  i n c o r p o r a t e  a  number o f  r e s p i r a t o r y  

v a r i a b l e s  i n c l u d i n g  PETC02. Al though e n d - t i d a l  C02 t e n s i o n s  a r e  

g r e a t e r  t h a n  a l v e o l a r  C02 t e n s i o n s  d u r i n g  t h e  r e s p i r a t o r y  c y c l e ,  

PETCO2 may c o n t r i b u t e  to  a  b e t t e r  e s t i m a t e  o f  PaC02 i n  - - 
r e g r e s s i o n  e q u a t i o n s ,  a s  t h e  e q u a t i o n  corrects  f o r  s y s t e m a t i c  

errors .  

The e q u a t i o n  p r e d i c t i n g  - PaC02 from n o n - i n v a s i v e  

measurements  w a s  compared w i t h  a s i m i l a r  e q u a t i o n  d e r i v e d  from 

e x p e r i m e n t s  conduc ted  by J o n e s ,  -- e t  a l .  ( 1 9 7 9 ) .  The methods used 

to  g e n e r a t e  t h e  e q u a t i o n s  i n  e a c h  s t u d y  were d i f f e r e n t .  J o n e s ,  

e t  a l .  ( 1 9 7 9 )  d e r i v e d  t h e i r  e q u a t i o n  u s i n g  s t e p w i s e  m u l t i p l e  -- 
l i n e a r  r e g r e s s i o n  a n a l y s i s .  S t e p w i s e  r e g r e s s i o n  a n a l y s i s  

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

e q u a t i o n ,  s t a r t i n g  w i t h  t h e  f i r s t  v a r i a b l e  and a d d i n g  s u c c e s s i v e  

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

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

from t h e  r e g r e s s i o n  a n a l y s i s .  The e q u a t i o n s  from t h i s  s t u d y  were 

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

The problem o f  v a r i a b l e  s e l e c t i o n  i n c r e a s e s  a s  t h e  number 

o f  " r e d u n d a n t "  v a r i a b l e s  i n c r e a s e s .  I n c l u s i o n  o f  such  v a r i a b l e s  

allows t h e  r e g r e s s i o n  e q u a t i o n  to  " f i t "  a r t i f a c t s  i n  t h e  d a t a  



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

set  o f  1 0 ,  i f  f i t t e d  by a  r e g r e s s i o n  e q u a t i o n  h a v i n g  10  

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

c o r r e l a t i o n .  The a c c u r a c y  o f  t h e  p r e d i c t i v e  e q u a t i o n  when 

a p p l i e d  t o  a n o t h e r  d a t a  s e t  is however l o w ,  U n l i k e  s t e p w i s e  

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

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

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

p r e d i c t i v e  e q u a t i o n .  T h e r e f o r e ,  o n l y  t h e  v a r i a b l e s  min imiz ing  

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

T h i s  s e l e c t i o n  c r i t e r i o n  m i n i m i z e s  Mallows '  Cp. I n  a d d i t i o n ,  t h e  

b ~ s t  s u b s e t  is  s e l e c t e d  u s i n g  an  a d j u s t e d  r c o r r e l a t i o n  

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

t o  t h e  number o f  d e g r e e s  o f  f reedom i n  t h e  a n a l y s i s  f o r  r e l a t e d  

v a r i a b l e s .  

3 .  Sampl ing  T e c h n i q u e s  - - 

Anothe r  f a c t o r  which c o m p l i c a t e s  d i r e c t  c o m p a r i s o n s  

between - PAC02 and - PaC02 i n v o l v e s  t h e  method o f  a v e r a g i n g  each  

sample .  Both - PAC02 and PaC02 were  sampled o v e r  s e v e r a l  comple t e  - 
r e s p i r a t o r y  c y c l e s ,  - PaC02 is t i m e  a v e r a g e d  w h i l e  - PAC02 i s  volume 

a v e r a g e d  o v e r  t h e  same p e r i o d .  T h e r e f o r e ,  t h e  n e g a t i v e  - PC02 

g r a d i e n t  may r e f l e c t  a n  a r t i f a c t  a s s o c i a t e d  w i t h  volume 

a v ~ r a g i n g  and t i m e  a v e r a g i n g  t h e  s a m p l e s .  The sampl ing  

t e c h n i q u e s  f rom t h i s  s t u d y  a r e  u n a b l e  t o  d e f i n e  t h e s e  errors .  



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

" s u b j e c t s  b r e a t h e d  t h r o u g h  t h e  o p e n - c i r c u i t  demand r e g u l a t o r ,  may 

m a g n i f y  t h e s e  errors .  

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

a s s u m p t i o n  t h a t  a n  e q u i l i b r i u m  e x i s t s  be tween  - PAC02 and  - PaC02. 

The r e s u l t s  f r om t h i s  s t u d y  s u g g e s t  t h a t  d i r e c t  measu remen t s  o f  

PAC02 o v e r e s t i m a t e  PaC02 d u r i n g  e x e r c i s e ,  and u n d e r e s t i m a t e  - - 

PaC02 a t  r e s t .  T h e r e f o r e ,  t h e s e  c a l c u l a t i o n s  would a l s o  - 
o v e r e s t i m a t e  o r  u n d e r e s t i m a t e  a r t e r i a l  - PC02 a s  u sed  i n  t h e  Bohr  

E q u a t i o n  and i n d i r e c t  F i c k  E q u a t i o n .  Due to  t h e  s e n s i t i v i t y  o f  

t h e s e  e q u a t i o n s  t o  t h e  v a l u e  o f  - PaC02, t h i s  - P(a-A)C02 - - g r a d i e n t  

is  l i k e l y  t o  l e a d  t o  l a r g e  e r rors  o f  e s t i m a t e s  i n  a l v e o l a r  

volume d e s d s p a c e  and c a r d i a c  o u t p u t  i n  c e r t a i n  c i r c u m s t a n c e s .  I t  

i s  more  a c c u r a t e  t o  p r e d i c t  - PaC02 f rom a n  e q u a t i o n  i n c o r p o r a t i n g  

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

P(a-A)C02 G r a d i e n t  

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

f a c t o r s  may a c c o u n t  f o r  t h e  a p p a r e n t  e x i s t e n c e  o f  a  n e g a t i v e  

P(a-AIC02 g r a d i e n t .  T h e s e  f a c t o r s  a r e  i n h e r e n t l y  r e l a t e d  to  t h e  - - -  

me thods  o f  s a m p l i n g  a l v e o l a r  and  a r t e r i a l  - PC02. E r r o r s  

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

( S c h e i d  and P i i p e r ,  1 9 8 0 ) .  The s a m p l i n g  t e c h n i q u e s  employed i n  



Whereas  J o n e s ,  -- e t  a l . ,  ( 1 9 7 9 )  we re  a b l e  t o  i n d e n t i f y  a  

n e g a t i v e  - PC02 g r a d i e n t  be tween  e n d - t i d a l  - PC02 and a r t e r i a l  - PC02, 

t h e i r  r e s u l t s  d o  n o t  s u g g e s t  a  n e g a t i v e  PC02 g r a d i e n t  be tween  - 
a l v e o l a r  - PC02 and  a r t e r i a l  - PC02. The r e s u l t s  f rom t h i s  s t u d y  

h a v e  b e e n  e x t e n d e d  t o  i n c l u d e  measu remen t s  o f  PAC02 and PaC02, - - 
h o p e f u l l y  e l i m i n a t i n g  e r r o r s  a s s o c i a t e d  w i t h  - PETC02 d u e  t o  

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

o f  d i r e c t  a r t e r i a l  - PC02 s a m p l i n g ,  t h e  e q u a t i o n s  g e n e r a t e d  f rom 

t h i s  s t u d y  c a n  p r e d i c t  t h e  - PC02 g r a d i e n t  a c c o r d i n g  t o  t h e  

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

t h e  - PC02 g r a d i e n t  t o  - PACO2, k 0 2 ,  F r ,  and h a r e  c o n s i s t e n t  w i t h  

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

a l v e o l a r  g a s  c o m p o s i t i o n  ( D u b o i s ,  -- e t  a l . ,  1951;  Young, 1 9 5 5 ) .  

