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c ,  

A b s t r a c t  

A ' 2 5  jrear o l d  m a l e  s u b j e c t  u n d e r w e n t  a  2 4  week r e g i m e n  of 

cycle  e r g o m e t e r  t r a i n i n g  d u r i n g  which b a s i c  ~ h y s i o l o g i c a l  

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

m o n i t o r e d .  T h e  amount  o f  t r a i n i n g  was q u a n t i f i e d  i n  t u o  ways, 
w 

A 

f i r s t ,  a s  c a r d i o v a s c u l a r  stress a s  d e t e r m i n e d  f rom ECG 

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

d e t e r m i n e d  from e r g o m e t e r  s p e e d  a n d  l o a d  s e t t i n g s ;  S t a n d a r d  

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

were c o n d u c t e d  week ly .  

I n  r e s p o n s e  t o  t h e  t r a i n i n g ,  maximal  oxygen  u ~ t a k e  

i n c r e a s e d  from a  p r e t r a i n i n g  l e v e l  o f  52.5 ml/kg/min t o  a  

maximum v a l u e  o f  64 .0  ml/kg/rnin a t  t h e  end of  t h e  s ~ c o n d  p h a s e  

- o f  t r a i n i n g .  S i m i l a r l y ,  l e g  s t r e n g t h  i n c r e a s e d  f r o m  900  pounds  

t o  1080 p o u n d s ,  c y c l e  e n d u r a n c e  a t  work r a t e s  u s e d  d u r i n g  t h e  
/' 

maximal  o x y g e n  u p t a k e  d e t e r m i n a t i o n  i n c r e a s e d  f rom 6 . 3 3  m i n u t e s  

t o  7 .70  m i n u t e s ,  and t w o  miled r u n  time d e c r e a s e d  f r o m  14.34 

m i n u t e s  t o  11 .67  r a i n u t e s .  i 

U s i n g  a  s y s t e m s  t h e o r y  a p p r o a c h ,  maximal, oxygen  u p t a k e  was -- - 
(I* 

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

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



is e x p r e s s e d  i n  u n i t s  o f  c a r d i o v a s c u l a r  s t r e s s .  T h e  time 

c o n s t a n t  f o r  this f u n c t i o n  a s  d e t e r m i n e d  f r o m  m e a s u r e d  d a t a  w a s  $ 
23  d a y s ,  L e g  s t r e n g t h  was a l s o  m o d e l l e d  w i t h  a f i r s t  o r d e r  

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

w o r k - * d o n e ,  t h e  time c o n s t a n t  b e i n  es t imated a s  60 d p y s .  7- I 

A m u l t i c o m p o n e c t  s y s t e m  was r e q u i r e d  , t o  m o d e l  a c t u a l  

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

e q u a t i o n  , 

PERFOREANCE = FITNESS - ( C H R O N I C  F A T I G U E  + ACUTE FATIGUE) 

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

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

cube r o o t  of t r a i n i n g  by f i r s t  order  d i f f e r e n t i a l  e q u a t i o n s ,  

t h e  former w i t h  a  t i n e  c o n s t a n t  o f  50 d a y s  a n d  t h e  l a t t e r  w i t h  
i 

a time c o n s t a n t  o f  15 d a y s ,  A c u t e  f a t i g u e  was mcdel led  a s  a 

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

t h a n  t o  t r a i n i n g  i n t e n ~ i t y ~ i t s e l f .  T h e  time c o n s t a n t  f o r  t h i s  -+ 

f u n c t i o n  was 7 d a y s .  T h e  p e r f o r , m a n c e  model . a d e q u a t e l y  s i m u l a t e d  
" f 

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

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

t h e  t r a i n i n q / p e r f  o r m a ~ c e  systea c a n  b e  d e s c r i b e d  u s i n g  first 

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

Z \ 

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

a t t s n t i o n .  one i m p o r t a n t  a s p e c t  w h i c h  h a s  f o r  some r @ s o n  
i 

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

' b e t w e e n  p h y s i c a l  t r a i n i n g  a n d  p h y s i c a l  p e r f o r m a n c e .  T h e  p r o b l e m  

+ is o f  b o t h  f u n d a m e n t a l  a n d  p r a c t i c a l  i n t e r e s t .  W i t h o u t  

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

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

1 ' 

o f  h u m a n  p h y s i c a l  p e r f c r m a n c e .  S u c h  k n o w l e d g e  c o u l d  a l s o  be of 

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

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

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

i n d i v i d u a l ' s  p h y s i c a l  ~ e r f c r l a a n c e  t h r o u g h  t r a i n i n g .  ' 

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

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

ii 
t o  two t y p e s  o f  p r o c e d u r e .  T h e  f i r s t  i s  w h a t  i s  r e f e r r e d  t o  a s  

t h e  ( ( b l a c k  b o x v  s t r a t e g y  i n  w h i c h  t h e  inputs a n d  o u t h u t s  q 

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

t h e  s y s t e m .  T h i s  strategy h a s  t h e  a d v a n t a g e  o f  r e q u i r i n g  only 
* 

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

f u n c t i o n  w h i c h  p r o v i d e s  no i n s i g h t  i n t o  how t h e  system w o r k s .  

T h e  second i s  w h a t  m i g h t  b e  c a l l e d  a n  " a n a l y t i c n  s t r a t e g y  i n  
"'- 

/ 



2 
I I 

w h i c h  t h e  s y s t s m  is  b r o k e n  down i n t o  i ts  c o n s t i t u e n - t  c o m p o n e n t s  

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

r e q u i r e s  a n  a c c u r a t e  k n o w l e d g e  o f  e a c h  c o a p o n e n  t. 
/-'. - 

I n  p r a c t i c e ,  a  c o u i b i n a t i o n  o f  t h e  two s t r a t e g i e s  is 

u s u a l L y  u s e d .  T h e  g e n e r a l i t i e s  of  t h e  b l a c k  b o x  s t r a t e g y  a r e  
0 

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

a b o u t  t h e  n a t u r e  o f  t h e  s y s t e m l s  c o m p o n e n t s .  Two systems w h i c h A  

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

, s y s t e m  ( M i l h o r n  a n d  Brown, 1971) a n d  t h e  t h e r m o r e g u l a t i o n  - 
s y s t t m  ( S t o l w i  j k  a n d  H a r d y ,  1966) . f 

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

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

r u n n i n g  i n  w h i c h  the t e c h n i q u e  by- w h i c h  opt imum p h y s i o l o g i c a l  
d 

' e f f i c i e n c y  o v e r  a  g i v e n  d Q t a n c e  @ i g h t  b e  o b t a i n e d  was  m o d e l l e d  

(Kel1,er 1 9 7 3 ) .  Two p r e v i c u s  a t tempts  a t  r e l a t i n g  t r a i n i n g  t o  - P 
p e ~ f o r m a n c e  s i n g  a s y s t e m s  m o d e l  a p p r o a c h  h a v e  b e e n  made 

{ C a l v e r t ,  "k  B a n i  t o r ,  S a v a g e ,  a n d  Bach, 1 9 7 6 ;  B a n i s t e r ,  C a l v e r t ,  

Savage ,  a n d  B a  b h, 1 9 7 5 ) .  T h e  s t r a t e g y  e m p l o y e d  was e s s e n t i a l l y  
\ 

a  b l a c k  box b e c a u s e  i n p u t  i n  t h e  t w o  cases e x a m i n e d  was 

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

m o n t h ) .  T h e  u s e  o f  a m ~ l t i c o m ~ o n e n t  m o d e l  was o n l y  s p e c u l a t i v e  



since ' t h e  n a t u r e s  of the i n t e r m e d i a t e  v a r i a b l e s  w h i c h  d e t e r m i n e  
-. 

p e r f o r m a n c e  were n o t  kncwn.  T h e  present study w a s  p r o p o s e d  t o  

e x a m i n e  t h e  q u a n t i t a t i v 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  o n  

+ p h y s i c a l  p e r f o r m a n c ~  a cd on t h e  p h y s i o l o g i c a l  c o a p o n e n  ts 
> 

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



i 
2. Rev iew o f  L i t e r a t u r e  

4 

The D e t e r m i n a n t s  o f  Human P e r f o r m a n c e  

An i n d i v i d u a l ' s  a t h l e t i c  c a p a b i l i t y  i s  d e p e n d e n t  upon  L 

A s e v s r a l  f a c t o r s .  w h i l e  t h e  a c t u a l  p e r f  c r m a n c e  may a s s u m e  many[ 
2 

/ 

f o r m ,  i m p o r t a n t  common c o m p o n e n t s  a r e  e n e r g y  m e t a b o l i s m ,  
iFW1 r * 

n e u r o m u s c u l a r  J s n c t i o n s  ( rncs t  i m p o r t a n t l y  s k i l l  o r  t e c h n i q u e ,  
a- 

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

c o m p e ? ' t i t i v e  t a c t i c s  { B s t r a n d ,  1970 ) .  These f a c t o r s ,  i n  t o t a l ,  

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

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

r u n n i n g ,  c y c l i n g ,  r c w i n g ,  o r  swimming. 
9 

*,$ g 
$23. 
-* 

2a. Energy X e t a b o l i s x n  

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

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

t h e  s u b c e l l u l a r  l e v e l ,  g .ove rned  b y  t h e  laws of t h e r m o d y n a m i c s .  

As L e h n i n g e r  (1961) p o i n t s  o u t ,  

"(the ce l l )  must t h e r e f o r e ,  owsin energy a n d  ase it a t  a  

f a i r l y  c o n s t a n t  a n d  low t e m p e r a t u r e ,  i n  a d i l u t e  a q u e o u s  
?. 

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

h y d r o g e n ' i o n s .  T o  s e c u r e  its p r i m a r y  e n e r g y  t h e  c e l l  h a s  during 

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

1 
.4 



1 

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

c o n d i t i o n s .  " . - 
A 

E n e r g y  m e t a b o l i s m  i n  a l l  c e l l s  is  m e d i a t e d  ' t h r o u g h  t h e  

i, a d e n o s i n e  t r i p h o s p h a t e  (ATP) g e n e r a t i n g b y s t e m  i n  t h e  

m i t o c h o n d r i a .  F o r  work t o  c o n t i n u e  b e d n d  t h e  c a p a c i t y  o f  
r" 

a v a i l a b l e ,  s t o r e s  o f  - ATP ( o r  i t s  p h o s p h a t e  " s t o r a g e w  m o l e c u % e ,  

c r e a t i n e  p h o s p h a t e )  it i s  n e c e s s a r y  t o  r e p l e n i s h  t h e  e n e r g y  

s u p p l y  i n  some  way. I n  mammalian ce l l s  t h i s  is a c c o m p l i s h e d  by 
L 

a - c o m p l e x  ser ies  o f  r e a c t i o n - s  p r e d i c a t e d  u ~ o w  t h e  b r e a k d o w n  of 
r-'7 

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

W h i l e  t h e  g l y c o l y t i c  p a t h w a y  i s  a c c e s s i b l e  o n l y  t o  

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

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

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

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

t v o - c a r b o n  r e l e a s e  p r o c e s s .  S i n c e  b e t w e e n  s i x t y  a n d  

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

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

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

c 3 r b o h y d r a t e s  t o  f a t  f o r  s t o r a g e ,  t h e  a e c h a n i s m  o f  f a t  

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

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

is i m p o r t a n t ;  s i n c e  t h e  c a p a c i t y  t o  s t o r e  c a r b o h y d r a t e  is  q u i t e  

l i m i t e d  ( o n l y  a b o u t  200 g r a m s  i n  t h e  w h o l e  body)  t h e  c o n v e r s i o n  ,. 



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

d 
4 

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

. e n e r g y  s t o r e d  i n  a  g l u c o s e  m o l e c u l e  is l o s t  when i t  is 
7 

c o n v e r t e d  t o  t r i g l y c ~ r i d e ,  

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

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

T h e  p r o c e s s  b y  w h i c h  t 4 i s  o c c u r s  i s  c a l l e d  d e a m i n a t i o n .  Via 

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

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

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

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

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

d 
a 

i l i t e r a t u r e .  T h e  f 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 s e  p a t h w a y s  

h a v e  a l s o  b e e n  w i d e l y  i n v e s t i g a t e d .  T h e  f a c t o r s  m o s t  commonly  
h 

deemed i m p o r t a n t  ic i n f l u e n c i n g  the a b i l i t y  of ce l l s ,  

p a r t i c u l a r l y  a c t i v e  m u s c l e  c e l l s ,  t o  g e n e r a t e b A T P  a r e  the 

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

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

p a t h w a y s .  

- 

2b. S u b s t r a t e  U t i l i z a t i o n  C a p a c i t y  

T h e  a b i l i t y  of ce l ls  t o  m e t a b o l i z e  s u b s t r a t e  is l o c a t e d  i n  

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

o f  t h e  i n v o l v e d  b i o c h e m i c a l  pa thways .  T h e s e  h a v e  a l r e a d y  b e e n  
" 



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

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

l e v e l  o f  t h e  i n d i v i d u a l .  . 

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

p h y s i c a l  t r a i n i n g  a r e  well 'documented .  I n c r e a s e s  i n  t h e  s i z e  

( G o l l n i c k  a n d  K i n g ,  1 9 6 6 ;  Morgan, Cobb,  S h o r t ,  Ross, a n d  Gunn, 

l 9 7 1 ) ,  t h e  number  ( G o 1 l n i c . k  a n d  King ,  1 9 6 6 ;  K i e s s l i n g ,  P i e h l ,  

arid L u n d q u i s t ,  1 9 7 1 ) ,  a n d  t h e  number  of i n n e r  membrane  c r i s t a e  

(Hol loszy,  ~ s c a i ,   ole, a n d  Don, l 9 7 l ) ,  h a v e  b e e n  r e p o r t e d ,  

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

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

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

t h e  c a s e .  H o l l o s z y  st a 1  ( 1 9 7 0 )  h a v e  d e m o n s t r a t e d  i n  t h e  h i n d  -- 
l i m b  m u s c l e  o f  r a t s  t h a t  t r a i n i n g  i n d u c e d  t u o f o l d  i n c r e a s e s  i n  

NADH d e h y d r o g e n a s e ,  s u c c i n a t e  d e h y d r o g e n a s e ,  c i  r a t e  C s y n t h e t a s e ,  a c o n i t a s e ,  a n d  c p t o c h r o m e  c o x i d a  e, a l l  o f  wh ich  

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

r e l a t e d  e n z y m e s  h a v e  b e e n  shown t o  i n c r e a s e  i n  d i f f e r e n t  
- + 

p r o p o r t i o n s  a f t e r  t r a i n i n g ;  f o r  e x a n p l e ,  a l p h a  k e t o g l u t a r a t e  

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

p e r c e n t  w h i l e  o t h e r  K r e b s  c y c l e  e n z y m e s  i n c r e a s e  o n l y  a b o n t  35 

p e r c e n t ,  T h i s  h a s  l e d  H o l l o s z y  t o  c o n c l u d e  t h a t  " t h e  

m i t o c h o n d r i a 1  c i t r a t e  c y c l e  a n d  c i t r a t e  c y c l e  r e l a t e d  e n z y m e s  

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

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

m i t o c h o n d r i a 1  c o m p o s i t i o n f l  ( H o l l o s z y  e t  a l ,  1 9 7 1 ) .  T h e s e  -- 



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

e t  a1  (1971)  d e m o n s t r a t e d  i n c r e a s e d  l e v e l s  of N A D H  -- 
d e h y d r o g e n a s e ,  s u c c i n a t e  d e h y d o g e n a s e ,  M l g / c y t o c h r c m e  o x i d a s e  

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

o n e  m o n t h  o n  a s t a t i o n a r y  b i c y c l e .  G o l l n i c k ,  A r m s t r o n g ,  

S a u b e r t ,  P i e h l ,  a n d  S a l t i n  ( 7 9 7 2 )  h a v e  a l s o  s h o w n  s i g n i f i c a n t  - 

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

t r a i n e d  a n d  u n t r a i n e d  i n d i v i d u a l s .  

I n  c o n t r a s t  t o  t h e  o b s e r v a t i o n s  o n  o x i d a t i v e  e n z y m e s ,  

s t u d i e s  have s h o w n  few c h a n g e s  i n  a n a e r o b i c  e n z y m e s  a f t e r  

t r a i n i n g  ( G o l l n i c k  a n d  H e r m a n s e n ,  1973 ) .  H o u e v e r ,  t h e  a u t h o r s  

s u g g e s t e d  t h a t  t h i s  "may h a v e  r e s u l t e d  from t h e  u s e  of t r a i n i n g  

p r o g r a m s  t h a t  d i d  n o t  s tress t h e  a n a e r o b i c  s y s t e m t ' ,  H e x o k i n a s e  

is t h e  m o s t  t r a i x i i n g - s e n s i t i v e  e n z y m e - i n  t h e  g l y c o l y t i c  

p a t h w a y .  I t  is o n e  o f  t h e  two major- r e g u l a t o r s  of g l y c o l y s i s .  

