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ABSTRACT 

S i x  f emale  u n i v e r s i t y  s t u d e n t s  p a r t i c i p a t e d  i n  a  

program of p h y s i c a l  t r a i n i n g  c o n s i s t i n g  of  3  s e s s i o n s  p e r  

week f o r  12 weeks.  Bi-weekly d e t e r m i n a t i o n s  were made of 

c i r c u l a t o r y  p a r a m e t e r s  and r e s p i r a t o r y  gas  exchange  

p a r a m e t e i - s  di.iiaf i ig  s ~ b m a x f  ma? and max9maf e x e r c i s e  ccnd f  t i ~ n s .  

Pulmonary f u n c t i o n  was measured a t  r e s t .  

Maximal oxygen u p t a k e  i n c r e a s e d  12 .8% ( 2 . 4 4  t o  

2 .73  l / m i n )  due main ly  t o  a  s i g n i f i c a n t l y  i n c r e a s e d  ( p c . 0 5 )  

c a r d i a c  o u t p u t  d u r i n g  maximal e x e r c i s e .  A r t e r i o - v e n o u s  

oxygen d i f f e r e n c e  i n c r e a s e d  on ly  m a r g i n a l l y  a s  a  r e s u l t  of 

t r a i n i n g ,  t h e  change n o t  be ing  s i g n i f i c a n t .  P o s t - e x e r c i s e  

b lood l a c t a t e  a c c u m u 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  d u r i n g  

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

s i g n i f i c a n t l y  d u r i n g  t r a i n i n g ,  A s i g n i f i c a n t  d e c l i n e  i n  

t h e  maximal h e a r t  r a t e  d u r i n g  e x h a u s t i v e  e x e r c i s e  o c c u r r e d .  

No c o n s i s t e n t  c h a r g e s  o c c u r r e d  i n  t h e  oxygen c a r r y i n g  

c a p a c i t y  of  t h e  b lood .  For s t a n d a r d  submaximal e x e r c i s e ,  

bo th  h e a r t  r a t e  and carbon d i o x i d e  p r o d u c t i o n  s i g n i f i c a n t l y  

d e c l  i  ned. The accompanyi ng i  n c r e a s e  i n  s t r o k e  volume was 

n o t  s i g n i f i c a n t .  C a r d i a c  o u t p u t  f o r  s t a n d a r d  submaximal 

e x e r c i s e  d e c l i n e d  i n  t h e  l a t t e r  s t a g e s  of t r a i n i n g  accorn- 

pan ied  by an i n c r e a s e  i n  a r t e r i o - v e n o u s  oxygen d i f f e r e n c e .  

i i i  



However, t h e s e  changes  were n o t  s i g n i f i c a n t .  A sma l l  b u t  

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

change noted  i n  pulmonary f u n c t i o n  a t  r e s t .  

P h y s i o l o g i c a l  a d a p t a t i o n s  t o  t r a i n i n g  a r e  a n a l y z e d  

by a  comparison of  t h e  t ime  c o u r s e  of  changes d u r i n g  

t r a i n i n g  of t h e  p a r a m e t e r s  measured.  Recommendations a r e  

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

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



T o  my wide Judy, o n  hen 
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CHAPTER 1 

INTRODUCTION 

M u s c u l a r  e x e r c i s e  may be s u s t a i n e d  f o r  p r o l o n g e d  

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

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

Oxygen u p t a k e  i s  h i g h l y  r e l a t e d  t o  t h e  d e g r e e  o f  wo rk  b e i n g  

per fo rmed.  T h e r e f o r e  man's  a b i l i t y  t o  do  wo rk  f r o m  t h e  e n e r g y  

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

c a p a c i t y  o f  t h e  oxygen  t r a n s p o r t  sys tem,  o r  max ima l  oxygen  . 
u p t a k e  (V02 max) .  W i t h  any a t t e m p t  t o  p e r f o r m  wo rk  beyond 

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

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

c u r t a i l m e n t  o f  t h e  work .  B e s i d e s  b e i n g  a  measure o f  t h e  . 
c a p a c i t y  f o r  e n e r g y  o u t p u t  f r o m  a e r o b i c  m e t a b o l i s m ,  V O p  max 

s e r v e s  as an i n t e g r a t i v e  measure o f  t h e  f u n c t i o n a l  c a p a c i t y  

, o f  t h e  c a r d i o r e s p i r a t o r y  s y s t e m  ( A s t r a n d ,  1968 ) .  

P h y s i o l o g i  c a l  mechanisms a d a p t  n o t  o n l y  t o  a c u t e  

s t r e s s e s  b u t  c h r o n i c  ones a l s o .  S i n c e  Rob inson  and Harmon 

(1941 )  d e m o n s t r a t e d  i n c r e a s e s  i n  a e r o b i c  power  due t o  c h r o n i c  

p h y s i c a l  e x e r c i s e ,  numerous i n v e s t i g a t i o n s  were  u n d e r t a k e n  

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

t r a n s p o r t  sys tem.  ~ h e s e  s t u d i e s ,  summar ized b y  Ekb lom ( 1 9 6 9 ) ,  . 
i n d i c a t e  t h a t  g a i n s  i n  Y O 2  max o f  a p p r o x i m a t e l y  15 t o  20% 



of  i n i t i a l  p r e - t r a i n i n g  v a l u e s  may be e x p e c t e d  from programs 

of 2 t o  6 months d u r a t i o n .  I n c r e a s e d  per formance  c a p a c i t y  

of t h e  a t h l e t e  and t h e  enhanced work c a p a c i t y  of  t h e  

s e d e n t a r y  i n d i v i d u a l  have been commonly a t t r i b u t e d  t o  such  

f i n d i n g s .  In a d d i t i o n ,  i t  has  been s u g g e s t e d  t h a t  t h e y  

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

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

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

While such  s p e c u l a t i o n  may be c o r r e c t ,  i t  i s  dangerous  

t o  make such i n t e r p r e t a t i o n s  s t r i c t l y  on t h e  b a s i s  of  oxygen 

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

complex i n t e r p l a y  of  t h e  mechanisms of c i r c u l a t i o n ,  r e s p i r -  

a t i o n  and metabol i sm.  Measurement of oxygen u p t a k e  p r o v i d e s  

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

v a r i o u s  f a c t o r s  ( S h e p h a r d ,  1 9 6 7 ) .  R e c e n t l y ,  s t u d i e s  have 

f o c u s e d  upu i i  t h e  e f f e c t s  o f  t r a i n i n g  on  t h e  hernodynamics  o f  

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

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

C r o s s - s e c t i o n a l  s t u d i e s  ( a t h l e t e s  compared t o  non- 

a t h l e t e s  o r  s e d e n t a r y  p e o p l e )  have p rov ided  i n t e r e s t i n g  and 

v a l u a b l e  compara t ive  d a t a  between t h e  t r a i n e d  and u n t r a i n e d  

s t a t e s .  However, i t  i s  d i f f i c u l t  t o  d i f f e r e n t i a t e  between 

g e n e t i c  and e n v i r o n m e n t a l  i n f l u e n c e s  on t h e  obse rved  

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

s e d e n t a r y  peop le  b e f o r e ,  d u r i n g  and a f t e r  a  p e r i o d  of  

t r a i n i n g )  w h i l e  l e s s  economical  i n  te rms of  t ime  and r e -  



3 

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

d a t a .  

L o n g i t u d i n a l  s t u d i e s  on t h e  a d a p t a t i o n s  o f  t h e  

c i r c u l a t i o n  c o n c o m i t a n t  w i t h  i n c r e a s e d  a e r o b i c  p o w e r  h a v e  . 
shown s i m i l a r  t r e n d s .  I n c r e a s e d  V02 max i s  a c c o m p l i s h e d  b y  . 
a n  i n c r e a s e  i n  m a x i m a l  c a r d i a c  o u t p u t  ( Q  max) ,  t o g e t h e r  w i t h  

an i n c r e a s e d  a r t e r i o - v e n o u s  o x y g e n  d i f f e r e n c e  (A-V O2 . 
d i f f e r e n c e ) .  The i n c r e a s e d  Q max i s  due  e n t i r e l y  t o  an 

i n c r e a s e d  s t r o k e  vo lume ( R o w e l l ,  1962;  E k b l o m  -- e t  a l , ,  1968 ;  

S a l t i n  -- e t  a l . ,  1968;  H a r t l e y  - e t  -* a1  9 1 9 6 9 ) .  S t u d i e s  o n  

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

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

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

s t a n d a r d  s u b m a x i m a l  o x y g e n  u p t a k e  ( T a b a k i n ,  Hanson  and  

L e v y ,  1965 ;  Andrew,  Guzman and  B e c k l a k e ,  1966;  F r i c k  and 

v - + ; i - .  i n t o .  C I  I. i 
Rats l a ,  I = " " ,  ~ 6 3  -- e t  51.  , 1968;  D o u g l a s  and B e c k l a k e ,  1968;  

K l a s s e n ,  Andrew and B e c k l a k e ,  1 9 7 0 ) .  T h e r e  i s  d i s a g r e e m e n t ,  
4 

h o w e v e r ,  as t o  t h e  mechan ism m e d i a t i n g  t h i s  change .  M o r e o v e r ,  

o t h e r  w o r k e r s  h a v e  f o u n d  n o  change  i n  c a r d i a c  o u t p u t  a t  a  
I 

s t a n d a r d  s u b m a x i m a l  o x y g e n  u p t a k e  (F reedman -- e t  a l . ,  1955 ;  

F r i c k ,  K o n t t i n e n  and S a r a j a s ,  1963 ;  S a l t i n  -- e t  a l . ,  1968 ;  

E k b l o m ,  1969 ;  Ekb lom,  1 9 7 0 ) .  

I d e a l l y ,  i n  a n y  e v a l u a t i o n  o f  a d a p t i v e  mechan isms  

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

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

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



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

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

d a t a  and a n a l y s i s  o f  t h e  above  w o r k  may be  d u e  t o  t h e  

d e s i g n  o f  t h e  s t u d i e s .  A l l  o f  t h e  l o n g i t u d i n a l  s t u d i e s  on 

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

t r a i n i n g  t e s t i n g .  Ow ing  t o  t e c h n i c a l  d i f f i c u l t i e s  and  

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

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

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

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

i n  e l u c i d a t i n g  a n y  a d a p t i v e  mechan isms may n o t  b e  r e a d i l y  

a p p a r e n t  f r o m  s i n g l e  t e s t s  o f  p r e  and  p o s t - t r a i n i n g .  

I n  summary, m a l e s  seem t o  r e s p o n d  t o  p h y s i c a l  t r a i n i n g  . 
b y  i n c r e a s e d  a e r o b i c  p o w e r  due t o  an i n c r e a s e d  Q max and  a n  

i n c r e a s e d  A-V O2 d i f f e r e n c e .  A t  a  s t a n d a r d  s u b m a x i m a l  o x y g e n  

u p t a k e ,  i t  w o u l d  a p p e a r  t h a t  Q d e c r e a s e s ,  t h e  mechan ism f o r  

w h i c h  i s  n o t  c l e a r .  M o r e o v e r ,  c o n f l i c t i n g  d a t a  f r o m  w o r k e r s  . 
who h a v e  f o u n d  n o  s u c h  d e c r e a s e  i n  Q c o n t i n u e s  t o  c l o u d  t h e  

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

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

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

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

( A s t r a n d ,  1960;  Hermansen and  A n d e r s e n ,  1965;  E k b l o m  and  

Hermansen,  1 9 6 8 ) ,  i t  i s  assumed t h a t  f e m a l e s  r e s p o n d  i n  

a  s i m i l a r  f a s h i o n  as d o  m a l e s  t o  t r a i n i n g .  T h i s  r e m a i n s  t o  



be s u b s t a n t i a t e d ,  Also  w e l l  known a r e  t h e  d i f f e r e n c e s  between 

t h e  s e x e s  i n  t h e i r  p h y s i o l o g i c a l  r e s p o n s e s  t o  e x e r c i s e  and 

a e r o b i c  c a p a c i t y  ( A s t r a n d ,  1952;  A s t r a n d ,  1964;  Hermansen and 

Andersen ,  1965;  McNab, Conger and T a y l o r ,  1 9 6 9 ) .  

L i t t l e  beyond t h e  s c o p e  of  t h e  above quo ted  work has  

been a t t e m p t e d  w i t h  r e g a r d  t o  f ema le  s u b j e c t s .  One p r e v i o u s  

s t u d y  has  e v a l u a t e d  t h e  i n c r e a s e  i n  a e r o b i c  power due t o  

seasonal t ra i  n f  rig ' . - -A -  r L L 1 - C - -  / C < - n < n m  - n A  A A - 4 - n  l O c Q \  7 ii W U I I I ~ I I  a c l l  I C L C ~  \ 3  I 1 1 1 1  I 11y ~ I I U  T\UI I U I I ,  I J W U ,  , 
w i t h  o n l y  marg ina l  improvements  n o t e d .  More comprehens ive  

d a t a ,  i n c l u d i n g  c i r c u l a t o r y  and m e t a b o l i c  m e a s u r e s ,  i s  needed.  

A t t e n t i o n  has  been f o c u s e d  r e c e n t l y  upon t h e  i m p o r t a n c e  of  

c a r d i o v a s c u l a r  f i t n e s s  due t o  p o p u l a r  p u b l i c a t i o n s  such  a s  

K . H .  Cooper ' s  A e r o b i c s .  W i t h  t h e  knowledge t h a t  f e m a l e s  

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

p u b e r t y ,  p r o b a b l y  due t o  a  d e c l i n e  i n  a c t i v i t y  l e v e l  ( A s t r a n d ,  

l 9 6 8 ) ,  r e s e a r c h  on t h e  t r a i n i n g  p o t e n t i a l  and b e n e f i  c i a 1  

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

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

f o r  f e m a l e s  who wish t o  embark on a  t r a i n i n g  program. I n  

a d d i t i o n ,  t h e  growing f i e l d  of  women's a t h l e t i c s  needs  

s i m i l a r  p o s i t i v e  f eedback  on t h e  t r a i n i n g  p o t e n t i a l  of 

f e m a l e s .  

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

m e t a b o l i c  a d a p t a t i o n s  accompanying i n c r e a s e s  i n  a e r o b i c  power 

due t o  t r a i n i n g  i n  6 f e m a l e s  of  c o l l e g e  age .  The p u r p o s e s  

of  t h e  s t u d y  were t o :  



1 .  i d e n t i f y  t h e  mechanisms by which i o 2  max i s  

i n c r e a s e d  due t o  t r a i n i n g  i n  t h e  6 c o l l e g e -  

aged women s t u d i e d ;  

2 .  h e l p  c l a r i f y  t h e  mechanisms i n v o l v e d  i n  t h e  

c i r c u l a t o r y  a d a p t a t i o n s  t o  a  s t a n d a r d  sub-  

maximal work t a s k .  

3 .  e s t a b l i s h  a  t ime c o u r s e  f o r  t h e  c i r c u l a t o r y  

r e p e a t e d  t e s t s  t a k e n  s e r i  a1 l y  t h r o u g h o u t  t h e  

t r a i n i n g  program; 

4 .  t o  d e t e r m i n e  any q u a n t i t a t i v e  d i f f e r e n c e s  i n  

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

women a s  obse rved  i n  t h i s  s t u d y  and t h e  

e x t e n s i v e  pub1 i s h e d  r e s u l t s  on males o f  t h e  

same age .  
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REVIEW O F  LITERATURE 

Dete rminan t s  -- of t h e  E f f e c t i v e n e s s  - of T r a i n i n g  Programs 

Robinson and Harmon (1941)  and Knehr, D i l l  a n d N e u f e l d  

( 1 9 4 2 )  we re  t h e  f i r s t  i n v e s t i g a t c r s  t c  d e m c n s t r a t e  an i n -  

c r e a s e d  maximal oxygen u p t a k e  due t o  p h y s i c a l  t r a i n i n g .  Many 

s t u d i e s  have obse rved  t h e  same phenomenon s i n c e  and r e p o r t e d  

g a i n s  between 5 and 43% o f  i n i t i a l  p r e - t r a i n i n g  v a l u e s .  

S e v e r a l  f a c t o r s  seem t o  a c c o u n t  f o r  t h i s  wide v a r i a n c e .  

Ekblom (1969)  r e c e n t l y  demons t ra t ed  t h a t  t h e  p e r c e n t a g e  g a i n  

i n  a e r o b i c  power seemed t o  have a  high n e g a t i v e  r e l a t i o n s h i p  

t o  i n i t i a l  f i t n e s s  s t a t u s .  P o l l o c k ,  Cure ton  and Grun inger  

(1969)  found t h a t  t r a i n i n g  4 t imes  p e r  week r e s u l t e d  i n  

s i g n i f i c a n t l y  g r e a t e r  g a i n s  than  t r a i n i n g  t w i c e  p e r  week. 

Wilmore, Royce and G i r a n d o l a  (1970) showed t h a t  c o n t i n u o u s  

runs l a s t i n g  24 minu tes  e a c h ,  3 t imes  p e r  week r e s u l t e d  i n  

g r e a t e r  g a i n s  t h a n  12 minute  runs. I t  seems t h e r e f o r e  t h a t  

t h e  e f f e c t i v e n e s s  of t r a i n i n g  programs depends on t h e  

f r e q u e n c y ,  i n t e n s i t y  and d u r a t i o n  of t h e  t r a i n i n g  s e s s i o n s .  

R e c e n t l y ,  Shephard (1968)  and G l e d h i l l  (1969)  have demon- 

s t r a t e d  t h a t  i n t e n s i t y  of t r a i n i n g  seems t o  be t h e  most 

i m p o r t a n t  f a c t o r .  



P h y s i o l o g i c a l  F a c t o r s  L i m i t i n g  Aerobic  Power 

Aerob ic  power can be l i m i t e d  by t h e  s t r u c t u r a l  

d imens ions  of t h e  c a r d i o r e s p i r a t o r y  sys tem (Holmgren, 1 9 6 7 ) .  

Musshoff ,  R e i n d e l l  and Klepzig  (1959)  have demons t ra t ed  t h a t  

maximal s t r o k e  volume i s  h i g h l y  r e l a t e d  t o  h e a r t  volume. 

The a b i l i t y  t o  d e m o n s t r a t e  a  h igh  maximal s t r o k e  volume has 

l i m i t a t i o n s  imposed by t h e  s h e e r  p h y s i c a l  s i z e  of  t h e  h e a r t  

volume. A s i m i l a r  c o n s i d e r a t i o n  a p p l i e s  i n  t h e  c a s e  of  t h e  

h i g h  c o r r e l a t i o n  of  maximal s t r o k e  volume t o  blood volume. 

A l a r g e  blood volume may more e a s i l y  " f i  11" t h e  c a p a c i t a n c e  

v e s s e l s ,  a i d  venous return and c r e a t e  a  l a r g e r  pulmonary 

c a p i l l a r y  blood volume. S j o s t r a n d  (1956)  and Holmgren 

e t  a l .  (1960)  h y p o t h e s i z e d  t h a t  a  l a r g e r  pulmonary c a p i l l a r y  -- 
blood volume r e f l e c t s  a  h i g h e r  p o t e n t i a l  ene rgy  w i t h i n  t h e  

system w h i c h  may h e l p  i n  t h e  maintenance  of a  l a r g e  s t r o k e  

volume w i t h  a  s h o r t  e f f e c t i v e  f i l l i n g  t i m e  a t  h igh  h e a r t  

r a t e s .  I t  i s  g e n e r a l l y  f e l t  t h a t  l u n g  d imens ions  a r e  n o t  a  

l i m i t i n g  f a c t o r  i n  t h e  development  of a e r o b i c  power 

(Holmgren, 1 9 6 7 ) .  

Whether a e r o b i c  power may be enhanced by i n c r e a s e s  

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

sys tem i s  d e b a t a b l e .  As t rand  -- e t  a l .  (1963)  and Ekblom 

(1969)  both  produced i n c r e a s e s  i n  h e a r t  volumes of a d o l e s -  

c e n t s  due t o  t r a i n i n g  beyond t h a t  expec ted  from normal 

growth .  However, s t u d i e s  on mature  s u b j e c t s  show l i t t l e  

o r  no change i n  h e a r t  volume w i t h  t r a i n i n g  e x c e p t  i n  c a s e s  



where t r a i n i n g  i s  ex tended  over  a  p e r i o d  o f  y e a r s  (Ekblom, 

1969,  H a r t l e y  -- e t  a l . ,  1969;  Ekblom, 1 9 7 0 ) .  Only t h e  s t u d y  

of  S a l t i n  -- e t  a l .  (1968)  gave e v i d e n c e  of i n c r e a s e d  h e a r t  

volume due t o  s h o r t - t e r m  t r a i n i n g .  T h i s  modest i n c r e a s e  ( 1 1 % ) ,  

however,  f o l l o w e d  a  p e r i o d  o f  bed r e s t  p r e v i o u s  t o  t r a i n i n g ,  

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

g a t i o n s .  

S t r u c t u r a l  d imensions  o f  t h e  l u n g s  a r e  u s u a l l y  n n t  

a l t e r e d  p a s t  a d o l e s c e n c e .  A1 t h o u g h  Wi lmore ,  Royce and 

G i r a n d o l a  (1970)  found an i n c r e a s e  i n  v i t a l  c a p a c i t y  and a  

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

most s t u d i e s  show no i n c r e a s e s  ( S a l  t i n  et fi., 1968; S i n n i n g  

and Adr ian ,  1 9 6 8 ) .  However, an i n c r e a s e d  blood volume i s  a  

well-known r e s p o n s e  t o  s h o r t - t e r m  t r a i n i n g  (Holmgren -- e t  a l . ,  

1960; O s c a i ,  Wil l iams and H e r t i g ,  1 9 6 8 ) .  . 
L i m i t a t i o n s  on i n d i v i d u a l  f u n c t i o n a l  c a p a c i t i e s  ( Q  

max, SV max, maximal h e a r t  r a t e ,  V E  max) may a l s o  be expec ted  

t o  l i m i t  maximal a e r o b i c  power and work  c a p a c i t y .  Many 

s t u d i e s  have focused  on i d e n t i f y i n g  t h e  p r o b a b l e  1  imi t i n g  

f a c t o r  i n  t h e  oxygen t r a n s p o r t  sys tem d u r i n g  maximal e x e r c i s e .  

Margar ia  -- e t  a l .  (1965)  s t u d i e d  t h e  k i n e t i c s  o f  oxygen u p t a k e  

i n  supermaximal t a s k s  and found t h a t  t h e  r a t e  of i n c r e a s e  of  

oxygen u p t a k e  had a  h a l f - r e a c t i o n  t ime  of 30 seconds  r e g a r d -  

l e s s  of t h e  i n t e n s i t y  o f  t h e  t a s k  per formed.  He concluded 

t h a t  l i m i t a t i o n s  on  ene rgy  p r o d u c t i o n  r e s u l t e d  f i r s t  from 

t h e  s u p p l y  of  oxygen- r i ch  blood t o  t h e  t i s s u e s  and n o t  
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p r i m a r i l y  from t h e  a b i l i t y  t o  u t i l i z e  oxygen a t  t h e  c e l l u l a r  

l e v e l .  T h e r e f o r e ,  maximal c a r d i a c  o u t p u t  was h y p o t h e s i z e d  

a s  t h e  l i m i t i n g  f a c t o r  by t h i s  group.  

Biochemical  s t u d i e s  have i n d i c a t e d  t h a t  1  i m i t a t i o n s  

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

t o  u t i l i z e  oxygen a t  t he  c e l l u l a r  l e v e l .  Only w h e n  

n i c o t i n a m i d e  a d e n i n e  d i n u c l e o t i d e  (NAD) i s  90% reduced a t  

7 7 1  . .  0 l b \ , n 1 f  
I I I L C I  L C  I I U  I ~ I  

r V 2  
h v b w  ef f . !  mm mercury  i s  o x i d a t i v e  

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

(Chance ,  Schoener  and S c h n i d l e r ,  1964) .  However, t h e  ene rgy-  

p roduc ing  sys t ems  & v i v o  a r e  p r o b a b l y  i n f l u e n c e d  by t h e  

by-p roduc t s  o f  c e l l u l a r  me tabo l i sm,  O x i d a t i v e  phosphoryl  a t i o n  

may be l i m i t e d  i n  i t s  f u n c t i o n a l  c a p a c i t y  by a c c u m u l a t i o n  of 

m e t a b o l i t e s  i n  t h e  c e l l .  Kar l s son  and S a l t i n  (1970)  have 

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

phospha te  (ATP) and c r e a t i n e  phospha te  (CP) t o  l a c t a t e  

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

e x h a u s t i v e  e x e r c i s e .  I n  t h i s  s t u d y  a l t h o u g h  muscle  ATP and 

C P  l e v e l s  f e l l  q u i c k l y  from p r e - e x e r c i s e  l e v e l s  w i t h  o n s e t  

of  e x e r c i s e ,  no f u r t h e r  d e c l i n e  o f  A T P  and C P  was no ted  u p  

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

d u r a t i o n  of t h e  e x e r c i s e  t a s k .  Muscle l a c t a t e  c o n c e n t r a t i o n ,  

however ,  r o s e  s t e a d i l y  t h r o u g h o u t  a l l  e x e r c i s e  t a s k s  t o  

maximal l e v e l s  a t  e x h a u s t i o n .  T h i s  s t u d y  i n d i c a t e s  t h a t  

muscle  l a c t a t e  accumula t ion  may l i m i t  e x e r c i s e  per formance  

more t h a n  d e p l e t e d  l e v e l s  of h igh  ene rgy  phospha te  compounds 

i n  t h e  c e l l .  
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C e r e t t e l l i  -- e t  a l .  (1964)  and O u e l l e t ,  Poh and Becklake  

(1969)  de te rmined  t h a t  oxygen s u p p l y  t o  t h e  w o r k i n g  musc les  

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

c a r d i a c  o u t p u t  d u r i n g  s e v e r e  e x e r c i s e .  F u r t h e r  i n c r e a s e s  

i n  oxygen u p t a k e  provided o n l y  f o r  t h e  h i g h  ene rgy  c o s t  of  

h y p e r v e n t i l a t i o n .  These  s t u d i e s  a1 though n o t  c o n c l u s i v e ,  

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

Witche! ! ,  S p r ~ ~ ! e  and Chapman ( 1 9 5 8 )  and Shepha rd  ( 1 9 6 7 ) ,  

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

i n g  f a c t o r  i n  a c h i e v i n g  h igh  l e v e l s  of a e r o b i c  power. 

Maximal h e a r t  r a t e  i s  r e l a t i v e l y  f i x e d  f o r  each  i n d i v i d u a l  

and d e c l i n e s  w i t h  i n c r e a s i n g  age .  T h e r e f o r e ,  o v e r  a  wide 

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

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

h e a r t  t o  a c h i e v e  a  h igh  s t r o k e  volume. 