Changes  - i n  Oxygen Consumption 

E x e r c i s e ,  a t  normal  b a r o m e t r i c  p r e s s u r e s  w i t h  t h e  a d d i t i o n  

of a n  e x t e r n a l  r e s p i r a t o r y  r e s i s t a n c e ,  h a s  been  shown t o  c a u s e  a  

d e c r e a s e  i n  oxygen  c o n s u m p t i o n  ( S i l v e r m a n ,  -- e t  a l .  1951;  Cooper  

( 1 9 6 0 ) ;  T a b a k i n  and Hanson 1960;  S p i o c h ,  -- e t  a l .  1962;  Hermansen,  

e t  a l .  1 9 7 2 )  I n  a d d i t i o n ,  Thompson and S h a r k e y  ( 1 9 6 6 )  h a v e  shown -- 
t h a t  when s u b j e c t s  b r e a t h  a g a i n s t  t h e  e x t e r n a l  r e s i s t a n c e  o f  a 

r e s p i r a t o r y  p r o t e c t i v e  mask,  t h e r e  is  a  s i g n i f i c a n t  i n c r e a s e  i n  

r e c o v e r y  oxygen consumpt ion .  T h i s  s u g g e s t s  t h a t  an  0 2  d e b t  

o c c u r s  d u r i n g  e x e r c i s e  which  i s  g r e a t e r  t h a n  t h e  0 2  d e b t  u n d e r  



normal  c o n d i t i o n s .  P o r r i s o n ,  e t  a l .  ( 1 9 7 6 )  o b s e r v e d  a  d e c r e a s e  -- 
i n  b 2  when s u b j e c t s  b r e a t h e d  from SABA (Roya l  Naval  Swimmers1 

A i r  B r e a t h i n g  A p p a r a t u s )  a t  i n c r e a s e d  b a r o m e t r i c  p r e s s u r e  when 

compared w i t h  b r e a t h i n g  from a  l o w  r e s i s t a n c e  v a l v e  a t  t h e  same 

p r e s s u r e .  

The above  s t u d i e s  have  shown a  r e d u c t i o n  i n  oxygen 

consumpt ion  w i t h  t h e  a d d i t i o n  o f  an  e x t e r n a l  r e s p i r a t o r y  

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

p r e s s u r e s  a l s o  s u g g e s t  t h a t  oxygen consumpt ion  may b e  r educed  

when s u b j e c t s  u se  u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s ,  b u t  t h e  

f i n d i n g s  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  A d e c r e a s e  i n  V02 w i t h  

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

an i n c r e a s e  i n  t h e  e f f i c i e n c y  o f  oxygen e x t r a c t i o n  t o  s a t i s f y  

t h e  i n c r e a s e d  cost o f  b r e a t h i n g  which o c c u r s  w i t h  t h e  a d d i t i o n  

o f  an  e x t e r n a l  b r e a t h i n g  a p p a r a t u s  . 
Cain  and O t i s  ( 1 9 4 9 )  and Zechman, e t  a l .  ( 1 9 5 7 )  have  -- 

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

b v a t h i n g  may i n d i c a t e  a  compromise i n  which C02 t e n s i o n s  a r e  

e l e v a t e d  so a d d i t i o n a l  e n e r g y  i s  n o t  expended t o  r e d u c e  C02 

t e n s i o n s  t o  p r e r e s i s t a n c e  l e v e l s .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  

o b s e r v a t i o n s  o f  C h e r n i a c k  and S n i d a l  ( 1 9 5 6 )  where t h e r e  was a  

d e c r e a s e d  s e n s i t i v i t y  t o  C02 i n  normal  s u b j e c t s  b r e a t h i n g  

a g a i n s t  r e s i s t a n c e .  Oxygen consumpt ion  may d e c r e a s e  w i t h  a n  

a l t e r e d  r e s p o n s e  t o  C02 added t o  t h e  c o n t r o l  o f  r e s p i r a t i o n .  



V a l i d a t i o n  S t u d y  

I t  i s  i m p o r t a n t  t o  v a l i d a t e  a n y  d e r i v e d  e q u a t i o n  b y  

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

i n d e p e n d e n t  i n v e s t i g a t i o n s .  E q u a t i o n  l was s e l e c t e d  a s  t h e  b e s t  

e q u a t i o n  t o  p r e d i c t  t h e  --- P(ET-a)C02 g r a d i e n t ,  u s i n g  t h e  d a t a  from 

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

and t h e  mean s q u a r e  e r ror .  However, a s  d e t e r m i n e d  i n  T a b l e  8 ,  

t h e  v a l i d a t i o n  p r o c e s s  r e v e a l e d  t h a t  e q u a t i o n  3 ,  a 1  t hough  

s l i g h t l y  weaker  i n  p r e d i c t i n g  t h e  measured  d a t a  s e t ,  g a v e  a much 

s u p e r i o r  p r e d i c t i o n  o f  t h e  d a t a  r e p o r t e d  by J o n e s ,  -- e t  a l . ,  

( 1 9 7 9 ) .  Thus ,  t h e  c r o s s - v a l i d a t i o n  a n a l y s i s  s u g g e s t s  t h a t  

a c c o r d i n g  t o  t h e  mean s q u a r e  error ,  e q u a t i o n  3 i n c l u d e s  t h e  b e s t  

s u b s e t  o f  v a r i a b l e s  t o  p r e d i c t  t h e  - PC02 g r z d i e n t  i n  d a t a  t a k e n  

from o t h e r  p o p u l a t i o n s  ( T a b l e  1 2 ) .  

T h e r e  w i l l  b e  a n  optimum number o f  v a r i a b l e s  i n  any  

r e g r e s s i o n  e q u a t i o n  which i s  l i k e l y  t o  p r o v i d e  t h e  b e s t  r e s u l t s  

i n  c r o s s - v a l i d a t i o n  c o m p a r i s o n s .  The optimum number w i l l  i n c l u d e  

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

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

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

w i t h  t h e  g e n e r a l  p o p u l a t i o n .  S y s t e m a t i c  e r rors  may a l s o  

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

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

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

t o  d a t a  f rom o t h e r  s t u d i e s .  From T a b l e  8 and F i g u r e  1 4 ,  i t  



a p p e a r s  t h a t  b o t h  t h e s e  s h o r t c o n i n  I n  p a r t i c u l a r ,  t h e r e  appears 

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

when compared w i t h  t h e  d a t a  f rom J o n e s ,  e t  a l . ,  ( 1 9 7 9 1 ,  (F igu re  -- 
1 6 ) .  A l a r g e  s y s t e m a t i c  e r r o r  i s  a l s o  n o t e d  i n  t h e  e q u a t i o n  

d e r i v e d  by J o n e s ,  e t .  a l . ,  ( 1 9 7 9 ) ,  F i g u r e  1 3 ,  when compared w i t h  

t h e  d a t a  o f  t h i s  s t u d y ,  which  may r e s u l t  f rom t h e  n a r r o w  r a n g e  

i n  - PETC02, F i g u r e  15. T h i s  e q u a t i o n  a p p e a r s  t o  r e l y  s t r o n g l y  on 

t h e  - PETCO2 term, which  i s  p e r h a p s  unde remphas i zed .  From T a b l e  

1 2 ,  i t  c a n  b e  s e e n  t h a t  e q u a t i o n  3  g a v e  t h e  b e s t  p r e d i c t i v e  

r e s u l t s  f o r  t h e  - PC02 g r a d i e n t  f rom t h e  measu red  v a r i a b l e s  

a c c o r d i n g  t o  t h e  mean s q u a r e  errors.  

E q u a t i o n  3 w a s  a p p l i e d  t o  t h e  d a t a  r e p o r t e d  by N o r r i s o n ,  - e t  

a l . ,  ( 19761 ,  T a b l e  13.  The r e s u l t s  s u g g e s t  t h e  e x i s t e n c e  o f  a - 
n e g a t i v e  - - -  P(a-ET)C02 and - P(a-A)C02 - - g r a d i e n t  d u r i n g  h y p e r b a r i c  

e x p o s u r e s .  U n f o r t u n a t e l y ,  i t  is  n o t  p o s s i b l e  to  c o n f i r m  t h e s e  

f i n d i n g s  s i n c e  - PaC02 was n o t  measu red .  



Figure  15. The e r r o r  between the  pred ic ted  and measured P(ET-a)C02 -- 
grad ien t  p l o t t e d  aga ins t  end - t i da l  PC02 showing the 

systematic e r r o r  i n  the equat ion der ived by Jones, e t  - 
a., (1979) us ing the  data from the present study. 