' I t  h a s  b e e n  o b s e r v e d  t o  i n c r e a s e  s i g n i f i c a n t l y  a f t e r  v e r y  feu 

t r a i n i n g  s e s s i o n s  (Lamb,  P e t e r ,  Jef fress,  a n d  W a l l a c e ,  9 6 9 ;  
- r l ,  

H o r g a n  -- e t  a l ,  1 9 7 1 ) .  A s e c o n d  g l p c o l y t i c  r e g u l a t o r ,  , 

p h o s p h o f r u c t o k i n a s e  (PPK) ,  d o e s  n o t  a p p e a r  t o  s h o w  s u c h  

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

c o w o r k e r s  ( 1 9 7 2 )  b a v e  d e m c n s t r a t e d  a m i n o r  d i f f e r e n c e  i n  PFK 

l e v e l s  b e t w e e n  t r a i n e d  a n d  u n t r a i n e d  men, a n d  H o l l o s z y  et a 1  

( 1 9 7 1 )  a l s o  s h o r e d  a ~ a r g i n a l   increase i n  r a t s  t h a t  were 

l x e r c i s e d  by r u n n i n g .  I n  s h a r p  c o n t r a s t  t o  t h i s ,  E r i k s s o n ,  

G o l l n i c k ,  a n d  S a l t i n  (1973)  h a v e  o b s e r v e d  a 40% i n c r e a s e  i n  PPK 



z .  - 

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

t r a i n i n g .  H o w e v e r ,  a g e  d i f f e r 2 n c e s  i n .  t h e  t r a i n i n g  r e s p o n s e  o f  

t h e  a n a e r o b i c  e n z y m e s  h a v e  n o t  f u l l y  b e e n  i n v e s t i g a t e d ;  ' 

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

t h r o u g h o u t  s k e l e t a l  m u ~ c l e ,  B o t h  ~ o l l n i c k  et a l  a n d  B a l d w i n  et 

a 1  h a v e  n o t e d  t h a t  a d a p t a t i o n  i s  m u s c l e  f i b r e  t y p e  d e p e n d e n t .  - 
I n  r a t s ,  t h r e e  f i b r e  t y p e s  h a v e  b e e n  i n d e n t i f i e d  a c c o r d i n g  t o  

e n z y m a t i c  a c t i v i t y  p a t t e r n s .  O f '  t h e s e ,  B a l d w i n ,  K l i n k e r f u s s ,  

Ter j u n g ,  H o l e ,  a n d  H o l l o s z y  (1 972) f o u n d  g l y c o l y  t i c  c a p a c i t y  t o  

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

o x i d a t i v e  f i b r e s  w h i l e  i n  t h e  f a s t  t w i t c h  low o x i d a t i v e  f i b r e s ,  

g l y c o l y t i c  c a p a c i t y  a c t u a l l y  d e c r e a s e d .  11: h u m a n s ,  where two 

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

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

f o l l o w i n g  t r a i n i n g  ( G o l l n i c k  et a& 1972) .  

2 c .  S u b s t r a t e  A v a i l a b i l i t y  

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

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

a s  t h e  l i v e r  ( c a r b o h y d r a t e s )  a n d  a d i p o s e  t i s s u e  ( f a t s ) .  The 

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

e x t e n t ,  - a c t i v i t y  l e v e l .  



, - 
T h e  i n t r a m u s c u l a r  l e v e l s  o f  p h o s p h q g e n s  (ATP d n d  c r e a t i n e  ' 

p h o s p h a t e )  is e s s e n t i a l l y  f i x e d ; -  R a r l s s o n ,  D i a m a n t ,  a n d  S a l t i n  

( 1 9 7 1 )  h a v e  s h o w n  an i n c r e a s e  i n  p h o s p h a g e n s  i n  s k e l e t a l  m u s c l e  

f o l l o w i n g  t r a i n i n g  b u t  this i n c r e a s e  is  t h o u g h t  o n l y '  t o  b e  

s e c o n d a r y  t o  a n  i n c r e a s e d  m i t o c h o n d r i a 1  d e n s i t y  'and n o t  to  b e  

s i g n i f i c a n t  i n  terms o f  a n a e r o b i c  p o w e r  . 

G o l l n i c k ,  P i e h l ,  S a u b e r t ,  A r m s t r o n g ,  a n d  S a l t i n  (1972)  

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

s to res .  B m i x e d  d i e t  p r o d u c e d  a r e s t i n g  g l y c o g e n  l e v e l  o f  87 
, 

mmolqs g l u c o s e  p e r  k g  of m u s c l e ,  a f a t - p r o t e i n  d i e $  p r o d u c e d  a  

l e v e l  o f  4 3  m m o l s s  g l u c o s e  p 2 r  k g ,  u h i l 2  a c a r b o h y d r a t e  
-. 

e n r i c h e d  d i e t  r e s u l t e d  i n  t h e  h i g h e s t  level o f  1 1 4  mmoles per  

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

. t w i t c h  a n d  s l o w  t w i t c h  ( u h i t e  a n d  r e d )  s h o w e d  t h e  same r e s u l t s .  

T h i s  res;lt h a s  b e e n  d u p l i c a t e d  t o  some e x t e n t  ( H u l t m a n  and ! ' 

N i l s s o n ,  1 9 7 1 ) .  

., 

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

is a l s o  d i e t  d e p e n d e r t .  H u l t m a n  - e t  a 1  - ( 1 9 7 1 )  s h o w e d  t h a t  

s u b j e c t s  a t  res t  and  o n  s t a r v a t i o n  d i e t s  e m p t i e d  l i v e r  g i y c o g e n  
: 

s to res  w i t h i n  24  h o u r s ,  R e c o v e r y  o c c u r r e d  u i t h i n  o n e  d a y  when a 

c a r b o h y d r a t e  s u p p l e m e n t e d  d i e t  u a s  e a t e n .  An i n t a k e  of 2 1 0 0  

c a l o r i e s  c o n s i s t i n g  of o n l y  f i v e  g r a m s  o f  c a r b o h y d r a t e  7 f a i l e d  

t o  r e p l e n i s h  a d e q u a t e l y  d e p l e t e d  l i v e r  stores, S i m i l a r  r e s u l t s  

h a v e  b e e n  o b t a i n e d  b y  B e r g s t r o m ,  H e r m a n s e n ,  H u l t m a n ,  a n d  S a l t i n  



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

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

r e c o v e r y  ( H u l t m a n ,  B e r g s t r o m ,  a n d  Roch-Worlund,  1 9 7 1 )  , T h i s  

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

substrate; t h e  g r e a t e s t  o o t  o c c u r r e d  when g l u c o s e  was 

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

a r e p l e n i s h m e n t  o f  g l y c o g e n  was r e g u l a t e d  by t h e  enzyme  g l y c o g e ' n  

s y n t h e t a s e  ( B e r g s t r o  m a n d  H u l t m a n ,  1966)  . I n d u c t i o n  o f  t h i s  

e n z y m e  is c o n t r o l l e d  by i n t r a c e l l u l a r  l e v e l s  of g l u c o s e  6 

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

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

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

f o r  t w o  t o  f o u r  d a y s  ( B e r g s t r o m  a n d  H u l t m a n ,  1966)  . 

Pernow and S a l t i n  ( 1 9 7 1 )  i n v e s t i g a t e d  t h e  a v a i l a b i l i t y  o f  
\ 

s u b s t r a t e s ,  p a r t i c u l a r l y  f r e e  f a t t y  a c i d s  ( f F A )  d u r i n g  

p e r f o r m a n c e .  S u b j e c t s  were e x e r c i s e d  a t  work r a t e s  w h i c h  

d e p l e t e d  m u s c l e  g l y c o g e n  f r o m  11.7 t o  0.3 g/kg m u s c l e ,  t h e n  

m a i n t a i n e d  o n  a n o n - c a r b o h y d r a t e  d i e . t  f o r  o n e  d a y ,  I n  t h e  
- 

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

i n c r e a s e d  t o  2.9 g  p e r  k g  oi muscle w i t h i n  24 h o u r s ,  A s e c o n d  

e x e r c i s e  s e s s i o n  was c o n d u c t e d  i n  two p a r t s ,  t h e  f i r s t  under  

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

n i c o t i n i c  a c i d  v h i c h  b l o c k e d  t h e  r e l e a s e  cf P f A  from f a t  

s t o r e s .  I n  t h e  f i r s t  case, p r o l o n g e d  s u b m a x i m a l  work c o n t i n u e d  

d e s p i t e  l o w e r e d  m u s c l e  g l y c o g e n .  I n  t h e  s e c o n d  case,  v o r k  



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

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

850 k c a l  ( g l y c o g e n  a n d  FFA a v a i l a b l e )  t o  220  k c a l  ( g l y c o g e n ,  

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

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

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

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

d e s i r a b l e  s u b s t r a t e  f o r  ATP g e n e r a t i o n .  D e s p i t e  t h i s ,  F e l i g  a n d  

c o - u o r k e r s  [ F e l i g  a n d  U a h r e n ,  1971 ;  F e l i g ,  P o z e l s k y ,  M a r l i s s ,  

a n d  C a h i l l ,  1 9 7 0 )  h a v e  shown t h a t  d u r i n g  e x e r c i s e  a l a n i n e  

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

r e s i d u e s )  is r e l e a s e d  i n t o  t h e  b l o o d  a t  a r a t e  h i g h  above o t h e r  

a m i n o  a c i d s .  They  p o s t u l a t e d  t h a t  t h i s  Mas ' n o t  t h e  r e s u l t  o f  a 

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

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

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

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

u s e d  by h e a v i l y  e x e r c i s i n g  m u s c l e  is d e r i v e d  f r o m  g l u c o s e  

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

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

r a t h e r  t o  make m o r e  e f f i c i e n t  u s e  o f  t h a t  w h i c h  is a l r e a d y  

t h e r e .  

9 

G o l l n i c k  et a1 (1972) a l s o  d e m o n s t r a t e d  a n  e f f e c t  of 

t r a i n i n g  o n  s u b s t r a t e  u t i l i z a t i o n  i n  s k e l e t a l  muscle u s i n g  b o t h  



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

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

g l y c o g e n  t h a n  u n t r a i n e d  s u b j e c t s .  1 t was f u r t h e r  n o t e d  t h a t  t h e  

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

s u b j e c t s  p h y s i c a l  a c t i v i t y .  F o r  e x a m p l e ,  t h e  l e g  m u s c l e s  o f  
... 

c y c l i s t s  a n d  t h k i r m  m u s c l e s  o f  'swimmers a n d  c a n o e i s t s  s h o r e d  

g r e a t e s t  g l y c o g e n  l e v e l s .  H o w e v e r ,  t h e  s f • ’  ec ts  o f  c h r o n i c  

e x e r c i s e  o n - s u b s t r a t e  l e v e l s ,  e i t h e r  i n t r a -  o r  ~ x t r a m u s c u l a r ,  

a r e  unkn'ottn. 

2 d .  O x y g e n  A v a i l a b i l i t y  - 

T h e  u t i l i z a t i o n  o f  o x y g e n  a s  u l t i m a t e  e l e c t r o n  
, 

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

s x c h a n g e  o f  o x y g e n  o c c u r s  b e t w e e n  t h e  a t m o s p h e r z  a n d  t h e  
er 

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

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

f u n c t i o n .  T h e  m o s t  common p a r a m e t e r  u s e d  t o  a p p r a i s e  . '> 

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

( P o l l o c k ,  1973) w h i c h  is i n  t u r n  d e p e n d e n t  u p o n  s e v e r a l  o t h e r  

f a c t o r s  s u c h  a s  c a r d i a c  o u t p u t  a n d  t h e  a r t e r i o v e n o u s  dif ference  

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

c o n s i d e r a t i o n s ,  maxi a a l  ~ n l m o n a r y  v e n t i l a t i o n  is a n  o f - t - q u o t e d  

p a r a m e t e r  o f  i m p o r t a n c e  when a s s e s s i n g  maximal o x y g e n  u p t a k e .  



It is well a c c e p t e d  t h a t  c a r d i o r e s p i r a t o r  y f i t n e s s  is 

d e p e n d e n t  u p o n  t h e  a c t i v i t y  l e v e l  of t h e  i n d i v i d u a l ;  a d e f i n i t e  ' 

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

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

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

a n d  f r e q u e n c y  o f  t h e  t r a i n i n g .  S h e p h e r d  (1 9 6 8 )  d e t e r m i n e d  t h a t  

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

w h i l e  f r e q u e n c y  was l e s s  s i g n i f i c a n t .  T r a i n i n g  i n t e n s i t y  may be  

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

a e r o b i c  p o w e r  h a s  b e e n  s h o w n  t o  b e a r  a  l i n e a r  r e l a t i ' o n s h i p  t o  

h e a r t  r a t e  ( W a h l u n d ,  1 9 4 8 ;  DeYries a n d  K l a f s ,  1 9 6 5 ) .  T h o s e  

i n v e s t i g a t o r s  s e e k i n g  t o  s t a n d a r d i z e  t h e i r  t r a i n i n g  d a t a  h a v e  

1 most f r e q u e n t l y  e x p r e s s e d  t r a i n i n g  i n  terms o f  " p e r c e n t .  m a x i m a l  

o x y g e n  u p t a k e "  d e t e r m i n e d  f r o m  h e a r t  r a t e  m o n i t o r i n g  a n d  t h e  

a b o v e  m e n t i o n e d  l i n e a r  r e l a t i o n s h i p  ( P o l l o c k ,  1973)  . 

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

i m p r o v s r n e n t  o f  m a x i m a l  o x y g e n ' u p t a k e  h a v e  b e e n  made ,  T h e  

r e l a t i o n s h i p  a p p e a r s  t o  b e  a l i n e a r  o n e  ( K i l b o m ,  1 9 7 1 ;  S h a r k e y  

a n d  H o l l e m a n ,  1967) a l t h o u g h  d i s c r e p a n c i e s  d u e  t o  age a n d  

i n i t i a l  f i t n e s s  l e v e l s  o c c u r s .  ~ a v i e s  a n d  K n i b b s  (1970)  t r a i n e d  

h e a l t h y  male s u b j e c t s  a t  8 0 ,  5 0 ,  a n d  3 0  p e r c e n t  of  t h e i r  

m a x i m a l  o x y g e n  u p t a k e s  for e i g h t  w e e k s .  T h e i r  r e s u l t s  a g r e e d  

w i t h  t h o s e  o f  S h e p h e r d  ( 1 9 6 8 )  a n d  F a r i a  ( 1 9 7 0 ) ;  t h e  i m p r o v e m e n t  
R 



i n  m a x i m a l  o x y g e n  u p t a k e  was d i r e c t l y  r e l a t e d  t o  t r a i n i n g  

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

e f f e c t ,  t h a t  is, a " t h r e s h o l d t '  e f f e c t  e x i s t e d .  T h e  t h r e s h o l d  

was  a f u n c t i o n  of  t h e  i n i t i a l  l e v e l  o f  f i t n e s s  o f  t h e  

i n d i v i d u a l  ( ~ u r b i n ,  B rockway ,  and W h i t c h e r ,  1 9 6 0 ;  F o l l o c k  - e t  

a l ,  1 9 7 1 )  ; t h o s e  w i t h  low i n i t i a l  oxygen u p t a k e s  s h o w e d  - 
i m p r o v e m e n t  a t  t r a i n i n g  i n t e n s i t e s  a s  l o w  a s  1 2 0  b e a t s  p e r  

m i n u t e  w h i l e  t h o s e  v i t h  h i g h  i n i t i a l  o x y g e n  u p t a k e s  r e q u i r e d  

h e a r t  r a t e s  o f  1 5 0  o r  more,  , 

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

N 

s t i m u l u s  f o r  t h e  t r a i n i n g  r 4 s p o n s e  t o  o c c u r .  Hiltnore, Royce ,  

G i r a n d o l a ,  K a t c h ,  a n d  K a t c h  (1970)  r e p o r t e d  t h a t  o f  t w o  g r o u p s  

o f  m i d d l e  a g e d  men e n g a g e d  i n  a t e n  week j o g g i n g  p rog ramme,  t h e  

g r o u p  t r a i n i n g  2 4  m i n u t e s  p e r  d a y  s h o v e d  s i g n i f i c a n t l y  g r e a t e r  
f 

c a r d i o v a s c u l a r  i m p r o v e m e n t  t h a n  t h e  g r o u p  t r a i n i n g  1 2  m i n u t e s  

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

t r a i n i n g  o n  a  b i c y c l e  e r g o m e t e r  ( Y e a g e r  a n d  B r y n e s t o n ,  1970)  . 
S u c h  s t u d i e s  h a v e  b e e n  c r i t i c i z e d  ' for t h e i r  i n a b i l i t y  t o  

A 

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

i n t e n s i t y .  However ,  S h a r k e y  ( 1 2 7 0 )  t r a i n e d  s i x  g r o u p s  of 

c o l l e g e  men i n  a n  a r r a y  s y s t e m  o f  t h r e e  i n t e n s i t i e s  (130 ,  150 ,  

1 7 0  b e a t s  p e r  m i n u t e )  a n d  two work  r a t e s  ( 7 5 0 0  o r  1 5 0 0 0  k p ~  of 

t o t a l  work )  t o  d e t e r m i n e  t h e  i n t e r a c t i o n s  wh ich  o c c u r r e d .  H e  
P 

c o n c l u d e d  t h a t  i f  t c t a l  work was c o n s t a n t ,  i n t e n s i t y  was n o t  a . 
s i g n i f i c a n t  f a c t o r .  I n  a d d i t i o n ,  h e  f o u n d  t h a t  i n t e n s i t y  a n d  



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

t r d i n i n g  r e s p o n s e s .  T h i s  s u p p o r t e d  t h e  h y p o t 6 e s i s  o f  C u r e t o n  

a n d  P h i l l i p s  (1964) a n d  B a n i s t e r  a n d  T a u n t o n  (1971)  who 

s u g g e s t e d  t h a t  t o t a l  w o r k  d o n e  (o r  t o t a l  e n e r g y  c o s t )  was t h e  
I 

i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  t h e  a m o u n t  of - t h e  t r a  n i n g  p 
s t i m u l u s ,  H o w e v e r ,  t h e  d e v e l o p m e n t  of a n - r o b i c  p o w e r  m a k e s  a  , - - 

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

l i m i t i n g  . t h e  a e rob ic  p o w e r  t e s t  ( B a n i s t e r ,  p e r s o n a l  
h 

c o m m u n i c a t i o n )  . 