Maximal pulmonary v e n t i  1  a t i o n  d u r i n g  s e v e r e  e x e r c i s e  

i s  l e s s  t h a n  t h a t  ach ieved  d u r i n g  maximal v o l u n t a r y  v e n t i -  

l a t i o n  (Shephard ,  1967) .  T h e r e f o r e ,  t h e  f u n c t i o n a l  c a p a c i t y  

o f  t h e  l u n g s  i n  normal peop le  would n o t  seem t o  l i m i t  

a e r o b i c  power. T h i s  was s u b s t a n t i a t e d  by t h e  f i n d i n g s  of 

O u e l l e t ,  P o h  and Becklake ( 1 9 6 9 ) .  Only i n  p a t h o l o g i c a l  

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

s e v e r e l y  l i m i t e d  ( e . g .  c h r o n i c  b r o n c h i t i s ,  emphysema) w i l l  

t h e  pulmonary v e n t i l a t i o n  become a  l i m i t i n g  f a c t o r  

(Holmgren, 1 9 6 7 ) .  



E f f e c t  of T r a i n i n g  - on Oxygen T r a n s p o r t  System 

The p r e v i o u s l y  mentioned s t u d i e s  conce rned  w i t h  

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

p rov ided  i n s i g h t  i n t o  t h e  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  o f  

the t r a i n e d  s t a t e .  The f i n d i n g s  from c r o s s - s e c t i o n a l  s t u d i e s  

comparing a t h l e t e s  and n o n - a t h l e t e s  have s u b s t a n t i a t e d  t h e s e  

o b s e r v a t i o n s .  I t  i s  well known t h a t  a t h l e t e s  and p h y s i c a l l y  

a c t i v e  peop le  have h igher  l e v e l s  o f  a e r o b i c  power t h a n  

s e d e n t a r y  peop le  (Busk i rk  and T a y l o r ,  1957;  Hermansen and 

Andersen ,  1965;  McDonough, K u s u m i  and Bruce ,  1 9 7 0 ) .  S a l t i n  

and Ast rand (1967) r e p o r t e d  a  mean maximal oxygen u p t a k e  f o r  

1 5  champion a t h l e t e s  o f  5.75 l / m i n  compared t o  a  r a n g e  of  

3.20 t o  4.11 l /min  r e p o r t e d  f o r  i n a c t i v e  o r  s e m i - a c t i v e  young 

males  ( A s t r a n d ,  1956;  Hermansen and Andersen ,  1 9 6 5 ) .  

Ekbl om and Hermansen (1 968) r e c e n t l y  de te rmined  t h a t  

t h e  high oxygen u p t a k e  v a l u e  t y p i c a l  o f  t he  a t h l e t e  was due 

t o  a  h igh  c a r d i a c  o u t p u t .  They r e p o r t e d  mean v a l u e s  f o r  

maximal oxygen u p t a k e  and maximal c a r d i a c  o u t p u t  o f  5.57 

l / m i n  and 36 .0  l /min  r e s p e c t i v e l y .  T h i s  i s  i n  c o n t r a s t  t o  

the  s e m i - a c t i v e  s t u d e n t s  s t u d i e d  by As t rand  -- e t  a l .  (1964) 

who a t t a i n e d  v a l u e s  f o r  t h e  same p a r a m e t e r s  o f  o n l y  4 .05  

l / m i n  and 24.1 l / m i n .  S i n c e  t h e  maximal h e a r t  r a t e s  of  t h e  

two groups  y e r e  a l m o s t  i d e n t i c a l ,  t h e  d i f f e r e n c e  i n  maximal 

c a r d i a c  o u t p u t  was due e n t i r e l y  t o  t h e  a t h l e t e s  having  a  

h i g h e r  s t r o k e  volume (189 ml )  t h a n  t h e  n o n - a t h l e t e s  (134 m l ) .  

Bevegard,  Holmgren and Jonsson  (1  963) a1 so  found h i g h e r  



s t r o k e  volumes f o r  a t h l e t e s  compared t o  s e d e n t a r y  peop le .  

' A t h l e t e s  a r e  c a p a b l e  of  h i g h e r  maximal pulmonary 

v e n t i l a t i o n s ,  h i g h e r  s y s t o l i c  .and mean blood p r e s s u r e s  a t  

maximal work and a  l a r g e r  A - V  O2 d i f f e r e n c e  (Bevegard ,  

Holmgren and J o n s s o n ,  1963; S a l t i n  and A s t r a n d ,  1 9 6 7 ) .  When 

oxygen c o n t e n t  of  mixed venous blood i s  used a s  a  compara t ive  

(Ekblom, 1 9 6 9 ) .  In t h i s  way, d i f f e r e n c e s  i n  o x y g e n - c a r r y i n g  

c a p a c i t y  o f  t h e  blood between t h e  two groups  a r e  n e g a t e d .  

P h y s i c a l  work c a p a c i t y  i s  g r e a t e r  i n  a t h l e t e s .  Members o f  

t h i s  g roup  a r e  c h a r a x t e r i z e d  by having  s i g n i f i c a n t l y  1  a r g e r  

h e a r t  volumes (Musshof f ,  R e i n d e l l  and K l e p z i g ,  1959;  Ekblom 

and Hermansen, 1968) and l a r g e r  t o t a l  blood volumes (Bevegard ,  

Holmgren and J o n s s o n ,  1 9 6 3 ) .  

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

t h a t  t r a i n i n g  o r  g e n e t i c  endowment has had i n  d e v e l o p i n g  

t h e  s u p e r i o r  c h a r a c t e r i s t i c s  o f  a t h l e t e s .  O b v i o u s l y ,  l a r g e  

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

of a t h l e t e s .  However, Bevegard ,  Holmgren and Jonsson (1963)  

a l s o  found i n  t h e i r  s e r i e s  of a t h l e t e  i n v e s t i g a t i o n s  t h a t  

maximal s t r o k e  volume i n  r e l a t i o n  t o  h e a r t  volume was h i g h e r  

t h a n  e x p e c t e d  from r e g r e s s i o n  e q u a t i o n s  d e r i v e d  on normals .  

T h i s  i n d i c a t e s  more e f f i c i e n t  f u n c t i o n a l  a d a p t a t i o n  o f  t h e  

c i r c u l a t i o n  i n  a t h l e t e s  t h a n  i n  normal s u b j e c t s  w i t h  s i m i l a r  

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



L o n g i t u d i n a l  t r a i n i n g  s t u d i e s  have succeeded  i n  

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

i n g .  Some i n s i g h t  has been ga ined  i n t o  t h e  r e l a t i v e  

impor tance  of  env i ronmenta l  i n f l u e n c e s  ( t r a i n i n g )  and 

h e r e d i t y  on  a c h i e v i n g  h igh  l e v e l s  o f  a e r o b i c  power. Rowel1 

(1962)  found t h a t  i n c r e a s e d  a e r o b i c  power from an i n t e n s i v e  

t r a i n i n g  program was due t o  an i n c r e a s e d  c a r d i a c  o u t p u t  and 

P . . . ?  .I T I . L  '4 -... I , n r n \  a w i d e n e d  A-L' G 2  c i i f f e i - e i i i e .  311111 I O I - I Y ,  C K U I U I I I  gt- a. \ I Y O O )  

found an i n c r e a s e d  maximal oxygen up take  of  1 6 . 2 % ,  caused  

by an i n c r e a s e d  maximal c a r d i a c  o u t p u t  of  8% and an i n c r e a s e d  

A-V O 2  d i f f e r e n c e  of 0 . 5  m1/100 ml. The l a t t e r  was due t o  

a lower  oxygen c o n t e n t  i n  mixed venous b lood.  The i n c r e a s e d  

c a r d i a c  o u t p u t  was due s o l e l y  t o  an i n c r e a s e d  s t r o k e  volume 

of  15 ml,  s i n c e  maximal h e a r t  r a t e  remained t h e  same. In an 

o t h e r  s t u d y  done on young men, S a l t i n  e t  a l .  ( l 9 6 8 ) ,  i n t e n s i v e  

t r a i n i n g  fo l lowed  a  p e r i o d  o f  bed r e s t .  T h i s  produced an 

i n c r e a s e d  maximal oxygen u p t a k e  of  33%. T h i s  f i n d i n g  was 

due i n  equal  e x t e n t  t o  an i n c r e a s e d  c a r d i a c  o u t p u t  and an 

i n c r e a s e d  A - V  O 2  d i f f e r e n c e .  

Two o t h e r  s t u d i e s  of  a  s i m i l a r  n a t u r e  have been done 

on middle-aged males .  Hanson -- e t  a l .  (1968)  demons t ra t ed  an 

i n c r e a s e  of 18% i n  a e r o b i c  power b u t  c i r c u l a t o r y  e v a l u a t i o n s  

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

and no i n c r e m e n t s  i n  c a r d i a c  o u t p u t  o r  A - V  O 2  d i f f e r e n c e  

were n o t e d .  H a r t l e y  -- e t  a l .  (1969)  found an i n c r e a s e  i n  
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a e r o b i c  power of  14% accompl ished  s o l e l y  by an i n c r e a s e d  

c a r d i a c  o u t p u t .  

The r e a s o n s  f o r  i n c r e a s e d  s t r o k e  volume due  t o  

t r a i n i n g  ev idenced  i n  t h e s e  s t u d i e s  remains  u n c l e a r .  Only i n  

t h e  s t u d y  by S a l t i n  -- e t  a l .  (1968)  d i d  h e a r t  volume i n c r e a s e  

w i t h  t r a i n i n g .  However, even i n  t h i s  c a s e ,  t h e  i n c r e a s e  i n  

h e a r t  s i z e  was n o t  enough t o  a c c o u n t  f o r  t h e  i n c r e a s e  i n  

-+-.-.I,,-. s , , - . l e e m n  C - . l + : m  n+ - 1  I l a c o \  ; m n l n r  + h > +  qn n n l q w n n A  
3 C I  U R C  V U  IU I I IC .  J U  I  b  I I1 G b  U  1 .  \ I  J V U /  I l l l p  l J  b l l U b  U I I  C I I  I  U I  Y G U  -- 
h e a r t  volume seems t o  be t h e  mechanism f o r  t h e  g r e a t e r  s t r o k e  

volume induced by t r a i n i n g .  However, Ekblom (1969)  hypoth-  

e s i z e s  t h a t  an i n c r e a s e d  myocardia l  c o n t r a c t i l e  power o c c u r s ,  

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

r e s i d u a l  blood volume. 

The i n c r e a s e d  A - V  O 2  d i f f e r e n c e  found from t r a i n i n g  

i s  t h o u g h t  t o  be a  r e s u l t  of more e f f e c t i v e  d i s t r i b u t i o n  of 

oxygen t o  t h e  working musc les .  (Ekblom, 1969;  H a r t l e y  -- e t  a l . ,  

1 9 6 9 ) .  The low A - V  O 2  d i f f e r e n c e s  no ted  by Grimby, N i l s s o n  

and S a l t i n  ( 1 9 6 6 )  i n  middle-aged  a t h l e t e s  t o g e t h e r  w i t h  t h e  

l a c k  of  i n c r e a s e  i n  A - V  O 2  d i f f e r e n c e  f o r  t h e  middle-aged  

s u b j e c t s  of H a r t l e y  et a. (1969)  r e f l e c t s  t h e  l i m i t a t i o n s  

of  a g i n g  on per formance  c a p a c i t y  and t r a i n a b i l i t y .  The lower  

oxygen c a r r y i n g  c a p a c i t y  of  t h e  blood i n  o l d e r  men r e s u l t s  

i n  a  lower  p o t e n t i a l  f o r  oxygen e x t r a c t i o n  a t  t h e  t i s s u e s .  

There  i s ,  i n  a d d i t i o n ,  e x p e r i m e n t a l  e v i d e n c e  f o r  an i n c r e a s e d  

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

aged s k e l e t a l  muscle  (Grimby, N i l s s o n  and S a l  t i n ,  1 9 6 6 ) .  
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Othe r  p h y s i o l o g i c a l  v a r i a b l e s  d u r i n g  maximal e x e r c i s e  

a r e  changed w i t h  t r a i n i n g .  Maximal pulmonary v e n t i l a t i o n  

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

maximal l a c t a t e  l e v e l s  i n c r e a s e  ( A s t r a n d ,  1 9 5 6 ) .  Maximal 

l a c t a t e  l e v e l s  a r e  t h o u g h t  t o  r e f l e c t  man's  p h y s i c a l  f i t n e s s ,  

a s  a t h l e t e s  have been shown t o  t o l e r a t e  ve ry  h igh  l a c t a t e  

l e v e l s  i n  comparison t o  u n t r a i n e d  i n d i v i d u a l s  (Knehr ,  D i l l  

a n d  N P I I F P I A  1 9 4 2 ) .  A r i s e  f n  t h e  p x f m a l  a t t a i n a b l e  l a c t a t e  
urn.- ..r.". r .-, 

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

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

metabol i sm d u r i n g  s e v e r e  e x e r c i s e .  

E f f e c t s  of  t r a i n i n g  may be observed d u r i n g  submaximal 

a s  w e l l  a s  maximal e x e r c i s e .  C r o s s - s e c t i o n a l  s t u d i e s  

comparing t h e  r e s p o n s e  of  a t h l e t e s  and n o n - a t h l e t e s  t o  

s t a n d a r d  submaximal e x e r c i s e  i n d i c a t e  t he  g r e a t e r  r e l a t i v e  

e f f i c i e n c y  of t h e  t r a i n e d  s t a t e ,  A t h l e t e s  commonly e x h i b i t  

lower  h e a r t  r a t e s  and pulmonary v e n t i l a t i o n s  f o r  a  g iven  

oxygen u p t a k e ,  r e f l e c t i n g  h i g h e r  l e v e l s  of c i r c u l a t o r y  and 

r e s p i r a t o r y  e f f i c i e n c y  (Musshof f ,  R e i n d e l l  and K l e p z i g ,  1959; 

Bevegard ,  Holmgren and J o n s s o n ,  1963; C o b b  a n d  J o h n s o n ,  1963; 

Hanson and T a b a k i n ,  1 9 6 5 ) .  However, t h e  l i t e r a t u r e  g e n e r a l l y  

s u p p o r t s  t h e  view t h a t  a t h l e t e s  do n o t  have a lower  oxygen 

u p t a k e  f o r  a  g iven  submaximal work r a t e  u n l e s s  t h e r e  i s  a  

g r o s s  d i f f e r e n c e  i n  v e n t i l a t i o n  between a t h l e t e s  and normal 

p e o p l e .  In t h i s  c a s e ,  t h e  i n c r e a s e d  work of  b r e a t h i n g  f o r  

t h e  normal person may c o n t r i b u t e  d i s p r o p o r t i o n a t e l y  t o  t h e  



Oxygen u p t a k e .  In a d d i t i o n ,  a t h l e t e s  e x h i b i t  a  lower  

r e s p i r a t o r y  exchange r a t i o  (R) f o r  a  g iven  work r a t e  due t o  a  

lower  ca rbon  d i o x i d e  e l i m i n a t i o n  (Hanson and Tabak in ,  1 9 6 5 ) .  

Lower l e v e l s  of  blood l a c t i c  a c i d  i n  a t h l e t e s  f o r  a  g iven  

submaximal work r a t e  have been noted  by many i n v e s t i g a t o r s  

( D i l l ,  T a l b o t t  and Edwards, 1930;  Holmgren and St rom,  1959;  

Cobb and Johnson ,  1 9 6 3 ) .  The lower  R p robab ly  r e s u l t s  from 

iower  i a c t a t e  i e v e i s  i n  t h e  a t n i e t e  s i n c e  a d d i t i o n  o f  non- 

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

o f  more C o p  t h a n  i s  formed m e t a b o l i c a l l y  ( " e x c e s s  C O p l 1 ) ,  

t h e r e b y  i n c r e a s i n g  R ( I s s e k u t z  and Rodahl ,  1 9 6 1 ) .  

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

t o  s t a n d a r d  submaximal work d e m o n s t r a t e  more v a r i a b l e  r e s u l t s .  

Musshoff ,  R e i n d e l l  and K l  e p z i g  (1 959) r e p o r t e d  n o  d i f f e r e n c e s  

between a t h l e t e s  and n o n - a t h l e t e s  a1 though ,  a t h l e t e s  have 

a  h i g h e r  s t r o k e  volume and t y p i c a l l y ,  a  lower  h e a r t  r a t e ,  

t h a n  n o n - a t h l e t e s .  Cobb and Johnson (1963)  found s i m i l a r  

r e su l t s ,  b u t  Hanson and Tabakin (1965) found a  c o n s i s t e n t l y  

lower  c a r d i a c  o u t p u t  f o r  a t h l e t e s .  This was accompl ished 

by a  h i g h e r  s t r o k e  volume and a  much lower h e a r t  r a t e .  

However, Bevegard,  Holmgren and Johnson (1963)  found a  h i g h e r  

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

and a  h i g h e r  s t r o k e  volume. 

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

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

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



t o  s t a n d a r d  submaximal work seem t o  i n d i c a t e  t h a t  t r a i n i n g  

r e s u l t s  i n  a  d e c r e a s e d  c a r d i a c  o u t p u t  f o r  a  g iven  oxygen u p -  

t a k e ,  and t h e r e f o r e  a  h i g h e r  a r t e r i o - v e n o u s  oxygen d i f f e r -  

e n c e .  T a b a k i n ,  Hanson and Levy (1965)  found a  d e c r e a s e d  

c a r d i a c  o u t p u t  due t o  t r a i n i n g  a t  two m i l d ,  submaximal work 

l o a d s .  Andrew, Guzman and Becklake (1966)  demons t ra t ed  a  

s i g n i f i c a n t  r e d u c t i o n  i n  c a r d i a c  o u t p u t  a t  a g iven  oxygen 

u p t a k e  f i i  4 c o i i e y e  a t h l e t e 5  and 4 n o n - a i h i e t i c  c o i i e g e  

s t u d e n t s .  These  f i n d i n g s  have been s u b s t a n t i a t e d  f o r  p a t i e n t s  

w i t h  c o r o n a r y  h e a r t  d i s e a s e  (Varnauskas  -- e t  a l .  1966;  F r i c k  

and Kat i  l a ,  1968;  C l a u s e n ,  Larsen  and T r a p - J e n s e n ,  l 9 6 9 ) ,  

f o r  a t h l e t e s  (Douglas  and Beck lake ,  7968; K l a s s e n ,  Andrew 

and Beck lake ,  1970)  and f o r  young,  s e d e n t a r y  males  (Ekblom 

e t  fi., 1968) .  T y p i c a l l y ,  t h e  r e d u c t i o n  i n  c a r d i a c  o u t p u t  - 
was accompanied by a  marked d rop  i n  h e a r t  r a t e  w h i l e  s t r o k e  

volume e i t h e r  s l i g h t l y  i n c r e a s e d  or d i d  n o t  change .  

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

c a r d i a c  o u t p u t  f o r  s t a n d a r d  submaximal e x e r c i s e  and hence t h e  

widened a r t e r i o - v e n o u s  oxygen d i f f e r e n c e  have been w i d e l y  

d i s c u s s e d .  Varnauskas -- e t  a l .  ( 1 9 6 6 ) ,  Andrew, Guzman and 

Becklake (1966)  and K l a s s e n ,  Andrew and Becklake (1970)  have 

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

w o r k i n g  musc les .  I t  i s  known t h a t  r e d i s t r i b u t i o n  of blood 

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

and r e n a l  beds (Wade, 1 9 6 2 ) .  Bevegard and Shephard (1966)  

have shown t h a t  d u r i n g  modera te  l e g  e x e r c i s e ,  fo rea rm blood 
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f low remains  a t  a  r e s t i n g  l e v e l  b u t  i s  d e c r e a s e d  markedly  

d u r i n g  s e v e r e  e x e r c i s e .  T h e r e f o r e ,  f low t o  i n a c t i v e  muscles  

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

v a s o c o n s t r i c t i o n  from a d r e n e r g i  c  vasomotor  f i b e r s .  

A n  enhancement of t h e s e  mechanisms, t o g e t h e r  w i t h  a  

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

i n g  ( P e t r e n ,  S j o s t r a n d  and S y l v e n ,  1936; Tomanek, 1970)  would 

.-a - .. 1 4 -  ji i  5 ~ o i - e  e f f e c t i v e  oxygeii siiPfly + a  u a m l , 2 m m  - u + - l n -  
LU W U l  R l l l y  I l l U a L  1 G3. 

Andrew, Guzman and Becklake (1966)  s u g g e s t e d  t h a t  

t h e  we1 1-known d e c r e a s e  i n  v e n t i l a t i o n  f o r  s t a n d a r d  submaximal 

work w i t h  t r a i n i n g  may r e s u l t  i n  a  r e d u c t i o n  i n  blood f l o w  

t o  t h e  e x t e r n a l  muscles  of  r e s p i r a t i o n .  Reduct ion  i n  

b lood f l o w  may o c c u r  i n  a r e a s  such a s  t h e  s k i n ,  where f l o w  

i s  r e g u l a t e d  by f a c t o r s  o t h e r  than  oxygen r e q u i r e m e n t s .  

R e c e n t l y ,  t h e  f i n d i n g s  of  K l a s s e n ,  Andrew and Becklake (1970)  

have p rov ided  s u p p o r t  f o r  t h e  blood r e d i s t r i b u t i o n  t h e o r y .  

They found t h a t  fo rea rm blood f low i n  s t a n d a r d  e x e r c i s e  i n  

p a d d l e r s  remained t h e  same b e f o r e  and a f t e r  a  p e r i o d  of 

t r a i n i n g .  However, c a r d i a c  o u t p u t  f o r  a  s t a n d a r d  submaximal 

t a s k  (hand c r a n k )  was reduced a f t e r  t r a i n i n g ,  i n d i c a t i n g  a  

d e c r e a s e  i n  f low t o  n o n - a c t i v e  p a r t s .  The l a c k  of e f f e c t i v e  

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

t h e  e l e v a t e d  c a r d i a c  o u t p u t s  seen  i n  ve ry  u n f i t  s u b j e c t s  

w i t h  " v a s o r e g u l a t o r y  a s t h e n i a "  (Holmgren et g . ,  1 9 5 7 ) .  

The o t h e r  mechanism commonly t h o u g h t  t o  c a u s e  bo th  



i n  c a r d i a c  o u t p u t  i s  enhancement  of  c e l l u l a r  enzyme s y s t e m s .  

H o l l o s z y  (1967)  found a doubled  r a t e  of p y r u v a t e  o x i d a t i o n  

i n  s k e l e t a l  muscle  m i t o c h o n d r i a  of  t r a i n e d  r a t s .  Dur ing  

modera te  e x e r c i s e  such  a  mechanism, i f  e f f e c t e d  i n  man a s  a 

consequence  of t r a i n i n g ,  may r e s u l t  i n  g r e a t e r  oxygen e x t r a c -  

t i o n  and an i n h i b i t i o n  of g l y c o l y s i s .  These  f i n d i n g s  a r e  

s u p p o r t e d  by G o l l n i c k  and King (1969)  and Kraus ,  K i r s t e n  and 

a ,  i ~r t y n ~ n \  
W O I T T  [ I Y U J ,  K ~ O  f ~ ~ f i d  2~ i n c r e a s e  i n  t h e  number a n d  s i z e  of 

m i t o c h o n d r i a  o f  s k e l e t a l  muscle  i n  t r a i n e d  r a t s .  B a r n a r d ,  

Edger ton  and P e t e r s  (1970)  a l s o  d e m o n s t r a t e d  an i n c r e a s e d  

c a p a c i t y  f o r  o x i d a t i v e  metabol i sm i n  s k e l e t a l  muscle  of t h e  

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

s k e l e t a l  muscle  c o n t a i n s  a  g r e a t e r  number of ' r e d t  o r  

a e r o b i c  f i b e r s .  T h i s  l a t t e r  f i n d i n g  has been r e p o r t e d  a l s o  

by Van Linge ( 1 9 6 2 ) .  

Varnauskas  -- e t  a l .  (1970)  have r e c e n t l y  found t h a t  

muscle  mi t o c h o n d r i  a1 enzymati  c  a c t i  v i  t y  i  n man i n c r e a s e d  

by 44% a s  a  consequence  of  t r a i n i n g ,  l e n d i n g  s u p p o r t  t o  t h e  

above-quoted  animal  s t u d i e s .  

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

o u t p u t  has  r e c e n t l y  been proposed  by Clausen  ( 1 9 6 9 ) .  He 

s u g g e s t s  t h a t  p h y s i c a l  t r a i n i n g  does  n o t  r e s u l t  i n  more 

e f f e c t i v e  r e d i s t r i b u t i o n  of blood t o  working m u s c l e s .  

Rowel l ,  Blackman and Bruce (1964)  found t h a t  t h e  d e c r e a s e  

i n  s p l a n c h n i c  f low was l e s s  pronounced i n  t r a i n e d  t h a n  i n  

u n t r a i n e d  p e r s o n s  d u r i n g  e x e r c i s e  a t  t h e  same oxygen u p t a k e .  
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Castenfors (1 967) reported identical findings for renal flow. 

Visceral vasoconstriction during exercise is mediated by a 

centrally controlled sympathetic nervous activity. After 

maximal oxygen uptake is increased by training, the relative 

strain o f  a given oxygen uptake would be less. Therefore, 

a lesser degree o f  sympathetic activity and vasoconstriction 

will occur, and blood flow to the viscera and non-exercising 

'I :-I... ..:11 :,..-,,,- n s ~ - . -  &-..*-:--  A L -  L ~ - - A  s i - . .  A 
I IIIIUS W I  I I I I I L I  ~ 4 3 ~ .  M I  L C I  , c r a i r ~ ~ ~ ~ y ,  LI IC u ~ u u u  I l u w  LO 

non-exercising tissues may deviate less from the resting level 

at a given submaximal work load. 

A reduction in cardiac output during sub-maximal 

work may be caused, therefore, by a decrease in flow t o  the 

exercising muscles. Such a conclusion is supported by 

studies showing that muscle blood flow is reduced about 

20-30% when measured at identical submaximal work loads 

before and after training (Clausen, Larsen and Trap-Jensen, 

1969; Varnauskas -- et a1 . , 1970). In addition, Grimby, Haggendal 

and Saltin (1967) found that trained subjects had a lower 

' m u s c l e  blood flow than untrained subjects for the same work 

load. T h e  increased oxygen extraction which must occur 

from this reduced flow is probably due to the cellular 

biochemical changes discussed above. Clausen (1969) suggests 

that, 



E x e r c i s e  hyperemia i n  muscle  i s  t h o u g h t  t o  be 
caused  by l o c a l  r e l e a s e  of  m e t a b o l i c a l l y  l i n k e d  
v a s o d i l a t o r  compounds (Haddy and S c o t t ,  1 9 6 8 ) .  
The improved o x i d a t i v e  enzymat i c  c a p a c i t y  may keep 
t h e s e  m e t a b o l i t e s  a t  lower  c o n c e n t r a t i o n s  and 
t h u s  l i m i t  t h e  blood f low i n c r e a s e .  