Figure 16. The e r r o r  between the pred ic ted  tino measured P(ET-ajCO: - -- - 

gradient  p l o t t e d  aga ins t  t i d a l  volume showing the systernati c 

e r r o r  i n  equat ion 1 der ived from t h i s  study, us ing the 

data repor ted  by Jones, et gJ .  , ( 1 9 7 9 ) .  



PC02 G r a d i e n t  R e l a t e d  - To P r e v i o u s  S t u d i e s  

The e x i s t e n c e  o f  a  n e g a t i v e  P(a-A)C02 g r a d i e n t  i n  SCUBA - - - 
d i v e r s  is r e l a t e d  to  p r e v i o u s l y  r e p o r t e d  c h a n g e s  a s s o c i a t e d  w i t h  

p r o ? o n g e d  e x p o s u r e  t o  i n c r e a s e d  a m b i e n t  p r e s s u r e s  ( L a n p h i e r ,  

1969;  L a l l y ,  -- e t  a l . ,  1974;  m o r r i s o n ,  e t  a l . ,  1976;  V o r r i s o n ,  e t  -- - 
a l . ,  1979;  E o r r i s o n ,  e t  a l . ,  1 9 8 1 ) .  - -- 

T h e s e  c h a n g e s  i n d i c a t e  t h a t  SCUBA d i v e r s  d e v e l o p  a  

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

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

( L a n p h i e r ,  1 9 6 9 ) .  

SCUBA d i v ~ r s  work ing  u n d e r  h y p e r b a r i c  c o n d i t i o n s ,  a r e  

exposed  t o  an  i n c r e a s e d  work o f  b r e a t h i n g  f rom t h e  i n c r e a s e d  

d e n s i t y  o f  t h e i r  b r e a t h i n g  m i x t u r e ,  i n c r e a s e d  r e s i s t a n c e  f rom a n  

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

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

s u f  f i c i e n t . 1 ~  t o  compensa t e  f o r  t h e s e  f a c t o r s ,  and  a l v e o l a r  - PC02 

i n c r e a s e s  r e l a t i v e  to  normal  c o n d i t i o n s  . An i n c r e a s e d  t o l e r a n c e  

t o  e l e v a t e d  PAC02 may b e  b e n e f i c i a l  t o  SCUBA d i v e r s  a s  a n  - 
a l t e r n a t i v e  t o  t h e  i n c r e a s e d  work o f  r e s p i r a t i o n  n e c e s s a r y  t o  

m a i n t a i n  PAC02 w i t h i n  no rma l  l i m i t s .  - 
The measured  r e s p o n s e  o f  v a r i a b l e s  r e l a t e d  t o  t h e  s u b j e c t s  

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

p r e v i o u s l y  documented s t u d i e s .  Zechman, -- e t  a l . ,  ( 1 9 5 7 )  and 



M o r r i s o n ,  -- e t  a l . ,  ( 1 9 7 6 )  measu red  e s i g n i f i c a n t  d e c r e a s e  i n  t h e  

s u b j e c t s  v e n t i l a t o r y  r e s p o n s e  to  e x e r c i s e  a t  i n c r e a s e d  a m b i e n t  

p r e s s u r e s ,  b r e a t h i n g  t h r o u g h  SCUBA a p p a r a t u s .  SCUBA d i v e r s  

e x h i b i t  a  slower, d e e p e r  b r e a t h i n g  p a t t e r n  when compared w i t h  

n o n - d i v e r s  a t  i n c r e a s e d  a m b i e n t  p r e s s u r e s  ( F l o r i o ,  -- e t  a l . ,  

1 9 7 9 ) .  T h e i r  r e s p i r a t o r y  f r e q u e n c y  d e c r e a s e s  and  t i d a l  volume 

i n c r e a s e s .  T h e s e  d i v e r s  h a v e  b e e n  t e rmed  "Carbon  D i o x i d e  

R e t a i n e r s " .  The a p p a r e n t  h y p o v e n t i l a t i o n  p r e s u m a b l y  o c c u r s  

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

i n c r e a s e  i n  t h e  work o f  b r e a t h i n g  d u r i n g  h y p e r b a r i c  e x p o s u r e s .  

I t  h a s  been  s u g g e s t e d  t h a t  t h i s  m o d i f i e d  b r e a t h i n g  p a t t e r n  is 

s e l e c t e d  t o  m i n i m i z e  t h e  o v e r a l l  work o f  b r e a t h i n g .  

H y p o v e n t i l a t i o n  i m p a i r s  C02 e l i m i n a t i o n  f rom t h e  l u n g s  w i t h  

s u b s e q u e n t  e l e v a t i o n  i n  - PAC02 ( P i l i c - E m i l i  and  T y l e r ,  1963;  

H a m i l t o n  1967;  Mil ler ,  -- e t  a l .  1971;  F a g r a e u s ,  et a l .  1974;  -- 

Matthews and Howe l l ,  1 9 7 5 ) .  P r o l o n g e d  i n s p i r a t o r y  p a u s e s  which 

a r e  a n o t a b l e  f e a t u r e  o f  d i v e r s '  v e n t i l a t o r y  p a t t e r n s ,  a l s o  

r e d u c e  t h e  work o f  b r e a t h i n g  b u t  may l e a d  to  c a r b o n  d i o x i d e  

r e t e n t i o n .  P o s t  i n s p i r a t o r y  and e x p i r a t o r y  p a u s e s  a l s o  

a c c e n t u a t e  c y c l i c a l  v a r i a t i o n s  i n  - PAC02 (Gof f  and  B a r t l e t t ,  

1 9 5 7 ) .  A l v e o l a r  v e n t i l a t i o n  d o e s  n o t  i n c r e a s e  s u f f i c i e n t l y  t o  

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

d i o x i d e  r e t e n t i o n .  The s i g n i f i c a n t  c h a n g e s  i n  v e n t i l a t i o n ,  

r e s p i r a t o r y  f r e q u e n c y ,  and t i d a l  volume be tween  t h e  two e x e r c i s e  

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

e x h i b i t e d  by SCUBA d i v e r s  i n  t h e  p r e v i o u s  s t u d i e s .  

Consequences  o f  I n c r e a s e d  T o l e r a n c e  to  Carbon  D i o x i d e  - - 
An i n c r e a s e d  t o l e r a n c e  to  c a r b o n  d i o x i d e  a l l o w s  SCUBA 

d i v e r s  t o  work l o n g e r  u n d e r w a t e r  b e c a u s e  o f  a n  improvement  i n  

oxygen  u t i l i z a t i o n  (lower v e n t i l a t o r y  e q u i v a l e n t  f o r  oxygen ,  

VE/V02). T h i s  r e s p o n s e  is b e n e f i c i a l  f o r  g a s  e x c h a n g e  economy 

d u r i n g  heavy  e x e r c i s e .  The r e s u l t s  f r om t h e  p r e s e n t  s t u d y  

s u g g e s t  t h a t  a r t e r i a l  PC02 c a n  b e  m a i n t a i n e d  a t  a lower l e v e l  o f  - 

a l v e o l a r  v e n t i l a t i o n .  The PAC02 and  PETC02 l e v e l s  e x p e r i e n c e d  - - 

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

i n  t h i s  s t u d y  a t  1ATA. 

T o l e r a n c e  to  e l e v a t e d  C02 t e n s i o n s  may a p p e a r  a s  a 

f o r t u i t o u s  a d a p t i o n  b e n e f i c i a l  t o  SCUBA d i v e r s  w o r k i n g  u n d e r  

h y p e r b a r i c  c o n d i t i o n s .  Rut  c a r b o n  d i o x i d e  r e t e n t i o n  may b e  a  

p o t e n t i a t i n g  f a c t o r  i n  oxygen  p o i s o n i n g  and n i t r o g e n  n a r c o s i s  

( C a s e  and  H a l d a n e ,  1941;  L a n p h i e r ,  1975;  S c h a e f e r ,  1975 ;  Wood, 

1 9 7 5 ) .  Carbon  d i o x i d e  r e t e n t i o n  may a l s o  c o n t r i b u t e  t o  t h e  

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

d i v e r s  a t  i n c r e a s e d  p r e s s u r e s  ( M o r r i s o n ,  e t  a l . ,  1 9 7 6 ) .  -- 

T h e r e f o r e ,  a d a p t a t i o n  t o  e l e v a t e d  c a r b o n  d i o x i d e  l e v e l s  may 

p r e s e n t  a  s e r i o u s  h a z a r d  f o r  t h e  w o r k i n g  d i v e r .  However,  d u e  t o  

t h e  p r e s e n c e  o f  a s u b s t a n t i a l  n e g a t i v e  PC02 g r a d i e n t ,  i t  is n o t  - 

p o s s i b l e  t o  a s s e s s  t o  wha t  e x t e n t  e l e v a t e d  PAC02 and  PETC02 s r e  - 
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r e f l e c t e d  by a t r u e  C02 r e t e n t i o n  a s  measured by elevated - PaCO2 

l e v e l s .  The  ex ten t  of - PaC02 r e t e n t i o n  is open t o  quest-ion. 