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

t o  h.ave l e s s  e f f e c t  on c a r d j o v a s c u l a r  i m p r o v e m e n t  t h a n  e i t h e r  
a * i n t e n s i t y  o r  d u r a t i o n .  T h e  o n l y  c a u t i o n  t o  be exercised i n  t h i s  

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

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

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

t h o s e  t r a i n i n g  m o r e  o f t e n  ( H i l l ,  1 9 6 9 ) .  T h i s  s u p p o r t s  t h e  

c o n c e p t s  a d v o c a t e d  by C u r e t o n  a n d  P h i l l i p s  f 1 9 6 4 )  s i n c e  t h e  
B 

t o t a l  work d o n e  is  t h e  same; o n e  g r o u p  m e r e l y  t a k e s  l o n g e r  t o  

p e r f o r m  t h a t  w o r k  t h a n  t h e  o t h e r ,  I n  c o n t r a s t  t o  t h i s  

~ i e w p o i n t ,  J a c k s o n ,  S h a r k e y ,  a n d  J o h n s t o n  (1968) p r e s e n t e d  

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

e x i s t s .  C o l l e g e  men t r a i n i n g  two o r  t h r e e  times per week  

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

f i v e  d a y s  p e r  week. T h i s  may, h o w e v e r ,  h a v e  b e e n  d u e  t o  f a t i g u e  

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

week  g r o u p .  



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

u p t a k e ,  
~O tfi p r e v i o u s l y  m e n t i o n e d  c a r d i o r p s p i r a t o r y  p a r a ~ e t e r s  

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

d u r a t i o n ,  a n d  f r e q u e n c y .  T h e s e  h a v e  b e e n  s u m m a r i z e d  

c o m p r e h e n s i v e l y  by  P o l l o c k  ( 1 9 7 3 ) .  C a , r d i a e  o u t p n t ,  s t r o k e  

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

p r e s s u r e ,  a n d  o x y g e n  p u l s e  h a v e  b e e n  s h o w n  t o  b e  s u b j e c t  t o  
. - -. 

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

n a t u r e  o f  t h e  t r a in :@ p r o g r a m m e s .  

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

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

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

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

b l o o d  f r o m  t h e  h e a r t  t o  t h e  l u n g s  and  t h e n  t o  t h e  w o r k i n g  
? 

t i s s u e s ,  a n d  t o  i n v e s t  t h e  t i s s u e s  w i t h  i n c r e a s e d  

I c a p l l l a r i z a t i o n  ( A s t r a n d ,  1970). A t  t h e  c e l l u l a r  l e v s l ,  

t r a i n i n g  was a l s o  s h o w n  t o  i n c r e a s e  t h e  c a p a c i t y  t o  

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

m i t o c h o n d r i a .  H o l l o s z g r ,  Oscai ,  Don, a n d  p o l e  ( 1 9 7 1 )  s u g g e s t e d  

t h i t  since r a t  l e g  muscle ayogfbbin i n c r e a s e d  b y  t h e  same 

m a g n i t u d e  as - A the increase  in the m i t o c h o n d r i a 1  innet  cristae, 
"I 

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

f r o m  t h e  . c y t o p l a s m  t o  t h e  m i t o c h o n d r i a 1  e n  % This 
h y p o t h e s i s  h ~ a s  b e e n  s u ~ p o r t e d  by t h e  w o r k  o f  b a t t e n g a l e  a n d  

H d l l o s z y  (1967) a n d  S c h o l a n d e r  f 1 9 6 0 ) .  . @ 
v 



. 2e .  S u b s t r a t e  u t i l i z a t i o n  

T h e  a d a p t a t i o n s  w h i c h  o c c u ( r i n  r e s p o n s e  t o  t r a i n i n g  h a v e  

b e e n  shnwn t o  r e s u l t  i n  c h a n g e s  i n  t h e  way i n  w h i c h  e n e r g y  

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

r a t e s  a t  w h i c h  v a r i o u s  s u b s t r a t e s  a r e  u s e d  a n d  i n  t h e  r a t e s  a t  

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

In b o t h  t h e  t r a i n e d  a n d  t h e  u n t r a i n e d  i n d i v i d u a l ,  u t i l i z a t i o n  

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

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

K u g e l b e r g  a n d  E d s t r o ~  ( 1 9 7 1 )  d e t e r m i n e d  t h a t  when r a t  m u s c l e  

was s u b j e c t e d  t o  r e p e a t e d  s u p r a ~ a x i r n a l  s h o c k s ,  t h e  w h i t e  

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

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

f i b r e s  w e r e  d e p l s t e d  a t  f r e q u e n c i e s  of  a b o u t  t e n  p e r  s e c o n d  f o r  

t e n  m i n u t e s ,  a n d  C f i b r e ' s  were n o t  d e p l e t e d  a t  a l l .  

- T h e s e  d i f f e r e n c e s  i n  e n e r g y  p r o d u c t i o n '  were 

o b s e r v e d  i n  t h e  i n d u c t i o n  o f  t h e  enzyme h e x o k i n a s e  ( S t a n e l o n i  

' a n d  P i r s s ,  1 9 6 9 ) .  w h i t e  g l y c o l y t i c  f i b r e s  had  t h e  s t r o n g e s t  

i n i t i a l  a c t i v i t y  d r ~ ~ ~ i n - ~  off  q u i c k l y  w h i l e  slow t w i t c h  
i 

- o x i d a t i v e  f i b r e s  were i n i t i a l l y  weak i n ,  h e x o k i n a s e  a c t i v i t y  b u t  

i n c r e a s e d  g r e a t l y  d u r i n g  ~ r o l o n g e d  c o n t r a c t i o n .  P a s t  twitch 

o x i d a t i v e  f i b r e s  were i n t e r m e d i a t e  b e t w e e n  t h e  two. U s i n g  t h e  

n e e d l e  b i o p s y  t e c h n i q u e ,  G o l l n i c k ,  A r m s t r c n q ,  S e m b r o w i c h ,  

S h e p h e r d ,  a n d  S a l t i n  (1973) showed  g l y c o g e n  d e p l e t i o n  t o  be 
:F 

I 



f i b r e  t y p e  d e p e n d e n t  i n  humans  a s  well, D u r i n g  s h o r t ,  h i g h  
I 

i n t e n s i t y  work (150% o f  max ima l  c x y g e n  u p t a k e )  l a s t i n g  o n e  

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

' q l y c o l y t i c  a c t i v i t y  a n d  were m o s t  r a p i d l y  d o p l e t e d  o f  g l y c o g e n ,  

T h i s  was  i n  c o n t r a s t  t c  m o d e r a t e  work r a t e s  v h i c h  c a u s e d  t h e  
I 

s l o w  t w i t c h ,  o r  r e d ,  f i b r e s  t o  b e  d e p l e t e d  f i r s t .  T h e  g l y c o g e n  

d e p l e t i o n  i n  t h e s e  e x p e r i m e n t s  was  a l s o  show 

. d e p e n d a n t ,  A t  7 4 %  o f  m a x i m a l  o x y g e n  u p t a k e  l e s s  g l y c o g e n  was  

b r o k e n  down i n  s u b j e c t s  a f t e r  a f a t - p r o t e i n  d i e t  i n d i c a t i n g  

q r e a t e r  u s e  o f  o t h e r  s u b s t r a t e s .  
4 

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

d e p l e t i o n  is a  major c a u s e  o f  f a t i g u e  ( A h l b o r g ,  B e r g s t r o m ,  

E k e l n n d ,  a n d  H u l t m a n ,  1967; B e r g s t r o m  a n d  H u l t m a n ,  1966) , 

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

work.  However ,  S a l t i n  a n d  R a r l s s o n  (1971 a )  f o u n d  t h a t  g l y c o g e n  

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

work  a t  less t h a n  90% o f  m a x i a a l  o x y g e n  u p t a k e .  T h i s  w a s  
., 

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

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

g r e a t e r  t h a n  9 0 1  m a x i m a l  o x y g e n  u p t a k e ,  i t  a p p e a r e d  t h a t  aiaple 

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

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

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

work  l o a d  w a s  less i n  t r a i n e d  i n d i v i d u a l s  t h a n  - t r a i n e d  

o n e s .  T h i s  was s u p p o r t e d  k y  P a u l  a n d  X s s e k u t z  (1971) a n d  P a u l  



( 1 9 6 8 )  who s u g g e s t e d  t h a t  d u r i n g  e x e r c i s e  FPA m o b i l i z a t i o n  h a d  

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

a 1  ( 1 9 7 1 )  h a v e  e x a m i n e d  l o c a l  l i p i d  s t o r e s  a n d  c o n c l u d e d  t h a t  - 
m u s c l e  t r i g l y c e r i d e s  s e r v e d  a s  s u b s t r a t e s  f o r  FFA p r o d u c t i o n  

d u r i n g  e x e r c i s e  a n d  t h a t  a s  l i t t l e  a s  25% o f  FFA m e t a b o l i z e d  

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

by I s s e k u t z ,  Hi l l e r ,  P a u l ,  a n d  K o d a h l  ( 1 9 6 4 ) .  

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

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

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

work ,  FFA v e r e  p r e f e r r e d  t c  g l y c o g e n  fw m o d e r a t e  a n d  l i g h t  
P 

work  r a t e s  ( H a v e l ,  1 9 7 1 )  . T h e r e  is e x p e r i m e n t a l  e v i d e n c e  t o  - 
s u p p o r t  t h i s  v i ew.  R o w e l 1  ( 1 9 7 1 )  a n d  B e r g s t r o m  a n d  H u l t m a n  

( 1 9 6 7 )  s h o w e d  t h a t  l i v e r  g l y c o g e n  was  r e c r u i t e d  
A, 
YY 

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

g l u c o s e  d u r i n g  h e a v y  e x e r c i s e ,  s o a e t i m e s  e x c e e d i n g  50% of t h e  
r' 

t o t a l  m e t a b o l i c  demand.  T h i s  a c c e l e r a t e d  r e l e a s e  w h i c h  o c c u r r e d  -. 
d e s p i t ~  r e d u c e d  h e p a t i c  b l o o d  f l o w  c o i n c i d e d  w i t h  r e d u c e d  

muscle g l y c o g e n .  

C o n c o m m i t a n t l y ,  H a v e l ,  C a r l s o n ,  E k e l u n d ,  a n d  H o l m g r e n  

( 1 9 6 4 )  d e m o n s t r a t e d  t h a t  a f h e a v y  work ra tes ,  a s  l i t t l e  a s  2 5 %  

of a v a i l a b l e  m e t a b o l i c  s u b s t r a t e  f o r  p r o l o n g e d  work  could be 

a c c o u n t e d  f o r  b y  t h e  o x i d a t i o n  of PFB. H a h r e n ,  A h l b o r g ,  P e l i g ,  

a n d  J o r f e l d t  ( 1 9 7 1 )  a n d  J o r f e l d t  a n d  g a h r e n  ( 1 9 7 0 )  a l s o  



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

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

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

T h i s  was i n  c o n t r a s t  t o  t h e  u s e  o f  f a t s  a s  t h e  major e n e r g y  

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

I m e a s u r e m e n t  o f  R Q  v a  u e s  ( P a u l  a n d  I s s e k u t z ,  1 9 6 7 )  , 

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

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

b e e n  a t t r i b u t e d  t o  t h i s  b y  s e v e r a l  a n t h o r s  ( H e r m a n s e n ,  1 9 7 1 ;  

K ~ ~ ~ S S O E ,  1 9 7 1 a )  . K a r l s s o n ,  D i a r s a n t ,  a n d  S a l t i n  ( 1 9 7 1 )  f o u n d  

t h a t  t h e  l e v e l  o f  l a c t a t e  i n  t h e  m u s c l e s  a t  t h e  e n d ' o f  m a x i m a l  

w o r k  of v a r y i n g  d u r a t i c n  w a s  t h e  same f o r  work times u p  t o  
/ 

seven m i n u t e s ,  T h e s e  s h o r t  i n t e n s i t y  w o r k  ~ e r i o d s  d e m a n d  h i g h  

g l y c o g e n  u t i l i z a  t i o c .  H o w e v e r ,  m u s c l e  l a c t a t e  c o n c e n t r a t i o n s  

o b s e r v ~ d  when e x h a u s t i o n  w a s  i n d u c e d  b y  a w o r k  r a t e s  r e q u i r i n g  

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

less, T h i s  was a t t r i b u t e d  t o  t h e  g r e a t e r  u s e  o f  PFA. H e r m a n s e n  

( 1 9 7 1 )  f o u n d -  t h a t  t h e  s u b j e c t i v e  f e e l i n g  cf f a t i g u e  o r  c o m p l e t e  

e x h a u s t i o n  i n  t h i r t e e n  male s u b j e c t s  was a c c o a p a n i e d  b y  t h e  - 
s. 

s a m e  a p p r o x i m a t e  l e v e l  o f  m u s c l e  lqc ta te .  S u c h  r e s u l t s  

s u p p o r t e d  t h e  i dea  t h a t  h i g h  muscle l a c t a t e  concentration may 

b e  t h e  l i m i t i n g  f a c t o r  f o r  w o r k  c f  s h o r t  d u r a t i o n , -  T h e  a c t i o n  

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

pH e f f e c t ,  H e r m a n s e n  a n d  Osnes ( 1 9 7 2 )  s h o v e d  d e c r e a s e s  i n  

m u s c l e  pH t o  l e v e l s  a s  l o w  a s  6.80 ( n o r m a l  = 7.4) d l l o a i n g  



h e a v y  l a c t a t e - p r o d u c i n g  e x e r c i s 3 ,  T h i s  w a s  t h o u g h t  t o  be  a 

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

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

P h y s i c a l  t r a i n i n g  is know'n t o  r e d u c e  t h e  c o n c e n t r a t i d n  o f  

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

t h i s  p h e n o m e n o n  a r e  n u m e r o u s .  S a l t i n  a n d  K a r l s s o n  (1971b) h a v e  

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

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

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

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

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

l e v e l ,  S a l t i n  a n d  K a r l s s o n  (19719)  d e m o n s t r a t e d  t h a t  e i g h t  . 

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

f a t  a n d  c a r b o h y d r a t e  u s e d  a t  3 g i v e n  s u b m a x i m a l  o x y g e n  u p t a k e ,  

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

a v o i d e d .  I n c r e a s e d  m i t o c h o n d r i a 1  f u n c t i o n  w o u l d  c o u n t e r a c t  

l a c t a t e  a c c u m u l a t i o n  d u2 t o  i n c r e a s e d  F a p a c i t y  t o  o x i d i z e  

. p y r u v a t e  a n d  i n c o r p o r a t e  e x t r a m i t o c h o n d r i a l  NADH p r o d u c e d  by 

i n c r e a s e d  f a t t y  a c id  p r o d u c t i o n  a n d  o x i d a t i o n . .  H o l l o s z y  e t  a 1  

(1971) s t a t e d s i n  t h i s  r e g a r d  t h a t  t h e  s te& s t a t e  o x y g e n  - 

u p t a k e  i n  t r a i n e d  m u s c l e s  with more m i t o c h o n d r i a  u c u l d '  o c c u r  a t  

lower l e v e l s  o f  A D P  a n d  i n o r g a n i c  p h o s p h a t e ;  s i n c e  g l y c o l p s i s  

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

a l s o  b e  i n d u c e d  a t  lcwer levels. T h e  s l o u d o w n  i n  g l y c o l y s i s  



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

o x i d a t i o n )  w o u l d  r e s u l t  i n  l e s s  l a c t a t e  p r o d u c t i o n .    not her 

way i n  w h i c h  l a c t a t e  a c c u m u l a t i o n  m a y  be  a v o i d e d  i s  t o  

m e t a b o l i z e  t h e  l a c t a t e  w h i c h  is p r o d u c e d ,  D u r i n g  e x e r c i s e ,  s u c h  

a  f u n c t i o n  i& n o t  a c c o m p l i s h e d  i n  t h e  l i v e r  s i n c e  -Hul t laan  h a s  

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

e x e r c i s e  ( H u l t a a n ,  1 9 6 7 ) .  J o r f e l d t  a n d  Wahren ( 1 9 7 1 )  a n d  

S a l t i n  a n d  K a r l s s o n  ( 1  9 7  l a )  s u g g e s t e d  t h a t  t r a i n i n g  m i g h t  

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

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

r e c o v e r y  p h a s e  f o l l o w i n g  e x e r c i s e ;  w h e t h e r  o r  n o t  it i s  

s i g n i f i c a n t  d u r i n g  e x e r c i s e  is n o t  known. 