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

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

s t u d i e s  have n o t  obse rved  a  d e c r e a s e  i n  c a r d i a c  o u t p u t  w i t h  

1 n r r  t r a i n i n g  {Freedman --  e t  a : . ,  1 ~ 3 3 ;  F r i c k ,  K o n t t i n e n  and 

S a r a j a s ,  1963 ;  S a l t i n  et a,, 1968;  H a r t l e y  3 g . ,  1969;  

Ekblom, 1 9 7 0 ) .  These  s t u d i e s  have d e m o n s t r a t e d  t h e  c l a s s i c a l  

d e c l i n e  i n  h e a r t  r a t e  and i n c r e a s e  i n  s t r o k e  volume f o r  

s t a n d a r d  submaximal work. However, two of t h r e e  s e d e n t a r y  

s u b j e c t s  i n  t h e  s t u d y  by S a l t i n  -- e t  a l .  (1968)  e x h i b i t e d  a 

marked d e c l i n e  i n  c a r d i a c  o u t p u t  when t h e  bed r e s t  i n f l u e n c e  

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

I n v e s t i g a t i o n s  Femal e  S u b j e c t s  

S t u d i e s  on t h e  e f f e c t s  of  t r a i n i n g  have been concerned  

a l m o s t  e x c l u s i v e l y  w i t h  ma les .  Very few s t u d i e s  have d e a l t  

w i t h  t h e  e f f e c t s  of  t r a i n i n g  on t h e  oxygen t r a n s p o r t  sys t em 

of f e m a l e s ,  and few c r o s s - s e c t i o n a l  s t u d i e s  e x i s t .  As t r and  

(1952)  r e p o r t e d  a  mean maxima1 oxygen u p t a k e  of 2 .9  l /min  

o r  4 8  ml/kg/min f o r  a c t i v e  young female  p h y s i c a l  e d u c a t i o n  

s t u d e n t s .  T h i s  may be compared t o  a  mean of  2 .8  l / m i n  f o r  

young g i r l  swimmers (As t rand  et aJ., 1 9 6 3 ) .  O t h e r  s t u d i e s  

on S c a n d i n a v i a n  g i r l  a t h l e t e s  have r e p o r t e d  mean v a l u e s  of  
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55 ml/kg/min (Hermansen and Andersen,  1965) and 62 ml/kg/min 

( S a l t i n  and A s t r a n d ,  1 9 6 7 ) .  Sprynarova  and P a r i z k o v a  (1969)  

found a  mean maximal oxygen u p t a k e  of 45 ml/kg/min i n  g i r l  

swimmers. These o b s e r v a t i o n s  a r e  i n  c o n t r a s t  t o  t h e  low 

v a l u e s  t y p i c a l  of s e d e n t a r y  f e m a l e s .  U n t r a i n e d  f e m a l e s  i n  

S c a n d i n a v i a  g e n e r a l l y  have a  h i g h e r  a e r o b i c  c a p a c i t y  than  

North American g i r l s ' .  S t u d i e s  have r e p o r t e d  mean v a l u e s  of 

4 0  m l / k g / m j n  ( A s t r a n d ,  !960!, 41 m l / k g / m j n  ( A s t r a n d  -- e t  a l . ,  

1964)  and 38 ml/kg/min (Hermansen and Andersen ,  1 9 6 5 ) .  

For North American g i r l s ,  Michael and Horvath (1965)  

found a  mean Y O 2  max of  30 ml/kg/min i n  30 female  c o l l e g e  

s t u d e n t s .  Moody, K o l l i a s  and Buski rk  (1969)  r e p o r t e d  a  mean 

v a l u e  of 37 ml/kg/min f o r  c o l l e g e  f e m a l e s  w h i l e  McNab, Conger 

and T a y l o r  (1969)  found a  v a l u e  of 39 ml/kg/min f o r  24 c o l l e g e  

women. Horvath and Michael (1970)  s u b s t a n t i a t e d  t h e i r  

e a r l i e r  o b s e r v a t i o n s  more r e c e n t l y  f i n d i n g  a  mean v a l u e  of 

32 ml/kg/min f o r  c o l l e g e  g i r l s ,  

I t  i s  obvious  t h a t  t h e  a c t i v e  g i r l  a t h l e t e  p o s s e s s e s  

a  h i g h e r  a e r o b i c  power t h a n  h e r  s e d e n t a r y  c o u n t e r p a r t .  There-  

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

t h e  f emale  i n  a  manner s i m i l a r  t o  ma les .  As t rand  -- e t  a l .  

( 1 9 6 3 )  r e l a t e d  a e r o b i c  power and s t r u c t u r a l  d imensions  of  

g i r l  swimmers t o  normal g i r l s  of t h a t  age r ange .  They 

h y p o t h e s i z e d  t h a t  t h e  g r e a t e r  than  e x p e c t e d  h e a r t  volume 

and a e r o b i c  power t y p i c a l  of  g i r l  swimmers were due t o  

t h e i r  r e g u l a r  t r a i n i n g ,  S i n n i n g  and Adrian (1968)  found an 
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i n c r e a s e  i n  V02 max f rom 34 .4  t o  3 8 . 9  ml/kg/min i n  7 f e m a l e  

b a s k e t b a l l  p l a y e r s  due  t o  s e a s o n a l  t r a i n i n g .  S t o v e 1  , B a i l e y  

and Cumming ( 1 9 7 0 )  found  o n l y  m a r g i n a l  improvements  i n  

a e r o b i c  power f rom a  6  week home e x e r c i s e  p rogram.  Two 

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

improvement  i n  f e m a l e s  w i t h  t r a i n i n g  by i n d i r e c t  t e s t i n g  

p r o c e d u r e s  ( S l o a n ,  1961 ; A p p l e g a t e  and S t u l l ,  1 9 6 9 ) .  

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

c i r c u l a t o r y  d a t a  on f e m a l e s  d u r i n g  e x e r c i s e  up t o  maximal 

l e v e l s  i s  t h a t  o f  A s t r a n d  -- e t  a l .  ( 1 9 6 4 ) .  

D i f f e r e n c e s  be tween  t h e  s e x e s  i n  a e r o b i c  c a p a c i t y  

a r e  q u i t e  p r o n o u n c e d ,  A s t r a n d  ( 1 9 5 2 )  r e p o r t e d  m a l e s  t o  have  

a  V02 max 29% h i g h e r  t h a n  f e m a l e s  ( 4 . 1 1  l / m i n  t o  2 .90  l / m i n ) .  

I n  a  l a t e r  i n v e s t i g a t i o n ,  t h i s  d i f f e r e n c e  was g r e a t e r ,  4 . 0 5  

l / m i n  t o  2 .60  l / m i n  ( A s t r a n d  et c., 1 9 6 4 ) .  McNab, Conger  

and T a y l o r  (1969 ) .  f ound  a  d i f f e r e n c e  o f  69% o r  3 . 9 2  l / m i n  

compared t o  2 .32  l / m i n .  

Many r e a s o n s  a r e  s u g g e s t e d  i n  t h e  l i t e r a t u r e  t o  

e x p l a i n  t h e s e  d i f f e r e n c e s .  Females  have  a  l o w e r  p r o p o r t i o n  

o f  l e a n  body mass t o  t o t a l  body w e i g h t  (Rauh and  Shumsky, 

1 9 6 8 ) .  However,  even  when c o r r e c t e d  f o r  body w e i g h t  and 

l e a n  body w e i g h t ,  t h e  d i f f e r e n c e  i s  s t i l l  h i g h l y  s i g n i f i c a n t  

(McNab, Conger  and T a y l o r ,  1 9 6 9 ) .  A s t r a n d  -- e t  a l .  ( 1 9 6 4 )  

ha s  shown t h a t  women have  h i g h e r  c a r d i a c  o u t p u t s  t h a n  men 

f o r  a  g i v e n  submaximal  work l o a d  o r  oxygen consumpt ion  d u e  



t o  t h e i r  lower hemoglobin c o n c e n t r a t i o n  and t h u s  l ower  

oxygen c a r r y i n g  c a p a c i t y  of  t h e  b lood .  A f e m a l e ' s  s t r o k e  

volume i s  l i m i t e d  by h e r  s m a l l e r  h e a r t  volume ( A s t r a n d ,  

1 9 6 4 ) .  To a c h i e v e  a  g iven  c a r d i a c  o u t p u t ,  t h e  f e m a l e  r e s p o n d s  

w i t h  a  much h i g h e r  h e a r t  r a t e  t h a n  t h e  ma le ,  t o  compensate  

f o r  h e r  lower s t r o k e  volume. A t  maximal e x e r c i s e ,  t h e  

1 i m i t a t i o n s  of s t r o k e  volume and o x y g e n - c a r r y i  ng c a p a c i t y  of 

t h e  biood i n  t h e  femaie  c a n n o t  be compensated by a f u r t h e r  

r i s e  i n  h e a r t  r a t e ,  and a  lower  oxygen t r a n s p o r t  c a p a c i t y  

r e s u l t s .  . 



C H A P T E R  I 1 1  

M E T H O D O L O G Y  

S u b j e c t s  

The s u b j e c t s  were 6  c o l l e g e  g i r l s  who  had n o t  engaged 

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

i n v e s t i g a t i o n .  S u b j e c t s  A . K . ,  C . M .  and L . R .  had p a r t i c i p a t e d  

i n  h i g h  s choo l  t r a c k  c o m p e t i t i o n .  However, t r a i n i n g  f o r  

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

c a r d i  o r e s p i  r a t o r y  endurance .  S u b j e c t  C . T .  was f o r m e r l y  an 

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

r e g u l a r l y  f o r  12 months prior t o  t h e  o n s e t  o f  t h e  t r a i n i n g  

program. The s u b j e c t s '  a n t h r o p o m e t r i c  d a t a  a r e  shown i n  

T a b l e  1 ,  Based on t h e  recommendations of Andrew, Guzman and 

Becklake (1966)  and Ekb1om -- e t  a l .  (1968)  t h e  s u b j e c t s  s e r v e d  

a s  t h e i r  own c o n t r o l s  t o  n e g a t e  group d i f f e r e n c e s .  

T r a i n i n g  

The t r a i n i n g  program was modi f i ed  from t h a t  of Ekblom 

(1969)  and Kasch and Boyer ( 1 9 6 9 ) .  The s u b j e c t s  t r a i n e d  f o r  

12 weeks c o n s e c u t i v e l y ,  w i t h  3 t r a i n i n g  s e s s i o n s  p e r  week. 

The f i r s t  10 o r  15  minu tes  of e a c h  s e s s i o n  were devo ted  t o  

warm-up e x e r c i s e s ,  mainly  of  t h e  s t a t i c  s t r e t c h i n g  v a r i e t y ,  
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p r e p a r i n g  major  muscle  groups  and j o i n t s  f o r  more s t r e n u o u s  

a c t i v i t y .  The second phase  of t h e  e x e r c i s e  s e s s i o n  was 

i n t e r v a l  o r  c o n t i n u o u s  c r o s s - c o u n t r y  runn ing  f o r  c a r d i o -  

r e s p i  r a t o r y  s t r e s s .  

The i n t e r v a l  t r a i n i n g  c o n s i s t e d  of r e p e a t  runs of  3 t o  

9 m i n u t e s  d u r a t i o n ,  The a p p r o p r i a t e  i n t e n s i t y  of t h e  e x e r c i s e  

T A B L E  I  

ANTHROPOMETRIC D A T A  A N D  A G E  O F  THE SUBJECTS 

- 

SUBJECT 

A .  K.  

C . L .  

C . M .  

C . T .  

A G E  HEIGHT (cm) WEIGHT ( k g )  

s t r e s s  was d e t e r m i n e d  f o r  each  i n d i v i d u a l .  P e r i o d i c  h e a r t  

r a t e  m o n i t o r i n g  by p a l p a t i o n  of t h e  c a r o t i d  p u l s e  f o r  10 

second i n t e r v a l s  was employed,  beg inn ing  5 seconds  a f t e r  

e x e r c i s e  c e a s e d .  The i n t e n s i t y  of t h e  i n t e r v a l  r u n s  were 

d e s i g n e d  t o  e l i c i t  h e a r t  r a t e s  between 160 and 190 b e a t s  p e r  

m i n u t e .  K a r l s s o n ,  As t rand  and Ekblom (1967)  have shown t h a t  . 
V02 max i s  a c h i e v e d  o r  n e a r l y  ach ieved  a t  a  r u n n i n g  speed  
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l e s s  t h a n  t h a t  n e c e s s a r y  f o r  h i g h  l a c t a t e  a c c u m u l a t i o n .  They 

s u g g e s t  t h a t  t h e  speed  o f  r u n n i n g  s h o u l d  n o t  be i n t e n s e  

enough t o  c r e a t e  undue f a t i g u e  and l i m i t  t h e  vo lume of 

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

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

on t h e  oxygen  t r a n s p o r t  sys tem.  The number o f  r u n s  d u r i n g  

an  i n t e r v a l  s e s s i o n  r a n g e d  f r o m  3 a t  t h e  b e g i n n i n g  o f  t r a i n -  

f r o m  3 m i n u t e s  a t  t h e  o n s e t  o f  t r a i n i n g  t o  1  m i n u t e  a t  t h e  

end o f  t r a i n i n g .  

When t h e  s u b j e c t s  were  a b l e  t o  t o l e r a t e  i t ,  c o n t i n u o u s  

c r o s s - c o u n t r y  r u n n i n g  was a l t e r n a t e d  w i t h  i n t e r v a l  t r a i n i n g .  

These r u n s  l a s t e d  a t  l e a s t  18  m i n u t e s  and e l i c i t e d  minimum 

h e a r t  r a t e s  o f  150 b e a t s  p e r  m i n u t e  t h r o u g h o u t  t h e  r u n .  

Max ima l  h e a r t  r a t e s  were  o f t e n  a c h i e v e d  r u n n i n g  up  h i l l s  o r  

i m m e d i a t e l y  upon  c o m p l e t i o n  o f  a  r u n .  

The t r a i n i n g  p rog ram i s  shown i n  d e t a i l  i n  T a b l e  11. 

By t h e  end  o f  t r a i n i n g ,  4  o f  t h e  6  s u b j e c t s  were  r u n n i n g  

3 m i l e s  i n  25 m i n u t e s  o r  l e s s .  Toward t h e  end o f  t h e  t r a i n -  

i n g  p rog ram,  i n t e r v a l  t r a i n i n g  was done more f r e q u e n t l y ,  

s i n c e  heavy  snow f a l l s  made c o n t i n u o u s  c r o s s - c o u n t r y  r u n n i n g  

i m p r a c t i c a l .  I n t e n s e  i n t e r v a l  t r a i n i n g  was done on t h e  

snow-cove red  t r a c k ,  p r o d u c i n g  h e a r t  r a t e  r e s p o n s e s  be tween  

186 and 204 b e a t s  p e r  m i n u t e  f o r  e a c h  wo rk  i n t e r v a l ,  

One f i e l d  p e r f o r m a n c e  t e s t  was done on day  62 o f  

t r a i n i n g ,  a  m i l e  r u n  f o r  t i m e .  S u b j e c t  A . K .  was u n a b l e  t o  
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perform t h e  t ime t r a i l  due t o  i l l n e s s .  The r e s u l t s  o f  t h i s  

t e s t  a r e  p r e s e n t e d  i n  T a b l e  111. 

T A B L E  I11 

RESULTS O F  T H E  MILE R U N  TIME TRIAL 
D O N E  O N  D A Y  62 O F  TRAINING 

I SUBJECT I TIME 

E x ~ e r i m e n t a l  P rocedure  

.. 
C . L .  

C . M .  

L . R .  

C . S .  

C . T .  
* 

Seven days b e f o r e  t h e  e x p e r i m e n t a i  t e s t i n g  began,  

t h e  s u b j e c t s  were g iven  a  submaximal and a  maximal e x e r c i s e  

t a s k  on a  Monarch b i c y c l e  e r g o m e t e r  (S tockholm,  Sweden) t o  

f a m i l i a r i z e  them w i t h  t h e  e x p e r i m e n t a l  p r o c e d u r e .  P re -  

t r a i n i n g  b a s e l i n e  d a t a  c o n s i s t e d  of t w o  comple te  t e s t s  on each 

8: 25 

7:45 

7:50 

7:35 

8:OO 

s u b j e c t ,  t a k e n  48 hours  a p a r t .  T h e r e a f t e r ,  t h e  comple te  

t e s t  was r e p e a t e d  f o r  each  s u b j e c t  e v e r y  2  weeks,  A t  t h e  

end of t r a i n i n g ,  t h e  t e r m i n a l  d a t a  c o n s i s t e d  of  2  t e s t s  on 

each  s u b j e c t  completed w i t h i n  7  days of t e r m i n a t i o n  of  

t r a i n i n g .  Due t o  s c h e d u l i n g  d i f f i c u l t i e s ,  5  of t h e  6  s u b j e c t s  

had t o  perform t h e i r  two t e s t s  p o s t - t r a i n i n g  w i t h  on ly  



24  h o u r s  r e s t  b e t w e e n  t e s t s .  

The s u b j e c t s  had  o n l y  a  l i g h t  n s n - f a t  mea l  3 h o u r s  

p r e v i o u s  t o  b e i n g  t e s t e d .  F o l l o w i n g  a  4 m i n u t e  warm-up 

p e r i o d  (50 rpm, n o  l o a d ) ,  a  s u b m a x i m a l  w o r k  r a t e  was u n d e r -  

t a k e n  a t  50 rpm f o r  5 m i n u t e s  a t  a  l e v e l  c o r r e s p o n d i n g  t o  

50% o f  t h e i r  m a x i m a l  oxygen  u p t a k e ,  e s t i m a t e d  f r o m  t h e  p r e -  

l i m i n a r y  t e s t .  S u b j e c t s  C.L. and  L.R. w o r k e d  a t  300 kpm/min ,  

w h i l e  t h e  o t h e r  4 s u b j e c t s  w o r k e d  a t  450 kpm/min.  I n  e a c h  

s u b s e q u e n t  t e s t  t h r o u g h o u t  t h e  t r a i n i n g  p r o g r a m ,  t h i s  s u b -  

m a x i m a l  w o r k  r a t e  r e m a i n e d  c o n s t a n t  f o r  e a c h  s u b j e c t ,  s o  t h a t  

c a r d i o r e s p i r a t o r y  a d a p t a t i o n s  t o  a  s t a n d a r d  w o r k  r a t e  c o u l d  

b e  o b s e r v e d .  A f t e r  a  f i v e  m i n u t e  r e s t ,  a  m a x i m a l  e x e r c i s e  

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

(70 r p m ) .  I n  t h e  s e c o n d  m i n u t e ,  t h e  w o r k  r a t e  c o r r e s p o n d e d  

t o  50% ~0~ max (70 r p m ) ,  and  i n  t h e  t h i r d  m i n u t e  was 80% o f  

Yo2 max (80 rpm). A t  t h e  end o f  t h e  t h - i r d  minute  t h e  max-irnai 

t a s k  was b e g u n  (80 r p m ) .  A c c o r d i n g  t o  t h e  r e c o m m e n d a t i o n s  

o f  A s t r a n d  and  S a l t i n  ( 1 9 6 1 ) ,  t h i s  w o r k  r a t e  was s e l e c t e d  

t o  e x h a u s t  t h e  s u b j e c t  i n  3 m i n u t e s .  T h e  t e s t  was t e r m i n a t e d  

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

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

t o  90 r p m  a t  t e s t  5 ( d a y  59 o f  t r a i n i n g )  t o  p r e v e n t  l i m i -  

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

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

r i d e  t o  e n s u r e  a  max ima l  s t r e s s  on t h e  c a r d i o r e s p i r a t o r y  

s y s t e m .  B a n i s t e r  and J a c k s o n  ( 1 9 6 7 )  h a v e  shown t h a t  p e d a l l i n g  



r a t e s  from 80 t o  120 rpm e l i c i t  h i g h e r  oxygen u p t a k e s  f o r  a  

g iven  work r a t e  due t o  a  g r e a t e r  muscu la r  i n e f f i c i e n c y  t h a n  

lower  p e d a l l i n g  r a t e s  ( e . g .  50 rpm). They s u g g e s t e d  t h a t  

maximal t a s k s  s h o u l d  be done a t  h igh  p e d a l l i n g  r a t e s ,  w i t h  a  

m i n i m u m  e x e r c i s e  d u r a t i o n  o f  5  minu tes .  

During both  submaximal and e x h a u s t i v e  e x e r c i s e  t e s t s ,  

h e a r t  r a t e s  were r e c o r d e d  f o r  each  minute  of  e x e r c i s e .  

Oxygen u p t a k e  and c a r b c n  d i e x i d e  e u t p u t   ere d e t e r m i n e d  f a r  

t h e  l a s t  2 minutes  of e x e r c i s e  and c a r d i a c  o u t p u t  was measured 

a t  t h e  t e r m i n a t i o n  of  b o t h  e x e r c i s e  s e s s i o n s .  From t h e s e  

d i r e c t l y  de te rmined  measures  t h e  r e s p i r a t o r y  exchange r a t i o  . . 
(VC02/V02), s t r o k e  volume ( Q / h e a r t  r a t e )  and a r t e r i o - v e n o u s  . 
oxygen d i f f e r e n c e  (V02/Q) were c a l c u l a t e d .  

Blood was drawn from t h e  e a r  l o b e  pre-warmed by a  

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

f o r  d e t e r m i n a t i o n s  o f  hemoglobin c o n c e n t r a t i o n ,  h e m a t o c r i t ,  

and pH. Blood was drawn from t h e  median c u b i t a l  v e i n  10 t o  

13  minu tes  post-maximal e x e r c i s e  f o r  d e t e r m i n a t i o n  of l a c t i c  

a c i d  c o n c e n t r a t i o n .  

Methods 

Body we igh t  was measured w i t h  a  balance-beam s c a l e  

b e f o r e  t h e  e x e r c i s e  t e s t s .  

A t  r e s t  b e f o r e  e x e r c i s e ,  pulmonary f u n c t i o n  v a r i a b l e s  

(minu te  v e n t i l a t i o n ,  t i d a l  volume, b r e a t h i n g  f r e q u e n c y ,  v i t a l  



c a p a c i t y  and f o r c e d  e x p i r a t o r y  volume i n  1 .0  s e c o n d )  were 

measured by a C o l l i n s  1 3 . 5  l i t e r  r e s p i r o m e t e r  (Bos ton ,  

Mass.) .  

During e x e r c i s e  t h e  s u b j e c t  b r e a t h e d  t h r o u g h  a  C o l l i n s  

T r i p l e  J v a l v e  ( B o s t o n ,  Mass.)  from which e x p i r e d  gas  

c o m p o s i t i o n  was d i r e c t l y  a n a l y z e d  f o r  C02 w i t h  a  Godar t  N V  

Capnograph and f o r  O 2  by a  West inghouse Model 211 Pulmonary 

TL.. -..Uu..,C: A". F u n c t f o n  Oxygen Monf t o r  ( P i t t s b u r g h ,  Pa.  1. L u I I I I c L b I u I I  

1  between t h e  b r e a t h i n g  v a l v e  and t h e  g a s  a n a l y z e r s  was i n  

I.D. r u b b e r  t u b i n g  t o  t h e  Capnograph. D i r e c t  c o n n e c t i o n  t o  

1  t h e  oxygen a n a l y z e r  was by 8 i n  I.D. h e a t e d  t e f l o n  t u b i n g  

embedded i n  t h e  Capnograph t u b i n g  d i s t a l  t o  t h e  o u t l e t  of  

t h e  C o l l i n s  v a l v e .  Sampling r a t e  t o  t h e  Capnograph was 

2 l /min  and t o  t h e  oxygen a n a l y z e r  150 ml/min. A n a l y s i s  was 

made b r e a t h  by b r e a t h  and r e c o r d e d  on 10 i n  p a p e r  w i t h  f u l l  

s c a l e  d e f l e c t i o n  r e s p o n s e  t i m e  0 . 5  seconds  ( P h i l l i p s  Model 

PM 8 1 0 0 ) .  Both a n a l y z e r s  were c a l i b r a t e d  a t  two p o i n t s  on a  

l i n e a r  s c a l e  w i t h  known gas  c o n c e n t r a t i o n s  a n a l y z e d  by t h e  

mic ro -Scho lander  t e c h n i q u e .  

V e n t i l a t i o n  was measured by a  Parkinson-Cowan h i g h  

p r e c i s i o n  low r e s i s t a n c e  gas  m e t e r  connec ted  t o  t h e  C o l l i n s  
1  v a l v e  by a  non-k inkab le  hose ( I .D.  IT  i n ) .  

Based on t h e  work of Rahn and Fenn (1957)  t h e  m i d -  

p o i n t  between i n s p i r e d  and e n d - t i d a l  gas  c o n c e n t r a t i o n s  

migh t  be assumed t o  be t h e  mean e x p i r e d  gas  c o n c e n t r a t i o n .  

However, s u b s e q u e n t  i n v e s t i g a t i o n s  i n d i c a t e d  t h a t  e x c e p t  



d u r i n g  r e s t i n g  s t a t e s  t h i s  was n o t  t h e  c a s e .  A comparison 

of 180 a l i q u o t  minute  samples  of e x p i r e d  gas withdrawn i n  

o i l e d  s y r i n g e s  from a  mixing  chamber i n s e r t e d  i n  t h e  e x p i r e d  

gas  l i n e ,  w i t h  c o n c u r r e n t  b r e a t h  by b r e a t h  a n a l y s i s  

i n d i c a t e d  t h a t  t h e  mean e x p i r e d  gas  c o n c e n t r a t i o n  f o r  bo th  

ca rbon  d i o x i d e  and oxygen was 70.9% (SDk1.0) o f  t h e  end-  

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

r ange  c f  v e n t 4 1 z t i c n  r a t e s  2nd  b r e a t h i ~ g  f r e q u e n c i e s  obssrved 

i n  t h e  submaximal t e s t s  o f  t h e  p r e s e n t  s t u d y .  O n  t h e  b a s i s  

o f  t h e  above f i n d i n g s ,  a l i q u o t  samples of  mixed e x p i r e d  a i r  

were used f o r  d e t e r m i n a t i o n  of  oxygen up take  and carbon 

d i o x i d e  o u t p u t  beg inn ing  w i t h  t e s t  3  d u r i n g  t r a i n i n g .  

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

w i t h  mixed e x p i r e d  gas  a n a l y s i s  f o r  t h e  remainder  of  t h e  

t r a i n i n g  program t o  d e r i v e  f u r t h e r  comparisons a t  submaximal 

and maximal l e v e l s  of  v e n t i l a t i o n s  and b r e a t h i n g  f r e q u e n c i e s .  

With submaximal v e n t i l a t i o n s ,  mixed e x p i r e d  gas c o n c e n t r a t i o n  

f o r  O 2  was 69.9% (SDk4.3) and 69.2% (SDk4.0) f o r  C02 of t h e  

e n d - t i d a l  c o n c e n t r a t i o n s .  With h igh  v e n t i l a t i o n s  and 

b r e a t h i n g  f r e q u e n c i e s  d u r i n g  maximal e x e r c i s e  however,  t h e  

mixed e x p i r e d  gas  c o n c e n t r a t i o n  f o r  O 2  was found t o  be 73 .5% 

(SDk5.0) ,  and 8 6 . 9 %  (SDk6.3) f o r  C02 of  e n d - t i d a l  concen- 

t r a t i o n s .  These  v a l u e s  were used i n  t h e  computa t ion  of  

carbon d i o x i d e  o u t p u t  and oxygen up take  f o r  t h e  i n i t i a l  2 

p r e - t r a i n i n g  t e s t s  f o r  e a c h  s u b j e c t .  