Summary 

The e x i s t e n c e  o f  - - -  P(a-AIC02 d i f f e r e n c e s  h a v e  b e e n  

i n v e s t i g a t e d  d u r i n g  s t e a d y - s t a t e  c o n d i t i o n s  o f  r e s t  and  

e x e r c i s e .  A t  rest a p o s i t i v e  g (a -A)C02  - - g r a d i e n t  was  measu red  

h a v i n g  a mean v a l u e  o f  6.02 mmHg. T h i s  g r a d i e n t  p r o g r e s s i v e l y  

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

n e g a t i v e  - PC02 g r a d i e n t  was p r e s e n t  d u r i n g  e x e r c i s e ,  when 

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

(mean g r a d i e n t  1 .46  mmHg). P o s s i b l e  f a c t o r s  c o n t r i b u t i n g  t o  t h e  

n e g a t i v e  - PC02 g r a d i e n t  h a v e  b e e n  d i s c u s s e d .  

A r t e r i a l  - PC02 d i d  n o t  c h a n g e  s i g n i f i c a n t l y  d u r i n g  t h e  two 

e x e r c i s e  c o n d i t i o n s .  The n e g a t i v e  - PC02 g r a d i e n t  was accompanied  

by a n  i n c r e a s e  i n  - PAC02 and  PETC02. T h e s e  r e s u l t s  i n d i c a t e  t h a t  

c h a n g e s  i n  v e n t i l a t o r y  p a t t e r n ,  n o t  c h a n g e s  i n  a r t e r i a l  - PC02, 

were r e s p o n s i b l e  fo r  t h e  n e g a t i v e  - PC02 g r a d i e n t s  o b s e r v e d  u n d e r  

t h e s e  e x e r c i s e  c o n d i t i o n s .  The i n c r e a s e s  i n  - PAC02 and  .PETC02 

o b s e r v e d  d u r i n g  t h i s  s t u d y  we re  d e p e n d e n t  o n  c h a n g e s  i n  t h e s e  

r e s p i r a t o r y  v a r i a b l e s .  

B e s t  s u b s e t  m u l t i p l e  l i n e a r  r e g r e s s i o n  m a l y s i s  was u s e d  to  

d e r i v e  e q u a t i o n s  p r e d i c t i n g  t h e  - - -  P(ET-a)C02 and  - P(A-a)C02 - - 

g r a d i e n t s  f rom b o t h  i n v a s i v e  and  n o n - i n v a s i v e  measu remen t s .  

The e q u a t i o n s  p r e d i c t i n g  t h e  - P(ET-a)C02 - - g r a d i e n t s  w e r e  

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



I 

p o p u l a t i o n .  

One c a n n o t  e x t e n d  t h e  r e s u l t s  t o  s u g g e s t  a d d i t i o n 3 1  

t r a n s p o r t  mechan isms  u n d e r l y i n g  C 0 2  e x c h a n g e  i n  t h e  l u n g s .  The 

d e b a t e  r e g a r d i n g  t h e  e x i s t e n c e  o f  a d d i t i o n a l  mechan isms  r e m ? i n s  

o p e n  fo r  f u t u r e  i n v e s t i g a t i o n s .  
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Appendix 1 

I n d i v i d u a l  S u b j e c t  Da t a  

f l e a su red  and c a l c u l a t e d  s u b j e c t  d a t a  f o r  e a c h  e x e r c i s e  c o n d i t i o n  

and s ample  p e r i o d  T1 t o  T8 r e s p e c t i v e l y  
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Appendix 2 

Review - o f  E a s i c  R e s p i r a t o r y  P h y s i o l o g y  

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

The f o l l o w i n g  i n t r o d u c t i o n  o u t l i n e s  some o f  t h e  b a s i c  

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

and b lood  t h r o u g h  t h e  l u n g s ,  g a s  exchange  a c r o s s  t h e  

a l v e o l a r - c a p i l l a r y  membrane and t h e  t r a n s p o r t  o f  oxygen and 

ca rbon  d i o x i d e  by t h e  b l o o d .  

R e s p i r a t i o n  i n v o l v e s  t w o  p r o c e s s e s ;  

E x t e r n a l  r e s p i r a t i o n ,  t h e  a b s o r p t i o n  o f  0 2  and removal  o f  

C 0 2  from t h e  body,  

I n t e r n a l  r e s p i r a t i o n ,  t h e  g a s e o u s  exchange  be tween  c e l l s  and 

t h e i r  f l u i d  medium. 

The l u n g s  a c t  a s  a gas -exchange r  f o r  0 2  and C 0 2  between t h e  

a i r  and b lood .  Atmospher ic  a i r  becomes a v a i l a b l e  t o  t h e  

gas -exchang ing  s u r f a c e s ,  ( a l v e o l a r - c a p i l l a r y  membrane) ,  t h r o u g h  

a s y s t e m  o f  b r a n c h i n g  a i r w a y s ,  t h e  b r o n c h i a l  t ree ,  which 

t e r m i n a t e s  a s  t h i n  w a l l e d  s a c s ,  t h e  a l v e o l i .  The 



a l v e o l a r - c a p i l l a r y  membrane s e p a r a t e s  a l v e o l a r  a i r  f rom t h e  

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

The a l v e o l i  a re  s u r r o u n d e d  by t h e  pu lmonary  c a p i l l a r i e s  f o r m i n g  

a  c o n t i n u o u s  ne twork  f o r  g a s  e x c h a n g e  be tween  t h e  b l o o d  and 

l u n g s .  Dur ing  t h e  p a s s a g e  o f  b lood  t h r o u g h  t h e  a l v e o l i ,  0 2  is 

l o a d e d  and C02 is u n l o a d e d .  The pu lmonary  v e i n s  co l lec t  t h e  

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

and v e n t r i c l e  and s u b s e q u e n t  d i s t r i b u t i o n  to  t h e  t i s s u e s  v i a  t h e  

s y s t e m i c  a r t e r i a l  ne twork .  

A t  rest ,  man b r e a t h e s  12-15 t imes /min . ,  (6-7 l i t e r s / m i n . ) .  

The i n s p i r e d  a i r  m i x e s  w i t h  t h e  " a i r "  a l r e a d y  p r e s e n t  i n  t h e  

a l v e o l i  and by s i m p l e  d i f f u s i o n  02  e n t e r s  t h e  b l o o d  i n  t h e  

pu lmonary  c a p i l l a r i e s  w h i l e  C02 e n t e r s  t h e  a l v e o l i ,  ( C h e r n i a c k ,  

1972;  West, 1 9 7 4 ) .  A l v e o l a r  v e n t i l s t i o n  is  t h a t  p o r t i o n  o f  t h e  

t o t a l  a i r  v e n t i l a t e d  which  r e a c h e s  t h e  a l v e o l i  and t a k e s  p a r t  i n  

g a s  exchange .  (Mil ler ,  1947;  Ganong, 1 9 7 7 ) .  

P a r t i a l  P r e s s u r e  D i f f e r e n c e s  Between A l v e o l a r  Gas and  Pulmonary  -- 

C a p i l l a r y  Blood 

Gas d i f f u s e s  f rom a r e a s  o f  h i g h  p r e s s u r e  t o  a r e a s  o f  l o w  

p r e s s u r e  a c c o r d i n g  t o  F i c k ' s  Law o f   iffu us ion, "The r a t e  o f  g a s  

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

a r e a ,  t h e  d i f f e r e n c e  i n  g a s  p a r t i a l  p r e s s u r e  be tween  t h e  two 

s iaes ,  i t s  s o l u b i l i t y  i n  t h e  l i q u i d  and i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  t i s sue  t h i c k n e s s " ,  ( W e s t ,  1 .978) .  The a r e a  o f  t h e  



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

i s  e x t r e m e l y  l a r g e ,  (50-100 s q u a r e  meteres),  w i t h  a  t h i c k n e s s  o f  

less t h a n  0 .5  um, making  t h e  membrane i d e a l  f o r  d i f f u s i o n  o f  

g a s e s  s u c h  as  0 2  and  C02, ( B o u h n y s ,  1 9 7 7 ;  West, 1 9 7 8 ) .  