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

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

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

shown  t c  p r o d u c e  l a c t a t e  ( D o l l ,  K e n l ,  ' and  n a i w a l d ,  1968) T h e  

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

e n e r g y  p r o d u c t i o n  a r e  n o t  well u n d e r s t o o d ,  K a r l s s o n  (1 9 7 l b )  

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

a c c u m u l a t i o n  b e g i n s  a t  work  r a t e s  a b o v e  50% max ima l  oxygen 

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

e n e r g y  metabol ' i sm b u t  r a t h e r  a  m e a n s  by  wh ich  work c o n t i n u e s  

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

e x p r e s s i o n  o f  t r u e  a e r o b i c  c a p a c i t y  ,by f o r c i n g  t e r m i n a t i o n  

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



2f. N e u r o m u s c u l a r  F u n c t i o n s  

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

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

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

s u b c ~ l l u l a r  l e v e l  i n t o  u s e f u l  work.  

a )  S t r e n g t h ;  Local  M u s c u l a r  E n d u r a n c e  a n d  S p e e d  

., % 
-> 

The a m o u n t  o f  p u l l i n g  force  a m u s c l e  c a n  g e n e r a t e  is i ts  

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

cross s e c t i o n a l  area of t h e  m u s c d e  ( H e t t i n g e r  a n d  H u l l e r ,  

1953)  ; t h e  m o r e  n u m e r o u s  a n d / o r  t h e  l a r g e r  t h e  m u s c l e  f i b r e s ,  

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

l o s s  have  b e e n  s h o w n  t o  c c c u r  f o l l o w i n g  l imb i m m o b i l i z a t i o n  o r  
\ 

d 2 n e r v a t i o n  ( E i c h e l b e r g e r ,  ~oma,  a n d  f l o u l d e r ,  1 9 6 3 ) ,  m u s c l e  
t ' 2  

h y p e r t r o p h y  a n d  s t r e n g t h  g a i n  h a v e  b e e n  s e e n  &$ b e  common 

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

m u s c l e  o c c u r r e d .  I n  a d d i t i o n ,  a s  a t r o p h y  was t h e  r e s u l t  of 

d e c r e a s e d  f i b r e  s i z e  a n d  n o t  o f  a e c r e a s e d  f i b r e  n u ~ b e r ,  

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

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

i n  c r o s s ~ s o c t i o n a ~  a r e a  was t h e  r e s u l t  o f  i n c r e a s e d  

c a p i l l a r i z a t i o n  ( R o h t e r ,  R o c h e l l e ,  a n d  Hyman, 1963) .  q h i l e  t h e  



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

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

h a s  b e e n  o b s e r v e d  t o  b-e d e p e n d e n t  o n  o t h e r  f a E t o r s r ,  

s p e c i f i c a l l y  w h i c h  j o i n t  was  i n v o l v e d  a n d  t h e  a n g l e  a t  wh ich  
.. 
t h e  j o i n t  worked  d u e  t o  t h e  f o r c e - l e n g t h  c h a r a c t e r i s t i c s  o f  

/ 

m u s c l e s  (Ramsey a n d  S t r e e t ,  1 9 4 0 ) .  i ts e f f e c t  d e p e n d i n g  o n  t h e  . 

j o i n t  a n d  t h e  j d t  a n g l e  ( C l a r k e ,  E i ~ ~ l l ~ - + l a r t i n ,  a n d  Uakim, 

1 9 5 0 ) .  S t r e n g t h  g a i n  s h o v e d  s p e c i f i c i t y  t o  y g l e  .a t  w h i c h  
t 2 

t h e  t r a i n i n g  s t i m u l u s  wds a p p l i e d  ( H o d g k i n s ,  1 9 6 1 ) .  S t r e n g t h  

t e s t e d  a t  a n g l e s  d i f f e r i n g ,  b y  a s  l i t t l e  a s  20 degrees  f r o m  t h e  - 

o n ?  a t  w h i c h  i s o r a e t r i c  t r a i n i n g  o c c u r r e d  showed  g a i n s  a s  l o w  as  
4 .. / 

2 50% o f  t h a t  m e a s u r e d  a t  t h e  e x e r c i s e d  a n g l e ,  I s o t o n i c  t r a i n i n g  
=-* 

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

r a n g e  of  move ( D e V r i e s ,  1 9 7 4 )  . 8: 
* 

T h e  n a t u r e  o f  t h e  t r a i n k n g  s t i m u l u s  f o r  s t r e n g t h  i s  n o t  - 
known. , A  number  o f  p h y s i o l o g i c a l  e x p l a n a t i o n s  f o r  s t r e n g t h  g a i n  

- 

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

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

t e m p e r a m r e  c h a n g e ,  s t r e t c h i n g ,  a n d  c e r e b r a t i o n  (Royce ,  1958) , 

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

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

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

the e x t r a p y r a m i d a l  s y s t e m  o n  t h e  m o t o r  n e u r o n  (Royce ,  1 9 5 8 ) .  
- 

+ 

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

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

i n d e p e n d e n t  o f  t h e  m o t o r  p a t h w a y s  i n d i c a t e d  some  f o r m  o f  

i n t r a m u s c u l a r  e f f e c t  ( S t a r t  a n d  Graham,  1 9 6 4 ) .  



S e v e r a l  f a c t o r s  o t h e r -  t h a n  o v e r l o a d  t r a i n i n g  a r e  known t o  

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

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

q u a n t i t a t i , v e  c h a n g e s  i n  s t r e n g t h .  I n  b o t h  c a s e s ,  t h e  c h a n g e s  
*, 

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

,tissue. ~ u a l i t a t ' i v e  c h a n g e s  i n  t h e  m u s c l e  p l a y  o n l y  a min'ss 

r o l e  ( R o d a h l ,  1 9 6 1 )  . D i f f e r e n c e s  i n  s t r e n g t h  b e t w e e n  m a l e s  a n d  

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

m u s c l e s  (RodahL,  196 1) a l t h o u g h  q u a l i t a t i v e  d i f f e r e n c e s  b e t w e e n  

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

1 9 4 8 ) -  B o t h  d i u r n a l  a n d  a n n u a l -  v a r i a t o n s  i n  s t r e n g t h  h a v e  b e e n  

o b s e r v e d ; . i n  a d d i t i o n ,  t h e  c a p a c i t y  f o r  s t r e n g t h  g a i n  may v a r y  

w i t h  t h e  time of ,  y e a r  ( H e t t i n g e r  a n d  M u l l e r ,  1954) .  
r. 

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

i n v e s t i g a t e d .  However ,  a l t e r a t i o n s  o f  arm a n d  g r i p  s t r e n g t h  

h a v e  b e e n  d e m o n s t r a t e d  using 2 x p o s u r e s  t o  h e a t  ( s t r e n g t h  
J 

i n c r e a s e )  a n d  c o l d  ( s t r e n g t h  d e c r e a s e )  (Gqose ,  1958) . 

L o c a l  m u s c u l a r  e n d u r a n c e  is l a r g e l y  a f u n c t i o n  o f  
\ r  - 

\j s t r e n g t h ,  G a i n s  i n  l o c a l  e n d u r a n c e  have b e e n  c b s e r v e d  t o  be 

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

t r a i n i n g  ( S h a v e r ,  1970) .  I n  a d d i t i o n  t o  t h e  f a c t o r s  which  

c o n t r i b u t e  t o , s t r e n g t h ,  local b l o o d  flow h a s  b e e n  d e m o n s t r a t e d  

t o  be  v i t a l  t o  l o c a l  e n d u r a n c e .  Isometric t r a i n i n g  h a s  been 

- s h o w n  t o  d e c r e a s e  t h e  r a t i o  o f  b l o o d  f l o w  d e b t  p e r  u n i t  o f  
- 3 



e x e r c i s e  e f f o r t  ( V a n d e r h o o f ,  I m i g ,  a n d  H i n e s ,  1 9 6 1 ) .  T h i s  mfy  - 
h a v e  b e e n  t h e  . r e s u l t  o f  i l e p r o v e d  p e r i ' p h a r a l  c i r c u l a t i o n L  w h i c h  

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

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

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

t h e  s p e e d  o f  c o n t r a c t i o n  + v a r i e d  d e p e n d i n g  c n  b o t h  f i b r e  type+ 

a n d  m u s c l e  l e n g t h  ( H i l l ,  1 9 2 2 ) .  H i l l  a l s o  o b s e r v e d  t h a t  

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

i n c r e a s e  of 20 C p r o d u c i n g  a s  much a s  a  20% i n c r a a s e  i n  

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

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

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

l e a s t  a m e n a b l e  t o  t r a i n i n g  ( D e V r i e s ,  

2 g .  S k i l l  

K r e c h ,  C r u t c h  f i e l d ,  a n d  L i v s o n  (1  96 9 )  s ta tes  

"A s k i l l  is a n  o r g a n i z e d  s e q u e n c s  o f  i n t e g r a t e d  p a t t e r n e d  

I r e s p o n s e s  e x e c u t e d  w i t h  p r e c i s i o n  a n d  e f f i c i e n c y .  

\._ S u p e r f i c i a l l y ,  a  s k i l l  c o n s i s t s  o f  many d i f f e r e n t  p e r c e p t u a l  
'"-- 

a n d  m o t o r  r e s p o n s e s .  When p e r f  o r a e d  i n  a p r o p e r l y  o r g a n i z e d  

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

r e s u l t s .  Uhen a s e q u e n c e  af a c q u i r e d  r e s p o n s e s  b e c o m e s  a 

s k i l l e d  a c t i o n ,  it seems l i k e l y  t h a t  some g e n u i n e  

r e o r g a n i z a t i o n  a t  the n e u r o p h y s i o l o g i c a l  l e - v e l  h a s  o c c u r r e d . "  

* 



f i o t o r  c o n t r o l  h a s  * b e e n  s h o w n  t o  i n v o l v e  inany . l e v e l s  o f  

n e u r a l  o r g a n i z a t i o n .  T h e  r e l a t i o n s h i p s  b e t w e e n  t h e m  ? a v e  b e e n  

e x t e n s i v e l y  r e v i e w e d  ( E v a r t s ,  1973)  , S e v e r a l  ~ h y s 1 0 1 0  r c a l  P; 
m e c h a n i s m s  f o r  l e a r n i n g  a t  t h e  l e v e l  of  ,the n e u r o n  h a v e  b s e n  

t 

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

f a c - i l i t a t e d  pathways ( A l t m a n  a n d  Das, = 1 9 6 5 ) ,  i n c r e a ' s e s  i n  

a c e t y l c h o l i ' n e  l e v e l s  ( R o s e n z w e i g ,  K r e c h ,  a n d  B e n n e t t ,  1 9 6 2 )  .and 
0 

i n  R N A  l e v e l s  ( H y d e n  a n d  E g y h a z i ,  1 9 6 5 ) .  T h e  a c q u i s i t i o n  of . 

s k i l l e d  m o t o r  b e h a v i o u r  is c h a r a c t e r i z e d  b y  t h r e e  p h a s e s :  t h e  

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

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

i n t o  a " f u n c t i o n a l  u n i t u ,  The t y p i ~ a l  l e a r n i n g  c u r v e ,  i n  w h i c h  

s k i l l  a c q u i s i t i o n  is p l o t t e d  v e r s u s  t r a i n i n g ,  s h o w s  a n  i n i t i a l  

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

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

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

u n i t  s k i l l ,  T h e  c a p a c i t y  f o r  i m p r o v e m e n t  i n  the t h i r d  p h a s e  
\ 

7 a p q e a r s  t o  bs l i m i t e d  o n l y  by  p h y s i o l o g i c a l  a g i n g  a n d o r  l o s s  j 

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

i n n u m e r a b l e  c y c l e s  o f  p r a c t i c e  ( C r o s s m a n ,  1 9 5 9 ) .  The r e t e n t i o n  

o f  motor s k i l l s  is v e r y  l o n g :  B i l o d e a u  ( 1 9 6 6 )  h a s  p o i n t e d  o u t  

t h a t  m o s t  s t u d i e s  o f  motor s k i l l s  f i n d  so  l i t t l e  f o r g e t t i n g  

t h a t  i t  is i m p o s s i b l e  t o  d e t e r m i n e  t h e  v a r i a b l e s  t h a t  produce 

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

c e r t a i n l y  a f a c t o r .  



m-3 

2 h ,  P s y c h o l o g i c a l  F a c t o r s  
f ,&- 

Krol l  ( 1 9 6 7 )  h y p o t h e s i z e d  t h a t  a s p e c i f i c  se t  of 

p e r s o n a . l i t y '  - t r a i t s  e x i s t e d  - w h i c h  c a u s e d  some p e o p l e  t o  se lec t  
@J 

r, 

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

p r e s e n t e d  by O g i l v i e  a n d  T u t k o  ( 1 9 6 9 )  a n d  c o o p e r  ( 1 9 6 9 )  wh-o 

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

t r3 i t s  t h a t  t y p i f y  a t h l e t i c  a c h i e v e m e n t .  T h e s e  t r a i t s  i n c l u d e d  

h i g h  s o c i a l  a d j u s t m e n t  a n d  s e l f - c o n f i d e n c e ;  . h i g h  

m a s c u l i n i t y / l o w  y ,  a n d  h i g h  e m o t i o n a l  s t a b i l i t y .  

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

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

1)  a c t i v i t i e s  i n v o l v i n g  h a n d - e y e  c o o r d i n a t i o n ,  2 )  a c t i v i t i e s  

i n v o l v i n g  t o t a l  b o d y  c o o r d i n a t i o n ,  3)  a c t i v i t i e s  r e q u i r i n g  
*' 

t o t a l  mobilization o f  b o d y  e n e r g y ,  4 )  a c t i v i t i e s  i n  w h i c h  d e a t h  

o r  i n  j u r y  is i m r a i n e n t ,  a p d  5 )  a c t i v i t i e s  i n v o l v i n g  t h e  

a n t i c i p a t i o n  o f  m o v e m e n t s  o f  0 t h e . r  p e o p l e  ( V a n e k  a n d  S t r a n s k y ,  

1 9 6 4 ) .  D e s p i t e  t h e  s u b j e c t i v i t y  o f  t& s y s t e m ,  i t  h a s  p r o v e d  
\ , 

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

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

p l a y e r s  ( ~ a n e , 1 9 6 6 )  , a u t o  race  d r i v e r s  ( O q i l v i e ,  1968)., a n d  

A m e r i c a n  f o o t b a l l  p l a y e r s  a n d  wrestlers (Kroll ,  7 968) 

D i s t a n c e  r u n n e r s ,  c y c l i s t s ,  rowers, a n d  swiremers were i n c l u d e d  

i n  t h e  t h i r d  c a t e g o r y  a n d  a p p e a r e d  t o  p o s s e s s  a d i s t i n c t i v e  
4 

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

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

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

f a c t o r  i n  p e r f o r m a n c e  ( A l d e r m a n ,  1 9 7 0 ) .  A more d i rec t  l i n k  

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

s u m m a r i z e d  by d e V r i ~ s  ( 1 9 7 4 ) .  F o r e a r m  f l e x o r  s t r e n g t h  h a s  b e e n  

shown  .,to s i g n i f i c a n t l y  i n c r e a s e  b y  7% f o l l o v i n g  a F i s t 0 1  s h o t  
t 

two t o  t e n  s e c o n d s  b e f o r e  s t r e n g t h  e f f o r t ,  1 2 %  b y  h a v i n g  t h e  

s u b j e c t  s h o u t i n g  d u r i n g  t h e  a p p l i c a t i o n  of f o r c e ,  a n d  26% by' 
* 

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

wel l  u n d e r s t o o d  a n d  Bay h o l d  g r e a t  p r o m i s e  a s  t r a i n i n g  
s 

t e c h n i q u e s  i n  t h e  f u t u r e .  
t 

2i, T r a i n i n g  P r c g r a m m e  D e s i g n  
,-' 

-,' 

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

u l t i m a t e  g o a l  o f  a  t r a i n i n g  programme is t o  m a x i m i z e  
, 

p e r f o r m a n c e  by m a x i m i z i n g  f i t n e s s  a n d  m i n i m i z i n g  f a t i g u e .  T h e  
/ 

t y p e  o f  t r a i n i n g  U d e r t a k e n  by a n  a t h l e t e  is p r i m a r i l y  

d e t e r m i n e d  b y  t h e  type of e v e n t  t o  be p e r f o r m e d .  C o m p e t i t o r s  i n  

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

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

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

swimming ,  c y c l i n g ,  a n d  r o w i n g ,  two common a p p r o a c h e s  e x i s t : +  1 )  

c o n t i n u o u s  t r a i n i n g ,  a n d  2 )  i n t e r v a l  t r a i n i n g  ( G o r d o n ,  1963) .  

/- 
* 



/' 
C o n t i n u o u s  t r a i n i n g  re fe rs  t o l c o v e r i n g  l o n g  d i s t a n c e s  a t  

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

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

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

p e r i o d .  The t r a . c n i n g  d i s t a n c e s  h a v e  beec s h o w n  t o  h e  m o s t  - 

s f f o c t i v e  a t  t h r w  t o  f i v e  t imes t h e  l e n g t h  of t h e  r a c i n g  , 

e v e n t ,  a n d  t h e  time t o  c o v e r  t h e  d i s t a n c e  is s u c h  t h a t  t h e  

s t e a d y  s t a t e  h e a r t  r a t e  i s  a p p r o x i m a t e l y  150 b e a t s  p e r  m i n u t e .  