35 

T e c h n i c a l  d i f f i c u l t i e s  w i t h  t h e  oxygen a n a l y z e r  b e f o r e  

t h e  t e s t  of  day 15  of  t r a i n i n g  made d e t e r m i n a t i o n  of oxygen 

up take  i m p o s s i b l e  i n  t h i s  i n s t a n c e .  The r e s t  of  t h e  measures 

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

t e s t s ,  t h e  f u e l  c e l l  of t h e  oxygen a n a l y z e r  was damaged. I t  

was r e p l a c e d  by a  f u e l  c e l l  which appeared  t o  be more s e n s i t i v e  

t o  p r e s s u r e  of gas  f l o w .  The i n t r o d u c t i o n  of  s y r i n g e  samples  

A C  m 4 v n A  n v m 4 u n A  - 4 -  4 n C n  I . - -1  a,-.- u a # - - -  A t - , . -  , l l l r U  t h e  G 2  a l ~ a l J L = f  W C I  c :n e r r o r ,  

compared t o  t h e  p r e v i o u s  a n a l y s e s .  As p r e v i o u s l y  men t ioned ,  

b r e a t h  by b r e a t h  g a s  a n a l y s i s  was done c o n c u r r e n t l y  w i t h  

mixed e x p i r e d  gas  a n a l y s i s  ( s y r i n g e  samples )  from t e s t  3  t o  

t h e  p o s t - t r a i  ni  ng t e s t s .  For submaximal v e n t i  l a t i  ons and 

b r e a t h i n g  f r e q u e n c i e s ,  mixed e x p i r e d  gas  c o n c e n t r a t i o n  f o r  

O 2  was 69.9% (SDk4.3) of  e n d - t i d a l  c o n c e n t r a t i o n s  from 

b r e a t h  by b r e a t h  a n a l y s i s .  With h igh  v e n t i l a t i o n s  and 

b r e a t h i n g  f r e q u e n c i e s  d u r i n g  maximal e x e r c i s e ,  t h i s  v a l u e  

was found t o  be 73.5% (SDk5.0) f o r  oxygen. These v a l u e s  were 

used f o r  computa t ion  of oxygen c o n c e n t r a t i o n  i n  e x p i r e d  a i r  

f o r  t h e  two  p o s t - t r a i n i n g  t e s t s  f o r  each s u b j e c t .  Carbon 

d i o x i d e  c o n c e n t r a t i o n  was r o u t i n e l y  det.ermined by a n a l y s i s  

of  mixed e x p i r e d  a i r  from a l i q u o t  s y r i n g e  samples .  . 
T h u s ,  computa t ions  of V O p  f o r  t e s t s  3 ,  4 ,  5  and 6  

d u r i n g  t r a i n i n g  were done from a n a l y s i s  of a l i q u o t  s y r i n g e  

samples  of  mixed e x p i r e d  g a s  t a k e n  from a  mixing  chamber 

i n s e r t e d  in '  t h e  e x p i r e d  gas l i n e .  The r e l a t i o n s h i p s  between 

mixed e x p i r e d  gas c o n c e n t r a t i o n s  f o r  O 2  and C02 de te rmined  



d u r i n g  t e s t s -  3 ,  4 ,  5 and 6  were used t o  compute oxygen u p t a k e  

and carbon d i o x i d e  p r o d u c t i o n  from b r e a t h  by b r e a t h  gas  

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

Data from p r e - t r a i n i n g  and p o s t - t r a i n i n g  t e s t s  

seemed c o n s i s t e n t  w i t h  t h e  d a t a  from t h e  t e s t s  where mixed 

e x p i r e d  a i r  was used f o r  a n a l y s i s .  Moreover ,  t h i s  d a t a  seems 

comparable  w i t h  p u b l i s h e d  v a l u e s  i n  t h e  l i t e r a t u r e  f o r  

sSm5lar  work r a t e s  i n  s e d e n t a r y  i n d i v i d u a i s .  

C a r d i a c  o u t p u t  was d e t e r m i n e d  by t h e  C02 r e b r e a t h i n g  

method a s  d e s c r i b e d  by D e f a r e s ,  Wise and Duyff (1961)  and 

modi f i ed  by J o n e s  -- e t  a l .  ( 1 9 6 7 ) ,  J e r n e r u s ,  Lundin and 

Thompson (1963)  and Magel and Andersen ( 1 9 6 7 ) .  S i n c e  no 

i n d w e l l i n g  c a t h e t e r s  a r e  needed w i t h  t h i s  method, i t  was 

f e a s i b l e  t o  make d e t e r m i n a t i o n s  of c a r d i a c  o u t p u t  b i -weekly  

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

t e c h n i q u e  i s  t h a t  i f  t h e  d i f f e r e n c e  i n  C02 c o n t e n t  between 

mixed venous and a r t e r i a l  blood i s  known, a s  w e l l  a s  carbon 

d i o x i d e  o u t p u t ,  c a r d i a c  o u t p u t  may be c a l c u l a t e d  a c c o r d i n g  

t o  a  m o d i f i e d  Fick  p r i n c i p l e :  

. 
where Q = c a r d i a c  o u t p u t  ( l / m i n )  . 

VC02 = carbon d i o x i d e  o u t p u t  ( l / m i n )  

C i ~ 0 2  = mixed venous carbon d i o x i d e  c o n t e n t  ( ~ 0 1 % )  

C a ~ ~ p  = a r t e r i a l  blood carbon d i o x i d e  c o n t e n t  
( ~ 0 1 % )  



I f  t h e  P of mixed venous and a r t e r i a l  b lood i s  d e t e r m i n e d ,  

t h e  d i f f e r e n c e  i n  C02 c o n t e n t  may be c a l c u l a t e d  by u s i n g  

t h e  a p p r o p r i a t e  C02 d i s s o c i a t i o n  c u r v e s .  

Mixed venous P 
C02 

was d e t e r m i n e d  by r e b r e a t h i n g  h igh  

c o n c e n t r a t i o n s  of C02 from a  5 l i t e r  bag and c o n t i n u o u s l y  

a n a l y z i n g  t h e  C02 c o n c e n t r a t i o n  i n  t h e  c l o s e d  lung-bag 

sys t em.  O n  a t t a i n m e n t  of a  s t e a d y  C02 c o n c e n t r a t i o n  i n  t h e  

be assumed t h a t  t h i s  c o n c e n t r a t i o n  i s  e q u a l  t o  t h e  P 
C02 

of  

incoming mixed venous b l o o d ,  w i t h  which i t  has  been e q u i l  i b r a -  

t i n g .  

A r t e r i a l  blood P 
co2 

was d e t e r m i n e d  from t h e  concen-  

t r a t i o n  of  C02 i n  e n d - t i d a l  r e s p i r e d  a i r .  S i n c e  t h i s  i s  a 

r e p r e s e n t a t i v e  sample of a l v e o l a r  a i r ,  i t  i s  t h e o r e t i c a l l y  t h e  

same a s  a r t e r i a l  blood P C O  (Magel and Andersen ( 1 9 6 7 ) .  
2  

E n d - t i d a l  c o n c e n t r a t i o n s  f o r  t h e  b r e a t h s  immedia te ly  p r e -  

c e d i n g  r e b r e a t h i n g  were ave raged  t o  d e t e r m i n e  Pa . A 
C02 

c o n s t a n t  v a l u e  of 3  mm Hg was added t o  c o r r e c t  u n d e r e s t i m a t i o n  

of  a r t e r i a l  b lood P from e n d - t i d a l  Pa 
c02 

(Magel and 

Anderson,  1 9 6 7 ) .  

R e c i r c u l a t i o n  of C02 e n r i c h e d  blood may p r e v e n t  

a t t a i n m e n t  of t r u e  e q u i l i b r i u m  d u r i n g  r e b r e a t h i n g  ( J e r n e r u s ,  

Lundin and Thompson, 1 9 6 3 ) .  However, J o n e s  -- e t  a l .  (1967)  

showed t h a t  even a t  maximal e x e r c i s e ,  r e c i r c u l a t i o n  d i d  n o t  

o c c u r  w i t h i n  10 s e c o n d s  a f t e r  o n s e t  of r e b r e a t h i n g  t o  a  

d e g r e e  which would a f f e c t  t h e  r e s u l t s .  To e s t a b l i s h  e q u i l i b -  



rium more r a p i d l y ,  J o n e s  -- e t  a l .  (1967)  used a  h i g h  concen-  

t r a t i o n  of  15% C02 i n  85% O 2  f o r  r e b r e a t h i n g .  T h i s  p r o c e d u i e  

was used i n  t h e  p r e s e n t  s t u d y .  

The mixed venous P 
C02 

was used i n  c o n j u n c t i o n  w i t h  

t h e  carbon d i o x i d e  d i s s o c i a t i o n  c u r v e  f o r  b lood w i t h  a 

comple te  oxygen c o n t e n t  t o  d e t e r m i n e  t h e  a c t u a l  C02 c o n t e n t  

s i n c e  t h i s  blood was f u l l y  s a t u r a t e d  from r e b r e a t h i n g  a  gas  

w i t h  a  h igh  oxygen c o n c e n t r a t i o n  ( 8 5 % ) .  Ca,, was l i k e w i s e  
""2 

d e t e r m i n e d  from t h e  Pa co9 v a l u e .  
L 

The s u b j e c t s  m a i n t a i n e d  t h e  work r a t e  a f t e r  e x p i r e d  

g a s  a n a l y s i s  was comple ted  u n t i l  r e b r e a t h i n g  was done and 

e q u i l i b r i u m  e s t a b l i s h e d .  During maximal e x e r c i s e ,  r e b r e a t h i n g  

sometimes r e s u l t e d  i n  a  phenomenon where t h e  c o n c e n t r a t i o n  

of C02 i n  an e x h a l a t i o n  exceeded t h a t  of  t h e  p r e v i o u s  i n h a l a -  

t i o n  from t h e  bag .  E q u i l i b r i u m  i s  n o t  a t t a i n e d  i n  t h i s  c a s e .  

/ i n c - r \  Jones  -- e t  a:. \ I ~ U I ,  a l s ~  n o t e d  t h i s  phenomenon a n d  d e v e l o p e d  

a  f o r m u l a  t o  compute t h e  t r u e  e q u i l i b r i u m  p o i n t  from t h e  

p a t t e r n  of " p h a s e  r e v e r s a l " .  The computa t ion  p r o c e d u r e  of 

J o n e s  -- e t  a l .  (1967)  was used i n  t h e  p r e s e n t  s t u d y  when 

n e c e s s a r y .  "Phase  r e v e r s a l n  neve r  o c c u r r e d  d u r i n g  submaximal 

e x e r c i s e .  

S t u d i e s  by Muisan, S o r b i n i  and S o l i n a s  (1968)  and 

Furguson -- e t  a l .  (1968)  have demons t ra t ed  t h a t  t h e  C02 

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

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

from o t h e r  methods ,  e s p e c i  a1 l y  d u r i n g  e x e r c i s e .  
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H e a r t  r a t e s  were  m o n i t o r e d  by r a d i o  t e l e m e t r y  ( P a r k s  

E l e c t r o n i c s ,  B e a v e r t o n ,  Oregon )  and r e c o r d e d  on a  H e w l e t t  

P a c k a r d  Model 1500 A E C G .  

Hemoglobin c o n c e n t r a t i o n  was d e t e r m i n e d  by t h e  Hb- 

Mete r  No. lOlOC (Amer ican  O p t i c a l ,  B u f f a l o ,  N.Y.) on b l o o d  

drawn from t h e  e a r  l o b e .  H e m a t o c r i t  was d e t e r m i n e d  i n  an 

Adams R e a d o c r i  t mi c r o - h e m a t o c r i  t c e n t r i f u g e  on b l o o d  drawn 

from t h e  e a r  l o b e .  

The pH was measu red  by means of t h e  A s t r u p - m i c r o -  

equ ipmen t  AME-1 ( R a d i o m e t e r ,  Copenhagen)  on b l o o d  drawn f rom 

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

b u f f e r  a t  two p o i n t s  i n  t h e  pH r a n g e  (6 .840  and 7 . 3 8 1 )  t o  

0 .001  pH u n i t s .  

L a c t a t e  c o n c e n t r a t i o n s  were  d e t e r m i n e d  f rom a  5 ml 

b l o o d  s ample  t a k e n  f rom t h e  median  c u b i t a l  v e i n  10  t o  1 3  

m i n u t e s  pos t -maximai  e x e r c i s e .  The b i  ood sampi e  was d e -  

p r o t e i n i z e d  and  se rum was s e p a r a t e d  by c e n t r i f u g a t i o n .  

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

B o e h r i n g e r  e n z y m a t i c  method (Be rgmeye r ,  1 9 6 2 ) .  

T r e a t m e n t  o f  t h e  Data  --- 

S u b j e c t  C.M. was i l l  f o r  t e s t  5 and s u b j e c t  L.R.  was 

i l l  f o r  t e s t  6  d u r i n g  t r a i n i n g .  Ten d a y s  o f  bed r e s t  

a s s o c i a t e d  w i t h  t h e  i l l n e s s  of  s u b j e c t  L . R .  had an a d v e r s e  

e f f e c t  on h e r  f i t n e s s ,  T h e r e f o r e ,  t h e  d a t a  f rom h e r  p o s t -  



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

s t a t i s t i c a l  a n a l y s i s .  The  l a s t  3 t e s t s  d u r i n g  t h e  t r a i n i n g  

p r o g r a m  t h e r e f o r e  h a d  d a t a  f r o m  5  o f  t h e  6 s u b j e c t s .  

A w i t h i n  s u b j e c t s ,  two-way  a n a l y s i s  o f  v a r i a n c e  was 

p e r f o r m e d  on t h e  d a t a  t o  d e t e r m i n e  s i g n i f i c a n t  changes  due  t o  

t r a i n i n g .  The  F  r a t i o  was c o n s i d e r e d  s i g n i f i c a n t  i f  i t  h a d  

a  p r o b a b i l i t y  o f  l e s s  t h a n  5% ( p < . 0 5 ) .  S i g n i f i c a n t  d i f f e r -  

,.".-..- 
c l l L C 3  b e t ~ e e n  means we re  d e t e r m i n e d  by t h e  Newman-Keuis 

m e t h o d .  D a t a  f r o m  p r e v i o u s  t e s t s  was s u b s t i t u t e d  f o r  m i s s i n g  

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

( i . e .  V02 m a x ) ,  t h e  h i g h e s t  v a l u e  a t t a i n e d  p r i o r  t o  t h e  

m i s s e d  o b s e r v a t i o n  was u s e d .  F o r  s u b m a x i m a l  e x e r c i s e  p a r a -  

m e t e r s ,  t h e  mean v a l u e  o f  p r e v i o u s  t e s t s  was s u b s t i t u t e d .  

I n  t h i s  way, t h e  e s t i m a t e d  v a l u e s  w o u l d  b e  l e a s t  l i k e l y  t o  

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

due  t o  t r a i n i n g .  The s u b s t i t u t e d  v a l u e s  w o u l d ,  i f  a n y t h i n g ,  

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

r a t i o .  



C H A P T E R  I V  

RESULTS 

The v a r i a t i o n s  of s e l e c t e d  c a r d i o r e s p i r a t o r y  pa ramete r s  

w i t h  t ime  f o r  each  s u b j e c t  and t h e  group means a r e  p r e s e n t e d  

i n  F i g u r e s  1  th rough  15 .  For t h o s e  measures demanding a 

maximal e f f o r t ,  t h e  h i g h e s t  of  t h e  two p r e - t r a i n i n g  and two 

p o s t - t r a i n i n g  v a l u e s  were used i n  t h e  g raphs  and computa t ions  . 
( e . g .  V O p  max, Q max). For d e t e r m i n a t i o n s  t a k e n  d u r i n g  

submaximal e x e r c i s e  and a t  r e s t  where m o t i v a t i o n  and maximal 

per formance  were n o t  e s s e n t i a l ,  t h e  mean of  t h e  two p r e -  

t r a i n i n g  and two p o s t - t r a i n i n g  v a l u e s  were used .  Group means 

of each  t e s t  f o r  a l l  v a r i a b l e s  d u r i n g  t r a i n i n g  a r e  p r e s e n t e d  

i n  T a b l e s  IV th rough  VII .  R e s u l t s  of t h e  Newman-Keuls t e s t  

f o r  s i g n i f i c a n c e  between means f o r  pa ramete r s  w i t h  s i g n i f i c a n t  

F r a t i o s  a r e  shown i n  T a b l e  V I I I .  I n d i v i d u a l  raw d a t a  f o r  

a l l  v a r i a b l e s  de te rmined  d u r i n g  t h e  t r a i n i n g  program a r e  

p r e s e n t e d  i n  APPENDIX 1 .  

Res i r a t o r y  Gas Exchange, L a c t a t e  and - i n  Maximal 
E x e r c i s e    able IV, F i g u r e s  1  t o  4 r  --7r 

Repeat  d e t e r m i n a t i o n s  of maximal oxygen u p t a k e  i n  

p r e - t r a i n i n g  t e s t s  demonlstrated a  r e1  i a b i  1  i  t y  w i t h i n  0.10 

l /min  o r  2 .0  ml/kg/min. For p o s t - t r a i n i n g  t e s t s ,  4 of  t h e  
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6  s u b j e c t s  had r e p e a t  d e t e r m i n a t i o n s  w i t h i n  t h a t  r a n g e .  

Maximal oxygen u p t a k e  d i d  n o t  i n c r e a s e  o v e r  p r e -  

t r a i n i n g  v a l u e s  u n t i l  t e s t  5  of  t r a i n i n g  ( F i g u r e  1 ) .  There-  

a f t e r ,  i t  i n c r e a s e d  u n t i l  t r a i n i n g  ended ,  t h e  change a t  t h i s  

p o i n t  be ing  s i g n i f i c a n t  ( p < . 0 5 ) .  The i n c r e a s e  o v e r  p r e -  

t r a i n i n g  v a l u e s  by t h e  end of  t r a i n i n g  was 12 .8% ( 2 . 4 4  t o  

2.73 l / m i n ) .  Three  o f  t h e  s u b j e c t s  ( A K ,  LR, CS) a t t a i n e d  i o 2  
1 1 1 .  .. 1 .  ..2 max v a i u e s  o v e r  50 I I I I / K Y / I I I I ~ I ,  a n d  siibj 'ect ?I)\ a c h i e v e d  54 .0  

ml/kg/rnin immedia te ly  p r i o r  t o  h e r  i l l n e s s  and bed r e s t .  

S u b j e c t  C L  had t h e  most w i d e l y  v a r i a b l e  r e s u l t s  d u r i n g  t h e  

t r a i n i n g  program. Data from t e s t  4  and t e s t  6 f o r  s u b j e c t  

C L  (APPENDIX 1 )  s u g g e s t s  t h a t  s h e  was n o t  e x h a u s t e d  on t h e s e  

o c c a s i  ons .  

Carbon d i o x i d e  p r o d u c 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  

( p c . 0 5 )  from t h e  beg inn ing  of t r a i n i n g  t o  t e s t  4 (2 .79  t o  

2.46 l / m i n ) .  I t  i n c r e a s e d  t h e r e a f t e r  a p p r o x i m a t e l y  t o  p r e -  

t r a i n i n g  v a l u e s  (2 .46  t o  2 .75 l / m i n ) .  The r e s p i r a t o r y  

exchange r a t i o  d e c r e a s e d  (1 .14  t o  1 .01)  t h r o u g h o u t  t r a i n i n g  

c o i n c i d e n t  w i t h  t h e  changes  i n  Y O 2  rnax and VC02 

Pulmonary v e n t i l a t i o n  d u r i n g  maximal e x e r c i s e  

( F i g u r e  2 )  s i g n i f i c a n t l y  i n c r e a s e d  ( p < . 0 5 )  from p r e - t r a i n i n g  

v a l u e s  t o  t h o s e  of t e s t  6 (100.5 t o  112.3  l /min  BTPS). The 

t ime  c o u r s e  of t h e  i n c r e a s e  was s i m i l a r  t o  t h a t  of maximal 

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

t e s t  5  (day  59 of t r a i n i n g ) .  



F i g u r e  1  Maximal oxygen up take  wi th  days  of  t r a i n i n g .  

Each s u b j e c t s  r e s u l t s ,  t h e  g r o u p  mean and t h e  

s t a n d a r d  e r r o r  ( shaded  a r e a )  a r e  i l l u s t r a t e d ,  





Figure 2 Pulmonary ventilation in maximal exercise 

with days o f  training. Each subject's data, 

t h e  group mean and the standard error 

(shaded area) are illustrated. 





F i g u r e  3 P o s t - e x e r c i s e  b l o o d  l a c t a t e  a c c u m u l a t i o n  w i t h  

d a y s  o f  t r a i n i n g .  Each  s u b j e c t ' s  d a t a ,  t h e  
g r o u p  mean a n d  t h e  s t a n d a r d  e r r o r  ( s h a d e d  

a r e a )  a r e  i l l u s t r a t e d .  





Figure 4 Pre and pos t - exe rc i se  pH, G r o u p  mean and 

s tandard  e r r o r  only a r e  i  1 l u s t r a t e d  f o r  pre- 
e x e r c i s e  pH. Each s u b j e c t ' s  r e s u l t s ,  group 

mean and s tandard  e r r o r  (shaded a r e a )  a r e  
i l l u s t r a t e d  f o r  pos t - exe rc i se  pH. 





C i r c u l a t o r y  Res onses  t o  Maximal E x e r c i s e  ( T a b l e  V ,  
F i g u r e s  5  t o  7"---- 9 

Repeat  d e t e r m i  n a t i o n s  of c a r d i a c  o u t p u t  d u r i n g  maximal 

e x e r c i s e  f o r  p r e - t r a i n i n g  t e s t s  were w i t h i n  1 .0  l /min  o f  

each  o t h e r .  Re1 i a b i l i  t y  of  p o s t - t r a i n i n g  d e t e r m i n a t i o n s  

was l e s s  p r e c i s e ,  w i t h  r e p e a t  v a l u e s  w i t h i n  15% of each  o t h e r ,  

A s l i g h t ,  n o n - s i g n i f i c a n t  d e c l i n e  was no ted  f o r  

maximal c a r d i a c  o u t p u t  ( F i g u r e  5 )  from p r e - t r a i n i n g  v a l u e s  t o  

t e s t  4  ( 1 5 . 3  t o  14 .7  l / m i n ) .  T h e r e a f t e r ,  c a r d i a c  o u t p u t  

d u r i n g  maximal e x e r c i s e  i n c r e a s e d  s t e a d i l y  and s i g n i f i c a n t l y  

t o  t h e  end o f  t r a i n i n g  ( p < . 0 5 )  (14.7 t o  1 6 . 3  l / m i n ) ,  c o i n c i d e n t  

52 

The i n c r e a s e  i n  p o s t - e x e r c i s e  l a c t a t e  accumula t ion  

( F i g u r e  3 )  was s i g n i f i c a n t  ( p < . 0 5 )  from p r e - t r a i n i n g  v a l u e s  

by t e s t  5  (day  59 of  t r a i n i n g ) .  No i n c r e a s e s  i n  p o s t -  

e x e r c i s e  l a c t a t e  o c c u r r e d  d u r i n g  t h e  f i r s t  40 days  of  t r a i n i n g .  

P o s t - e x e r c i s e  pH v a l u e s  ( F i g u r e  4 )  r e f l e c t e d  l a c t a t e  accumu- 

l a t i o n .  A s i g n i f i c a n t  d e c r e a s e  (pc .05)  from t e s t  2 (day  14  of 

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

t r a t i n g  a n  i n c r e a s e d  t o l e r a n c e  t o  ac idemia  r e s u l t i n g  from 

s e v e r e  e x e r c i s e  (7 .220 t o  7 . 1 5 0 ) .  P r e - e x e r c i s e  pH v a l u e s  

e x h i b i t e d  no  r e a l  t r e n d  d u r i n g  t r a i n i n g .  However, v a l u e s  f o r  

t e s t  2 and t e s t  4 d u r i n g  t r a i n i n g  were s i g n i f i c a n t l y  h i g h e r  

( p < . 0 5 )  t h a n  t h e  v a l u e s  f o r  t e s t  3  and p o s t - t r a i n i n g  

v a l u e s .  

w i t h  t h e  i n c r e a s e  i n  a e r o b i c  power. The mean i n c r e a s e  from 
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F i g u r e  5 C a r d i a c  o u t p u t  d u r i n g  maximal e x e r c i s e  w i t h  
days of  t r a i n i n g .  Each s u b j e c t s  r e s u l t s ,  t h e  

g r o u p  mean and t h e  s t a n d a r d  e r r o r  ( shaded a r e a )  
a r e  i l l u s t r a t e d .  
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p r e - t r a i n i n g  v a l u e s  was 6.9% when e a c h  s u b j e c t ' s  h i g h e s t  

v a l u e  d u r i n g  t h e  t r a i n i n g  p r o g r a m  was compared  t o  p r e - t r a i n i n g  

v a l u e s .  S u b j e c t  C . S .  a t t a i n e d  a  c a r d i a c  o u t p u t  o f  2 0 . 8  

l / m i n  i n  t e s t  6  ( d a y  7 0  o f  t r a i n i n g ) ,  t h e  h i g h e s t  v a l u e  

r e c o r d e d  f o r  t h i s  s t u d y .  

M a x i m a l  h e a r t  r a t e  d e c l i n e d  s i g n i f i c a n t l y  ( p < . 0 5 )  

f r o m  p r e - t r a i n i n g  v a l u e s  t h r o u g h o u t  t r a i n i n g .  By t e s t  2 t h e  

d e c r e a s e  $!as z l r e a d y  s j g n j f j c z n t  2nd  j t  c-ntfnued t o  d e c l f  

u n t i l  t e s t  6  ( 1 9 3  t o  185  b e a t s / m i n ) .  A l t h o u g h  t h e  p o s t -  

t r a i n i n g  mean m a x i m a l  h e a r t  r a t e  was h i g h e r  t h a n  t e s t  6  

( 1 9 0  b e a t s / m i n ) ,  i t  was s t i l l  s i g n i f i c a n t l y  l o w e r  ( p < . 0 5 )  t h a n  

p r e - t r a i n i n g  v a l u e s .  

The  i n c r e a s e d  s t r o k e  v o l u m e  d u r i n g  m a x i m a l  e x e r c i s e  

( F i g u r e  6 )  o c c u r r i n g  a f t e r  t e s t  4 ( 8 1  t o  88  m l )  was n o t  

s i g n i f i c a n t .  S t r o k e  v o l u m e  d i d  n o t  change  d u r i n g  t h e  f i r s t  

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

l a s t  h a l f  i n  a  manner  s i m i l a r  t o  t h e  t i m e  c o u r s e  o f  change  

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

The  t o t a l  i n c r e a s e  f r o m  p r e - t r a i n i n g  v a l u e s  was 8 .4% when 

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

was compared  t o  p r e - t r a i n i n g  v a l u e s .  

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

( F i g u r e  7 )  d u r i n g  m a x i m a l  e x e r c i s e  was n o t  s i g n i f i c a n t ,  No 

c h a n g e s  o c c u r r e d  u n t i l  p o s t - t r a i n i n g  t e s t s ,  when A - V  O 2  

d i f f e r e n c e  i n c r e a s e d  f r o m  16 .6  t o  17.7  ~ 0 1 % .  



F i g u r e  6 S t r o k e  volume d u r i n g  maximal e x e r c i s e  w i t h  d a y s  
o f  t r a i n i n g .  Each s u b j e c t ' s  d a t a ,  t h e  g r o u p  mean 
and t h e  s t a n d a r d  e r r o r  ( s h a d e d  a r e a )  a r e  
i l l u s t r a t e d .  