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

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

p a r t i a l  p r e s s u r e  o f  0 2  i n  t h e  a l v e o l i ,  ( P A @ 2 ) ,  - i s  h i g h e r  and  t h e  

p a r t i a l  p r e s s u r e  o f  C02, (PAC02) ,  - i s  l o w e r  t h a n  t h e  - 

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

t h e  a l v e o l i ,  (West, 1 9 7 8 ) .  T h i s  i s  a c c o m p l i s h e d  d u r i n g  

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

a i r ,  w h i c h  c o n t a i n s  n e g l i g a b l e  C02 a n d  h a s  a  h i g h e r  - PO2 , (Rahn 

a n d  F a r h i ,  1 9 6 4 ) .  

A l v e o l a r  Gas  Exchange  

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

f r o m  t h e  a l v e o l i ,  w h i l e  C02 c o n t i n u a l l y  d i f f u s e s  i n t o  t h e  

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

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

a l v e o l a r  " a i r " ,  r e p l e n i s h i n g  0 2  a n d  d i l u t i n g  C02. P a r t  o f  t h e  

a l v e o l e r  a i r  i s  e x p i r e d  d u r i n g  s u c c e s s i v e  e x p i r a t i o n s . .  The 0 2  

c o n t e n t  o f  t h e  a l v e o l a r  e i r  w i l l  t h e n  d e c r e a s e  and  i t s  C02 

c o n t e n t  w i l l  i n c r e a s e  u n t i l  t h e  n e x t  i n s p i r e t i o n ,  ( F o r s t e r ,  

1964  ) . 



Lung Volumes 

The amount o f  a i r  t h a t  moves i n t o  t h e  l u n g s  w i t h  e a c h  

i n s p i r a t i o n  is  c a l l e d  t h e  t i d a l  vo lume,  (VT) .  The g a s  r e m a i n i n g  

i n  t h e  l u n g s  f o l l o w i n g  a no rma l  e x p i r a t i o n  is  t h e  f u n c t i o n a l  

r e s i d u a l  c a p a c i t y ,  (FRC). The e x h a l e d  volume o f  a i r  f o l l o w i n g  

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

( V c ) .  The a i r  r e m a i n i n g  i n  t h e  l u n g s  a f t e r  a maximal  e x p i r a t i o n  

i s  t h e  r e s i d u a l  vo lume,  ( R V ) .  

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

a i r w a y s  and  d o  n o t  c o n t r i b u t e  t o  g a s  e x c h a n g e ,  f o r m i n g  t h e  

a n a t o m i c a l  d e a d  s p a c e  (VD). The p o r t i o n  o f  i n s p i r e d  ? i r  

o c c u p y i n g  t h e  a n a t o ~ i c a l  d e a d  s p a c e  is  n o t  a v a i l a b l e  t o  t h e  

s l v e o l i  f o r  g a s  e x c h a n g e .  ( W e s t ,  1 9 7 8 ) .  The volume o f  a i r  

a v a i l a b l e  f o r  g a s  e x c h a n g e  is c a l l e d  t h e  a l v e o l a r  vo lume,  ( + A ) .  

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

d i o x i d e  i s  c a l l e d  t h e  p h y s i o l o g i c a l  d e a d  s p a c e .  Under  no rma l  

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

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

p h y s i o l o g i c a l  d e a d  s p a c e .  

However,  i n  p a t i e n t s  w i t h  1 ung d i s e a s e ,  t h e  p h y s i o l o g i c a l  

d e a d  s p a c e  is  i n c r e a s e d  when u n d e r p e r f u s e d  a l v e o l i  a r e  

v e n t i l a t e d  or  when n o r m a l l y  p e r f u s e d  a l v e o l i  a r e  o v e r v e n t i l a t e d ,  

(West, 1970  ) . 
The  t i d a l  vo lume i s  t h e  s u n  of t h e  p h y s i o l o g i c a l  d e a d  s p a c e  

and t h e  " i d e a l "  v e n t i l a t e d  a l v e o l a r  vo lume,  



The - PO2 o f  a l v e o l a r  a i r ,  (PAC2) - is a p p r o x i m a t e l y  100  mmHg 

and  t h e  - PO2 o f  t h e  venous  b l o o d  i n  t h e  pu lmona ry  a r t e r y ,  ( P v 0 2 )  

is  a p p r o x i m a t e l y  40 mmHg . Oxygen d i f f u s e s  across t h i s  p r e s s u r e  

g r a d i e n t  i n t o  t h e  b l o o d .  D i f f u s i o n  o f  0 2  i s  r a p i d  even  t hough  

t h e  b l o o d  r e m a i n s  i n  t h e  pu lmona ry  c a p i l l a r i e s  f o r  a  r e l a t i v e l y  

s h o r t  p e r i o d  o f  t i m e ,  (0.5-1.0 s e c . ) ,  ( F o r s t e r  and C r a n d a l l ,  

1 9 7 5 ) .  T h i s  p e r i o d  o f  t i m e  is a d e q u s t e  t o  r a i s e  t h e  a r t e r i a l  

P02,  ( 2 0 2 )  t o  97 mmHg, ( C h e r n i a c k ,  1972;  V e s t ,  1 9 7 8 ) .  - 
The - PC02 o f  t h e  venous  b l o o d ,  (PvC02)  - i s  a p p r o x i m a t e l y  45 

mmHg. w h e r e a s  t h e  - PC02 o f  t h e  a l v e o l a r  a i r ,  ( E C 0 2 )  is  

s p p r o x i m a t e l y  40 mmHg. Carbon  d i o x i d e  d i f f u s e s  f r om t h e  venous  

b l o o d  i n t o  t h e  a l v e o l i  a l o n g  t h i s  p r e s s u r e  g r a d i e n t .  T h e  - PC02 o f  

t h e  b l o o d  l e a v i n g  t h e  pu lmona ry  c a p i l l a r i e s  is  a p p r o x i m a t e l y  40 

mmKg. S i n c e  C02 d i f f u s e s  r e a d i l y  t h r o u g h  t h e  a l v e o l a r - c a p i l l a r y  

membrane, s e ldom d o e s  l u n g  p e r f u s i o n  h i n d e r  C02 e x c h a n g e  i n  t h e  

a l v e o l i ,  ( F o r s t e r ,  1964;  West, 1 9 7 6 ) .  

D i s t r i b u t i o n  - o f  A l v e o l a r  V e n t i l a t i o n  

R a d i o a c t i v e  t r a c i n g  t e c h n i q u e s  h a v e  d e m o n s t r a t e d  t h a t  a 

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

o f  t h e  l u n g s  t h a n  t o  t h e  top o f  t h e  l u n g s  d u r i n g  no rma l  

b r e a t h i n g  i n  t h e  u p r i g h t  p o s t u r e ,  (Bouhnys ,  1959 ;  West, 1 9 7 % ) .  

The d i f f e r e n c e  i n  t h e  d i s t r i b u t i o n  o f  a i r  is  c s u s e d  by 



d i f f e r e n c e s  i n  t h e  f o r c e  o f  g r a v i t  .y a n d  p l e u r a l  press1 Jres w i t h i n  

t h e  l u n g ,  (West, 1 9 7 8 ) .  A i r  spaces a t  t h e  a p e x  of t h e  l u n g  t e n d  

t o  f i l l  somewhat  l ess  o n  i n s p i r a t i o n  t h a n  a t  t h e  b a s e  r e s u l t i n g  

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

D i s t r i b u t i o n  - o f  P u l m o n a r y  Blood  Flow 

I n  t h e  u p r i g h t  human l u n g ,  b l o o d  f l o w  d e c r e a s e s  f rom t h e  

b o t t o m  t o  t h e  top o f  t h e  l u n g ,  (Rahn and  F a r h i ,  1 9 6 4 ; .  West, - e t  

a l . ,  1 9 6 4 ;  Hughes ,  e t  a l . ,  1 9 6 8 ) .  T h i s  d i s t r i b u t i o n  i s  a f f e c t e d  - -- 

b y  c h a n g e s  i n  p o s t u r e  and  w i t h  e x e r c i s e .  M i l d  e x e r c i s e  w i l l  

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

d i f f e r e n c e s  t h r o u g h o u t  t h e  l u n g s ,  (West, 1 9 7 8 ) .  The u n e v e n  

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

d i f f e r e n c e s  w i t h i n  t h e  b l o o d  v e s s e l s  o f  t h e  l u n g s ,  (Rahn and  

F a r h i ,  1964  ) . 