T h e  p h i l o s o p h y  o f  s t e a d y  s t a i e  t r a i n i n g  was s u m m a r i z e d  by  t h e  

~ e w  Z e a l a n d  c o a c h ,  L y d i a r d  {l972), who . s t a t e d :  'I1 am t r y i n g  t o  

d e v = . l o p  my r u n n e r s  u n t i l  - t h e y  a r e  i n  a  t i ' r e l e s s  s t a t e .  - 
( s t a m i n a )  is t h e  key t o  t h e  v h o l e  t h i n g . ,  . . . I t  i s  m e r e l y  a 

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

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

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

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

a b o u t  1 9 0  b e a t s  p e r  m i c u t e  a l t e r n a t e d  w i t h  s h o r t  r e s t  p e r i o d s  - 
d u r i n g  w h i c h  t h e  h e a r t  r a t e  is a l lowed  t o  r e t u r n  t o  a b o u t  1 2 0  

belts p e r  m i n u t e .  A p o p u l a r  v a r i a t i o n  c f  i n t e r v a l  t r a i n i n g  is 

the S v e a i s h  f l s p e e d - p l a y w  t e c h n i q u e  i n  w h i c h  long d i s t a n c e s  a r e  

covered w i t k t  n n t i w d  p x e  variations [Doherty,  1963).  Whatever 

s p s t e n  i s  u s e d ,  t h e  a b i l i t y  t o  a d j u s t  t h e  t r a i n i n g  programme t o  
1 

i n d i v i d u a l  differences i s  t h e  u n d e r l y i n g  f u n d a a e n t a l ,  



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

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

p e r f o r m a n c e ,  o t h e r s  s h c w i n g  - a more g r a d u a l  i n c r e a s e .  I n  
r' 

a d d i t i o n ,  a " s p o r t s  pgrf c r m a n c e  r h y t h m f t  ( G o r d o n ,  1963) i s  

e v i d e n t ,  c h a r a c t e r i z e d  b y  a s e a s o n a l  c y c l e  of r i s i n g  a n d  - 

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

S e l y e  (1956)  i ~ .  w h i c h  a n  a d a p t i v e  r e a c t i o n  o f  t h ?  

p i t u i t  a r y - a d r e n a l  s y s t e ~  t o  stress occurs i n  t h r e e  p h a s e s .  

T h u s ,  i n  t h e  c o n t e x t  o f  a t h l e t i c s ,  t h e  t h r e e  p h a s e s  are:  1) 

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

a n d  i m p r o v e s  s l o w l y ,  2 )  c o m p l e t e d  a d a p t a t i o n  i n  w h i c h  t h e  

a t h l e t e  is i n  h i s  o r  h e r  b e s t  f o r m ,  a n d  3) r e a d a p t a t i o n  i n  

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

\ the p r e p a r a t i o n  f o r  c o m p e t i t i o n ,  a n  o p t i m a l  t r a i n i n g -  p r o g r a m m e  

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

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

t w o  b a n k s  o f  i n f o r m a  t i c n  a r e  r e q u i r e d .  F i r s t ,  a n  u n d e r s t a n d i n g  

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

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

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

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

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

c o n c e n t r a t e  o n  d e v e l c p i n g  a e r o b i c  c a p a c i t y .  S e c o n d ,  a n  a d e q u a t e  
* - , 

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

a l l o w s  t h e  t r a i n i n g  t o  b e  "fine t u n e d n  t o  h i s  0.1 h e r  own 
2- 

7 

r e q u i r e m e n t s .  -A 



3. E x p e r i m e n t a l  D e s i g n  

T o  e x a m i n e  t h e  q u a n t i t a t i v e  e f f e c t s  of t r a i n i n g  o n  

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

n e c e s s a r y :  

\ 

l* ,- dl 

1. D e t e r m i n e  r e a l i s t i c  a n d  m ~ a s u r a b l e  c r i t e r i a  f o r  

t r a i n i n g  a n d  p e r f o r m a n c e  
I \ 

2. I d e n t i f y  a s  many i n t e r m e d i a t e  c o m p o n e n t s  o f  t h e  

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

i n t e r a c t i o n s  

3 .  D e c i d e  w h i c h  o f  t h e  n o d e l ~ s  i n t e r m e d i a t e  c c m p o n ~ n t s  
1 .  

w o u l d  be m o s t  p r g f  i t a b l y  m e a s u r e d  a n 8  c h o o s o  e s t a b l i s h e d  

e x p e r i m ~ n t a l  t e c h n i q u e s  t o - e x a m i n e  t h e m  

' / 4. E s t a b l i s h  m a t h e m a t i c a l  t e c h n i q u e s  t o  t e s t  t h e  model i n  

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

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

f i r s t  was by t a k i n g  soice measure of p h y s i c a l  w o r k  d o n e  (e.g. 

t o t a l  d i s t a n c e  run); the s e c o n d ,  o f  p a r t i c u l a r  i m p o r t a n c e  i n  

a 2 r o b i c  t r a i n i n g ,  assesses the w o r k  d o n e  s p e c i f i c a l l y  b y  t h e  

c a r d i o r e s p i r a t o r y  system, Aei t h e r  t e c h n i q u e  a l o n e  was t h o u g h t  

t o  be  s u f f i c i e n t :  t h e r e f  o r e ,  t e c h n i q u e s  f o r  m e a s u r i n g  both 



s i m u l t a n e o u s l y  wera e s t a  t l i s h e d .  T o  f a c i  l i t a t a  t h e s e  
* 

m e a s u r e m e n t s ,  i t  was d e c i d e d  t o  c o n d u c t  t r a i n i n g  s e s s i o n s  on  a  

c y c l e  e r g o m e t e r  s i n c e  work d o n e  c o u l d  be s a s i l y  d e t e r m i n e d  i n  

terms o f *  f o r c e  a n d  d i s t a n c e  ( a -  c a l c u l a t i o n  n o t  a s  r e a d i l y  

a v a i l a b l e  f r o m  t r e a d m i l l  d a t a )  a n d  c a r d i o v a s c u l a r  stress c o u l d  

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

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

f e e d b a c k  o f  h e a r t  rate  d u r i n g  t r a i n i n g .  T o  a v o i d  p o s s i b l e  

d i f f i c u l t i e s  i n  i n t e r p r e t i n g  t r a i n i n g  d a t a ,  i t  was  d e c i d e d  t o  
/r 

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

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

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

o r d e r  t o  m i n i m i z e  t h e  d i f f i c u l t i e s  o f  s k i l l  and , -qqu ipmen t  

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

From t h e  l i t e r a t u r e ,  t h e  l a r g e  number  o f  f a c t o r s  

c o n , t r i b u t i n g  t o  p e r f o r m a n c e  w a s  e v i d e n t .  A g e n e r a l  9 

m u l t i f a c t o r i a l  & o d e 1  was  c o n s t r u c t e d  w h i c h  d e s c r i b e d  t h e  

i n t e r a c t i o n s  o f  t h e  v a r i o u s  f a c t o r s  ( F i g u r e  1 )  ( C a l v e r t  -- e t  a l ,  . 
1976) .  From t h i s  m o d e l ,  i t  was d e c i d e d  t o  e v a l u a t e  r e g u l a r l y  

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

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

f o r m e r  and  t h e  e l u s i v e  q u a n t i f i c a t i o n  of t h e  l a t t e r .  I t  was 

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

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



F i g u r e  1: A S y s t s m s  Model A p p r o a c h  To Perfcrmanc? 

( r e p r i n t e d  from C a l v e r t  - st f a 1  1976)  



Drive 



4.  n e t h o d o l o g y  

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

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

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

time c o n s t a n t s  o f  r i se  a n d  d e c a y  of t h e  m e a s u r e d  p a r a m e t e r s  

were d e t e r m i n e d .  T i m e  c o n s t a n t s  f o r  a d d i t i o n a l  u s e f u l  

p a r a m e t e r s  were t a k e n  f r o m  t h e  a v a i l a b l e  l i t e r a t u r e .  T h e  time 

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

f i t f i e s s  a n d  f a t i g u e  r e s u l t i n g  f r o m  t r a i n i n g .  F i t n e s s  a n d  

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

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

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

p e r f  o r a a n c e .  

A.  S u b j e c t  
2 

1 - 
T h e  s u b j e c t  of t h e  s t u d y  was a t w e n t y - f i v e  y e a r  o l d ,  

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

a n t h r o p o m e t r i c  d a t a  was t a k e n  before t h e  o n s e t  o f  t r a i n i n g  a n d ?  

H e a t h - C a r t e r  s o m a t o t y p e  c a l c u l a t i o n s  a r e  s h o w n  i n  ~ p p e l n d i x  1 ,  

- P  
B.   raining P r o c e d u r e  

T h e  s u b j e c t  t r a i n e d  each H o n d a y ,  Tuesday, a n d  W e d n e s d a y  

of a c t i v e  w e e k s ,  P h y s i o l o g i c a l  a n d  p e r f o r m a n c e  t e s t i n g  v a s  



c o n d u c t e d  e a c h  T h u r s d a y  a n d  F r i d a y ;  S a t u r d a y s  a n d  S u n d a y s  were 

d a y s  o f  p h y s i c a l  i n a c t i v i t y ,  T h e  2 4  w e e k  t r a i n i n g  p r o f i l e  is 

s h o w n  i n  F i g u r e s  2 a n d  3 .  A l l  t r a i n i n g  a n d  p e r f o r m a n c e  s e s s i o n s  

were h e l d  i n  t-rncrning o r  e a r l y  a f t e r n o o n .  T h i s  was 

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

-., 
w a s ' m e a s u r e d  o v e r  2 4  h o u r s  by t h r e e  tests: r i g h t  h a n d  g r i p  

s t r e n g t h ,  r e s t i n g  h e a r t  r a t e ,  a n d  w o r k i n g  h e a r t  r a t e  * a t  a work  

l o a d  o f  990 kgm p e r  m i n u t e .  T h e s e  r e s u l t s  a r e  s h o w n  i n  F i g u r e  
? 

4 .  T r a i n i n g  was d o n e  o n  a N o n a r k  b i c y c l e  e r g o m e t e r .  P e d a l l i n g  

s p e e d  was a a i n t a i n e d  a t  60 r p m ;  r e s i s t a n c e  was a d j u s t e d  e a c h  

d a y  t o  p r o v i d e  a s t e a d y  s t a t e  h e a r t  r a t e  of  160 b e a t s  p e r  

m i n u t e .  Bear t  r a t e  was m o n i t o r e d  c o n s t a n t l y  d u r i n g  e x e r c i s e  b y  

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

Ad j u ~ t r n e n t ~  t o  s t e a d y  s t a t e  c o n d i t i o n s  was a c c o m p l i s h e d  by  

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

r e c o r d i n g  ' " t r a i n i n g  timeN. 

C. Q u a n t i f i c a t i o n  o f  T r a i n i n g  

- 
T r a i n i n g  was d e f i n e d  b o t h  i n  terms of t o t a l  w o r k  d o n e  a n d  

i n  terms o f  c a r d i o v a s c u l a r  stress, T r a i n i n g ,  i n  terms of work  

d o n e ,  was d e f i n e d  a s  t h e  ~ r o d u c t  o f  t h e  d i s t a n c e  p e d a l l e d  ( i n  

meters) a n d  t h e  c y c l e  l o a d  ( i n  k i l o g r a m s ) .  T r a i n i n g ,  i n  terms 

of  c a r d i o v a s c u l a r  stress, was d e f i n e d  a s  t h e  a m o u n t  of time of 

e x e r c i s e  a t  t h e  s t e a d y  s t a t e  h e a r t  r a t e  of 160 b e a t s  p e r  

m i n u t o .  



P F q u r e  2 :  T r a i r r i n g ,  D e f i n e d  a s  C a r d i o v a s c u l a r  Str-.ss, 
. < 

~ x ~ r e s s e d  I n  T r a i n i n g  U n i t s ,  Versus Tima 

I n  D a y s  



TINE I N  DAYS 



t s  

F i ~ u r a  3 :  T r a i n i n g ,  D a f i n e d  As Work Dona, 

E x p r s s s e d  Tn T r a i n i n g  Units, 

P l o t t e d  V e r s u s  Tim? I n  D a y s  
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P i q u r ?  4 :  T h a  D i u r n a l  R h y t h m  O f  Two P h y s i o l o g i c a l  

P a r a m e t e r s  

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

P a n d  h e a r t  r a t e  m e a s u r e d  a f t e r  ten m i n u t e s  of  

c y c l i n q  s t  a w o r k  r a t e  of 990  kgm/min ,  were 

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

t w e n t y - f o u r  h o u r s  
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The maxima l  e n d u r a n c e  t e s t  was c o n d u c t e d  i n  p h a s e s  o f  two 

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

' o a c h  p h a s e .  T r a i n i n g  v a l u e s  for e a c h  p h a s e  w e r e  c a l c u ~ f t e d  b y  

t h e  m e t h o d  d e s c r i b e d  f o r  the warmup p e r i o d  a n d  summed t o  o b t a i n  

tho t o t a l  t r a i n i n g  v a l u e .  
J 

A t e n  m i n u t e  warmup p e r i o d  on t h e  c y c l e  e r g o m e t e r  p r e c e d e d  

e a c h  t w o  mile r u n  p e r f c r m a n c e ,  T r a i n i n g  v a l u e s  were c a l c u l a t e d  

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

T h e  h e a r t  s t ress t r a i n i n g  v a l u e  o f  t h e  t w o  mil€ r u n  p e r f o r m a n c e  

was 

1 6 0  

c a l c u l a t e d  the following manner :  

No, o f  TO E q u i v a l e n t s  = r u n  time x ( e n d  r u n  h e a r t  r a t e )  + 

T h e  t r ? i n i n g  v a l u e  i n  terms of w o r k  d o n e  o f  t h e  t w o  mile 

r u n  p e r f o r m a n c e  c o u l d  n o t  b e  d i r e c t l y ' c a l c u l a t e d  so  was 

e s t i m a t e d  i n  t h e  f o l l o w i n g  manne-r f r o m  d a t a  o b t a i n e d  t h a t  same 

day: = 

80. o f  TO ~ q u i v a l e n t s  = Warmup TU E q u i v a l e n t s  ( w o r k  d o n e )  

X ( h e a r t  stress TU E q u i v a l e n t s  o f  r u n  + h e a r t  stress TU 

E q u i v a l e n t s  of  warmup) 

T h e  t r a i n i n g  v a l u e  cf t h e  5 0  y a r d  r u n  a n d  s t r e n g t h  t e s t i n g  

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

t r a i n i n g  p r o f i l e .  

+' 



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

i) Plaxlmal  E n d u r a n c e  T e s t  

T h e  m a x i m a l  e n d u r a n c e  t e s t  was p r e c e d e d  by  a  t h r e e  p h a s e  

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

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

/' b e l t  t i-?nsion o n  t h e  c y c l e ;  p e d a l l i n g  s p e e d  was maintained 

c o n s t a n t  a t  6 0  rpm. C y c l e  l o a d s  were: P h a s e  1 ,  3 6 0  k g m  p e r  

m i n u t e ,  P h a s e  2, 7 2 0  kgm p e r  m i n u t e ,  a n d  P h a s e  3, 1 0 8 0  kgm p e r  

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

each p h a s e  u s i n g  a  F u k u d a  r e c o r d i n g  e l e c t r c c a r d i o g r a p h .  H e a r t  

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

c a p a c i t y  a t  h e a r t  r a t e  1 7 0  (PgC170) was e x t r a p o l a t e d .  

T h e  max ima l  e n d u r a n c e  t e s t  was c o n d u c t e d  o n  t h e  c y c l e  

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

D e n o l i n ,  V a r n a u s k a s ,  a n d  f i a s i r o n i  ( 1 9 7 1 ) .  The  t e s t  p r o g r e s s e d  

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

t h o  b e g i n n i n g  o f  e a c h  phase. T h e  c y c l e  l o a d s  were: P h a s e  1, 960 

k g m  p e r  m i n u t e ,  P h a s e  2 ,  1 4 4 0  kgn p e r  m i n u t e ,  P h a s e  3 ,  1 8 0 0  kgm 

p e r  m i n u t e ,  a n d  Phase  4,  2160 kgm p e r  , m i n u t e .  Heart r a t e  was 
( 
\ 
L 

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

F o k u d a  r e c o r d i n g  T h e  t e s t  was c o n c l u d e d  

when t h e  p e d a l l i n g  s p e e d  ( i n i t i a l l y  60 r p n )  d r o p p e d  b e l o w - 6 0  

rpm f o r  f i v e  s e c o n d s .  