F i g u r e  7 A r t e r i o - v e n o u s  oxygen d i f f e r e n c e  d u r i n g  maximal 

e x e r c i s e  wi th  days of t r a i n i n g .  Each s u b j e c t ' s  
d a t a ,  t h e  group mean and t h e  s t a n d a r d  e r r o r  

(shaded a r e a )  a r e  i l l u s t r a t e d .  



ARTERIO-VENOUS O 2  DIFFERENCE AT 2/02 MAX (VOI/% ) 



F i  gure  8 Pre  and p o s t - e x e r c i s e  hemogl ob in  c o n c e n t r a t i o n  

and p r e  and p o s t - e x e r c i s e  h e m a t o c r i t  w i t h  days  

of t r a i n i n g .  Group means and s t a n d a r d  e r r o r s  
a r e  i l l u s t r a t e d .  





The oxygen  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  was g e n e r a l l y  

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

c o n c e n t r a t i o n  and h e m a t o c r i t  w i t h  days o f  t r a i n i n g  ( F i g u r e  8 ) .  

However,  p r e - e x e r c i s e  h e m o g l o b i n  c o n c e n t r a t i o n  was s i g n i f i c a n t l y  

l o w e r  ( p< .05 )  i n  t e s t  2  (12 .6  g /100m l )  t h a n  any o t h e r  t e s t  

d u r i n g  t r a i n i n g .  P r e - e x e r c i s e  h e m a t o c r i  t was a l s o  l o w e r  i n  

t e s t  2 ( d a y  14 o f  t r a i n i n g )  b u t  n o t  s i g n i f i c a n t l y  s o .  P o s t -  

e x e r c i s e  v a l u e s  o f  hernng!n_hin and h e t n a t c c r f  t w G l  = .I ' + -  L U  'In0' I U / ~  

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

t r a i n i n g  p rogram.  

C a r d i o r e s p i r a t o r y  Responses t o  S t a n d a r d  Submaximal  
E x e r c i s e  ( T a b l e  V I ,  F i g u r e s  r t r  

F i g u r e s  9 ,  10 and 1 2  f o r  oxygen  u p t a k 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 c a r d i a c  o u t p u t  show t h e  p e r c e n t a g e  change 

o f  s u b s e q u e n t  t e s t s  f r o m  t h e  mean o f  t h e  t w o  p r e t r a i n i n g  

t e s t s  f o r  each s u b j e c t .  Two s u b j e c t s ,  CL and LR, 

were  w o r k i n g  a t  300 kpm/min, A b s o l u t e  v a l u e s  o f  exygen  up -  

t a k 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 c a r d i a c  o u t p u t  a r e  

d i r e c t l y  r e l a t e d  t o  t h e  wo rk  r a t e .  S u b j e c t  CL and s u b j e c t  

LR had m a r k e d l y  l o w e r  v a l u e s  f o r  t h e s e  v a r i a b l e s ,  t h e r e f o r e ,  

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

r e s p e c t  p o o l i n g  t h e  a b s o l u t e  d a t a  f r o m  a l l  6 s u b j e c t s  t o  

d e r i v e  g r o u p  means f o r  t e s t s  t h r o u g h o u t  t r a i n i n g  f o r  



T
e

s
t 

I
n

it
ia

l 
n

=
6

 

2
 

n
=

6
 

3
 

n
 

= 
6

 

4
 

n
=

6
 

5
 

n
=

5
 

6
 

n
=

5
 

F
in

a
l 

n
 

= 
5 

F 

TA
B

LE
 

V
I

 

C
A

R
D

IO
R

E
S

P
IR

A
TO

R
Y

 
V

A
R

IA
B

LE
S

 
FO

R 
S

TA
N

D
A

R
D

 
S

U
B

M
A

X
IM

A
L.

 
E

X
E

R
C

IS
E

. 
G

RO
UP

 
M

EA
N

 
AN

D 
S

TA
N

D
A

R
D

 
ER

R
O

R
 

SH
O

W
N 

FO
R

 
E

A
C

H
 

TE
S

T 
D

U
R

IN
G

 T
R

A
IN

IN
G

 

A
-V

 
O

2 
d

if
f

 

v
o

l 
% 

1
3

.7
 

2
0

.4
 

i
-
-
 

i
-
 

1
3

.0
 

2
1

 .o
 

1
4

.6
 

2
0

.7
 

1
2

.8
 

2
0

.6
 

1
3

.8
 

2
0

.7
 

1
5

.3
 

2
0

.7
 

2
.2

6
 

"s
ig

n
if

ic
a

n
t 

a
=

.0
5

 
F

 r
a

ti
o

 m
u

s
t 

e
x

c
e

e
d

 2
.4

2
 

t
o

 b
e

 
s

ig
n

if
ic

a
n

t.
 

i-
te

c
h

n
ic

a
l 

d
if

fi
c

u
lt

ie
s

 
p

re
v

e
n

te
d

 d
e

te
rm

in
a

ti
o

n
 o

f 
th

is
 p

a
ra

m
e

te
r.

 



i l l u s t r a t i o n  p u r p o s e s  may n o t  be a s  p r e c i s e  a s  u s i n g  t h e  mean 

p e r c e n t a g e  change  f rom o r i g i n a l  p r e - t r a i n i n g  v a l u e s .  The 

submaximal  work r a t e  was d e s i g n a t e d  b e f o r e  t r a i n i n g  began i n  

o r d e r  t o  impose a p p r o x i m a t e l y  t h e  same r e l a t i v e  s t r e s s  on 

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

o f  maximal oxygen u p t a k e ,  T h e r e f o r e ,  u s i n g  mean a b s o l u t e  

d a t a  o f  o t h e r  v a r i a b l e s  s u c h  a s  h e a r t  r a t e ,  s t r o k e  vo lume,  

v e n t i l a t i o n  and  a r t e r i n - v e n o u s  oxysen  d i f f e r e n c e  dces  i n  f z c t  

seem j u s t i f i e d .  

Oxygen u p t a k e  e x h i b i t e d  no s i g n i f i c a n t  change  o v e r  

t h e  d u r a t i o n  o f  t h e  t r a i n i n g  program ( F i g u r e  9 ) .  The t i m e  

c o u r s e  o f  submaximal oxygen u p t a k e  w i t h  t r a i n i n g  s u g g e s t s  a  

s l i g h t  d e c r e a s e  ( i . e .  i n c r e a s e d  m e c h a n i c a l  e f f i c i e n c y ) .  

Ca rbon  d i o x i d e  p r o d u c t i o n  ( F i g u r e  l o ) ,  howeve r ,  s i g n i f i c a n t l y  

d e c r e a s e d  ( p < . 0 5 )  by t h e  end o f  t h e  t r a i n i n g  p e r i o d  ( 1 . 0 6  

t o  1 .00  i l m i n ) .  The g r a d u a l  d e c r e a s e  i n  submaximal  V C 0 2  

became s i g n i f i c a n t  ( p < , 0 5 )  by t e s t  4 d u r i n g  t r a i n i n g .  The 

r e s p i r a t o r y  exchange  r a t i o  e x h i b i t e d  no c l e a r  t r e n d ,  a1 t hough  

a  d e c r e a s e  o c c u r r e d  by t h e  end o f  t r a i n i n g  ( 0 . 8 0  t o  0 . 7 5 ) .  

Pu lmonary  v e n t i l a t i o n  f o r  s t a n d a r d  submaximal  e x -  

e r c i s e  ( F i g u r e  1 1 )  d e c r e a s e d  s l i g h t l y  b u t  n o t  s i g n i f i c a n t l y  

(37 .2  t o  35 .9  l / m i n  BTPS). 

C a r d i a c  o u t p u t  d u r i n g  submaximal e x e r c i s e  ( ~ i g u r e  1 2 )  

d e c r e a s e d  by t h e  end o f  t r a i n i n g  ( 1 0 . 5 % ) ,  a l t h o u g h  t h e  change  

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



Figure 9 Oxygen uptake f o r  standard submaximal exe rc i se  

with days of t r a i n i n g .  Each s u b j e c t ' s  changes, 
the  g r o u p  mean a n d  the standard e r r o r  (shaded 

a r e a )  a re  i l l u s t r a t e d .  
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F i g u r e  1 0  Carbon d i o x i d e  p r o d u c t i o n  f o r  s t a n d a r d  sub-  

maximal e x e r c i s e  w i t h  days  of t r a i n i n g .  Each 
s u b j e c t ' s  changes ,  t h e  group mean and t h e  

s t a n d a r d  e r r o r  ( shaded  a r e a )  a r e  i l l u s t r a t e d .  



CARBON DIOXIDE ELIMINATION IN STANDARD 
SUBMAXIMAL WORK (% CHANGE FROM INITIAL TEST) 



F i g u r e  11 Pulmonary v e n t i l a t i o n  f o r  s t a n d a r d  submaximal 
e x e r c i s e  w i t h  days  of t r a i n i n g .  Each s u b j e c t ' s  

d a t a ,  t h e  g r o u p  mean and t h e  s t a n d a r d  e r r o r  
( s h a d e d  a r e a )  a r e  i l l u s t r a t e d .  





F i g u r e  12 C a r d i a c  o u t p u t  f o r  s t a n d a r d  submaximal e x e r c i s e  

w i t h  days  of t r a i n i n g .  Each s u b j e c t ' s  c h a n g e s ,  
t h e  group mean and t h e  s t a n d a r d  e r r o r  ( shaded  
a r e a )  a r e  i l l u s t r a t e d .  





t r a i n i n g  u n t i  1  p o s t - t r a i n i n g  t e s t s ,  when a  marked d e c l i n e  

was n o t e d .  H e a r t  r a t e  f o r  s t a n d a r d  submaximal e x e r c i s e  

( F i g u r e  13)  d e c l i n e d  s t e a d i l y  from t h e  o n s e t  o f  t r a i n i n g  

u n t i l  t e s t  6  (150 t o  129 b e a t s / m i n ) .  The d e c l i n e  was 

s i g n i f i c a n t  ( p < . O 5 ) ,  w i t h  t h e  s i g n i f i c a n c e  f i r s t  o c c u r r i n g  

a t  t e s t  2 d u r i n g  t r a i n i n g .  

submaxima!  e x e r c i s e  ( f i g u r e  1 4 )  up t n  t e s t  6 ( 6 3  t o  71  ml)  w a s  

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

a  d r o p  i n  submaximal s t r o k e  volume ( 6 5  m l ) .  

A r t e r i o - v e n o u s  oxygen d i f f e r e n c e  ( F i g u r e  1 5 )  d i d  n o t  

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

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

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

however ,  A - V  O 2  d i f f e r e n c e  i n c r e a s e d  markedly ( 1 3 . 8  t o  

15 .3  V O I  % j .  

T r a i n i n g  r e s u l t e d  i n  a  g r a d u a l l y  d e c l i n i n g  h e a r t  r a t e  

c o i n c i d e n t  w i t h  an i n c r e a s i n g  s t r o k e  volume. C a r d i a c  o u t p u t ,  

oxygen up take  and hence a r t e r i o - v e n o u s  oxygen d i f f e r e n c e  

remained v i r t u a l l y  c o n s t a n t .  

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

t e s t  w i t h  an unchanged oxygen u p t a k e  was accompanied by an 

i n c r e a s e d  A - V  O 2  d i f f e r e n c e .  

The r e l a t i o n s h i p  between oxygen u p t a k e  and c a r d i a c  

o u t p u t  i n  t h e i r  r e s p o n s e  t o  submaximal and maximal e x e r c i s e  

b e f o r e  and a f t e r  t r a i n i n g  i s  i l l u s t r a t e d  i n  F i g u r e  16 .  



F i g u r e  13  Hear t  r a t e  f o r  s t a n d a r d  submaximal e x e r c i s e  
w i t h  days  o f  t r a i n i n g .  Each s u b j e c t ' s  d a t a ,  
t h e  group mean and t h e  s t a n d a r d  e r r o r  ( shaded  
a r e a )  a r e  i l l u s t r a t e d .  





F i g u r e  1 4  S t r o k e  volume f o r  s t a n d a r d  submaximal e x e r c i s e  
w i t h  days  of t r a i n i n g .  Each s u b j e c t ' s  d a t a ,  

t h e  g r o u p  mean and t h e  s t a n d a r d  e r r o r  ( shaded  
a r e a )  a r e  i l l u s t r a t e d .  



STROKE VOLUME IN STANDARD SUBMAXIMAL WORK (mi) 



F i g u r e  15  A r t e r i o - v e n o u s  oxygen d i f f e r e n c e  f o r  s t a n d a r d  

submaximal e x e r x i s e  wi th  days of  t r a i n i n g .  
Each s u b j e c t ' s  d a t a ,  t h e  g r o u p  mean and t h e  

s t a n d a r d  e r r o r  ( shaded a r e a )  a r e  i l l u s t r a t e d .  





F i g u r e  16 The r e l a t i o n s h i p  of  oxygen u p t a k e  and c a r d i a c  
o u t p u t  i n  t h e i r  r e s p o n s e  t o  e x e r c i s e  of 
i n c r e a s i n g  s e v e r i t y  b e f o r e  and a f t e r  t r a i n i n g .  
L ines  f o r  each  s u b j e c t  have been drawn by 
j o i n i n g  p o i n t s  f o r  submaximal and maximal 
e x e r c i s e .  The group mean r e s p o n s e  l i n e  i s  
i l l u s t r a t e d  by t h e  heavy,  d a r k  l i n e .  



PR
E-

TR
AI

N
IN

G
 

O
XY

G
EN

 U
PT

AK
E 

(J
/m

in
) 

A
 A

. K
. 

C
.L

. 
0C

.M
. 

L.
R

. 
. 

0
 C

.S
. 

A
 

C.
T.

 

"
 1

.0
 

2
.0

 
3
.0

 

O
XY

G
EN

 U
PT

AK
E 

(I
/m

in
) 



8 3  

Group mean r e s p o n s e  l i n e s  a r e  shown a s  w e l l  a s  t h o s e  f o r  

i n d i v i d u a l  s u b j e c t s .  I t  can be s e e n  t h a t  t r a i n i n g  r e s u l t e d  

i n  a  h i g h e r  maximal oxygen u p t a k e  accompanied by a  h i g h e r  

c a r d i a c  o u t p u t .  S t a n d a r d  submaximal e x e r c i s e  e l i c i t e d  an 

i d e n t i c a l  oxygen u p t a k e  a f t e r  t r a i n i n g  w i t h  a  r e d u c e d  

c a r d i a c  o u t p u t ,  

P u l m o n a r y  F u n c t i o n  V a r i a b l e s  -- a t  R e s t  ( T a b l e  V I I )  

No s i g n i f i c a n t  c h a n g e s  o c c u r r e d  i n  m i n u t e  v e n t i  1 a t i o n ,  

t i d a l  volume and f o r c e d  e x p i r a t o r y  volume i n  1  s e c o n d .  

V i t a l  c a p a c i t y  remained  r e l a t i v e l y  c o n s t a n t  ( 3 . 5 6  t o  3 . 7 2  

1  BTPS) e x c e p t  f o r  t e s t  2  (3 .401  BTPS) which was found  t o  be 

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

t e s t s  ( p < . 0 5 ) ,  B r e a t h i n g  f r e q u e n c y  a t  r e s t  d e c l i n e d  f rom 1 6 . 5  

b r e a t h s / m i n  p r e - t r a i n i n g  t o  1 3 . 5  b r e a t h s / m i n  i n  t e s t  6 ,  a  

s i g n i f i c a n t  d e c r e a s e  ( p < , 0 5 ) .  



T e s t  

- 

I n i t i a l  
n = 6  

2 
n = 6  

3  
n  = 6  

4  
n  = 6 

5  
n  = 5  

6 
n = 5  

F i n a l  
n = 5  

F 

TABLE V I I  

PULMONARY FUNCTION AT REST. GROUP MEAN AND 
STANDARD E R R O R  SHOWN FOR EACH 

TEST DURING TRAINING 

MV 
l / m i n  BTPS 

1 0 . 0  
k l . O  . A 

1u.6 
k 2 . 0  

9 .5  
k 1  .o  

9 .5  
5 1 . 5  

1 0 . 8  
k 1 . 8  

1 0 . 0  
k1 . 7  

1 0 . 2  
2 1  ,I 
O,4O 

TV 
m l  BTPS 

6 3 2 . 1  
k 7 3 . 5  

6 9 7 . 7  
k 1 5 9 . 8  

6 5 8 . 8  
k 8 5 . 0  

6 3 1 . 2  
k 1 1 5 . 6  

8 4 3 . 2  
k 2 4 3 . 6  

8 1 5 . 6  
k 2 1 2 . 4  

739 .3  
k 1 1 5 . 8  

l e l 0  

V C  
1  BTPS 

" s i g n i f i c a n t  a = . 0 5  F r a t i o  m u s t  e x c e e d  2 . 4 2  t o  b e  s i g n i f i c a n t .  



T A B L E  V I I I  

L O C A T I O N  O F  S I G N I F I C A N T  D I F F E R E N C E S  B E T W E E N  MEANS D E T E R M I N E D  
B Y  N E W M A N - K E U L S  M E T H O D O T E S T S  A R R A N G E D  I N  A S C E N D I N G  O R D E R  

O F  M A G N I T U D E  O F  M E A N S .  U N D E R L I N I N G  J O I N I N G  T E S T  
N U M B E R S  I N D I C A T E S  NO S I G N I F I C A N T  

D I F F E R E N C E  B E T W E E N  M E A N S  

P a r a m e t e r  

A .  M a x i m a l  
E x e r c i s e  

T e s t  N u m b e r  

B .  S u b m a x i m a l  
E x e r c i s e  

C .  P u l m o n a r y  
F u n c t i o n  

S e e  T a b l e s  I V ,  V ,  V I  a n d  V I I  f o r  m e a n s  a n d  s t a n d a r d  e r r o r s .  



C H A P T E R  V 

DISCUSSION 

Card i  o r e s p i r a t o r y  P a r a m e t e r s  - P r e - T r a i  n i n g  

. 
As p r e v i o u s l y  d e f i n e d ,  maximal oxygen u p t a k e  (V02 max) 

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

r e s p i r a t o r y  s y s t e m .  When e x p r e s s e d  i n  m i l l i l i t e r s  o f  

oxygen consumed p e r  k i l o g r a m  of  body w e i g h t  p e r  m i n u t e  

( m l / k g / m i n ) ,  i t  i s  a  measu re  o f  t h e  e n e r g y  f rom a e r o b i c  

p r o c e s s e s  made a v a i l a b l e  f o r  m e t a b o l i c  and p h y s i c a l  work.  I t  

has  been commonly a c c e p t e d  a s  a  c r i t e r i o n  o f  p h y s i c a l  f i t n e s s ,  

and i t s  v a l u e  h a s  r anged  f rom 20 t o  25 ml/kg/min f o r  s e d e n t a r y  

ma le s  and f e m a l e s  ( A s t r a n d ,  1960 ;  S i e g e l ,  B l o m q u i s t  and 

M i t c h e l l ,  7 9 7 0 )  t o  85 mi jkg j rn in  f o r  a  champion a t h i e t e  

( S a l t i n  and A s t r a n d ,  1 9 6 7 ) .  

P r e v i o u s  i n v e s t i g a t i o n s  of  u n t r a i n e d  S c a n d i n a v i a n  . 
f e m a l e s  have r e p o r t e d  v a l u e s  o f  V O p  max r a n g i n g  f rom 38  t o  

48 ml/kg/min ( A s t r a n d ,  1952 ;  A s t r a n d ,  1960 ;  A s t r a n d  -- e t  a l . ,  

1964 ;  Hermansen and A n d e r s e n ,  1 9 6 5 ) .  S t u d i e s  on Nor th  

American c o l l e g e - a g e  f e m a l e s  g e n e r a l l y  have r e p o r t e d  l ower  

v a l u e s ,  r a n g i n g  f rom 30 t o  39 ml /kg /min .  The mean i n i t i a l  

i o 2  max of  44 ml/kg/min ( 2 . 4 4 1 / m i n )  f o r  s i x  c o l l e g e  g i r l s  i n  

t h e  p r e s e n t  s t u d y  i s  t h e r e f o r e  f a i r l y  h i g h  by Nor th  American 

s t a n d a r d s .  A s t r a n d ' s  ( 1 9 5 2 )  f i n d i n g  o f  4 8  ml /kg /min  f o r  



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

s t u d y  t o  e x c e e d  41 ml/kg/min i n  S c a n d i n a v i a .  S i n c e  o n l y  

s u b j e c t  C . L .  ( 3 4 . 5  ml /kg /min)  had a  i o 2  max below 42 ml/kg/rnin ,  

i t  would a p p e a r  t h a t  t h e  s u b j e c t s  o f  t h i s  s t u d y  d i d  n o t  1 
b e l o n g  i n  a  " s e d e n t a r y "  c a t e g o r y  of f i t n e s s .  Former 

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

( A . K . ,  C . M .  and L . R . )  and i n t e r c o l l e g i a t e  b a s k e t b a l l  by 

s u b j e c t  C . T .  would t e n d  t o  s u p p n r t  t h i s  c o n c l u s i n n .  

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

much h i g h e r  l e v e l s  o f  pu lmonary  v e n t i l a t i o n  i n  maximal work 

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

was 1 0 0 . 5  l / m i n  (BTPS) .  Horva th  and M i c h a e l ' s  d a t a  ( 1 9 7 0 )  

showed a  mean i~ max o f  60 1 /min  (BTPS) and Moody, Kol l i a s  

and Buskirk ( 1 9 6 9 )  found  a  ;E max of  6 3  l / m i n  (BTPS) i n  t h e i r  

s u b j e c t s .  The f e m a l e  s t u d e n t s  s t u d i e d  by Hermansen and 

Anae r sen  ( 1 9 6 5 )  bad a  mean V E  max o f  7 1 . 0  i / m i n  ( B T P s ) .  The 

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

t o  t h o s e  o f  f e m a l e  a t h l e t e s  s t u d i e d  by Hermansen and 

Ande r sen  ( 1 9 6 5 )  and S p r y n a r o v a  and P a r i z k o v a  ( 1 9 6 9 ) .  The . 
e x t r e m e l y  low pu lmonary  v e n t i l a t i o n s  and V02 max v a l u e s  

r e p o r t e d  by o t h e r  i n v e s t i g a t o r s  may be d u e  t o  i n a p p r o p r i a t e  . 
t e s t i n g  p r o c e d u r e s .  O t h e r  s t u d i e s  have  found  a  l o w e r  V O p  

max d u r i n g  b i c y c l e  compared w i t h  t r e a d m i  11 e x e r c i s e  

( G l a s s f o r d  -- e t  a l . ,  1 9 6 5 ;  Hermansen and S a l t i n ,  1969 ;  McNab, 

Conger  and T a y l o r  1969 ;  Hermansen,  Ekblom and S a l t i n ,  1 9 7 0 ) .  

T h e s e  w o r k e r s  have  s u g g e s t e d  t h a t  l o c a l  m u s c u l a r  f a t i g u e  
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e x p e r i e n c e d  d u r i n g  maximal b i c y c l i n g  1  imi t s  work per formance  

b e f o r e  t h e  c a r d i o r e s p i r a t o r y  sys tem becomes maximally 

engaged.  Hermansen, Ekblom and S a l t i n  (1970)  found t h a t  

mean a r t e r i a l  blood p r e s s u r e  was 10% h i g h e r  d u r i n g  maximal 

b i c y c l i n g  compared t o  maximal u p h i l l  r u n n i n g .  S i n c e  t h e  

lower  ~ 0 ~  max d u r i n g  b i c y c l i n g  was due t o  a  lower c a r d i a c  

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

d u r i n g  b i c y c l e  e x e r c i s e  may have p l a c e d  a  l i m i t a t i o n  upon . 
Q max. T h i s  i s  s u b s t a n t i a t e d  by t h e  f i n d i n g  by Hoes -- e t  a l .  

(1968)  t h a t  e x t r e m e l y  high i n t r a m u r a l  p r e s s u r e s  may o c c u r  

i n  t h e  muscle  groups  i n v o l v e d  d u r i n g  maximal bi  c y c l e  e x e r c i s e ,  

e s p e c i a l  l y  a t  1  ow p e d a l l i n g  r a t e s .  

I n  a c c o r d  w i t h  t h e s e  f i n d i n g s ,  B a n i s t e r  and Jackson  

(1967)  found t h a t  f o r  g iven  work o u t p u t s ,  t h e  mechanica l  

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

e s p e c i a l l y  i n  e x c e s s  o f  80 r e v ~ l u t i o n s  p e r  m i n u t e  ( r p m ) .  . 
T h e r e f o r e ,  h i g h e r  v a l u e s  of V O p  max and V E  max may be o b t a i n e d  

by r a p i d  p e d a l l i n g  r a t e s .  The s t u d i e s  r e p o r t i n g  low v a l u e s  
e 

f o r  V02max and V E  max used t h e  s t a n d a r d  method of  c o n t r o l l i n g  

t h e  s u b j e c t ' s  p e d a l l i n g  r a t e  a t  50 rpm, g r a d u a l l y  i n c r e a s i n g  

t h e  r e s i s t a n c e  t o  p e d a l l i n g  u n t i l  t h e  s u b j e c t  cou ld  no l o n g e r  

m a i n t a i n  t h e  r a t e .  Maximal b i c y c l e  e x e r c i s e  a t  low p e d a l l i n g  

r a t e s  t h e r e f o r e  may l i m i t  work per formance  i n  f ema le  s u b j e c t s  

f o r  r e a s o n s  o t h e r  than  c a r d i o r e s p i r a t o r y  f a c t o r s ,  such a s  

1 )  impedance of l o c a l  blood f low due t o  e x t r e m e l y  h igh  
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i n t r a m u r a l  p r e s s u r e s ,  and 2 )  l i m i t a t i o n s  of muscle  mass 

and s t r e n g t h  i n  f e m a l e s .  The h i g h e r  v a l u e s  of  Y O 2  max and 

V E  max found i n  t h e  p r e s e n t  s t u d y  may, i n  p a r t ,  be a  r e s u l t  

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

p e d a l l i n g  r a t e s  r a n g i n g  from 80 t o  90 rpm. 

During submaximal work, t h e  oxygen u p t a k e  of 5 of 

t h e  6  s u b j e c t s  was s l i g h t l y  above t h e  normal r a n g e  ( A s t r a n d ,  

1960;  Hermansen and Anderson ,  l 9 6 5 ) .  T h i s  l o w e r  mechans ca! 

e f f i c i e n c y  may have been due t o  a  l a c k  of  f a m i l i a r i t y  w i t h  

t h e  b i c y c l e  e rgomete r  and t h e  a p p r e h e n s i o n  a s s o c i a t e d  w i t h  

i n i t i a l  t e s t i n g .  In  a d d i t i o n ,  pulmonary v e n t i l a t i o n  f o r  5 

of  t h e  6  s u b j e c t s  was a l s o  s l i g h t l y  h i g h e r  t h a n  t h e  normal 

r a n g e .  