D i s t r i b u t i o n  - o f  V e n t i l a t i o n  and  P e r f u s i o n  

The n o n - u n i f o r m  d i s t r i b u t i o n  o f  i n s p i r e d  s i r  and  p u l m o n a r y  

b l o o d  f l o w  w i t h i n  t h e  l u n g s  r e s u l t s  i n  a n  u n e q u a l  a l v e o l a r  g a s  

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

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

( $ A )  a n d  t h e  amount  o f  b l o o d ,  (6) c i r c u l a t i n g  t h r o u g h  t h e  

p u l m o n a r y  c a p i l l a r i e s ,  (West, 1 9 6 2 ;  F a r h i ,  1 9 6 7 ) .  I f  a l v e o l a r  

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

a t .  e q u a l  r a t e s ,  t h e  r e t i o  o f  v e n t i l a t i o n  t o  p e r f u s i o n ,  ( C A / ~ ) ,  



w i l l  

t o p  a n d  

r y  t h r o u g h o u t  d i f f e r e n t  r e g i o n s  i n  t h e  l u n g s ,  ( 0 . 6  a t  t h e  

3.0 a t  t h e  b o t t o m :  W e s t ,  1 9 7 8 ) .  

Normal-ly ( G A / ~ )  is  b e t w e e n  0 . 8  a n d  1 . 0  i n  l a r g e r  r e g i o n s  o f  

t h e  l u n g s .  I n c r e a s e d  p e r f u s i o n  l e a d s  t o  lower ( C A / ~ )  r a t i o s  a n d  

i n c r e a s e s  - PAC02 w h i l e  i n c r e a s e d  v e n t i l a t i o n  l e a d s  t o  h i g h e r  
0 

(VA/Q) r a t i o s  a n d  d e c r e a s e s  - PAC02, (Rabn and  F a r h i ,  1 9 6 4 ;  F a r h i ,  

1 9 6 7 ;  West, 1 9 7 0 ) .  

The u p t a k e  o f  0 2  a n d  t h e  p r o d u c t i o n  o f  C02 a r e  d e t e r m i n e d  

by t h e  w e t a b o l i c  n e e d s  o f  t h e  b o d y ,  ( C h e r n i a c k ,  1 9 7 2 ) .  

V e n t i l a t i o n  and  b l o o d  f l o w  i n  t h e  l u n g s  a d a p t s  t o  m a i n t a i n  

a d e q u a t e  t r a n s f e r  o f  0 2  a n d  C02 b e t w e e n  t h e  t i s s u e s  a n d  t h e  

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

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

( G A / ~ )  r a t i o ,  (West, 1 9 7 8 ) .  R e g i o n a l  d i f f e r e n c e s  i n  t h e  ( i 7 ~ / 6 )  
r a t i o  r e s u l t s  i n  d i f f e r e n c e s  b e t w e e n  a l v e o l a r  and  a r t e r i a l  g a s  

p a r t i a l  p r e s s u r e s ,  ( R o u g h t o n  and  F o r s t e r ,  1-957; C h e r n i a c k ,  1972 ;  

West, 1 9 7 8 ) .  

Gas  T r a n s p o r t  Between t h e  Lungs  and  T i s s u e s  - 
Oxygen and  c a r b o n  d i o x i d e  t r a n s p o r t  t o  and f r o m  t h e  

t i s s u e s  would b e  g r o s s l y  i n a d e q u a t e  i f  d i s s o l v e d  0 2  &id n o t  

combine  w i t h  h e m o g l o b i n  i n  t h e  b l o o d  and  CC2 d i d  n o t  e n t e r  i n t o  

a  series o f  r e v e r s i b l e  c h e m i c a l  r e a c t i o n s ,  ( C h e r n i a c k ,  1 9 7 2 ) .  

The p r e s e n c e  o f  h e m o g l o b i n  i n c r e a s e s  t h e  0 2 - c a r r y i n g  c a p a c i t y  o f  

t h e  b l o o d  70 times a n d  t h e  c h e m i c a l  r e a c t i o n s  w h i c h  combine  C02 



i n c r e a s e s  t h e  C02 c o n t e n t  o f  t h e  b l o o d  20 times. 

Oxygen T r a n s p o r t  

Oxygen i n  t h e  pu lmona ry  c a p i l l a r i e s  i s  t r a n s p o r t e d  a s  

d i s s o l v e d  0 2  i n  p h y s i c a l  s o l u t i o n  i n  t h e  pl-asma o r  i n  

c o m b i n a t i o n  w i t h  hemog lob in  i n  t h e  r e d  b l o o d  c e l l s ,  (Rough ton ,  

1964;  C h e r n i a c k ,  1972;  W e s t ,  1 9 7 8 ) .  The amount o f  0 2  d i s s o l v e d  

i n  t h e  p l a sma  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p a r t i a l - p r e s s u r e ,  

( 0 . 03  rnl/mmHg/L o f  p l a s m a ) .  The amount  o f  0 2  i n  p h y s i c a l  

s o l u t i o n  i n  t h e  p lasma i s  a b o u t  3.0 ml/L o f  p l a s m a ,  (Rough ton ,  

1964 ) . 
Most o f  t h e  0 2  is  c s r r i e d  by t h e  r e d  b l o o d  c e l l s  i n  

c o m b i n a t i o n  w i t h  hemog lob in  a s  oxyhemog lob in .  One gram o f  

hemog lob in  is c a p a b l e  o f  comb in ing  c h e m i c a l l y  w i t h  3.34 m l  o f  

0 2 ,  (West, 1 9 7 3 ) .  Wi th  a  hemog lob in  c o n t e n t  o f  a p p r o x i m a t e l y  15 

g/1-00ml o f  b l o o d ,  t h e  b l o o d  i s  c a p a b l e  o f  t r a n s p o r t i n g  20.10 m l  

of 02/100ml o f  b l o o d .  The s a t u r a t i o n  o f  hemog lob in  d e p e n d s  o n  

t h e  p a r t i a l  p r e s s u r e  o f  0 2  i n  t h e  p l a s m a ,  w h e r e  0 2  i s  bound a t  

h i g h  p a r t i a l  p r e s s u r e s  i n  t h e  l u n g s  and  r e l e a s e d  s t  10; p a r t i a l  

p r e s s u r e s  i n  t h e  t i s s u e s ,  ( C h e r n i a c k ,  1 9 7 2 ) .  The amount o f  0 2  

r e l e a s e d  t o  t h e  t i s s u e s  i s  a l s o  d e p e n d e n t  o n  t h e  - PC02, pH and  

t e m p e r a t u r e  o f  t h e  b l o o d ,  (Wes t ,  1978  ) . 
Oxyhemoglobin  r e l e a s e s  more 0 2  when t h e  - PaC02 i n c r e a s e s ,  

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

v a r i a b l e s  a c t  a s  i m p o r t a n t  s a f e g u a r d s  f o r  m a i n t e n a n c e  o f  0 2  



e x c h a n g e  b e t w e e n  t h e  t i s s u e s  a n d  t h e  l u n g s .  