D u r i n g  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 va-lve f r o @  which  e x p i r e d  g a s  p a s s e d  t h r o u g h  1 . 5  i n c h  

d i a m e t e r  n o n - k i n k a b l e  h o s e  t o  a P a r k i n s o n - C o w a n  h i g h  p r e c i s i o n ,  

l o w  r e s i s t a n c e '  v e n t i l a t i o n  meter. E x p i r e d  g a s  vo lume  a n d  

t e m p e r a t u r e  was m e a s u r e d  e a c h  m i n u t e  d u r i n g  e x e r c i s e .  D u r i n g  

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

c o l ' l e c t e d  i n  a D o u g l a s  b a g  v i a  a two-way v a l v e .  Oxygen a n d  

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

m i c r o - S c h o l a n d e r  t e c h n i q u e  ( S c h o l a n d e r ,  1 9 4 8 )  , 

ii) S t r e n g t h  T e s t i n g  

S i x  s t r e n g t h  p a r a m e t e r s  t e s t i n g  t h e  m q r  m u s c l e  g r o u p s  
\ 

were m a a s u r e d  w e e k l y  i n  a c c o r d a n c e  w i t h  t h e  p;oced ures o u t l i n e d  

b y  R o g e r s  (1 975) . V i t a l  c a p a c i t y  w a s  e v a l u a t e d  u s i n g  a C o l l i n s  

13.5 l i t r e  wet r e s p i r o r n e t e r .  G r i p  s t r e n g t h  was  m e a s u r e d  f o r  

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

dynamomete r .  Back  a n d  l e g  s t r e n g t h  was t e s t e d  w i t h  t h e  

D q p a r t m e n t  o f  K i n e s i o l o g f  back  a n d  l e g  d y n a m o m e t e r .  A r m  

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

a s  d e f i n e d  b y  R o g e r s  ( 1 9 7 5 ) .  T h e  R o g e r s  S t r e n g t h  I n d e x  was 

o b t a i n e d  i n  t h e  f o l l o w i n g  manner :  



w h e r e  VC is t h e  v i t a l  c a p a c i t y  i n  c u b i c  i n c h e s ,  LG a n d  R G  
5. 

a r e  t h e  l e f t  a n d  r i g h t  g r i p  s t r e n g t h s  i n  p c u n d s ,  RS a n d  LS a r s  

the b a c k  a n d  l e g  s t r e n g t h s  i n  p o u n d s ,  a n d  A S  is t h e  arm 

s t r e n g t h  i n d e x ,  c a l c u l a t e d  -as f o l l o w s :  

AS= ( p u s h u p s + p u l l u p s )  x ( ( b o d y  w e i g h t ,  10)  + h e i g h t - 6 0 )  

B e i g h t  is g i v e n  i n  F o u n d s ,  h e i g h t  is g i v t n  i n  i n c h e s .  

iii) B l o o d  C h e m i s t r y  A n a l y s i s  

\ 

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

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

U n i v e r s i t y  H e a l t h  s e r v i c e s  C e n t r s ,  S a m p l e s  were t a k e n  i n  
'I 

V a c u t a i n e r  s y r i n g e s .  One  was s e n t  t o  t h e  C o a d y  Biomedical  
- 

L a b o r a t o r y ,  New W e s t m i n s t e r ,  B.C. f o r  S f l A 1 2  a n a l y s i s  a s  

d e s c r i b e d  i n  A p p e n d i x  2. F i v e  m l s .  of t h e  s e c o n d  s a m p l e  was 

i m m e d i a t e l y  t r a n s f e r r e d  t o  a t u b e  c o n t a i n i n g  5 m l s .  of 10% 

t r i c h l o r o a c e t i c  a c i d  i n  0.5 N HC1. T h e  m i x t u r e  was a g i t a t e d  a n d  

c e n t r i f u g e d  a t  3000 rpm f o r  t e n  m i n u t e s .  The r e s u l t i n g  

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

a s e a l e d  t d b e  t o  await a n a l y s i s .  L a c t a t e  c o n c e n t r a t i o n  was 

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



T h e  e f f e c t  of a n  i m ~ u L s e  o f  t r a i n i n g  o n  b l o o d  l a c t a t e  

a c c u m u l a t i o n  a n d  c l e a r a n c e  was a l s o  e x a m i n e d .  E x h a u s t i v e  

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

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

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

2 4  h o u r  p e r i o d .  L a c t a t e  a n a l y s i s  f o r  t h e s e  s a m p l e s  was 

i d e n t i c a l  t o  t h o s e  t a k e n  f o l l o w i n g  t h e  two  mile r u n s .  
\ 

I ,  - - i v )  A d d i t i o n a l  P h y s i o l o g i c a l  P a r a m e t e r s  

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

u n i v e r s i t y  H e a l t h  s e r v i c e s  C e n t r e  p r i o r  t o  each  t w o  mile r u n  

p e r f o r m a n c e .  

E) A t h l e t i c  P e r f o r m a n c e  T e s t i n g  

T h e  maximal  e n d u r a n c e  test was c o n d u c t e d  o n  t h e  c y c l e  

ergometer a s  p r e v i o u s l y  d e s c r i b e d .  

-.. 
T h e  t w o  mile r u n  p e r f c f r n a n c e  was d o n e  o n  t h e  S i m o n  P r a s e r  

U n i v e r s i t y  q u a r t e r - m i l e  t r a c k .  T h e  time r e q u i r e d  t c  r u n  two 
, . 

miles was recorded a s  t h e  p e r f o r m a n c e  tine, 

T h e  t i n e  r e q u i r e d  t o  s p r i n t  50  y a r d s  h a s  b e e n  shown t o  b e  

a  v a l i d  m e a s u r e  o f  a n a e r o b i c  power ( H a r g a r i a ,  1966). T h e r e f o r e ,  

a n a e r o b i c  p o w e r  was m e a s u r e d  w e e k l y  a s  t h e  time t o  s p r i n t  50 
P p  

y a r d s  o n  t h e  s i m o n  Praser  University t r a c k .  



5 .  Method o f  A ~ a l y s i s .  

a .  T h e o r e t i c a l  Overview 

r- 
There a r e  e m p i r i c a l  r e a s o n s  to e x p e c t  t h a t  p h y s i c l o g i c a l  

determinants of p h y s i c a l  performance can b e  described by a 
d 

sun,mation o f  c o m p o n e n t s  p i J t )  where e a c h  coaponen t is  related 

t o  a  p r o f i l e  o f  training b y  e q u a t i o n s  o f  t h e  form:. 

vhere f (.) is a n c n - l i n e a r  f u n c t i o w c f  t r a i n i n g  i n t e n s i t y  

The total performance 1s then g i v e n  by 

The s i m p l e  case where there  is o n e  component and t h e  

differential e q u a t i o n  is cf t h e  f i r s t  order is shown in 



A s t e p  change i n  w ( t )  w i l l  cquse a s t e p  change i n  -f  ( w . ( t )  ) 

i n d e p e n d e n t  of the f crm of f  (. ) . Theref ore, f o r  a step 

increase i n  w (t) f o l l o w e d  s o m e t i m e  l a t e r  b y  a s t e p  d e c r e a s e ,  

t h e  r e s p o n s e  is t h a t  d e s c r i b e d  by e q u a t i o n s  4 and 5 and 

d e p i c t e d  i n  F i g u r e  5 .  

where T is t h e  time c o n s t a n t  of the exponential change (K 

i n  e q u a t i o n  3 ) .  Very f e u  p h y s i o l o g i c a l  ptocesses are 

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

however, f r e q u e n t l y  cne component  d o m i n a t e s  t h e  others and i t  

i s  p o s s i b l e  t o  estimate the d o m i n a n t  t i n e  c o n s t a n t  by observ ing  

t h e  d r o p  i n  the parameter  a f ter  t r a i n i n g  ceases. 



.1 

F i g u r e  5: T h e  T h e o r e t i c a l  R e s p o n s e  O f  A F i r s t  O r d e r  

S y s t e m  to A S t 2 p  I n p u t  
G 





T h e  p u r p o s e  of t h e  a n a l y s i s  is t o  i d e n t i f y  t h e  time 

c o n s t a n t s  and t h e  c o n - l i n e a r  f u n c t i o n  f (.) . T h y a n  b e  d o n a  b y  

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

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

m i n i m i z e d .  F o r m a l l y ,  i f  d a t a  p o i n t s  p ( t ,  ), p ( t , )  , ... . .. p (t,,) 

r e p r e s e n t  m e a s u r e d  v a l u e s  a t  times t ,  , t,, . .. .. . . . t,,  a n d  q (t,), 

q (tL) , . ... ... . . q (t,) r e p r e s e n t  t h e  mode l  r e s p o n s e  v a l u e s  

a t  t h o s e  t i n e s ,  t h e n  t h e  mean squared error ( v a r i a n c e )  is 

- 
W h i l e  some a n a l y t i c  m e t h o d s  a r e  a v a i l a b l e  t o  f i n d  

c o n s t a n t s  to  m i n i m i z e  t h e  mean s q u a r e d  error ,  it v i l l  g e n e r a l l y  

b e  n e c e s s a r y  t o  u s e  a n  i t e r a t i v e x p p r o a c h  t o  f i n d  time 
, 

c o n s t a n t s  and  the f o r m  o f  t h e  f u n c t i o n  i n v o l v e d .  - 
I n  this method,  p r o f i l e s  of real d a t a  a r e  approx ima ted  by 

a series o f  c o m p o n e n t s .  I n  g e n e r a l ,  it i s  p o q s i b l e  t o  o b t a i n  a 

g o o d  a p p r o x i m a t i o n  t o  any p r o f i l e  o f  measured da ta  if a 

sufficiently l a r g e  number of components a r e  wed i n  t h e  model. 

T h u s ,  t h e  best m o d e l  is judged t o  be  t h a t  i n  which a g o o d  

approximation is o b t a i n e d  w i t h  a minimum of c o m p o n e n t s  which 

h a v e  been chosen w i t h  s o u n d  f o u n d a t $ o n s  i n  p h y s i q l o g i c a l  

r e a l i t y .  



b. E s t i m a t i o n  cf T i m e  C o n s t a n t s  
, 
- 

-. % 

T h e  o n s e t  of t r a i n i n g  i s  k n o u n '  to  i n d u c e  i n c r e a s e s  i n  t h e  

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

t o  f i t n e s s  ie.g. m a x i m a l  o x y g e n  u p t a k e ,  s t r e n g t h )  a n d  f a t i g u e  

(e. g .  l a c t a t e  c o n c e n t ' r a t i o n ,  g l y c o g e n  d e p l e t i o n ,  t i s s u e  

t r a u m a ) .  T h e  c e s s a t i c n  of  t r a i n i n g  r e s u l t s  i n  d e c r e a s e s  i n  t h e  

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

is c h a r a c t e r i z e d  by a t ime c o n s t a n t ,  T ,  u h i c h  is t h e  time 

r e q u i r e d  f o r  t h e  p a r a m e t e r  t o  rise t o  a b o u t  0 .638 of i ts  

maximum v a l u e  ( o r  f a l l  t o  0,362 o f  its maximum v a l u e ) .  T h e  

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

a t r a i n i n g  s e s s i o n  may be e x p r e s s e d  i n  t h e  f o l l o w i n g  wayG 

w h e r e  p ( t )  is t h e  m a g n i t u d e  of  t h e  p a r a m e t e r  and T is t h e  

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

B e c a u s e  o f  t h e  s h o r t  d u r a t i o n  o f  a  t r a i n i n g  s e s s i o n  (< I  

h o u r )  r e l a t i v e  t o  t h e  l e n g t h  of  t h e  time c o n s t a n t s  ;(>5 da .ys )  - 

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

From t h i s  r e l a t i o n s h i p ,  it c a n  be s e e n  t h a t  a s  % 

d e c r e a s e s ,  t h e  r a t e  a t  w h i c h  p ( t )  c h a n g e s  is i .ncreas@, i . e .  - 

8 t h e  smaller t h e  time c o n s t a n t ,  t h e  g r e a t e r  t h e  r a t e  of ch'ange 



'7 
o f  t h 2  p a r a m e t e r  i n v o l v e d .  The ti,me c o n s t a n t s  f o r  t h e  r e l e v a n t  

I 

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

d e p i c t e d  i n  t h e  e x a m ~ l e  i n  F i g u r e  6 ,  The  m e a s u r e d  v a l u e s  wer& 

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

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

f= 

T h e  d o m i n a n t  time c o n s t a n t  o f  d e c a y  f o r  e a c h  p a r a m e t e r  was 

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

t ime a t  v h i c h  t r a i n i n g  c e a s e d  a s  t h e  "time = 0 p o i n t "  a n d  t h e n  

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

0 . 3 6 2  o f  its maximum v a l u e ,  S i n c e  time c o n s t a n t s  'were b e i n g  

e s t i m a t ' e d  a n d  n o t  c a l c u l a t e d .  e x a c t l y ,  it was  n o t  c o n s i d e r e d  

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

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

c. S i m u l a t i o n  T e c h n i q u e s  

T h e  k n o w l e d g e  of t h e  r a t e s  a t  w h i c h  t h e  p h y s i o l o g i c a l  . 

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

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

T h e  s i m u l a t i o n s  were d o n e  u s i n g  t h e  c o m p u t e r  , p rog ramme AHALOG , 

w r i t t e n  i n  $PL a n d  p e r f o r m e d  o n  t b e  S i m o n . P r a s e r  U n i v e r s i t y  IBH 

360 c o m p u t e r ,  l i s t e d  i n  A p p e n d i x  3, 

T h e  s i m u l a t i o n  programa 'e  , c a l c u l a t ' e d  s i m u l a t e - d  o u t p u t  b y '  
7 

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

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

e q u a t i o n s  o f  t h e  f o l l o w i n g  form: , 

5 - 





T W E  IN UNITS - 



w h e r e  y r e p r e s e n t s  t h e  response f u n c t i o n  and x i s  the 

t r a i n i n g  f u n c t i o n  (forcing f u n c t i o n ) .  

E q u a t i o n  2 c a n  b e  r e w r i t t e n  a s  

. where T=B/C is t h e  time c o n s t a n t  and K1 and I$ are the 

g a i n  d b n s t a n t s  for a d i r e c t  f o r c i n g  f u n c t i o n  r and a forcing 

f u n c t i o n  dependent on t h e  rate of c h a n g e  of x respectively. 



Prom these e q u a t i o n s ,  t h e  c h a n g e s  i n  v a r i o u s  paramters  were 
0 

s i m u l a t e d  -using t r a i n i n g  a s  i n p u t .  For example ,  t h e  d a t a  shown 

i n  F i g u r e  7 c l e a r l y '  i n d i c a t e s  t h a t  the response of maximal 

oxygen uptake is d o m i n a t e d  b y  a s i n g l e  f i r s t  order system 

d a s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :  

T h e  t i n e  constant was e s t i m a t e d  t o  b e  2 3  d a y s  and t h e  

n o n - l i n e a r  f u n c t i o n  used uas b ,  

f ( v ( t ) )  = K ( ~ ( t ) ) ~  + V02(0) 

where n r 0 . 3  and VQ210) i s  the tnaximal oxygen uptake i n  the 

u n t r a i n e d  subject. T h e  exponent n is used to  d e s c r i b e  t h e  

r e l a t i v e l y  greater effect of t r a i n i n g  a t  t h e  beginning of the 

regimen t h a n  a t  t h e  end.  
4 
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6. R e s u l t s  

I 

f l a x i m a l  o x y g e n  u p t a k e  i n c r e a s e d  f r o m  a p r e - t r a i n i n g  v a l u e  

o f  52..5 ml/kg/min t o  a  v a l u e  o f  6 0 . 5  ml/kg/min a t  the e n d  o f  

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

t r a i n i n g ,  t h e  v a l u e s  i n c r e a s e d  f r o m  57.0 n~ l /kg /min  t o  a  maximum 

o f  6 4  ml/kg/min.  T h e  time c o n s t a n t  c a l c u l a t e d  f r o m  t h e  p e r i o d  

f o l l o w i n g  t h e  f i n a l  c e s s a t i o n  o f  t r a i n i n g  was 2 3  d a y s  ( F i g u r e  

T h 9  R o g e r s  S t r e n g t h  I n d e x  i n c r e a s e d  f r o m  a  p r e - t r a i n i n g  

v a l u e  o f  2 1 2 3  t o  a v a l u e  o f  2209  a t  t h e  e n d  of t h e  f i r s t  

o f  t r a i n i n g .  D u r i n g  th .?  s e c o n d  p h a s e  o f  t r a i n i n g ,  t h e  v a l u e  

i n c r e a s e d  from 2 2 0 6  p o u n d s  t o  2 3 3 5  p o u n d s .  T h e  time c o n s t a n i  o f  

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

6 0  d a y s  ( F i g u r e  8 ) .  

Leg s t r e n g t h  i n c r e a s e d  from a p r e - t r a i n i n g  v a l u e  of 9 0 0  

p o u n d s  t o  a v a l u e  of 1000 p o u n d s  a t  t h e  end o f ,  t h e  f i r s t  p h a s e  

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

i n c r e a s e d  f r o m  990 p o u n d s  t o  a  maximua o f  1080 p o u n d s .  The time 

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

f i n a l  c e s s a t i o n  of t r a i n i n g  was 60 d a y s  ( f i g u r e  9 ) .  
4 



B l o o d  l a c t a t e  c o n c e n t r a t i o n  i n c r e a s e d  f r o m  a  r e - s t i n g  l e v e l  

o f  1 0  mg/100 r n l  t o  a p o s t - e x e r c i s e  maximum o f  1 0 4  mg/100ml. T h e  

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

t h r o e  h o u r s ,  t h ~  t i m a  c o n s t a n t  b e i n g  6 0  m i n u t e s  ( ~ i g u r e  '10). 