C a r d i a c  o u t p u t  i n c r e a s e d  w i t h  i n c r e a s i n g  oxygen u p t a k e  

a s  has  been obse rved  p r e v i o u s l y  ( F i g u r e  1 7 ) .  However, d u r i n g  

both  submaximal and maximal work, t h e  a r t e r i o - v e n o u s  oxygen 

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

found f o r  f e m a l e  s u b j e c t s  ( A s t r a n d  -- e t  a l . ,  1 9 6 4 ) .  There  a r e  

s e v e r a l  f a c t o r s  which may e x p l a i n  t h i s  d i s c r e p a n c y .  The 

f emale  s u b j e c t s  of As t rand  -- e t  a l .  ( 1 9 6 4 )  had lower  hemoglobin 

c o n c e n t r a t i o n s  a t  a l l  l e v e l s  of  e x e r c i s e  t h a n  t h e  s u b j e c t s  

of t h i s  s t u d y ,  t h e  fo rmer  b e i n g  13 .6  g/100 ml and t h e  l a t t e r  

14 .6  g/100 ml a t  maximal e x e r c i s e .  Assuming an i d e n t i c a l  

p e r c e n t a g e  s a t u r a t i o n  of a r t e r i a l  blood i n  t h e  two g roups  

and t h a t  1  grm of hemoglobin can combine w i t h  1 . 3 4  ml of 

oxygen,  t h e  s u b j e c t s  of t h e  p r e s e n t  s t u d y  would have an 



F i g u r e  17 The r e l a t i o n s h i p  of oxygen up take  and c a r d i a c  

o u t p u t  i n  t h e i r  r e s p o n s e  t o  e x e r c i s e  of i n c r e a s -  
ing  s e v e r i t y .  Group mean r e s u l t s  of t h e  p r e s e n t  

s t u d y ,  p r e  and p o s t - t r a i  ni n g  , a r e  compared 
w i t h  r e s u l t s  from s i m i l a r  s t u d i e s  on males  and 

f e m a l e s .  
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o x y g e n  c o n t e n t  o f  a r t e r i a l  b l o o d  1 . 3 4  m1/100 m l  h i g h e r  t h a n  

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

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

t h e  a r t e r i o - v e n o u s  o x y g e n  d i f f e r e n c e  w o u l d  b e  1 . 3 4  m1/100 

h i g h e r  i n  t h e  f e m a l e s  o f  t h i s  s t u d y .  Whereas A s t r a n d  -- e t  a l .  

( 1 9 6 4 )  f o u n d  an a r t e r i o - v e n o u s  o x y g e n  d i f f e r e n c e  o f  14 .3  

m1/100 m l ,  t h e  p r e s e n t  s t u d y  h a d  a  mean o f  1 6 . 5  m1/100 m l ,  

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

h e m o g l o b i n  c o n c e n t r a t i o n .  However ,  H a r t l e y  and  S a l t i n  ( 1 9 6 9 )  

f o u n d  t h a t  m a x i m a l  e x e r c i s e  w h i c h  e x h a u s t e d  s u b j e c t s  i n  5 

t o  8 m i n u t e s  p r o d u c e d  h i g h e r  c a r d i a c  o u t p u t s  t h a n  t h e  

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

t h o u g h  i d e n t i c a l  o x y g e n  u p t a k e s  w e r e  a c h i e v e d .  The  " s u p e r -  

m a x i m a l  e f f o r t "  w o u l d ,  t h e r e f o r e ,  e l i c i t  a  h i g h e r  a r t e r i  o -  

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

t e s t  u s e d  by A s t r a n d  -- e t  a ? .  ( 1 9 5 4 ) .  

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

i n  t h i s  s t u d y  was 3 .6  m1/100 m l .  V a l u e s  as l o w  as  t h i s  h a v e  

b e e n  r e p o r t e d  on  n o n - a t h l e t e s  b y  Chapman, F i s h e r  and  S p r o u l e  

( 1 9 6 0 )  on 26  n o r m a l  m a l e s  a n d  Hermansen,  E k b l o m  and  S a l t i n  

( 1 9 7 0 )  on  4  n o r m a l  m a l e s .  However ,  u s u a l l y  o n l y  t r a i n e d  

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

c o n t e n t  o f  m i x e d  v e n o u s  b l o o d  t o  t h i s  l e v e l  ( E k b l o m ,  1 9 6 9 ) .  

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

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

m a x i m a l  w o r k .  T h i s  w o u l d  r e s u l t  f r o m  o v e r e s t i m a t i o n  o f  
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P S  , u n d e r e s t i m a t i o n  o f  PaCO 
c o 2  2 '  

o r  b o t h ,  S i n c e  PaCO was 
2 

c o r r e c t e d  u p w a r d  o f  a d d i n g  3 mm Hg a c c o r d i n g  t o  t h e  recommen- 

d a t i o n s  o f  M a g e l  a n d  A n d e r s e n  ( 1 9 6 7 ) ~  o v e r e s t i m a t i o n  o f  

PS 
c o 2  

may h a v e  o c c u r r e d .  However ,  s i n c e  t h e  r e l i a b i l i t y  o f  

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

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

s e r i a l  changes  o b s e r v e d  d u e  t o  t r a i n i n g .  

v a l u e s  f o u n d  i n  o t h e r  s t u d i e s  o f  f e m a l e  s u b j e c t s  ( A s t r a n d ,  

1960 ;  A s t r a n d  -- e t  a l . ,  1 9 6 4 ) .  A t  submax ima l  l o a d s ,  a l l  6  
Ill 

I1 

s u b j e c t s  had h e a r t  r a t e s  h i g h e r  t h a n  t h e  n o r m a l  r a n g e  when I Ill 1 1  

1'1 r e l a t e d  t o  t h e  w o r k  r a t e  u n d e r t a k e n  ( A s t r a n d ,  1 9 6 0 ) .  However ,  
I 

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

w i t h i n  t h e  n o r m a l  r a n g e  (Hermansen and A n d e r s e n ,  1 9 6 5 ) .  

S t r o k e  v o l u m e  f o r  submax ima l  w o r k  ( 5 0 %  of  V02 max)  

was 7 8 . 4 %  o f  s t r o k e  v o l u m e  a t  V02 max. S t u d i e s  on u n t r a i n e d  

m a l e s  h a v e  shown t h a t  o v e r  90% of  m a x i m a l  s t r o k e  v o l u m e  i s  

a t t a i n e d  when o x y g e n  u p t a k e  r e a c h e s  40% o f  i t s  maximum 

( M u s s h o f f  and R e i n d e l l ,  1956 ;  B e v e g a r d ,  H o l m g r e n  and  J o n s s o n ,  

1960 ;  Wang, M a r s h a l l  a n d  S h e p h e r d ,  1960;  A s t r a n d  et g . ,  
1 9 6 4 ) .  However ,  o t h e r  s t u d i e s  h a v e  d e m o n s t r a t e d  r e s p o n s e s  

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

(Chapman, F i s h e r  a n d  S p r o u l e ,  1960;  Hermansen,  E k b l  om and 

S a l  t i n ,  1 9 7 0 )  and  t r a i n e d  a t h l e t e s  ( E k b l o m  and Hermansen,  

1 9 6 8 ) .  S t r o k e  v o l u m e  d u r i n g  m a x i m a l  w o r k  ( 8 1  m l )  was o f  t h e  

same m a g n i t u d e  r e p o r t e d  f o r  f e m a l e s  b y  M u s s h o f f  and  R e i n d e l l  



(1956)  b u t  sma l l e r  than repor ted  f o r  semi-ac t ive  females 

(100 m l )  by Astrand -- e t  a l .  (1964) .  Only s u b j e c t  C.S.  

(4 max 19.1 l /min ,  s t r o k e  volume 105 m1) a t t a i n e d  va lues  

a s  h i g h  a s  t hose  repor ted  by Astrand -- e t  a l .  (1964) .  

Hemoblobin concen t r a t ion  and hematocr i t  a t  r e s t  were 

a lmost  i d e n t i c a l  t o  o t h e r  s e r i e s  on females a s  reviewed by 

Astrand (1956).  Pos t - exe rc i se  va lues  exh ib i t ed  t h e  we l l -  

kncm hemcccncentrat3cn e f f e c t  of e x e r c f s e ,  r e f l e c t e d  by 

i n c r e a s e  i n  both hemoglobin concen t r a t ion  and hematocr i t  

(F igure  8 ) .  A hemoconcentration of between 10 and 15% i s  

regarded a s  normal from r e s t  t o  maximal e x e r c i s e  (Ekblom and 

Hermansen, 1968) whereas t h e  presen t  s tudy  exh ib i t ed  a  modest 

5.8% i n c r e a s e .  Delanne, Barnes and Brouha (1959) pos tu l a t ed  

a  r i s e  i n  muscular osmotic p re s su re  r e s u l t i n g  from e x e r c i s e  

from an observed r i s e  i n  plasma osmola l i t y .  This  was due 

t o  i n c r e a s e s  i 'n ~ a ' ,  K', ~ a " ,  phosphate,  l a c t a t e  and 

p r o t e i n a t e .  These f i n d i n g s  support  t h e  view t h a t  l i b e r a t i o n  

of m e t a b o l i t e s  d u r i n g  muscular a c t i v i t y  r e s u l t s  i n  an 

' i n c r e a s e  i n  t h e  number of o smot i ca l ly  a c t i v e  molecules and 

hence osmotic pressure  i n  t h e  muscle c e l l s .  As a  r e s u l t ,  

f l u i d  and ions  a r e  t r a n s f e r r e d  from t h e  plasma t o  t h e  c e l l s  

i n  an a t tempt  t o  maintain  an equ i l i b r ium i n  osmotic p re s su re .  

The above-mentioned hypothes i s  was s u b s t a n t i a t e d  by 

Novak and Johnson (1970) who found an i n c r e a s e  i n  t o t a l  

osmotic p re s su re  of plasma i n  r a b b i t s  a f t e r  a c u t e  e x e r c i s e .  



They suggested that non-volatile lactic acid accumulating 

within the cell may be the substance involved in causing 

the increase in osmotic pressure. Hemoconcentration is 

probably not caused by increased protein content of the 

blood during exercise, as Rottini -- et al. (1970) found no 

significant changes in blood protein values during exhaustive 

exercise. Environmental conditions or water loss do not 

affect the shifts of fluid from the plasma to the cells 

(Delanne, Barnes and Brouha, 1960). 

Arterialized blood pH values at rest agreed closely 

with other investigators using the same method (Bouhuys 

et al., 1966). Post-exercise pH was similar in the present -- 
+ study (7.197 - .023) to values reported by Bouhuys -- et al. 

f (1 966) on 50 males (7.1 9 0  - .040). 

Post-exercise lactate values were modest for the 

subjects of the present study in comparison to those reported 

in the literature for maximal exercise (Knehr, Dill and 

Neufeld, 1942; Saltin -- et al., 1969). This indicates a 

limitation of tolerance for anaerobic metabolism during 

exhaustive exercise, or a constant timing error in blood 

sampling. Pulmonary function variables, VC and FEVl .O, 

were similar in value to those reported by Astrand (1960) 

for young women. Minute ventilation at rest, tidal volume 

and respiratory rate were also within the normal range 

(Comroe, 1965). 



C a r d i o r e s p i r a t o r y  Pa ramete r s  - E f f e c t s  - of T r a i n i n g  
Maximal E x e r c i s e  

T r a i n i n g  produced s i g n i f i c a n t  ( p c . 0 5 )  g a i n s  i n  maximal 

oxygen u p t a k e  r a n g i n g  from 2 .44  l /min  t o  2.73 l /min  o r ,  

12 .8% of t h e  o r i g i n a l  v a l u e .  These g a i n s  a r e  s l i g h t l y  lower  

t h a n  t h o s e  r e p o r t e d  by Rowel1 (1962)  and Ekblom -- e t  a l .  ( 1 9 6 8 ) ,  

b u t  h i g h e r  t h a n  Knehr,  D i l l  and Neufeld (1942)  and Ekblom . 
( 1 9 7 0 ) .  The degree  n f  imp rovemen t  i n  Y O p  max has been shown 

t o  be r e ' l a t e d  t o  i n i t i a l  f i t n e s s  s t a t u s .  As i l l u s t r a t e d  i n  

F i g u r e  1 8 ,  t h e  f ema le  s u b j e c t s  of t h e  p r e s e n t  s t u d y  made 

modera te  g a i n s  n e a r  t h e  lower l i m i t  of ' n o r m a l '  o r  ' t o  be 

e x p e c t e d '  improvement i n  a e r o b i c  power due t o  s h o r t - t e r m  

t r a i n i n g .  However, i t  i s  obvious  from t h e  t ime c o u r s e  of . 
V02 max w i t h  weeks of  t r a i n i n g  ( F i g u r e  1 )  t h a t  r a p i d  improve-  

ments were be ing  made a t  t h e  t ime  t r a i n i n g  was t e r m i n a t e d ,  

s i n c e  no " p l a t e a u i i  e f f e c t  had y e t  o c c u r r e d  a s  was no ted  i n  

o t h e r  s t u d i e s .  Ex tens ion  of t h e  t r a i n i n g  program would 

p r o b a b l y  have r e s u l t e d  i n  f u r t h e r  s i g n i f i c a n t  g a i n s  i n  V02 

max. F u r t h e r ,  i l l n e s s  and bed r e s t  f o r  s u b j e c t  L . R .  and a  

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

C . M .  l i m i t e d  t h e i r  t r a i n i n g  g a i n s .  

The p r e s e n t  s t u d y  conf i rms  t h e  f i n d i n g s  of Rowel1 

( 1 9 6 2 ) ,  Ekblom g $I-. , (1968)  and Sal  t i n  -- e t  a l .  (1968)  t h a t  . 
i n c r e a s e s  i n  V02 max were caused by an i n c r e a s e d  Q max and a  

widened A - V  Q2 d i f f e r e n c e .  The s i g n i f i c a n t  ( p < . 0 5 )  i n c r e a s e  

i n  Q max ( 6 . 9 % )  was due e n t i r e l y  t o  a  g r e a t e r  s t r o k e  volume 



F i g u r e  18  The p e r  c e n t  i n c r e a s e  i n  maximal oxygen u p t a k e  

a f t e r  s h o r t - t e r m  p h y s i c a l  t r a i n i n g  i n  r e l a t i o n  
t o  t h e  p r e - t r a i n i n g  maximal oxygen u p t a k e .  The 

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

t h o s e  of p r e v i o u s  s t u d i e s .  . 
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( 8 . 4 % )  i n  maximal e x e r c i s e .  The s l i g h t  i n c r e a s e  i n  t h e  

A - V  O 2  d i f f e r e n c e  d u r i n g  maximal e x e r c i s e  i n  t h e  i n i t i a l  

s t a g e s  of  t r a i n i n g  ( d a y s  0  t o  3 0 )  d i d  n o t  s e r v e  t o  augment . . 
V02 max, a s  Q max d e c r e a s e d  s l i g h t l y .  Aerob ic  power began 

t o  i n c r e a s e  o n l y  when s t r o k e  volume, and c o n s e q u e n t l y  

c a r d i a c  o u t p u t  began t o  r i s e  i n  maximal e x e r c i s e .  No 

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

o c c u r r e d  u n t i l  VO,  max began t o  i n c r e a s e .  The i n c r e a s e s  i n  - 
a e r o b i c  power were c l o s e l y  p a r a l l e l e d  by r i s i n g  p o s t -  

e x e r c i s e  l a c t a t e s  and d e c l i n i n g  p o s t - e x e r c i s e  pH v a l u e s .  T h u s  

i t  seems a p p a r e n t  t h a t  i n  a d d i t i o n  t o  enhanced work c a p a c i t y  

due t o  i n c r e a s e d  a e r o b i c  power, t o l e r a n c e  f o r  i n c r e a s e d  

a c i d e m i a  was a l s o  d e v e l o p e d .  

From a  compar ison  of t h e  t r a i n i n g  program ( T a b l e  1 1 )  

and t h e s e  r e s u l t s ,  i t  i s  a p p a r e n t  t h a t  i n t e r v a l  t r a i n i n g  

d u r i n g  t h e  j n i t j a l  ha ! f  ~f t h e  p r c g r m  was n ~ t  s u f f i c i e n t  t~ 

prompt t r a i n i n g  g a i n s .  A n  i n c r e a s e  i n  a e r o b i c  power and t h e  

c a p a c i t y  f o r  a n a e r o b i c  metabol  ism o c c u r r e d  on ly  a f t e r  c o n t i n u o u s ,  

c r o s s - c o u n t r y  r u n n i n g  began ( d a y  3 8 ) .  

The mechanisms p roduc ing  i n c r e a s e d  maximal s t r o k e  volume 

a r e  n o t  c l e a r .  H e a r t  volume has been shown t o  be h i g h l y  r e l a t e d  

t o  maximal s t r o k e  volume (Musshof f ,  R e i n d e l l  and K l e p z i g ,  1959;  

As t rand  -- e t  a l . ,  1 9 6 4 ) .  Most of t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  

no i n c r e a s e  i n  h e a r t  volume o c c u r s  i n  mature  s u b j e c t s  from 

s h o r t - t e r m  t r a i n i n g  (Ekblom, 1969;  H a r t l e y  -- e t  a l . ,  1969;  Ekblom, 

1 9 7 0 ) .  T h e r e f o r e  i t  i s  u n l i k e l y  t h a t  t h e  i n c r e a s e d  maximal 

s t r o k e  volume found i n  t h e  p r e s e n t  s t u d y  i s  due t o  an e n l a r g e d  

h e a r t  volume. 



F u n c t i o n a l l y ,  s t r o k e  volume may be enhanced by i n -  

c r e a s e d  v e n t r i c u l a r  f i l l i n g  ( F r a n k - s t a r l i n g  mechanism) o r  an 

i n c r e a s e  i n  myocard ia l  c o n t r a c t i l i t y .  Venous r e t u r n  may 

be a i d e d  by an i n c r e a s e d  blood volume, a  f a c t o r  known t o  be 

a s s o c i a t e d  w i t h  t r a i n i n g  (Holmgren -- e t  a l . ,  1960;  O s c a i ,  

Wi l l i ams  and H e r t i g ,  1 9 6 8 ) .  However, Robinson -- e t  a l .  (1966)  

r e c e n t l y  d e m o n s t r a t e d  t h a t  an a c u t e  i n c r e a s e  i n  b lood volume 

and c e n t r a l  venous p r e s s u r e  does  n o t  i n c r e a s e  c a r d i a c  o u t p u t  

i n  maximal e x e r c i s e .  T h u s  myocard ia l  c o n t r a c t i  1  i  t y  may be 

t h e  f a c t o r  l i m i t i n g  s t r o k e  volume. Ekblom (1969)  has  

s u g g e s t e d  t h a t  an i n c r e a s e d  s t r o k e  volume w i t h o u t  an obse rved  

change i n  h e a r t  volume may i n d i c a t e  t h a t  t h e  h e a r t  f u n c t i o n s  

w i t h  l e s s  s y s t o l i c  r e s i d u a l  b lood volume due t o  an i n c r e a s e d  

myocard ia l  c o n t r a c t i l i t y .  The d a t a  of  S a l t i n  -- e t  a l .  (1968)  

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

e x e r c i s e .  In t h e  l a t t e r  c a s e  impai rment  of venous r e t u r n  

s h o u l d  n o t  be a  f a c t o r .  I t  was h y p o t h e s i z e d  t h a t  t h e  d e c r e -  

ment i n  s t r o k e  volume and hence maximal oxygen u p t a k e  was 

due t o  "an u n i d e n t i f i e d  myocard ia l  e f f e c t . "  An  enhancement  

of  t h i s  same mechanism w i t h  t r a i n i n g  would seem l o g i c a l ,  

As Bevegard and Shephard (1967)  s t a t e ,  

P r o p e r l y ,  r e c e n t  s t u d i e s  have been d i r e c t e d  t o  
an a n a l y s i s  of  t h e  e v e n t s  a t  a  c e l l u l a r  l e v e l ,  
i n c l u d i n g  t h e  r e l a t i o n  of  i n i t i a l  f i b e r  l e n g t h  
t o  development  of t e n s i o n ,  t h e  r e l a t i o n  of 
c o n t r a c t i l e  e l e m e n t s  t o  e l a s t i c  components ,  
e x c i t a t i o n - c o n t r a c t i o n  c o u p l i n g ,  and p r o t e i n  
c o n t r a c t i o n  and m e t a b o l i c  pathways f o r  t h e  



p r o d u c t i o n  o f  u t i  l i z a b l e  e n e r g y .  When t h e  
s e v e r a l  components  o f  t h e  o v e r a l l  c o n t r a c t i l e  
p r o c e s s  a r e  c o n s i d e r e d ,  i t  i s  e v i d e n t  t h a t  
t h e r e  m u s t  be  many d i f f e r e n t  mechan isms b y  
w h i c h  t h e  d e v e l o p m e n t  o f  f o r c e  b y  m y o c a r d i a l  
c o n t r a c t i o n  can be  a1 t e r e d .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  s u b j e c t  L.R. e x h i b i t e d  

a  d e c r e a s e  i n  m a x i m a l  o x y g e n  u p t a k e  a f t e r  a  10 d a y  p e r i o d  

o f  b e d  r e s t  d u e  t o  i l l n e s s  ( d a y  6 8  t o  7 8 ) .  H e r  l o w e r  

a e r o b i c  c a p a c i t y  was due e n t i r e l y  t o  a  r e d u c e d  m a x i m a l  c a r d i a c  

o u t p u t  r e s u l t i n g  f r o m  a  l o w e r e d  s t r o k e  v o l u m e ,  a  f i n d i n g  

c o - i n c i d e n t  w i t h  t h a t  o f  S a l t i n  -- e t  a l .  ( 1 9 6 8 )  i n  s i m i l a r  

c i r c u m s t a n c e s .  

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

was f u r t h e r  augmented  b y  a  r i s e  i n  A-V O 2  d i f f e r e n c e  

( F i g u r e  7 ) .  More  i n t e r v a l ,  a n a e r o b i c - t y p e  t r a i n i n g  was 

b e i n g  f o l l o w e d  i n  t h i s  p h a s e  ( T a b l e  2 ) .  I n c r e a s e d  A-V O 2  

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

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

( S a l t i n  - e t  -* a1  9 1968;  Ekb lom,  1 9 6 9 ) ,  and i n c r e a s e d  o x y g e n  

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

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

m u s c l e  o f  r a t s  d u e  t o  t r a i n i n g  ( H o l l o s z y ,  1967;  K r a u s  

e t  a l . ,  1969;  B a r n a r d ,  E d g e r t o n  and P e t e r s ,  1 9 7 0 ) .  The -- 
p r o l i f e r a t i o n  o f  m i t o c h o n d r i a  i n  s k e l e t a l  m u s c l e  due  t o  

t r a i n i n g  ( G o l l n i c k  and K i n g ,  1 9 6 9 )  p r o b a b l y  o c c u r s  i n  

p r e v i o u s l y  ' w h i t e '  o r  a n a e r o b i c  f i b e r s ,  c h a n g i n g  them t o  

a e r o b i c  o r  ' r e d '  f i b e r s  ( V a n  L i n g e  1962;  B a r n a r d ,  E d g e r t o n  



and  P e t e r ,  1 9 7 0 ) .  I t  has  b e e n  d e m o n s t r a t e d  t h a t  f e m a l e s  

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

(Cumming a n d  Cumming, 1963 ;  A s t r a n d ,  1 9 6 8 ) .  S i n c e  " t h e  

c o m p o s i t i o n  ( e . g .  ' r e d '  v s .  ' w h i t e '  f i b e r s )  seems t o  d e p e n d  

on  t h e  a v e r a g e  s t i m u l u s  t o  w h i c h  i t s  m o t o r - p o o l  i s  s u b j e c t e d "  

( C l a u s e n ,  l 9 6 9 ) ,  g i r l s  may p o s s e s s  a  c o n s i d e r a b l e  p o t e n t i a l  

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

t r a i n i n g .  

H c w e v e r ,  t h e  a v a i l a b l e  d a t a  seems t o  i n d i c a t e  t h a t  

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

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

o n l y  v e r y  s l i g h t  i n c r e a s e s  i n  A-V O 2  d i f f e r e n c e  o c c u r r e d  u n t i l  

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

( T a b l e  2 ) .  I n t e r v a l  t r a i n i n g ,  d e m a n d i n g  a h i g h  d e g r e e  o f  

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

...a- a L c l L e d  ..+: - d u r i n g  + L ' -  --... '-A I t  f s  ".,.,.-'"-I 
LII 1 3  P C  I I UU. ~ U ~ ~ I I J I ~  t h a t  t h f s  t y p e  

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

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

t h e  i n t e n s i t y  o f  t h e  t r a i n i n g  s t r e s s  and  may o c c u r  o n l y  

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

e t  a l .  ( 1 9 6 9 )  f o u n d  n o  i n c r e a s e  A-V O 2  d i f f e r e n c e  i n  m i d d l e -  -- 
aged men who i n c r e a s e d  t h e i r  m a x i m a l  o x y g e n  u p t a k e  b y  14%,  

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

B a r n a r d ,  E d g e r t o n  a n d  P e t e r s  ( 1 9 7 0 )  f o u n d  n o  c e l l u l a r  

c h a n g e s  i n  s k e l e t a l  m u s c l e  o f  g u i n e a  p i g s  a f t e r  9  weeks  o f  

i n t e n s i v e  t r a i n i n g ,  e v e n  t h o u g h  t h e i r  mean r u n n i n g  t i m e  t o  
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e x h a u s t i o n  was more t h a n  s i x  t i m e s  l o n g e r  than  t h e  mean of 

t h e  c o n t r o l s .  A f u r t h e r  9  weeks of t r a i n i n g ,  however ,  

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

The oxygen c a r r y i n g  c a p a c i t y  of  t h e  blood i n  t h e  

p r e s e n t  s t u d y  was no t  a l t e r e d  w i t h  t r a i n i n g ,  a  f i n d i n g  

s u p p o r t e d  by many o t h e r s  (Ekblom - e t  -* a1 1968;  S a l t i n  -- e t  a l . ,  

1968;  Ekblom, 1 9 6 9 ) .  The d e c r e a s e  i n  hemoglobin concen-  

t r a t i o n  and h e m a t o c r i t  a t  r e s t  i n  t h e  f i r s t  two weeks of  

t r a i n i n g  ( F i g u r e  8 )  was t h e  o n l y  e x c e p t i o n ,  t h e  change f o r  

hemoglobin b e i n g  s i g n i f i c a n t  ( p c . 0 5 ) .  S i m i l a r  o b s e r v a t i o n s  

have been made by  o t h e r s ,  who have h y p o t h e s i z e d  an i n c r e a s e d  

f r a g i l i t y  of t h e  e r y t h r o c y t e  due t o  hypoxia  and i n c r e a s e s  i n  

plasma f r e e  f a t t y  a c i d s  from s e c r e t i o n s  of  a d r e n a l i n e  

d u r i n g  e x e r c i s e  (Yoshimura,  1 9 6 5 ) .  Hemoglobin i n  r ed  blood 

c e l l s  i s  p o s t u l a t e d  t o  be u t i l i z e d  t o  produce  muscle  p r o t e i n  

and young r e d  c e l l s .  Yoshimura ( 1 9 6 5 )  i n d i c a t e d  t h a t ,  

S i n c e  t h i s  r e g e n e r a t i o n  ( o f  red  blood c e l l s )  
i s  a c c e l e r a t e d  d u r i n g  e x e r c i s e ,  a c c e l e r a t i o n  
of  t h e  r ed  blood c e l l  d e s t r u c t i o n  i n  muscu la r  
e x e r c i s e  may be r e g a r d e d  a s  an a d a p t i v e  r e -  
a c t i o n  t o  promote t h e  growth o r  h y p e r t r o p h y  of  
musc les  and t h e  r e g e n e r a t i o n  of t h e  young red  
c e l l s .  