I n  v i v o ,  t h e  h e m o g l o b i n  i n  t h e  b l o o d  a t  t h e  e n d  o f  t h e  

p u l m o n a r y  c a p i l l a r i e s  i s  a b o u t  97 .5% s a t u r a t e d  w i t h  0 2 ,  (P02=97 - 
mmHg), w h e r e a s  t h e  h e m o g l o b i n  i n  t h e  s y s t e m i c  a r t e r i a l  b l o o d  is  

o n l y  97.0% s a t u r s t e d  w i t h  0 2  d u e  t o  a  s l i g h t  a d m i x t u r e  w i t h  

s h u n t e d  v e n o u s  b l o o d ,  ( C h e r n i a c k ,  1 9 7 2  ) . A r t e r i a l  b l o o d  c o n t a i n s  

1 9 . 8  m l  o f  02 /100  r n l  o f  b l o o d ,  ( 0 . 2 9  m l  i n  s o l u t i o n  and  1 9 . 5  m l  

bound t o  h e m o g l o b i n ) ,  (West, 1 9 7 8 ) .  I n  v e n o u s  b l o o d  t h e  

h e m o g l o b i n  i s  75% s a t u r a t e d  and  t h e  t o t a l  0 2  c o n t e n t  i s  a b o u t  

1 5 . 2  m l  o f  02/100 m l  of b l o o d ,  (West, 1 9 7 8 ) .  T h e r e f o r e ,  t h e  

t i s s u e s  remove a b o u t  4 .6  m l  o f  0 2  f r o m  e a c h  1 0 0  m l  o f  b l o o d ,  

( 0 . 1 7  ml i n  s o l u t i o n  and  t h e  r e m a i n d e r  f rom o x y h e m o g l o b i n )  , 

(West, 1 9 7 8 ) .  

Bohr  E f f e c t  

The re lease  o f  0 2  f r o m  t h e  b l o o d  t o  t h e  t i s s u e s  i s  

e n h a n c e d  by a  d e c r e a s e  i n  pHI i n c r e a s e  i n  t e m p e r a t u r e  o r  am 

i n c r e a s e  i n  - PaC02. F c h a n g e  i n  a n y  o n e  o f  t h e s e  f a c t o r s  w i l l  

d e c r e a s e  t h e  a f f i n i t y  o f  h e m o g l o b i n  f o r  0 2  a n d  p r o m o t e  t h e  

r e l e a s e  o f  0 2  t o  t h e  t i s s u e s  a n d  s u b s e q u e n t  b i n d i n g  o f  H+ i o n s .  

The b i n d i n g  o f  H+ i o n s  w i l l  i n c r e a s e  t h e  c a p a c i t y  f o r . h e m o g l o b i n  

t o  t r a n s p o r t  C02. 



Haldane  E f f e c t  

The d i s s o c i a t i o n  o f  c a r b o n i c  a c i d ,  (H2C031, l i b e r a t e s  

HC03- and H+ i o n s ,  Hydrogen i o n s  a r e  bound to  hemoglobin a s  

f o l l o w s ,  

HbC2 + H+ '-, HHb + 02  

S i n c e  r educed  hemoglobin is less  d i s s o c i a t e d  t h a n  oxyhemoglobin ,  

t h e  p r e s e n c e  o f  r educed  hemoglobin i n  t h e  b lood  w i l l  enhance  t h e  

b i n d i n g  o f  C02, w h i l e  t h e  o x y g e n a t i o n  o f  hemoglobin i n  t h e  

pulmonary c a p i l l a r i e s  e n h a n c e s  t h e  u n l o s d i n g  C02. Deoxygenat ion  

o f  t h e  b lood  i n c r e a s e s  i t s  c a p a c i t y  t o  t r a n s p o r t  C02. 

The i n t e r a c t i o n s  o f  02  and C02 b i n d i n g  t o  hemoglobin a r e  

known a s  t h e  Bohr and Haldane  E f f e c t s .  

B u f f e r i n g  Sys tems  and Acid-Base B a l a n c e  

T r a n s p o r t  o f  C02 i n  t h e  b lood  i n v o l v e s  ma jo r  pH b u f f e r i n g  

s y s t e m s  and is c l o s e l y  l i n k e d  w i t h  t h e  p r o c e s s e s  t b a t  m a i n t a i n  

t h e  b o d y ' s  a c i d - b a s e  b a l a n c e .  T h e r e f o r e ,  a  b r i e f  d i s c u s s i o n  o f  

a c i d - b a s e  b a l a n c e  is n e s s e c a r y  b e f o r e  t h e  mechanisms o f  C02 

t r a n s p o r t  can  b e  f u l l y  u n d e r s t o o d .  

The terms a c i d  and b a s e  a r e  u s u a l l y  a p p l i e d  t o  p r o t o n  (o r  

hydrogen i o n )  d o n o r s  o r  a c c e p t o r s ,  The a c i d i t y  o r  a l k a l i n i t y  o f  

a  s o l u t i o n  is  e x p r e s s e d  by t h e  term pH, which i s  t h e  n e g a t i v e  

l o g a r i t h m  t o  t h e  b a s e  1 0  o f  t h e  hydrogen  i o n  c o n c e n t r a t i o n ,  ( a  



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

c h a n g e  i n  t h e  opposite d i r e c t i o n  of t h e  h y d r o g e n  i o n  

c o n c e n t r a t i o n ) .  

B u f f e r s  

The c a p a c i t  y  o f  a n  a c i d - b  

p H  is c a l l e d  i t s  b u f f e r  a c t i o n ,  

a s e  m i x t u r e  t o  resist c h a n g e s  i n  

a n d  a  m i x t u r e  t h a t  c s n  d o  t h i s  

is  c a l l e d  a  b u f f e r .  The r e a c t i o n  of a  s o l u t i o n  t h a t  c o n t a i n s  

b o t h  a n  a c i d  and  b a s e  c a n  b e  e x p r e s s e d  by t h e  e q u a t i o n ,  

p H  = pK + l o g  ( b u f f e r  a n i o n / u n d i s s o c i a t e d  b u f f e r )  

Where pK is a  c o n s t a n t  t h a t  v a r i e s  d e p e n d i n g  o n  t h e  t y p e  o f  a c i d  

o r  b a s e  i n v o l v e d .  

H e n d e r s o n - H a s s e l b a l c h  E q u a t i o n  

The r e l a t i o n s h i p  b e t w e e n  c a r b o n  d i o x i d e ,  ( c a r b o n i c  a c i d ) ,  

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

t h e  H e n d e r s o n - H a s s e l b a l c h  e q u a t i o n ,  i s  q u a n t i t a t i v e l y  t h e  most 

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

H e n d e r s o n - H a s s e l b a l c h  e q u a t i o n  i s  u s e d  t o  e s t a b l i s h  t h e  

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

p H  = pK + l o g  (HC03-/B2C03) 

w h e r e  t h e  pK f o r  b l o o d  a t  body  t e m p e r a t u r e  is  6 .10 .  

1 3 3  



S i n c e  t h e  c o n c e n t r a t i o n  o f  H2C03 is a thousand  times less 

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

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

e q u a t i o n  may b e  r e w r i t t e n ,  

pH = 6.10 + l o g  (HC03-/0.0301*PC02) - 

The b a l a n c e  be tween  b i c a r b o n a t e  and d i s s o l v e d  c a r b o n - d i o x i d e  ( o r  

C02 t e n s i o n )  is m a i n t a i n e d  a t  a b o u t  2 0 : l .  The b i c a r b o n a t e  l e v e l  

is  n o r m a l l y  24 mEq/L and  t h e  d i s s o l v e d  c z r b o n  d i o x i d e  is a b o u t  

1 . 2  mEq/L and t h e  pH is a b o u t  7 .4 ,  ( r a n g e  7.35 t o  7 . 4 5 ) .  

B i c a r b o n a t e - C a r b o n i c  Acid  R e a c t i o n s  

Some of t h e  d i s s o l v e d  c a r b o n  d i o x i d e  i n  t h e  p lasma r e a c t s  

w i t h  water to  p r o d u c e  c a r b o n i c  a c i d  ( a  p r o c e s s  c a l l e d  h y d r a t i o n )  

w h i c h ,  i n  t u r n ,  d i s s o c i a t e s  i n t o  b i c a r b o n a t e  and hyd rogen  i o n s .  

H y d r a t i o n  o f  c a r b o n  d i o x i d e  i n  t h e  p lasma is a v e r y  s l o w  

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

d i o x i d e  is a b o u t  o n e  t h o u s a n d  t i m e s  g r e a t e r  t h a n  t h e  

c o n c e n t r a t i o n  o f  c a r b o n i c  ac i f l .  C o n s e q u e n t l y  o n l y  a s m a l l  amount 

o f  b i c a r b o n a t e  is  formed i n  t h e  p l a sma .  The h y d r a t i o n  o f  c a r b o n  

d i o x i d e  to  c a r b o n i c  a c i d  is r a p i d  w i t h i n  t h e  r e d  b lood  c e l l s  



b e c s u s e  t h e y  c o n t a i n  t h e  enzyme c a r b o n i c  a n h y d r a s e ,  s o  t h a t  

c o n s i d e r a b l e  b i c a r b o n a t e  is formed i n  t h e  r e d  b lood  c e l l s .  When 

c a r b o n i c  a c i d  d i s s o c i a t e s  i n t o  b i c a r b o n a t e  and hydrogen  i o n s ,  
I 

t h e  pH o f  t h e  b lood  is n o t  a l t e r e d  s i g n i f i c a n t l y .  The hydrogen  

i o n s  a r e  b u f f e r e d  by hemoglobin and b i c a r b o n a t e  moves i n t o  t h e  

p lasma b e c a u s e  t h e  c o n c e n t r a t i o n  i n  t h e  r e d  b lood  c e l l  is  much 

h i g h e r  t h a n  i n  t h e  p lasma.  