7---' 

Two mile r u n  time d e c r e a s e d  d u r i n g  t h e  t r a i n i n g  p e r i o d  

f r o m  a n  i n i t i a l  time o f  14 .34  m i n u t e s  t o  a time o f  1 2 . 7 5  

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

t h e  f i n a l  c e s s a t i o n  o f  t r a i n i n g ,  a t  w h i c h  a  b e s t  time 0.f 11 .76  

m i n u t e s  h a d  b e e n  a c h i e v e d ,  t h e  time c o n s t a n t  of  d e c a y  wasL 

c a l c u l a t e d  t c  b e  50 d a y s  ( F i g u r e  1 1 ) .  

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

f r o m  a n  P n i t i a l  time c f  6.33 m i n u t e s  t o  a  time o f  7 . 5 0  m i n u t e s  

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

c e s s a t i o n  o f  t r a i n i n g ,  a t  w h i c h  a b e s t  time o f  7 . 8 1  m i n u t e s  h a d  --. 
b e s n  a c h i e v e d ,  c y c l e  e n d u r a n c e  p e r f o r m a n c e  d e c a y e d  w i t h  a  time 

c o n s t a n t  o f  5 0  d a y s  ( P i g  re 1 2 ) .  2 
h 

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

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

i p i q u r e  1 3  ( m a x i m a l  oxygen  u p t a k e )  a n d  P i g u r e  1 4  f l e g  s t r e n g t h ) .  
7 

~ h s  s i m u l a t e d  v a l u e s  w e r a  o b t a i n e d  u s i n g  t h e  c a l c u l a t e d  time 

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

f o r c i n g  f u n c t i o n .  2 o r  t h e  o x y g e n  u p t a k e  s i m u l a t i o n ,  t r a i n i n g  



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

s i m u l a t i o n ,  e x p r e s s e d  a s  w o r k  d o n o  was u s e d .  

S i m u l a t e d  . v a l u e s  were r e g r e s s a d  on  a c t u a l  values a n d  p l o t t e d  

w i t h  t h e  a c t u a l  m e a s u r e d  v a l u e s .  

I 

A s i m u l a t i o n  o f  " f i t n e s s u  was o b t a i n e d  by u s i n g  a time 

c o n s t . a n t  o f  50 d a y s  (the s a m e  a s  t h a t  c a l c u l a t e d  fcr t h e  

r p e r f o r m a n c e  d a t a )  a n d  t r a i n i n g  e x p r e s s e d  a s  work  d o n e  a s  t h e  

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

v a l u e s  of t w o  m i l 2  r u n  p s r f o r r n a n c e  a n d  p l o t t e d  s i m u l t a n e o u s l y  

w i t h  a c t u a l  two mile run times i n  F i g u r e  15. 

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

t ime c o n s t a n t  of 15 d a y s  ( B a n i s t e r  -- e t  a l ,  1975) a n d  - t r a i n i n g  
4 

e x p r 3 s s e d  a s  w o r k  d o n e  a s  the f o r c i n g  f u n c t i o n .  T h e  s i m u l a t i o n  

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

s h o w n  i n  P i g u r s  16. 

, A s e c o n d  s i m u l a t i c n  o f  t w o  mile r u n  p a r f o r m a n c e  was 
- 

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

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

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

i n  F i g u r e  17. 



A s i m u l a t i o n  o f  a c u t e  f a t i g u e  w a s  g e n e r a t e d  u s i n g  a  t ime 

c o n s t a n t  o f  7 d a y s  (DeVries, 1 9 7 4 ) ,  a d e l a y  o f  3 d a y s  ( b a s e d  o n  

t h e  s u b j e c t ' s  f e e l i n g s r  d u r i n g  t h e  s t u d y )  , a n d  t r a i n i n g  

~ x p r e s s e d  a s  work d o n e  a s  t h z  f o r c i n g  f u n c t i o n .  S i m u l a t e d  
< 

v a l u e s  of  a c u t e  f a t i g u e ,  e x p r e s s e d  i p  . g r h i t r a r y  u n i t s ,  a& 
! 

p l o t t e d  v e r s u s  time i n  F i g u r e  18. 

- 
A s i m u l a t i o n  o f  t o t a l  f a t i g u e  was g e G e r a t e d  by  c o m b i n i n g  

c h r o n i c  a n d  a c u t e  f a  t i g u ~  e q u a l l y  w e i g h t e d .  T h e  s i m u l a t e d  

v a l u s s  were r e g r e s s e d  o n  a c t u a l  weekly m e a s u r e d  v a l u e s  of s e r u m  
- 

b '  l i r u b i n  ( h y p o t h e s i z e d  t o  b s  a b i o c h e m i c a l  m o n i t o r  o f  f a t i g u e )  3 ,' 
a n d  p l o t t e d  w i t h  a c t u a l  m e a s u r e d  v a l u e s  i n  F i g u r e  19.  

\ 

F i g u r e s  20 a n d  21  d i s p l a y  r e s p e c t i v e l y  t h e  s i m u l a t i o n s  o f  

two mile r u n  a n d  c y c l e  e n d u r a n c e  p e r f o r m a n c e  o b t a i n e d  b y  
r 

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

S i m n l a t g d  v a l u e s  were r e g r e s s e d  o n  a c u t a l  v a l u e s  a n d  a r e  

p l o t t e d  w i t h  t h e  m e a s u r e d  v a l u e s .  
0 

/ r ?  

5. r 
F i g u r e  2 2  s h o w s  a s i m u l a t i o n  o f  two mile r u n  p e r f o r m a n c e  

o b t a i n e d  by  s u b t r a c t i n g  t o t a l  f a t i g u e  frcm f i t n e s s ,  b u t  

w e i g h t i n g  a c u t e  f a t i g n e  a t  1-75, c h r o n i c  f a t i g u e  a t  1 - 0 0  a n d  

f i t n e s s  a t  1.00. t h e  w e i g h t i n g  c o n s t a n t s  were o b t a i n e d  v i a  

r e q r e s s i o n  a ~ a l y s i s  ( A p p e n d i x  4) a n d  r e f i n e d  i t e r a t i v e l y ' .  



Ana e r o b l c  p o w 2 r  a s  m e a s u r e d  b y  t h e  t ime r a q u i r e d  t o  r u n  50 

mqters d i d  n o t  show a n  i m p r o v e m e n t  w i t h  training. 

= 

B l o o d  c h e m i s t r y  d a t a ,  taken each week following t h e  two 

mile r u n  p e r f o r m a n c e ,  is s h o w n  i n  A p p e n d i x  2. 



F i g u r e  7: T ~ P  F a s p ~ n s e  Of f l a x i m a l  O x y g e n  Uptaks 

To T r a i n i n q  

?laxima1 o x y g e n  u p t a k e  was e v a l u a t e d  w o + k l y  

d u r i n g  the t r a i n i n g  reg imsn .  Thsse v a l u e s  

in m l / k g / m i n  a re  p l ~ t t e d  v e r s u s  time i n  days.  



TTME IN DAYS 



E 

F i q u r a  8: T h e  R e s p o n s e  O f  T h e  Rogers S t r e n g t h  Index 

T h e  R o q e r s  Strength I n d e x  was e v a l u a t e d  

w e e k l y  during t h e  t r a i n i n g  regimen. T h o s e  

v a l u e s ,  m5asur3d i n  pounds ,  are p l o t t e d  

versus time i n  d a y s .  



TIME IN DAYS 



tted 



f 
TIHE IN DAYS 



F i g u r e  10: T h o  R s s p o n s e  of Blood L a c t a t ?  

C o n c e n t r a t i o n  To Heavy  Exercise 

3 lood  l a c t a t e  c o n c e n t r a t i o n  was 

f o r  two h o u r s  fo l lowinq a b o u t  
C 

of  e x h a u s t i v e  exercise on t h e  

c y c l e  nrgoraeter. T h e s e  values, 

measured i n  sg lactste/l00 lsls b l o o d ,  

'. 
a n d  t h e  D ~ P ' Q X S ~ C ~ S B  c o n c e n t r a t i ~ n ,  

3re p l o t t e d  versus time i n  m i n u t e s .  



TIME IN MINUTES 



F i g u r e  11  : The.R?spons? of Tw? ! l i l p  R u n  

Derforinanco T c  Trainir ig 

~ h c  time t q k e n  t ~ t  r u n  t,wo m i l a s  

was e v a l u a t e d  veekly. T h e s e  v a l u s s ,  

measrrrsi! i n  minutes, a r e  p l o t t e d  

versus time in days.  



I.' 
TIME IN ,DAYS 



- 
F i q u r e  12:  T h e  P a s p o n s e  o f  C y c l e  E n d u r a x c e  

Pe r fo rmance  To T r a i n i n g  

E n d u r a n c e  p~rfwmance?fbI? t h s  cycle 
--. \ 

ergon&er was -?valu;l  ted weskly. 

these  v a l u e s ,  maasured i n  m i n u t e s ,  



TIME IN DAYS f-- 



F i g u r e  1 3 :  T h e  s i m u l a t i o n  of Yaxirnal Oxygen  

U p t a k e  

 he s i m u l a t e d  p r o f i l ~  of m a x i m a l  oxygen 

u p t a k ? ,  parformed u s i n q  a time c o n s t a n t  

9 f  2 3  d a y s  a n d  t h e  c u b e  r o o t  of t r a i n i n g  

( F i g u r e  1 )  a s  t h e  f o r c i n g  f u n c t i o n ,  i s  plotted 

v a r s u s  time i n  d i y s .  Actual  maxima l  o x y g e n  / 
J 
I 

values [ P i g u r s  5 )  sre s imu l t anaans ly  p l o t t e d ,  





P i q u r ?  14: The Simulation o f  Leg S t r 3 n g t h  

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

g s n e r a t e d  u s i n g  a time c o n s t a n t  of  60  

d a y s  s n d  the cube root of t r a i n i n g  s s  

t h n  f o r c i n g  f u n c t i o r ?  (Figure 2) is p l o t t a i  

versus tims i n  days. Actual v a l u e s  of l e g  

s t r e n g t h  (Figure 9 )  a re simultaneously 

plott 93. 



TIME IN DAYS 



T h s  si mnlat ed p r o f i l e  of f i tnass, 

g e n e r a t e d  u s i n g  a time c o n s t a n t  o f  

50 d a y s  (the same a s  t h a t  o f  performance) 

a n d  t h e  forcing f u n c t i o n  soon i n  F i g n r e  2, 

is v e r i u s  time i n , - , d a y s .  The a c t u a l  

values of two mi15 r u n  performance are 

s i ' m n l t a n e o u s l y  d i s p l a y e d .  



TTME IN. DAYS 



~ i g u r e  1 6 ? ~ h ~  S i r n u l = i t i c n  a-f C h r o n  ic Fatigue 

The h y p t h a s l z ~ d  prof i l ~  of  c h r o n i c  
'% 

f a t i g e e ,  ge_n$rated u s 3 n g  a time coktant 
I 

o f  15 d a y s  (Calvert et al, 1975) arfd t h e ,  

L - '  f o r c i n g  f u n c t i o n  seen i n  F i g u r e  2 ,  

p l o t t e d  v e r s u s  tin- i n  days. 



TIME IN DAYS 



- 
? i q u r ?  77 : T h e  Simulation of Performance 

The s L  mu1 ated p r o f i l e  of p e r f o r m a n c e  

q e n e r 3 t e d  by subtracting t h e  fatigus 

curve in Figure 15 from t h e  fitness 

curvs i n  F i g u r e  15, i s  p l o t t e d  v e r s u s  

time i n  d a y s .  The a c t u a l  v a l u e s  of L a 

t w o  m i l ?  run p e r f o r m a n c e  i n  minutes 

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



REAL = 0 
SIMUL. - 

14 7 I - 
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TIME IN DAYS 



yr 

F i q u r 2  18: T h e  simulation o f  A c u t ?  F a t i g u ?  

/A 

T h e  s i m u l a t i o n  of .acute f a t i g u e ,  

a component which r e s p o n d s  t o  c h a n g a s  

i n ,  t r a i n i n g  i n t e n s i t y ,  g e n e r a t e d  u s i n g  
9. 

,= 
a time c o n s t a n t  of 7 days, a d e l a y  of 

three d a y s  following t h e  o n s e t  o f  t r a i n i n g ,  

a n d  t h e  f o r c i n g  f u n c t 2 o n  seen i n  P i q u r e  2 ,  

is p l o t t e d  versus time i n  days. - 



TIME IN DAYS 



F i q u r e  19:  The S i m u l a t i o n  cf Total F 3 t i q u 2  

1- - 

"he\  siaulation cf total fatigue. 

generated b y  adding the curv2s of 

chronic and a c u t e  f a t i g u e  ( F i g u r e s  

16  3nd 17) ,  is p l o t t e d  versus t ime 

i n  days. T h s  a c t u a l  values of serm 

b i l i r u b i n ,  measured i n  mg/dl b l o o d , %  . 
are s i m u l t a n e o u s l y  d i s p l a y e d .  

I -- 
+.% < -  - * *t . *> - 
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TIME IN DAYS 



F i g u r e  20: T h e  S i m u l a t i o n  of P e r f o r m a n c e ,  

Plo4 l f i ed  To A c c o u n t  F o r  T h s  

L n c l u s F o n  o f  A c u t a  F a t i q u ?  

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

g e n e r a t e d  by  s u b t r a c t i n g  t h e  

t o t a l  f a t i g u a  s i m u l a t i o n  ( F i g u r e  

17) from t h e  f i t n e s s  c u r v e  

( F i g u r e  1 5 ) ,  i s  p l o t t e d  vorsus  O 

time i n  d a y s .  Actual two mile r u n  
-- 

p e r f o r m a n c e  is  simultaneous1 y p l o t t e d .  
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F1711re 21:  T ~ F !  S f m u l a t i o n  of Performance: 

A c c o u n t i n g  For  T h s  I n c l u s i o n  , 

T h e  s i m u l a t i o n  of per fo rmance ,  
I 

g e n e r a t e d  b y  s u b t r a c t i n g  t h e  

total f a t i q u e  c u r v e  ( F i g u r e  17) 

from t h e  fitness c u r v e  ( F i g u r a  1,5), 

is  p l q t t e d  versus t ime i n  days. 

The a c t u p l  v a l u e s  of cycle e n d u r a n c e  

a r e  s i m u l t a n e o u s 1  y d i s p l a . y e d .  



TIME IN DAYS 



F i g u r 5  22:  T h e  M o d i f i e d  S i m u l a t i o n  O f  
* 

P e r f o r m a n c e  U s i n g  w e i g h t e d  
d 

V a l u e s  F o r  Fitness, C h r o n i c  

F a t i g u e ,  a n d  A c u t e  F a t i g u s  

t 

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

was  c a l c u l a t e d  a s  i n  F i g u r e s  

2 0  a n d  2 1  e x c e p t  t h a t  t h e  

w e i q h t i n g  c c n s t a n t s  A=1.0,  B r 1 . 0 ,  
> 

a n d  C=1.75 o b t a i n e d  u s i n g  t h e  

r e g r e s s i o n  p r c g r a m m e  i n  A w e n d i x  

k 81 
4awere u s e d  i t e r a t i v e l y  t o  m o d i f y  

- 
'I t h e  r e l a t i v e  v a l u s s  of  Fitness, 

t 
C h r o n i c  F a t i g u e ,  a n d  A c u t e  F a t i g u e .  

i 

PERF=AxFIT - ( B x C H R .  FAT + CXAC-FAT) 
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F i g u r e  2 3 :  A S y s t e m s  fiodsl Of Performance 





F i q u r s  24:  A f l u l t L c o m p o n e n t  S y s t z m s  Bodel O f  P e r f o r m a n c e  





F i t n e s s  was  h y p o t h e s i z e d  t o  be a f u n c t i o n  o f  t h r e e  p r i m a r y  

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

f a c t o r s  were s k i l l ,  a e r o b i c  c a p a c i t y ,  a n d  s t r e n g t h .  B e c a u s a  o f  

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

two a i l e  r u n ) ,  a n d  b e c a u s e  o f  a n  a d e q u a t e  b a c k g r o u n d  i n  

c o m p e t i t i v e  a t h l e t i c s  p o s s e s s e d  by t h e  s u b j e c t ,  skill w a s  n o t  

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

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

p e r f o r m a n c e  is o f  a  more c o m p l e x  n a t u r e  a n d / o r  - the s u b j e c t  is  

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

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

o v e r l o o k e d .  H o u e v e r ,  i n  t h i s  s t u d y ,  a e r o b i c  c a p a c i t y  a n d  

s t r e n g t h  were c o n s i d e r e d  t o  b e  t h e  most i m p o r t a n t  c o n t r i b u t i n g  

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

A e r o b i c  c a p a c i t y  ( a s  m e a s u r e d  b y  max ima l  o x y g e n  u p t a k e )  is 

shown i n  F i g u r e  7 .  The  decay time c o n s t a n t  f o r  t h e  m a x i m a l  

o x y g e n  u p t a k e  c u r v e  a s  e s t i m a t e d  by t h e  me thod  d e s c r i b e d  i n  

C h a p t e r  5 was f o u n d  t o  b e  23 d a y s .  U s i n g  t h i s  i n f o r m a t i o n ,  

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

( shown  i n  F i g u r e  2) as  t h e  f o r c i n g  f u n c t i o n .  T h e  r e s u l t s  o f  

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

v a l u e s  i n  F i g u r e  13, i n d i c a t e d  t h a t  a e r o b i c  c a p a c i t y  w a s  

r e l a t e d  by  a first o r d e r  d i f f e r e n t i a l  e q u a t i o n  t o  t h e  c u b e  r o o t  

of  t r a i n i n g .  -?b 





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

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

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

max ima l  &xygen n p t a  k e .  