D e s p i t e  t h e  lowered hemoglobin c o n c e n t r a t i o n  a t  r e s t  

on day  1 4  ( F i g u r e  8 ) ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a  

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

m a i n t a i n  t h e  same oxygen c a r r y i n g  c a p a c i t y  of t h e  a r t e r i a l  

b l o o d .  The mechanism of t h i s  a p p a r e n t - a d a p t i v e  hemoconcen- 



t r a t i o n  i s  n o t  c l e a r .  However, t h e  h i g h e r  l a c t a t e  l e v e l  

no ted  on day 14 ( F i g u r e  3 ) ,  p o s s i b l y  due t o  t h e  lowered oxygen 

c o n t e n t  of  t h e  b l o o d ,  may have caused  a  g r e a t e r  t h a n  normal 

i n c r e a s e  i n  t h e  t o t a l  o s m o t i c  p r e s s u r e  of  t h e  blood p lasma.  

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

t o  t h e  c e l l s .  

The a p p a r e n t  i n c r e a s e  i n  A - V  O2 d i f f e r e n c e  d u r i n g  

maxima! e x e r c j s e  ~ c c ~ r r e d  4n t h e  l a t t e r  s t a g e s  o f  t h e  t r a i n i n g  

program w i t h o u t  any changes  i n  t h e  oxygen c a r r y i n g  c a p a c i t y  

of t h e  b lood .  T h i s  s u g g e s t s  t h a t  even though t h e  oxygen c a r r y i n g  

c a p a c i t y  of  blood of f e m a l e s  i s  lower t h a n  t h a t  of m a l e s ,  

f e m a l e s  a r e  a b l e  t o  r educe  t h e  oxygen t e n s i o n  i n  mixed venous 

b lood i n  a  s i m i l a r  manner a s  do males  and a l s o  a c h i e v e  a  

g r e a t e r  A - V  O 2  d i f f e r e n c e .  

There  was a  sma l l  b u t  s i g n i f i c a n t  d e c r e a s e  i n  maximal 

h e a r t  r a t e  r e s u l t i n g  from t r a i n i n g .  Rowel1 ( 1 9 6 2 )  and 

Ekblom e t  a l .  (1968)  found s i m i l a r  r e s u l t s .  However, As t r and  

(1956)  found no d i f f e r e n c e  i n  maximal h e a r t  r a t e s  of t r a i n e d  

and u n t r a i n e d  p e o p l e  and S a l t i n  -- e t  a l .  (1968)  d i d  n o t  o b s e r v e  

any d e c r e a s e  i n  maximal h e a r t  r a t e  of t h e  5 s u b j e c t s  of  

t h e i r  s t u d y .  I t  remains  t o  be d e t e r m i n e d  whe the r  such  a  

d e c r e a s e  i s  due t o  1 )  lower  myocard ia l  c a t e c h o l a m i n e  con- 

c e n t r a t i o n  from reduced  s y m p a t h e t i c  d r i v e  d u r i n g  maximal 

e x e r c i s e  ( L e s t e r  et fi., 1968) o r  2 )  an i n c r e a s e d  h e a r t  

volume from t r a i n i n g  (Ekblom, 1 9 6 9 ) .  

The f i n d i n g  of i n c r e a s e d  1  a c t a t e  l e v e l s  a f t e r  max- 

imal  e x e r c i s e  w i t h  t r a i n i n g  has  been obse rved  by many 

worke r s  (Knehr ,  D i l l  and N e u f e l d ,  1942;  Wil l iams e t  a l . ,  



1967 ;  S a l t i n  -- e t  a l . ,  1 9 6 9 ) .  Maximal b l o o d  l a c t a t e  i s  

assumed t o  be a  rough  i n d e x  o f  p h y s i c a l  f i t n e s s  a s  t h e  a b i l i t y  

t o  a t t a i n  h i g h  v a l u e s  d e c l i n e s  w i t h  a g e  ( R o b i n s o n ,  1 9 3 8 )  

and a t h l e t e s  a r e  a b l e  t o  a t t a i n  much h i g h e r  v a l u e s  t h a n  non- 

a t h l e t e s  ( R o b i n s o n  and Harmon, 1 9 4 1 ) .  T h i s  may be  d u e  t o  

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

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

a g r e a t e r  a b i l i t y  t o  t o l e r a t e  p a i n .  Comparison of  t h e  p o s t -  

e x e r c i s e  l a c t a t e  and pH c u r v e s  w i t h  t h o s e  f o r  V 0 2  max and 

A - V  O 2  d i f f e r e n c e  s u g g e s t s  t h a t  t h e  i n c r e a s e d  c a p a c i t y  f o r  

a n a e r o b i c  m e t a b o l i s m  i s  r e l a t e d  t o  g a i n s  i n  a e r o b i c  power 

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

howeve r ,  t h a t  t h e  i n c r e a s e d  work c a p a c i t y  d u r i n g  maximal 

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

l e v e l s  of  a e r o b i  c  and , a n a e r o b i  c power.  

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

r e s u l t i n g  f rom t r a i n i n g  i t  i s  i n t e r e s t i n g  t o  examine  t h e  

r e l a t i o n s h i p  o f  pu lmonary  v e n t i l a t i o n  t o  t h e  p e r c e n t a g e  o f  

oxygen e x t r a c t e d  f rom i t .  As i l l u s t r a t e d  i n  F i g u r e  1 9 ,  f o r  

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

p e r c e n t a g e  of  oxygen e x t r a c t e d  f rom a i r  i n  t h e  l u n g s  i s  

g r e a t e r  a f t e r  t r a i n i n g ,  D i f f e r e n c e s  i n  e x t r a c t i o n  be tween  

t h e  t r a i n e d  and u n t r a i n e d  s t a t e ,  a l t h o u g h  s m a l l  a t  low 

v e n t i l a t i o n s ,  becomes p r o g r e s s i v e l y  g r e a t e r  a s  pu lmonary  

v e n t i l a t i o n  i n c r e a s e s  t o  maximum. 



F i g u r e  1 9  R e g r e s s i o n  o f  % o x y g e n  e x t r a c t i o n  on v e n t i l a t i o n  
( S T P D )  p r e  and p o s t - t r a i n i n g  
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S i m i l a r  f i n d i n g s  have been r e p o r t e d  by B a n i s t e r  ( 1 9 6 9 )  

from hypoxic  t r a i n i n g  i n  one a t h l e t e .  The p h y s i o l o g i c a l  

p a r t i t i o n  c o e f f i c i e n t  of  oxygen between a i r  and blood i s  

abou t  1 . 3  i n  t h e  l u n g s  (Hatch  and Cook, 1 9 5 5 ) .  T h e r e f o r e ,  

optimum oxygen t r a n s f e r  might  be a n t i c i p a t e d  when a l v e o l a r  . . . 
v e n t i l a t i o n  (VA) i s  equa l  t o  1 . 3  Q .  A t  r e s t  V A  = 0.85 Q 

and t h e  e f f i c i e n c y  of lung  p e r f u s i o n  i s  n o t  o p t i m a l .  In . . 
s e v e r e  e x e r c i s e  V A  may r i s e  t o  a t  l e a s t  80 l j m i n  w h i l e  0 . . 
r a r e l y  exceeds  30 l /min  ( i n  m a l e s )  s o  t h a t  VA - > 24. 

T h e r e f o r e ,  Shephard (1967)  c o n c l u d e s ,  

A p r i o r i ,  ' a l v e o l a r '  dead s p a c e  s h o u l d  t h u s  
c o n s i s t  p r i m a r i l y  of a  p e r f u s i o n  component 
a t  r e s t  and p r i m a r i l y  of a  v e n t i l a t o r y  com- 
ponent  d u r i n g  s e v e r e  e x e r c i s e ,  w i t h  maximum 
e f f i c i e n c y  of oxygen t r a n s f e r  a t  i n t e r m e d i a t e  
r e s p i r a t o r y  minu te  volumes.  

. . 
Improvement i n  t h e  mean V A / Q  r a t i o  towards  1 . 3  d u r i n g  

s e v e r e  e x e r c i s e  would a c c o u n t  f o r  t h e  improved O 2  e x t r a c t i o n  

f o r  e q u i v a l e n t  pulmonary v e n t i a l t i o n s  found i n  t h i s  s t u d y ,  

Pulmonary v e n t i l a t i o n  i s  known t o  d e c l i n e  f o r  s t a n d a r d  work 

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

maximum (Andrew Guzman and Beck lake ,  1966;  Douglas and 

Beck lake ,  1968;  Ekblom -- e t  a l . ,  1 9 6 8 ) .  With a  r e d u c t i o n  i n  

v e n t i  l a t i o n  d u r i n g  c o m p a r a t i v e l y  hard  muscu la r  e x e r c i s e ,  t h e  . . 
mean V A / Q  r a t i o  would d e c l i n e  t o  a  more e f f i c i e n t  v a l u e ,  

t h e r e b y  improving t h e  e f f i c i e n c y  o f  oxygen t r a n s f e r  a c r o s s  

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

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

a t i o n  o c c u r s .  S a l t i n  -- e t  a l .  ( 1 9 6 8 )  h a v e  d e m o n s t r a t e d  a  

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

v e n t i l a t i o n  r e s u l t i n g  f r o m  t r a i n i n g  t o g e t h e r  w i t h  a  s m a l l e r  

a l v e o l a r - a r t e r i a l  O 2  p r e s s u r e  g r a d i e n t .  

Submax ima l  E x e r c i s e  

The  s l i g h t l y  i n c r e a s e d  m e c h a n i c a l  e f f i c i e n c y  ( F i g u r e  

9 )  n o t e d  d u r i n g  t r a i n i n g  i n  t h i s  s t u d y  has  b e e n  o b s e r v e d  

a l s o  b y  o t h e r s  ( R o b i n s o n  and Harmon, 1941 ;  K n e h r ,  D i l l  and  

N e u f e l d ,  1942;  Ekb lom,  1 9 6 9 ) .  The s i g n i f i c a n t  ( p c . 0 5 )  

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

i s  a  w e l l  known a d a p t a t i o n  t o  t r a i n i n g  ( A s t r a n d ,  1 9 5 6 ) .  

A l t h o u g h  i t  was n o t  s i g n i f i c a n t ,  F i g u r e  1 4  and F i g u r e  1 3  

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

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

( R o w e l l ,  1962;  E k b l o m  -- e t  a l . ,  1968 ;  S a l t i n  e t  a l . ,  1968 ;  -- 
N a r t l e y  et aJ., 1 9 6 9 ) .  However ,  u n l i k e  t h e  l a t t e r  s t u d i e s ,  

t h e  i n c r e a s e d  mean s u b m a x i m a l  e x e r c i s e - s t r o k e  v o l u m e  i n  t h e  

p r e s e n t  s t u d y  was n o t  a s s o c i a t e d  w i t h  an i n c r e a s e d  mean 

m a x i m a l  s t r o k e  v o l u m e  and a e r o b i c  p o w e r .  Submax ima l  e x e r c i s e -  

s t r o k e  vo lume,  w h i c h  was 78% o f  m a x i m a l  e x e r c i s e - s t r o k e  

v o l u m e  b e f o r e  t r a i n i n g  began ,  i n c r e a s e d  u n t i l  i t  was 87% 

o f  m a x i m a l  a f t e r  30  d a y s  o f  t r a i n i n g .  D u r i n g  t h i s  p e r i o d ,  

m a x i m a l  o x y g e n  u p t a k e  and  m a x i m a l  s t r o k e  v o l u m e  d i d  n o t  
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change t o  any d e g r e e .  As d i s c u s s e d  e a r l i e r ,  maximal s t r o k e  

volume seems t o  depend mos t ly  on t h e  c o n t r a c t i l e  power o f  

t h e  h e a r t  i t s e l f .  I f  maximal e x e r c i s e - s t r o k e  volume d i d  n o t  

i n c r e a s e  i n  t h e  f i r s t  h a l f  of t h e  t r a i n i n g  program, i t  

s u g g e s t s  t h a t  myocard ia l  c o n t r a c t i  l i  t y  was n o t  enhanced a l s o .  

T h e r e f o r e ,  t h e  mechanism p roduc ing  a  d e c l i n e  i n  h e a r t  r a t e  

c o - i n c i d e n t l y  w i t h  an i n c r e a s e d  s t r o k e  volume f o r  submaximal 

e x e r c i s e  would seem t o  be something  o t h e r  t h a n  an i n c r e a s e d  

c o n t r a c t i l e  power o f  t h e  myocardium. 

In r e s p o n s e  t o  e x e r c i s e ,  c a r d i a c  o u t p u t  i s  e l e v a t e d  

by an i n c r e a s e  i n  bo th  h e a r t  r a t e  and s t r o k e  volume. The 

l a t t e r  may o c c u r  th rough  an i n c r e a s e d  F r a n k - S t a r l i n g  mechanism 

and an i n c r e a s e d  myocard ia l  c o n t r a c t i l i t y .  I n  t h e  normal 

c o n d i t i o n ,  however ,  t h e  F r a n k - S t a r l i n g  mechanism i s  obscured  

by t h e  i n f l u e n c e  of t h e  au tonomic  ne rvous  sys t em ( S t a r l i n g ,  

1 9 2 0 ) .  I t  ha s  been f o u n d  t h a t  v a r y i n g  t h e  v e n t r f c u i a r  r a t e  

by a r t i f i  c i  a1 pacemakers  r e s u l t s  i n  s t r o k e  volume a d j u s t m e n t s  

t o  m a i n t a i n  t h e  same c a r d i a c  o u t p u t  ( R O S S ,  L i n h a r t  and 

Braunwald,  1 9 6 5 ) .  Dur ing  e x e r c i s e ,  i f  t h e  h e a r t  r a t e  a t  

a g iven  work l o a d  i s  i n c r e a s e d  th rough  a r t i f i c i a l  pacemakers  

(Bevegard ,  1962)  o r  a t r i a l  f l u t t e r  ( A s t r a n d  -- e t  a l . ,  1 9 6 3 ) ,  

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

o u t p u t  remains  unchanged.  These  s t u d i e s  seem t o  i n d i c a t e  

t h a t  changes  i n  s t r o k e  volume a r e  s e c o n d a r y  t o  changes i n  

h e a r t  r a t e .  
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The h igh  h e a r t  r a t e s  f o r  a  g iven  oxygen u p t a k e  

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

p a r t ,  t o  g r e a t e r  s y m p a t h e t i c  a c t i v i t y  (Holmgren, 1 9 6 7 ) .  In  

t h i s  c a s e ,  s t r o k e  volume may be p reven ted  from a t t a i n i n g  

maximal l e v e l s  d u r i n g  moderate  e x e r c i s e  by l i m i t a t i o n  of  

t h e  F r a n k - S t a r l i n g  mechanism. However, d u r i n g  s e v e r e  e x e r c i s e ,  

even t h e  t a c h y c a r d i a  and s y m p a t h e t i c  s t i m u l a t i o n  of t h e  myo- 

card ium t h a t  t a k e  p l a c e  a r e  n o t  s u f f i c i e n t  t o  p r e v e n t  an 

i n c r e a s e  i n  v e n t r i c u l a r  e n d - d i a s t o l i c  s i t e  and maximal s t r o k e  

volume i s  ach ieved  (Braunwald,  Ross and S o n n e n b l i c k ,  1 9 6 7 ) .  

The above workers  s t a t e  t h a t  

t h e  normal c a r d i a c  r e s p o n s e  t o  e x e r c i s e  i n v o l v e s  
t h e  i n t e g r a t e d  e f f e c t s  on t h e  myocardium of  
s i m p l e  t a c h y c a r d i a ,  sympa the t i  c  s t i m u l a t i o n  and 
t h e  o p e r a t i o n  of t h e  F r a n k - S t a r l i n g  mechanism. 
During submaximal l e v e l s  of e x e r t i o n ,  c a r d i a c  
o u t p u t  can r i s e  even when one or two of  t h e s e  
i n f l u e n c e s  a r e  b locked.  However, d u r i n g  maximal 
l e v e l s  ef  m u s c u l a r  e x e r c i s n  t h e  v e n t r i c u l a r  my== " ? cardium r e q u i r e s  a l l  t h r e e  i n f l u e n c e s  t o  s u s t a i n  
a  l e v e l  of a c t i v i t y  s u f f i c i e n t  t o  s a t i s f y  t h e  
g r e a t l y  augmented oxygen r e q u i r e m e n t s  o f  t h e  
e x e r c i s i n g  s k e l e t a l  musc les .  

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

submaximal e x e r c i s e  i n  t h e  i n i t i a l  40 days  of  t r a i n i n g  

p r o b a b l y  r e s u l t s  from 1 )  t h e  s l i g h t  i n c r e a s e d  mechanica l  

e f f i c i e n c y ,  and 2 )  a  reduced s y m p a t h e t i c  a n d / o r  i n c r e a s e d  

p a r a s y m p a t h e t i c  e f f e c t  on t h e  myocardium. Robinson -- e t  a1 . 
(1966)  and Holmgren (1967)  have hypo thes i zed  t h a t  i n c r e a s e d  

v a g a l  t o n e  may o c c u r  from t r a i n i n g  t o  produce t h e  r e l a t i v e  

b r a d y c a r d i a  noted  i n  t h e  t r a i n e d  s t a t e .  A l o w e r i n g  of t h e  



h e a r t  r a t e  i n  t h i s  way may a l l o w  f o r  more e f f e c t i v e  v e n t r i c -  

u l a r  f i l l i n g  and an i n c r e a s e d  s t r o k e  volume from an i n c r e a s e d  

F r a n k - S t a r 1  i n g  mechanism. 

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

i n a d e q u a t e  t o  i n c r e a s e  maximal a e r o b i c  power n e v e r t h e l e s s  may 

produce b e n e f i  c i  a1 a d a p t a t i o n s  of t h e  c i r c u l a t o r y  sys t em 

d u r i n g  submaximal e x e r c i s e  due t o  some u n e x p l a i n e d  t r a i n i n g  

e f f e c t  on t h e  au tonomic  ne rvous  system. 

Although t h e  changes  i n  c a r d i a c  o u t p u t  and A - V  O2 

d i f f e r e n c e  d u r i n g  submaximal work were n o t  s t a t i s t i c a l l y  

s i g n i f i c a n t ,  i t  i s  i n t e r e s t i n g  t o  compare t h e  t ime  c o u r s e  

t h r o u g h o u t  t h e  p e r i o d  of t r a i n i n g  of t h e s e  measures  ( F i g u r e s  

12 and 1 5 )  t o  t h e  h y p o t h e s i s  of Clausen ( 1 9 6 9 ) ,  t h a t  t r a i n i n g  

r e s u l t s  i n  blood f low i n c r e a s e s  t o  i n a c t i v e  p a r t s  and 

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

o f  the  t r a i n i n g  prog i -am,  t h e  s l f  g h t  d e c r e a s e  i n  c a r d i a c  

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

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

i n  A - V  O2 d i f f e r e n c e .  Many worke r s  have s u g g e s t e d  t h a t  a  

more e f f e c t i v e  r e d i s t r i b u t i o n  of a r t e r i a l  blood t o  t h e  work- 

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

v a s o c o n s t r i c t i o n  i n  n o n - e x e r c i s i n g  p a r t s  (Varnauskas  9 d., 
1966;  Andrew Guzman and B e c k l a k e ,  1966; K l a s s e n ,  Andrew 

and B a c k l a k e ,  1 9 7 0 ) .  In  t h e  p r e s e n t  s t u d y  t h e  i n c r e a s e d  

A - V  O 2  d i f f e r e n c e  i n  submaximal e x e r c i s e  c l o s e l y  p a r a l l e l e d  

t h e  r i s e  i n  A - V  O2 d i f f e r e n c e  d u r i n g  maximal e x e r c i s e ,  i n -  
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d i c a t i n g  t h a t  i d e n t i c a l  mechanisms i n d u c e  t h e  c h a n g e s .  I t  

seems u n l i k e l y  t h a t  s y m p a t h e t i c  a c t i v i t y  w ~ u l d  i n c r e a s e  even  

t r a n s i e n t l y  d u r i n g  submaximal and maximal e x e r c i s e  a s  a  

r e s u l t  of  t r a i n i n g .  S y m p a t h e t i c  a c t i v i t y  i s  g e n e r a l l y  f e l t  

t o  d e c r e a s e  f o r  a  g i v e n  work l o a d  w i t h  t r a i n i n g .  More l i k e l y ,  

t h e  i n c r e a s e d  A - V  O2 d i f f e r e n c e  i n  submaximal e x e r c i s e  i s  

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

musc l e  c e l l s ,  a s  p r e v i o u s l y  d i s c u s s e d  f o r  maximal work.  

C l a u s e n  ( 1 9 6 9 )  h y p o t h e s i z e d  a  r e d u c t i o n  o f  b lood  

f l o w  t o  t h e  work ing  m u s c l e s  w i t h  a  s l i g h t  i n c r e a s e  i n  b l o o d  

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

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

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

o c c u r r i n g  f rom t r a i n i n g .  E x e r c i s e  hype remia  i n  musc l e  i s  

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

v a s o d i  1 atoi -  compounds (Haddy  and S c o t t ,  1 9 6 8 ) .  The Smprovec! 

c a p a c i t y  f o r  o x i d a t i v e  me tabo l  ism may keep  t h e s e  me tabo l  i t e s  

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

i n c r e a s e    lau us en, 1 9 6 9 ) .  S i m i l a r  r e s u l t s  have  been found  

by Varnauskas  -- e t  a l .  ( 1 9 7 0 ) .  

The f i n d i n g s  o f  t h e  p r e s e n t  s t u d y  may be e x p l a i n e d  

by t h e  h y p o t h e s i s  o f  C l a u s e n  ( 1 9 6 9 ) .  Dur ing  t h e  p e r i o d  when 

no i n c r e a s e  i n  a e r o b i c  power was made,  submaximal c a r d i a c  

o u t p u t  f o r  a  g i v e n  oxygen u p t a k e  r ema ined  r e l a t i v e l y  con-  

s t a n t .  When a e r o b i c  power began t o  r i s e ,  w i t h o u t  an 

i n c r e a s e d  A - V  O 2  d i f f e r e n c e  ( a n  i n d i c a t o r  o f  c e l l u l a r  



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

D u r i n g  t h i s  p h a s e ,  b l o o d  f l o w  t o  n o n - a c t i v e  p a r t s  may h a v e  

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

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

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

an i n c r e a s e d  A - V  O 2  d i f f e r e n c e ,  s u g g e s t i n g  c e l l u l a r  a d a p t a t i o n s .  

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

m a r k e d l y ,  p r o b a b l y  d u e  t o  r e d u c e d  b l o o d  f l o w  t o  t h e  a c t i v e  

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

T h a t  t h e  d e g r e e  o f  m e t a b o l i c  a c i d o s i s  d e c r e a s e d  

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

i n  r e s p i r a t o r y  e x c h a n g e  r a t i o  r e s u l t i n g  f r o m  a  s i g n i f i c a n t  ( p < . 0 5 )  

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

e x p e c t e d  f r o m  t h e  s l i g h t  d r o p  i n  o x y g e n  u p t a k e  ( F i g u r e s  9 and  

1 0 ) .  I t  h a s  b e e n  shown t h a t  t h e  a d d i t i o n  o f  l a c t a t e  and 

p y r u v a t e  t o  t h e  b l o o d  d u r i n g  e x e r c i s e  c a u s e s  e x c r e t i ~ n  v 5 a  

t h e  l u n g s  o f  m o r e  C o p  t h a n  i s  f o r m e d  m e t a b o l i c a l l y  ( ' e x c e s s  

C 0 2 " ) ,  and  t h e  r e s p i r a t o r y  e x c h a n g e  r a t i o  R i n c r e a s e s  ( I s s e k u t z  

a n d  R o d a h l ,  1961 ;  N a i m a r k ,  Wasserman and  M c I l r o y ,  1 9 6 4 ) .  The 

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

an i n d i c a t i o n  o f  a n  e n h a n c e d  c a p a c i t y  o f  c e l l u l a r  enzyme 

s y s t e m s .  I n c r e a s e d  c a p a c i t y  f o r  o x i d a t i v e  m e t a b o l i s m  w o u l d  

r e s u l t  i n  a  s l o w i n g  o f  g l y c o l y s i s  and  an  i n h i b i t i o n  o f  

l a c t a t e  p r o d u c t i o n  ( H o l l o z y ,  1967 ;  G o l l n i c k  a n d  K i n g ,  1 9 6 9 ) .  

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

v e n t i l a t i o n  may b e  m e d i a t e d  t h r o u g h  t h e  e f f e c t  o f  d e c l i n i n g  
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ac idemia  d u r i n g  submaximal work on t h e  chemorecep to r s  of t h e  

c a r o t i d  s i n u s  and a o r t i c  a r c h .  Lower C o p  c o n t e n t  i n  t h e  

b lood r e s u l t i n g  from t h i s  reduced  l e v e l  o f  ac idemia  may a l s o  

l e s s e n  t h e  c e n t r a l  v e n t i l a t o r y  d r i v e .  However, s i n c e  oxygen 

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

i n t e r m e d i a t e  work- loads  ( S h e p h a r d ,  1 9 6 7 ) ,  submaximal e x e r c i s e  

pulmonary v e n t i l a t i o n  would n o t  be e x p e c t e d  t o  d e c r e a s e  v e r y  

much w i t h  t r a i n i n g  [ F i g u r e  1 1 ) =  The  s l i g h t  d e c l i n e  may a l s o  

r e f l e c t  t h e  s l i g h t  i n c r e a s e d  mechanica l  e f f i c i e n c y  e x p e r -  

i e n c e d  and s e r v e  t o  m a i n t a i n  t h e  a l r e a d y  e f f i c i e n t  V A / ~  
r a t i o .  



C H A P T E R  VI 

CONCLUSIONS 

S i x  women of  c o l l e g e  age  p a r t i c i p a t e d  i n  a  program 

of p h y s i c a l  t r a i n i n g  c o n s i s t i n g  of  3 s e s s i o n s  p e r  week f o r  

1 2  weeks.  Repeated t e s t s  were t a k e n  bi-weekly i n  maximal 

and submaximal e x e r c i s e  c o n d i t i o n s ,  f o r  pa ramete r s  such  a s  

oxygen u p t a k e ,  carbon d i o x i d e  p r o d u c t i o n ,  c a r d i a c  o u t p u t ,  

h e a r t  r a t e ,  hemogl obin  c o n c e n t r a t i o n ,  hematocri  t ,  1  a c t a t e  

and pH,  Pulmonary f u n c t i o n  was measured a t  r e s t .  Der ived  

p a r a m e t e r s  such a s  s t r o k e  volume, a r t e r i  o-venous oxygen 

d i f f e r e n c e  and r e s p i r a t o r y  exchange r a t i o  were c a l c u l a t e d .  

The r e l a t i v e l y  sma l l  group i n v e s t i g a t e d  does n o t  a l l o w  

g e n e r a l i z a t i o n  o f  t h e  r e s u l t s  t o  l a r g e r  p o p u l a t i o n s  of 

women o r  men. However, on t h e  b a s i s  of  t h e  r e s u l t s  of t h i s  

s t u d y ,  some d e f i n i t e  c o n c l u s i o n s  seem w a r r a n t e d .  