The power o f  t h i s  r e a c t i o n  is d e p e n d e n t  on t h e  a b i l i t y  o f  

t h e  l u n g s  t o  v e n t i l a t e  C02, l e a d i n g  t o  a  r s p i d  r e a d j u s t m e n t  o f  

(H+) w i t h  a  d e c r e a s e  i n  (HC03-). The r e s p i r a t o r y  s y s t e m  p l a y s  a n  

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

body. 

P r o t e i n s  a s  B u f f e r s  

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

b a s e .  The amino g r o u p ,  (NH2-), can  a c c e p t  p r o t o n s  t o  form ( N H 3 )  

and t b e  c a r b o x y l  g r o u p s  ( C G O H )  , can  d o n a t e  p r o t o n s  t o  form 

(COO-) .  Amino a c i d  b u f f e r s  i n  t h e  body e x e r t  a  p o w e r f u l  a c t i o n  

to  l i m i t  t h e  d e c r e a s e  i n  b lood  pH w i t h  t h e  a d d i t i o n  o f  H+ i o n s .  

A t  t h e  pH o f  t h e  body,  ( 7 . 4 ) ,  amino a c i d s  b u f f e r  p r o t o n s .  

Hemoglobin a s  a  B u f f e r  

Hemoglobin c o n t a i n s  many amino a c i d s  and t h e r e f o r e  a c t s  a s  

an  i m p o r t a n t  b u f f e r  i n  t h e  body. A change  i n  oxyhemoglobin to  

t h e  r educed  s t a t e  w i l l  l e a d  t o  F l a r g e  a s s i r n i l s t i o n  o f  f r e e  H+ 

i o n s .  T h i s  i s  i m p o r t a n t  when t h e  b lood  r e l e a s e s  02  i n t o  t h e  



t i s s u e s ,  b i n d i n g  H+ i o n s  produced  d u r i n g  me tabo l i sm o r  s e c o n d a r y  

t o  t h e  p r o d u c t i o n  o f  C02. 

The b u f f e r  s y s t e m s  o f  t h e  body remain i n  dynamic 

e q u i l i b r i u m .  

Carbon Diox ide  T r a n s p o r t  

I n  t h e  b l o o d ,  C02 i s  p h y s i c a l l y  c l i s so lved  a s  w e l l  a s  

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

(Comroe, 1 9 7 4 ) .  These complex p h y s i o c h e m i c a l  e v e n t s  enhance  t h e  

t r a n s p o r t  o f  l a r g e  amounts o f  C02 when t h e  p a r t i a l  p r e s s u r e  

d i f f e r e n c e s  between venous  and a r t e r i a l  b lood  - PC02 l e v e l s  a r e  

s m a l l .  The m a j o r i t y  o f  CC2 produced  by t h e  t i s sues  p a s s e s  i n t o  

t h e  r e d  b lood  c e l l s  and is e i t h e r  c a r r i e d  a s  HC03- i o n s  o r  bound 

t o  hemoglobin a s  a  carbamino  compound. Some o f  t h e  C02 is a l s o  

c a r r i e d  i n  t h e  plasma a s  HC03- i o n s  o r  a s  d i s s o l v e d  CC2. 

A t  normal  body t e m p e r a t u r e ,  (37 .0  C ) ,  0.03 mM/L o f  C02 is 

d i s s o l v e d  i n  t h e  plasma/mmHg - PC02, (Rahn and F a r h i ,  1964;  

Ganong, 1 9 7 7 ) .  T h e r e f o r e ,  a r t e r i a l  - PC02, (PaC02=40 - mmHg), 

c o n t a i n s  1 .2  mM/L o f  C02 d i s s o l v e d  i n  t h e  plasma and 1 .38  mM/L 

o f  C02 d i s s o l v e d  i n  t h e  venous b l o o d ,  (PvC02=46 - mmHg) . 
Hydrogen and b i c a r b o n a t e  i o n s  d i f f u s e  from t h e  r e d  b lood  

c e l l  i n t o  t h e  p lasma.  The H+ i o n s  a r e  b u f f e r e d  by t h e  hemoglobin 

m o l e c u l e ,  where  t h e  c a p a c i t y  o f  t h e  b u f f e r  t o  remove H+ i o n s  

d e t e r m i n e s  how much C02 can b e  bound a s  HC03- i n  t h e  p lasma.  A 

d e c r e a s e  i n  t h e  02  s a t u r a t i o n  o f  hemoglobin a s  b lood  p a s s e s  



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

hemoglob in  a s  more H+ i o n s  a r e  bound t o  d e o x y g e n a t e d  h e n o g l o b i n  

t h e n  oxyhemoglob in  . 

Hb02 /-) Hb02- + H+ w h e r e ,  

Hb02 '-, Hb- + 0 2  a l l o w i n g ,  

Hb- + H+ J- HHb t o  form.  

HHb is a  weak a c i d  which b u f f e r s  H+ i o n s  formed d u r i n g  t h e  

d i s s o c i a t i o n  o f  H2C03. 

S i n c e  t h e  r e d  b lood  c e l l  membrane i s  r e l a t i v e l y  impermeable  

to  c a t i o n s ,  t h e  d i f f u s i o n  o f  HC03- o u t  o f  t h e  r e d  b lood  c e l l  

c r e a t e s  a n  i o n i c  i m b a l a n c e  i n  t h e  r e d  b lood  c e l l .  I o n i c  

n e u t r a l i t y  is m a i n t a i n e d  w i t h i n  t h e  r e d  b lood  c e l l  by a n  

e q u i v a l e n t  i n f l u x  o f  C1- i o n s  i n t o  t h e  r e d  b lood  c e l l ,  known a s  

t h e  " C h l o r i d e  S h i f t " ,  (Ganong, 1 9 7 7 ) .  The c h l o r i d e  s h i f t  p e r m i t s  

r a p i d  exchange  o f  C02 i n  t h e  r e d  b lood  c e l l ,  which  e n a b l e s  l a r g e  

amounts  o f  HC03-, formed i n  t h e  r e d  b lood  c e l l ,  t o  b e  c a r r i e d  by 

t h e  p l a sma .  

A r t e r i a l  b lood  c o n t a i n s  47.3  m l  o f  C 0 2  / I 0 0  m l  o f  b l o o d ,  

( 2 . 2  m l  d i s s o l v e d ,  2.2 m l  2s c a r b a m i n o  compound, and 42.9 m l  a s  

~ ~ 0 3 - 1 .  I n  t h e  t i s s u e s ,  3 .7  m l  o f  C02 / l o 0  m l  o f  b lood  i s  a d d e d ,  

( 0 . 4  m l  i n  s o l u t i o n ,  8.8 ml a s  c a r b a m i n o  compounds and  2 . 5  m l  a s  



H C 0 3 - ) .  The p H  o f  t h e  venous  b l o o d  d e c r e a s e s  from a p p r o x i m a t e l y  

7 .40  t o  7.36 p r o m o t i n g  t h e  r e l e a s e  o f  0 2  f r om hemog lob in ,  (Bohr 

E f f e c t ) ,  and e n h a n c i n g  t h e  t r a n s p o r t  o f  C 0 2  i n  t h e  b l o o d ,  

( H a l c ' ? r ~ ?  Z f f e c t ) .  I n  t h e  l u n g s ,  p r o c e s s  is  r e v e r s e d  and 3.7 

m l  c f  C 0 2  /100 m l  o f  b lood  d i f f u s e s  i n t o  t h e  a l v e o l i ,  ( 200  m l  o f  

C 0 2  bin. d u r i n g  rest), ( E o u k n y s ,  1977;  West, 1 9 7 8 ) .  