The s i x  young women s t u d i e d  e x h i b i t e d  i n c r e a s e s  i n  

a e r o b i c  and a n a e r o b i c  power t o  a  s i m i l a r  d e g r e e  a s  young men 

respond t o  p h y s i c a l  t r a i n i n g .  The mechanisms o p e r a t i n g  t o  

a c h i e v e  t h e  g a i n s  i n  a e r o b i c  power found f o r  t h e s e  f ema les  

were a l s o  s i m i l a r  t o  t h o s e  found f o r  male s u b j e c t s .  

I n c r e a s e d  maximal oxygen u p t a k e  ( 1 2 . 8 % )  was main ly  a c h i e v e d  

by a  s i g n i f i c a n t l y  i n c r e a s e d  c a r d i a c  o u t p u t  ( p <  .O5) d u r i n g  

maximal e x e r c i s e ,  s eeming ly  e n t i r e l y  due  t o  an i n c r e a s e d  



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

d i f f e r e n c e .  

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

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

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

i n c r e m e n t s  i n  a e r o b i c  power  and  a s s o c i a t e d  p a r a m e t e r s  i n  i t s  

i n i t i a l  s t a g e s .  I n  t h e  s i x  y o u n g  women s t u d i e d ,  c o n t i n u o u s  . 
c r o s s - c o u n t r y  r u n n i n g  a t  a m in imum o f  80% o f  V O  max f o r  2 

18 m i n u t e s  a p p e a r e d  n e c e s s a r y  t o  p r o m p t  i n c r e a s e s  i n  max ima1  

o x y g e n  u p t a k e ,  w h i c h  o c c u r r e d  t h r o u g h  an  i n c r e a s e d  c a r d i a c  

o u t p u t  o n l y .  T h e  ' s m a l l  i n c r e a s e  i n  a r t e r i o - v e n o u s  o x y g e n  

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

t r a i n i n g  p r o g r a m  and  c o i n c i d e d  w i t h  t h e  more  i n t e n s i v e  

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

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

v e n o u s  o x y g e n  d i f f e r e n c e  may n o t  o c c u r  a t  t h e  same r a t e  as  

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

c a r d i a c  o u t p u t )  d u r i n g  t r a i n i n g .  A l t e r n a t i v e l y ,  i t  may b e  

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

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

The  i n c r e a s e  o f  p o s t - e x e r c i s e  l a c t a t e  and t h e  d e c l i n e  

o f  p o s t - e x e r c i s e  pH w i t h  t r a i n i n g  p a r a 1  l e l e d  t h e  t r e n d  f o r  

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

t o l e r a n c e  f o r  a n a e r o b i c  m e t a b o l i s m  i s  r e l a t e d  t o  g r o s s  

f i t n e s s  i n c r e m e n t s  and  t h i s  i s  c o n s i s t e n t  w i t h  t h e  c l a i m  

o f  many a u t h o r s  t h a t  l a c t a t e  l e v e l s  r e s u l t i n g  f r o m  m a x i m a l  
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e x e r c i s e  i s  an i n d i c a t o r  of  p h y s i c a l  f i t n e s s .  P h y s i c a l  work 

c a p a c i t y  i n c r e a s e d  wi th  t r a i n i n g  and was a s s o c i a t e d  w i t h  

i n c r e a s e s  i n  a e r o b i c  and a n a e r o b i c  power. 

T r a i n i n g  r e s u l t e d  i n  a  more e f f i c i e n t  oxygen e x t r a c -  1 i 
t i o n  i n  t h e  l u n g s ,  e s p e c i a l l y  d u r i n g  heavy e x e r c i s e ,  T h i s  

may be  due t o  a  lowered and more e f f e c t i v e  mean 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  i n  t h e  l u n g s .  

T r a i n i n g  r e s u l t e d  i n  a s i g n i f i c a n t  d e c r e a s e  ( p < . 0 5 )  

i n  carbon d i o x i d e  p r o d u c t i o n  and h e a r t  r a t e  r e s p o n s e  t o  

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

i n  h e a r t  r a t e  was a  modera te  i n c r e a s e  i n  s t r o k e  volume. These  

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

when no g a i n s  were no ted  f o r  maximal oxygen u p t a k e  and 

maximal s t r o k e  volume. The d a t a  s u g g e s t s  t h a t  b e n e f i c i a l  

e f f e c t s  of t r a i n i n g  on t h e  hemodynamic r e s p o n s e  t o  s t a n d a r d  

submaximal e x e r c i s e  may o c c u r  i n  absence  of i n c r e a s e s  i n  

maximal oxygen u p t a k e  and maximal s t r o k e  volume. As d i s -  

cussed  p r e v i o u s l y ,  a  t r a i n i n g  e f f e c t  u p o n  t h e  au tonomic  

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

p a r a s y m p a t h e t i c  e f f e c t  on t h e  myocardium may m e d i a t e  t h e  

r e d u c t i o n  i n  h e a r t  r a t e .  F u r t h e r  s t u d i e s  a r e  n e c e s s a r y  t o  

i n v e s t i g a t e  t h e s e  r e s p o n s e s  t o  t r a i n i  ng. 

There  was an i n d i c a t i o n  t h a t  c a r d i a c  o u t p u t  d e c r e a s e d  

f o r  s t a n d a r d  submaximal e x e r c i s e  i n  t h e  l a t t e r  p o r t i o n  of 

t h e  t r a i n i n g  program, However, t h e  r e d u c t i o n  was n o t  s t a t i s -  

t i c a l l y  s i g n i f i c a n t .  S i n c e  oxygen u p t a k e  remained c o n s t a n t ,  
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an i n c r e m e n t  i n  a r t e r i o - v e n o u s  oxygen d i f f e r e n c e  f o r  s u b -  

maximal e x e r c i s e  accompanied t h e  d e c r e a s e  i n  c a r d i a c  o u t p u t .  

The i n c r e a s e  i n  a r t e r i o - v e n o u s  oxygen d i f f e r e n c e  f o r  sub-  I 
maximal e x e r c i s e  o c c u r r e d  a t  t h e  same s t a g e  of  t h e  t r a i n i n g  

program a s  an i n c r e a s e d  A - V  O 2  d i f f e r e n c e  i n  maximal 

e x e r c i s e .  T h i s  may s u g g e s t  a  common mechanism i n d u c i n g  

t h e s e  changes .  

ment i n  t r a i n i n g  and making s u b s t a n t i a l  changes  i n  t h e  f i t n e s s  

of  c o l l e g e  women. The g i r l s  who p a r t i c i p a t e d  i n  t h i s  s t u d y  

were t r emendous ly  e n t h u s i a s t i c  and c o n s c i e n t i o u s  i n  t h e i r  

t r a i n i n g  and l a b o r a t o r y  e v a l u a t i o n s .  They e x h i b i t e d  no 

h e s i t a n c y  i n  e x t e n d i n g  themse lves  c o n s i s t e n t l y  t o  e x h a u s t i o n  

d u r i n g  r e p e a t e d  maximal e x e r c i s e  t e s t s ,  

F u r t h e r  s t u d i e s  of t h e  e f f e c t s  of t r a i n i n g  on l a r g e  

g roups  o f  f e m a l e s  a r e  needed t o  conf i rm o r  modify t h e  f i n d i n g s  

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

between men and women i n  t h e i r  r e s p o n s e  t o  t r a i n i n g  may be 

d e t e r m i n e d  by r e p e a t e d  1  a b o r a t o r y  e v a l u a t i o n s  d u r i n g  a 

t r a i n i n g  program which imposes t h e  same r e l a t i v e  p h y s i o l o g i c a l  

s t r e s s  on both  t h e  male and f e m a l e  g r o u p s .  In  t h a t  way, 

s u c h  f i n d i n g s  a s  a  l a c k  of i n c r e a s e  i n  maximal oxygen u p t a k e  

i n  t h e  f i r s t  s t a g e s  of t r a i n i n g  may be d e f i n i t e l y  de te rmined  

t o  be e i t h e r  a  t r u e  s e x  d i f f e r e n c e  o r  a  r e s u l t  of i n a d e q u a t e  

s t r e s s  o f  t h e  t r a i n i n g  program. 
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APPENDIX 1 

I n d i v i d u a l  Raw D a t a  f o r  a l l  P a r a m e t e r s  

a n d  T e s t s  D u r i n g  t h e  T r a i n i n g  P r o g r a m  



I Max ima l  Oxygen U p t a k e  ( l / m i  n )  1 Max ima l  Oxygen U p t a k e  ( m l / k g / m i  n )  

F i n a l  t e s t s  f o r  s u b j e c t  LR n o t  i n c l u d e d  i n  c a l c u l a t i o n s  due t o  a d v e r s e  e f f e c t  o f  
bed  r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5 f o r  t e s t s  5, 6 ,  and F i n a l .  



Carbon D i o x i d e  P r o d u c t i o n  a t  V O ,  Max ( l / m i n )  R e s p i r a t o r y  Exchange R a t i o  a t  Y O 2  Max 

T e s t  

I n i t i a l  

I n i t i a l  

2 

3  

4  

5  

6  

F i n a l  

F i n a l  

A . K .  C.S. 

2 .79  

3 .20  

3 . 0 6  

2 . 9 8  

2 . 8 3  

2 .80  

3 .02  

2 .91 

3 . 1 3  

C . T .  
- 
2 .90  

2 . 9 3  

2 .98  

2 .86  

2 . 6 3  

2.71 

3 . 0 3  

2 .80 

2 .68  

-. 
S.E.  A . K .  

1 . 1 3  
0 . 1 0  

C.L. 

1 . 0 7  

t- 

t- 

1.01 

0 .95  

1 .06  

1 . 1 2  

0 . 9 9  

1  .O4 

-- 
C . M .  
-- -- 

1 . 1 0  

1  . I 3  

i-- 

1  .O4 

1  .O7 

* -  

1  .O1 

0 .98  

1  .O4 

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  due  t o  a d v e r s e  e f f e c t  o f  
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5 f o r  t e s t s  5 ,  6 ,  and F i n a l .  

S . E .  
- 

. 0 3  

.04  

. 0 3  

. 0 4  

.02  

. 03  

C . T .  

1 . 1 2  

t- 

.t- 

1 . 0 3  

0 . 9 4  

0 .96  

1 . 0 5  

1 . 0 0  

0 . 9 4  

L . R .  

0 . 96  

1 . 0 5  

i- 

1 . 0 2  

0 .94  

1 .06  

*- 

1 . 0 8  

0 . 9 8  

C.S. 

1 . 0 3  

1 . 2 3  

i- 

1 . 1 3  

0 . 9 8  

1 .01  

1 . 0 0  

0 . 9 9  

0 .99  



T e s t  

I n i t i a l  

I n i t i a l  

2  

3  

4  

5  

6 

F i n a l  

F i n a l  

C a r d i a c  O u t p u t  a t  VO, Max ( l / m i n )  

C . L .  

t- 

1 4 . 2  

14 .7  

1 3 . 6  

1 3 . 4  

14 .6  

1 4 . 6  

1 3 . 7  

1 6 . 4  

C . M .  

t- 

1 3 . 9  

13 .7  

1 3 . 9  

1 2 . 3  

*, 

1 3 . 7  

12 .7  

1 4 . 2  

S . E .  

1 .1  

1 .o  
1 .1  

1  . o  
1 . 2  

1 . 5  

0 . 8  

H e a r t  R a t e  a t  V O p  Max ( b e a t s / m i n )  1 
C . L .  

187 

1 8 8  

185  

1 7 8  

1 8 0  

187 

180  

184  

180  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  due  t o  
bed r e s t  on f i t n e s s .  I 

-- 
C . M .  
-- -- 
195  

191 

191 

191 

1 8 7  

*, 

184 

'I 87 

'1 8 9  
-- 

L.R. C.S, 

204 191  

207 191 

200 185  

197 187 

1 9 5  187  

1 9 5  184  

*- 187 

200 182 

195  187 

a d v e r s e  e f f e c t  of  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5  f o r  t e s t s  5 ,  6 ,  and F i n a l .  

S.E. 

3 . 8  

3 . 4  

3 .1  

3 .3  

3 .0  

3 . 3  

3.2 



T e s t  

I n i  t i  a1 

I n i t i a l  

2  

3  

4  

5  

6  

F i n a l  

F i n a l  

S t r o k e  Volume a t  Vo2 Max ( m l )  - 
A . K .  - - 

77 

7  6  

7  8 

7 3  

80  

72 

74  

74  

8 3  

- 
C.L. - - 
t - 

76 

79 

77 

75  

7  8  

81 

7  4  

9 1  

- 
C.M. - - 
t -  

7 3  

72 

7 3  

66  

* -  

74 

6 8  

7  5  

- 
L . R .  - - 

6 5  

62  

67 

64  

72 

7  2  

*, 

60  

67 

- 
C . S .  

99 

1 0 5  

1 0 5  

1 0 5  

102  

107  

111 

9  7  

100  

- 
C . T .  
- - 

88 

8 1  

92  

87 

82  

8 8  

9 4  

89 

8 5  

I A - V  O 2  D i f f .  a t  V02 
- 
C.L. 

t - 
t - 
t - 
16 .9  

15 .6  

16 .9  

1 4 . 7  

19 .1  

15 .2  

-- 
C . M .  
-- -- 
t '- 

1'7.5 

t ,- 

148.1 

1 '7 .8  

* ., 

1 8 . 3  

113.8  

118.0 

C . S .  
- 
1 4 . 3  

13 .1  

t- 

13 .5  

15 .1  

1 4 . 0  

1 4 . 5  

16 .7  

16 .9  

Max ( v o l / % )  

C . T .  

1 6 . 4  

t- 

t- 

17 .9  

19 .3  

17 .7  

17 .0  

17.2  

1 8 . 8  

F i n a l  t e s t s  f o r  s u b j e c t  LR n o t  i n c l u d e t i  i n  c a l c u l a t i o n s  d u e  t o  a d v e r s e  e f f e c t  o f  
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n = 5  f o r  t e s t s  5 ,  6 ,  and F i n a l ,  



T e s t  

I n i t i a l  

I n i t i a l  

2  

3  

4  

5  

6  

F i n a l  

F i n a l  

V e n t i l a t i o n  a t  V O p  Max ( l / m i n  B T P S )  

C . M .  

9 2 . 0  

9 3 . 0  

1 0 8 . 3  

1 2 0 . 2  

1 1 1 . 8  

*- 

1 1 1 . 9  

1 0 6 . 4  

1 1 0 . 5  

A . K .  

8 7 . 2  

9 5 . 1  

8 9 . 3  

9 5 . 7  

1 0 7 . 8  

1 1 0 . 1  

1 1 9 . 0  

9 7 . 1  

1 0 2 . 0  

L . R .  

1 0 7 . 8  

1 1 5 . 3  

1 0 7 . 7  

1 1 1 . 6  

1 0 4 . 7  

1 1 5 . 3  

*, 

1 1 5 . 9  

1 0 4 . 8  

C . L .  

8 3 . 4  

9 0 . 4  

9 1 . 4  

9 4 . 0  

7 9 . 1  

1 0 3 . 7  

9 7 . 2  

1 0 7 . 2  

1 0 7 . 7  

C.S. 

9 3 . 0  

9 1 . 1  

1 0 6 . 8  

1 0 5 . 2  

9 9 . 3  

1 0 2 . 6  

1 1 6 . 1  

1 0 4 . 7  

1 1 5 . 0  

-- 
C.T. 

-- -- 
1 0 1 . 4  

1 1 6 . 4  

1 1 0 . 6  

1 0 9 . 7  

1 0 9 . 7  

1 0 3 . 1  

1 1 7 . 4  

1 1 2 . 6  

1 0 2 . 1  
-- 

F L a c t a t e  P o s t - E x e r c i s e  ( m i % )  

C . M .  
- 
t- 

57 

77 

2 4  

26 

*-  

49 

5 5  

1 0 2  

L . R .  
- 
t-  

38 

6 2  

22 

1 8  

9  1  

*- 

4 4  

76 

C.S. 
- 
t- 

57 

50  

7 8  

39 

7 8  

6  1  

50 

9 3  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  d u e  t o  a d v e r s e  e f f e c t  of  
bed r e s t  on f i t n e s s .  

t t 6 c h n i c a l  d i f f i c u l t i e s  p r e v e n t e d  d e t e r m i n a t i o n  o f  t h i s  p a r a m e t e r .  

* i l l n e s s  p r e v e n t e d  t e s t i n g  n = 5  f o r  t e s t s  5 ,  6 ,  and  F i n a l .  

C . T .  - 
t - 

5 8  

42 

8 2  

44 

67 

75  

85  

70 

1 
S.E.  

- 
I 7 . 8  

9 . 9  

1 2 . 0  

8 . 5  



Hemoglobin P r e - E x e r c i s e  

I n i t i a l  1 1 4 . 2  

2  

3  

4  

5  

6  

F i n a l  

F i n a l  

C . L .  

1 4 . 3  

1 3 . 8  

13 .0  

14 .2  

13 .5  

1 4 . 2  

13 .6  

1 2 . 5  

1 4 . 0  

C.M. 

1 4 . 7  

1 3 . 2  

1 3 . 2  

1 4 . 5  

13 .2  

*- 

13 .0  

1 4 . 3  

1 4 . 8  

L . R .  

1 4 . 8  

t - 
13 .0  

1 3 . 6  

1 4 . 2  

1 4 . 8  

*-  

1 4 . 0  

1 4 . 0  

C.S.  

1 3 . 5  

1 2 . 8  

12 .0  

12 .2  

1 2 . 0  

13 .5  

1 3 . 3  

1 2 . 7  

1 2 . 5  

( g / 1 0 0  ml )  

C . T .  

1 2 . 8  

14 .2  

12 .5  

13 .6  

13 .5  

13 .5  

14 .5  

1 3 . 5  

14 .2  

S . E .  

0 . 2  

0 . 2  

0 . 4  

0 . 3  

0 . 3  

0 . 3  

0 . 3  

A . K .  

1 4 . 5  

1 4 . 3  

1 4 . 6  

1 4 . 8  

1 4 . 5  

14 .5  

1 4 . 1  

15 .2  

1 5 . 0  

- 

C.L. 
-- 
C.M. 
-- 

L . R .  

1 4 . 8  

1 6 . 2  

1 6 . 5  

1 4 . 7  

t - 
1 6 . 0  

*, 

1 5 . 0  

t - 
- 

C.S. 
- 
C.T.  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  d u e  t o  a d v e r s e  e f f e c t  o f  
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5  f o r  t e s t s  5 ,  6 ,  and F i n a l .  



T e s t  

I n i t i a l  

I n i t i a l  

2  

3  

4 

5 

6 

F i n a l  

H e m a t o c r i t  P r e - E x e r c i s e  ( % )  

A . K .  
- 
C . L .  

3 8 . 3  

42 .4  

41 .7  

43.5 

51 . O  

45 .2  

40.3  

41.3  

42.7  

- 
C.M. 

i- 

42 .5  

43.5 

44 .3  

42.5  

*, 

41 . O  

41 .5  

41 .5  

- 
C . S .  

44 .1  

41 .6  

39 .0  

4 4 . 8  

3 9 . 8  

43 .1  

43 .4  

41 . I  

42 .2  

- 
C . T .  

-- -- - 

Hematoc r i  t P o s t - E x e r c i s e  - 
C . L .  

45 .9  

4 5 . 8  

45 .2  

45.2  

51 .3  

-I-- 

40.0 

45.3  

47 .4  

-- 
C.M.  
-- 

i ,- 

42.7  

4'7.5 

t - 
45.9  

*- 

43.1  

45.4  

46 .8  
-- 

- 
L.R. C . S .  

- 
C . T .  

50 .0  

5 0 . 8  

47 .5  

51 .6  

48 .5  

4 6 . 7  

50.0  

50 .4  

47 .7  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  due  t o  a d v e r s e  e f f e c t  o f  
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5  f o r  t e s t s  5 ,  6 ,  and F i n a l .  

- 
S.E. 

1 . 1  

0 . 5  

1 . 7  

1 . 3  

1 . 2  

2 .0  

0 . 8  



T e s t  

I n i t i a l  

I n i t i a l  

2  

3  

4  

5  

6  

F i n a l  

F i n a l  

C.L. 

7.410 

7 . 4 1 0  

7 .415  

7 . 3 3 3  

7 . 4 1 8  

7 .395  

7 .406 

7 .390  

7 .366  

pH P r e - E x e r c i s e  

C.M. 

7 .400  

7 . 4 0 3  

7 .411  

7 . 4 1 5  

7 .395  

*, 

7 .371  

7 .413  

7 . 3 6 5  

C.S. I C . T .  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c : a l c u l a t i o n s  due  t o  
f i t n e s s .  

C.L. 

7 .254  

7 .241  

7 .282  

7 .257  

7 .262 

7 .215  

7 .269  

I-- 

7 . 2 3 5  

pH P o s t - E x e r c i s e  -- 
C . M .  

-- ..- 
7 . 1 3 5  

7 .159  

7 .171  

7 .107  

7.21 1  

J: , 

7 .115  

7.171 

7 .135  

L.R.  C.S. 

7 .195  

7 .192  

7 .206  

7 .112  

7 .177  

7 .163  

7 .135  

7 .135  

7 .118  

C . T .  

7 . 1 3 3  

7 .190  

7 .250  

7 .159 

7 .145  

7 .143  

7 .156  

7 .101  

7 .175  

a d v e r s e  e f f e c t  o f  bed r e s t  on 

S.E. 
- 

. 023  

.023  

.025  

, 0 1 8  

.019 

.030 

, 0 2 5  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5  f o r  t e s t s  5 ,  6 ,  and F i n a l .  
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R f o r  Submaximal Work 4 f o r  Submaximal Work ( l / m i n )  

Test  

I n i t i a l  

I n i t i a l  

2  

3 

4  

5  

6 

F i n a l  

F i n a l  

A . K .  

0 . 8 2  

0 . 8 1  

i- 

0 . 8 3  

0 . 7 9  

0 . 7 6  

0 . 8 4  

0 . 7 5  

0 . 7 5  
- 

C . L .  

0 . 7 3  

i- 

t- 

0 . 7 3  

0 . 7 4  

0 . 8 2  

0 . 7 1  

0 . 7 8  

0 . 7 4  

C . M .  

0 . 8 6  

0 . 8 2  

t- 

0 . 9 1  

0 . 7 2  

* -  

0 . 8 8  

0 . 8 2  

0 . 8 0  

L . R .  

0 . 7 3  

0 . 7 2  

t- 

0 . 7 9  

0 . 6 5  

0 . 8 1  

*- 

0 . 7 0  

0 . 6 7  

C.S. 

0 . 8 2  

0 . 8 6  

t- 

0 . 9 0  

0 . 7 0  

0 . 8 0  

0 . 7 7  

0 . 7 8  

0 . 7 4  

C . T .  

0 . 8 6  

t - 
i- 

0 . 8 8  

0 . 7 5  

0 . 8 0  

0 . 7 6  

0 . 7 6  

0 . 7 4  

1 

S.E.  A . K .  

1 1 . 3  
- 0 2  

1 1 . 4  

9 .1  

. 0 3  9 . 8  

. 0 2  1 0 . 2  

.01  1 0 . 1  

. 0 3  1 0 . 1  

C.M.  C.T.  

8 . 7  

8 . 8  

8 . 6  

8 . 4  

9 . 0  

8 . 7  

7 . 4  

7 . 7  

7 . 6  

L . R .  

8 . 0  

8 . 3  

7 . 4  

8 . 8  

7 . 5  

7 . 5  

* -  

8 . 0  

7 .1  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  d u e  t o  a d v e r s e  e f f e c t  o f  
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n = 5  f o r  t e s t s  5 ,  6 ,  and F i n a l .  

C.S. 

1 0 . 3  

1 0 . 6  

1 2 . 3  

1 3 . 0  

1 0 . 5  

1 1 . 1  

1 2 . 3  

1 0 . 7  

9 . 5  

S .E.  

0 . 7  

0 .7  

0 . 8  

0 . 6  

0 . 7  

1 . 1  

0 . 4  



I I 1 H e a r t  R a t e  f o r  Submaximal Work ( b e a t s / m i  n )  11 S t r o k e  Yo1 lume f o r  Submaximal Work ( m l )  

T e s t  A . K .  
- 
C . L .  

141 

1 4 4  

1 2 8  

1 2 3  

1 1 3  

117  

110  

110  

1 1 3  
- 

C . M .  

167  

164  

150  

154  

1 5 0  

*, 

141  

1 5 8  

1 4 3  

S.E. 

4.0 

7 .4  

6 . 3  

7 .2  

6 .1  

9 . 0  

6 . 1  

- 
L.R. 
- 

47 

52 

46 

6  1 

4 8  

52 

* -  

4 8  

45 

C . L .  

51 

52  

66 

62 

66 

66  

65  

6 4  

6 5  

S.E. 

3 .4  

5 . 9  

6 .7  

5 . 4  

6 .5  

5 . 0  

3 .4  

- 
C . M .  
- - 
7 1  

55 

61 

58  

60  

* -  

7 2  

57 

62  

I 

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  d u e  t o  a d v e r s e  e f f e c t  o f  
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n = 5  f o r  t e s t s  5 ,  6 ,  and  F i n a l .  

A.  K. 

76 

7 8  

67  

66 

7  6  

7  2 

66 

6  5  

5  1  
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-- - -  

T e s t  

I n i t i a l  

I n i t i a l  

2  

3  

4  

5 

6  

F i n a l  

F i n a l  

T i d a l  Volume a t  Rest (ml BTPS) 

C.S. 

61 4  

656 

602 

671 

500 

627 

671 

634  

6 3 8  

S.E. 

73.5  

1 5 9 . 8  

85 .0  

1 1 5 . 6  

243 .6  

212 .4  

1 1 5 . 8  

V i t a l  C a p a c i t y  ( 1  BTPS) - 
C . L .  

3 . 2 3  

3 .59  

3 .25  

3 .30  

3 . 4 8  

3 .62  

3 . 5 2  

3 .65  

3 .24  

-- 
C.M. 
-- 

2.71 

2 .79  

2 . 8 8  

2 .84  

2 .60  

*, 

2 . 8 8  

3 .08  

2 .99  

F i n a l  t e s t s  f o r  s u b j e c t  L R  n o t  i n c l u d e d  i n  c a l c u l a t i o n s  due  t o  a d v e r s e  e f f e c t  of 
bed r e s t  on f i t n e s s .  

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

* i l l n e s s  p r e v e n t e d  t e s t i n g  n=5  f o r  t e s t s  5 ,  6 ,  and  F i n a l .  

L.R. 

3 . 4 2  

2 .80  

3 .09  

3 .53  

3 .38  

3 , 4 5  

* -  

3 .45  

3 . 5 3  

C.S. 

4 . 2 4  

4 .15 

4 .04  

4 .41  

4 . 4 8  

4 .59  

4 .45  

4 .52  

4 .46  



I Forced Expi ra tory  Volume i n  1  s e c  ( %  of V C )  I 

Final  t e s t s  f o r  s u b j e c t  L R  not  included i n  ca11:ulations due t o  adverse  
e f f e c t  of bed r e s t  on f i t n e s s .  

? t e c h n i c a l  d i f f i c u l t i e s  prevented de te rmina t ion  of t h i s  parameter.  

" i l l n e s s  prevented t e s t i n g  n=5 f o r  t e s t s  5 ,  6 ,  and F ina l .  