- '. 
-- 

T h e  ~ o g e r s  S t r e n g t h  shown o v e r  t h e  course of  the 

t r a i n i n g  p rog ramme i n  p o s s e s s e d  f e a t u r e s  similar tp 

those o f  m a x i m a l  o x y g e n  u p t a k e ;  h o w e v e r ,  t h e  d a t a  was very 

0 " n o i s y n .  T h i s  w a s  p r o b a b l y  t h e  r e s u l t  of week t o  week 

v a r i a t i o n s  i n  t h o s e  f a c t o r s  s u c h  a s  arm s t r e n g t h  wh ich  were n o t  

a f f e c t e d  by  t h e  t r a i n i n g  a n d  w h i c h  were n o t  m e a s u r e d  b y  

t e c h n i q u e s  o f  h i g h  a c c u r a c y ,  T h e  parameter o f  t h e  S t r e n g t h  

I n d e x  w h i c h  was  most a f f e c t e d  by  t h e  b i c y c l e  t r a i n i n g  was  l e g  - 

s t r e n g t h .  T h i s  is shown i n  P i g u r e  9.  It can b e  seen t h a t  l e g  

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

r i s i n g  r e s p o n s e  t o  a s t e p  i n p u t  ( F i g u r e  5 ) .  T h e  t i m e .  c o n s t a n t  

o f  d e c a y  f o r  l e g  s t r e n g t h  was  g r a p h i c a l l y  e s t i m a t e d  t o  b e  60 

\ 
d a y s .  U s i n g  t h i s  i n f o r m a t i o n  and  u s i n g  t h e  w e e k l y  t r a i n i n g  f r o m  

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

The r e s u l t s  o f  t h i s  s i m u l a t i o n  a r e  shown i n  F i g u r e  14 .  Like 
1 

m a x i m a l  o x y g e n  u p t a k e ,  l e g  s t r e n g t h  was f a i r l y  s u c c e s s f u l l y  
- 

m o d e l l e d  a s  a n  e x p o n e n t i a l  f u n c t i o n  of t h e  cube r o o f  a•’ 

t r a i n i n g .  T h e  a c t u a l  v a l u e s  of  l e g  s t r e n g t h  r o s e  s l i g h t l y  more  

q u i c k l y  a n d  f e l l  o f f  s l i g h t l y  l e s s  q u i c k l y  t h a n  t h e  m o d e l l e d  
'.J- 

v a l u e s .  T h i s  was p o s s i b l y  d u e  t o  a l e a r n i n g  effect i n v o l v i n g  a  

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



A 

t r a i n i n g  p rog ramme began a n d  t h e n '  r e m a i n e d  l o n g  a f t e r  t r a i n i n g  . 

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

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

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

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

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

d a t a  shown  i n  F i g u r e  10 ,  a  d e c a y  time c o n s t a n t  was  e s t i m a t e d  t o  - 

be  50 d a y s .  The  t i n e  c o n s t a n t  f o r  F i t n e s s  was a c c o r d i n g l y  

c o n s i d e r e d  t o  b e  t h e  same.  Y a x i m a l  o x y g e n  u p t a k e  a n d  s t r e n g t h  

were c o m b i n e d  i n  v a r y i n g  p r o p o r t i o n s  a n d  t h e  decay time 

c o n s t a n t  for  e a c h  w e i g h t i n g  was  e s t i m a t e d .  T h e  r a t i o  o f  max ima l  

o x y g e n  u p t a k e  t o  s t r e n g t h  wh ich  y i e l d e d  a t ime c o n s t a n t  o f  50  

d a y s  w a s  f o u n d  t o  b e  0.50. T h i s  p o i n t s  t o  t h e  i m p o r t a n c e  o f  

m u s c u l o s k e l e t a l  d e v e l o p m e n t  e'ven i n  a p e r f o r a a n c e  o f  a 

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

i n d i v i d u a l ' s  c a r d i c v a s c n l a r  f i t n e s s  s h o u l d  be d e s i g n e d  s o  t h a t  

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

i n  t h e  p h y s i c a l  a c t i v i t y ,  

A l t h o u g h  p e r f o r m a n c e '  b e h a v e d  g e n e r a l l y  i n  t h e  s a m e  way a s  

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

f i t n e s s ,  f i g u r e  15 s h o w s  t h a t  t h e r e  a r e  s u f f i c i e n t  

d i s s i m i l a r i t i e s  ta c s n s i d e r  a t  least m e  a i t d i t i o ~ a l  faceor. 

T h i s  f i n d i n g  is i n  a g r e e m e n t  w i t h  C a l v e r t  e t  a 1  (1976) who, - - 
f o u n d  t h a t  swimming ~ e r f o r m a n c e  * d i d  n o t  p a r a l l e l  s i m u l a t e d  

f i t n e s s  d u r i n g  t h e  t r a i n i n g  p r o g r a a a e .  T h i s  s e c o n d  f a c to r  was 



P 
f a t i g u s .  I n  F i g u r e  16, the s i m u l a t i o n  o f  c h r o n i c -  f a t i g u e  is 

shown.  I t  resembles c l o s e l y  t h e  f i t n e s s  p r o f i l e  w i t h  t h e  

e x c e p t i o n s  t h a t  it r i s e s  more q u i c k l y  'upon t h e  o n s e t  o f  

t r a i n i n g  a n d  f q l l s  o f f  much more r a p i d l y  upon t h e  c e s s a t i o n  o f  
\ 

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

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

p o s s e s s e d  time c o n s t a n t s  o f  e q u a l  m a g n i t u d e s ,  n o  s i g n i f i c a n t  - 

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

f i t n e s s  i , m p u l s e  w o u l d  te  n e g a t e d  b y  a n  e q u a l l y  l o n g  l i v e d  

f a t i g u e  i m p u l s e .  

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

Y 
PERF = FITNESS - C H R O N I C  FATIGUE 

, 

is s h o w n  i n  F i g u r e  17. T h i s  c o n c e p t  of p e r f o r m a n c e  is 

c l e a r l y  p r e f e r a b l e  t o  t h e  s i m p l e  F I T N E S S  m o d e l  o f  F i g u r e  1 4  i n  

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

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

t h a n  a v e e k  o r  two. However ,  i t  does n o t  a d e q u a t e l y  model '  t h e  

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

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

w h i c h  is s e e n  6 n e  t o  tuo weeks a f t e r  t r a i n i n g  s t o p s .  

T h e r e f o r e ,  a  s e c o n d  f a t i g u e  f a c t o r ,  a c u t e  f a t i g u e ,  was 

h y p o t h e s i z e d .  T h i s  f a c t o r  was t h o u g h t  t o  r e s p o n d  to  CHANGES in 



a 

' . t r a i n i n g  i n t e n s i t y  r a t h e r  t h a n  t o  t r a i n i n g  i n t e n s i t y  i t s e l f ,  

A c u t e  f a t i g u e  was s i m u l a t e d  u s i n g  a time c o n s t a n t  of 7 d a y s  a n d  

a time d e l a y  of t h r e e  d a y s  a t  t h e  o n s e t  o f  t r a i n i n g  ( F i g u r e  

1 8 ) .  T h e s e  v a l u e s  ware d e r i v e d  f r o m  i n  . ana lys is  o f  t h e  

s u b j e c t ' s  f e e l i n g s  o f  s e c o n d a r y  m u s c l e  s o r e n e s s  a s  d e s c r i b e d  b y  ' 

DeVries ( 1 9 7 6 ) .  A t  t h e  b e g i n n i n g  o f  t h e  t r a i n i n g  p rog ramme,  t h e  

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

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

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

a d a p t e d  t o  the stress f r o m  t r a i n i n g ;  the time c o n s t a n t  f o r  t h i s  

d i m i n u t i o n  w a s  e s t i m a t e d  t o  be seven d a y s . I n  F i g u r e  1 7 ,  it c a n  

b e  s e e n  t h a t  d u r i n g  t h e  b r e a k s  i n  t r a i n i n g  of t w o  w e ~ k s  

d u r a t i o n ,  t h e  a c u t e  f a t i g u e  f a c t o r ' d e c a ~ s  t o  z e r o ,  a  r e s u l t  

c o r r o b o r a t e d  by t h e  s u b j e c t ' s  f e e l i n g 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 n e .  

A s i m u l a t i o n  o f  t o t a l  f a t i g u e  was  c a l c u l a t e d  b y  a d d i n g  t h e  
0 

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

c o n s t a n t s .  T h i s  is s h o v n  i n  F i g u r e  19. T h e  curve rises v e r y  

q u i c k l y  a s  t r a i n i n g  b e g i n s ,  l e v e l s  off q u i t e  q u i c k l y  r e l a t i v e  

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

q u i c k l y  when t r a i n i n g  f i r s t  s t o p s  a n d  aore s l o s l y  a s  t h e  p e r i o d  

of n o  t r a i n i n g  c o n t i n u e s ,  Se rum b i l i r u b i n  (a b r e a k d o w n  p r o d u c t  

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

c u r v e ,  B l o o d  h e a o g l c b i n '  l e v e l s  h a v e  b e e n  u s e d  by a t h l e t i c  

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

s u f f e r i n g  f r c m  o v e r t r a i n i n g  (J. ~ l o o a f i e . l d ,  p e r s o n a l  



'r o c o n m u n i c a t i o n ) .  When a  s a d d e n  d r o p  I n  b l o o d  h e m o g l o b i n  is s e e n ,  

t h i s  is t a k e n  a s  b e i n g  i n d i c a t i v e  of h i g h  f a t i g u e  a n d  t r a i n i n g  

is t a p e r e d  a p p r o G i a  t e l  y. I n  t h i s  s t u d y ,  b l o o d  h e m o g l o b i n  d i d  

n o t  v a r y  g r e a t l y  from week t o  week (Append5x 2)  a n d  c e r t a i n l y  

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

p r o f i l e ,  However, t h e  s u b j e c t  vas n o t  i n  a s i t u a t i o n  w h e r e  

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

h ~ m o q l o b i n  was n o t  a s u f f i c i e n t l y  s e n s i t i v e  i n d i c a t o r  of 

f a t i g u e .  C o n v e r s e l y , '  s e r u m  b i l i r u b i n  m a i n t a i n s  a s t r i k i n g  

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

may h e  a  m o r e  s e n s t i v e  m c n i t o r  of  f a t i g u e  t h a n  h e m o g l o b i n .  As 
I 

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

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

c o m p e t i t i o n ) .  No o t h e r  b l o o d  p a r a m e t e r '  m e a s u r e d  i n  t h i s  s t u d y  

4. d e m o n s t q a t e d  , t h e  s a m e  p c t e n t i a l  u s e f u l n e s s  i n  monitoring 

f a t i g u e .  F i g u r e s  2 0  a n d  2 1  a r e  s i m u l a t i o n s  o f  r u n n i n g  a n d  

cycling p e r f o r m a n c e  c q l c u l a t e d  a s  

PERF = FITBESS - TOTAL FATIGUE 91 

T h e s e  s h o w  a s i g n i f i c a n t  i m p r o v e m e n t  o v e r  t h e  model shown 

i n  F i g u r e  17, T h e  g e n e r a l  rising trend of  p e r f o r m a n c e  w i t h  

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

a s  t r a i n i n g  i s  s u s p e n d e d  f o r  m o r e  t h a n  a  few weeks .  However, 

u n l i k e  t h e  model which  a c c o u n t e d  o n l y  for c h r o n i c  f a t i g u e ,  t h e  % .  

,- 

m o d e l  r e p r e s e q t e d  by  F i g u r e s  20 a n d  21 a c c u r a t e l y  - d e s c r i b e s  t h e  



r ise o f  p e r f o r m a n c e  o n e  t o  t w o  w e e k s  a f t e r  t r a i n i n g  c e a s e s .  

This c a n  be  a c c o u n t e d  f o r  by t h e  much more  r a p i d  d e c a y  o f  t o t a l  

f a t i g u e  r e l a t i v e  t o  f i t n e s s .  When t r a i n i n g  s t o p s , ,  

l e v e l s  r e m a i n  q u i t e  h i g h ,  d e c a y i n g  w i t h  a  time c o n s t " a n t  of 
A 

a b o u t  50 d a y s .  S i n c e  t h e  n a t u r e  o f  a  time c o n s t a n t  is  s u c h  
t 

t h a t  a  p a r a m e t e r  d e c a y s  b a c k  t o  its " r e s t i n g N  l e v e l  a f t e r  a b o u t  

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

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

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

c u r v e  d e c a y s  much more  q u i c k l y :  w i t h i n  o n e  mon th ,  it h a s  . 

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

the a c u t e  f a t i g u e  ( e v i d e n t  a s  symptoms  o f  ~ u s c l e  s o r e n e s s )  i s  

I i n  l a r g e  p a r t  r e s p o n s i b l e  f o r  t h e  i n c r e a s e '  i n  p e r f o r m a n c e  s e e n  

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

I T h e  phenomenon o f  t h e  i n i t i a l  d e c r e a s e  i n  p e r f o r m a n c e  a t  
~ 

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

t o  c o n s t r u c t  F i g u r e s  2 0  a n d  21 a l t h o u g h  t h e  c o r r e c t  t r e n d  i s  

v i s i b l e .  I n  F i g u r e  22 ,  a c o m p l e t e  m o d e l  which a c c u r a t e l y  

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

t h i s  s t u d y  is p r e s e n t e d .  It was c a l c u l a t e d  as: 

PERF = A x PIT - (B X CHRONIC FAT + C x ACUTE FAT) 

T h e  w e i g h t i n g  c o n s t a n t s  A', 8, a n d  C were c a l c u l a t e d  u s i n g  

t h e  r e g r s s s i o n  p rog ramme l i s t e d  i n  A p p e n d i x  4 a n d  r e f i n e d  



i t s r a t i v e l y r - F o r  t h e  c o n d i t i o n s  i n  t h i s  s t u d ? ,  t h e  v a l u e s  & i c h  1 
1. 

p r o v i d e d  t h e  b e s t  m o d e l  o f  p e r f o r m a n c e  were A = 1, B = 1, a n d  C 

= 1.75 .  T h i s  i n d i c a t e s  t h a t  w h i l e  f i t n e s s  a n d  c h ~ o n i c  f a t i g u e  

wer2 e q u a l l y  w e i g h t e d ,  a c u t e  f a t i g u e  i s  a  more s i g n i . f i c a n t l y  ' 

w e i g h t e d  f a c t o r .  T h i s  u n d e r s c o r e s  t h e  i m p o k r t a n c e '  o f  s t a r t i n g  

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

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

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

*- 

P 
T h e  m o d e l  p r e s e n t e d  i n  t h i s  s t u d y ,  when p r o v i d e d  w i t h  

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

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

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

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

for by  t h i s  s t u d y  ( e . 9 .  p s y c h o l o g i c a l  i n p u t ) ,  c o u l d  b e  o f  

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

w o r k e r s  i n  e x t r e m e  e n v i r o n m e n t s  who r e q u i r e  t h e  c a p a c i t y  t o  
7- 

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

a t h l o t i c  c o m p e t i t i o n ,  f o r  r e c o v e r y  f r o m  medical t r a  
f-- 

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

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

An e x a m p l e  of fhe n p r e d i c t i v e n e s s n  of t h e  milel is shown 
+ 

{\ 
i n  F i g u r e  25, O n e  hypothetical p e ~ f o r m a n c e  date; d a y  125, 

r e p r e s e n t i n g  :a major meet d u r i n g  a t r a c k  o r  s v i t e m i n g  s e a s o n  o f  

150 d a y s e  d u r a t i o n  was a r b i t r a r i l y  s e l e c t e d .  P e r f o r m a n c e  was 
B 

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



t e c h n i q u e s  p r e v i o u s l y  d e s c r i b e d .  Time c - s t a n t s  f o r  a e r o b i c  
\ 

s t r e n g t h ,  a n d  f a t i g u e  f u n c t i o n s  w e b  as r e p o r t e d  i n  

C h a p t e r  6. By i t e r a t i v e  m o d i f i c a , t i o n  o f  i n p u t  ( t r a i n i n g ,  

F i g u r e  25a) , t h e  b e s t  p o s s i b l e  o u t p u t  ( p e r f o r m a n c e ,  F i g u r e  2 5 b )  

was  g e n e r a t e d ,  t h e r e b y  g i v i n g  a  good  i n d i c a t i o n  o f  t h e  optimum 

t r a i n i n g  p r o f i l e  f o r  t h e  meet (Day  1 2 5 )  i n  c o n s i d e r a t i o n ) .  I n  
\ 

t h i s  case, t r a i n i n g  profile f o u r  was t h e  best of ths given 

e x a m p l e s .  

T h e  c a s e  d e s c r i b e d  by F i g u r e  2 5  i s . a  s i m p l e  o n e .  Pew 

c o m p e t i t i v e  s e a s o n s  h a v e  o n l y  o n e  meet a n d  i t  is ra re  t h a t  

c o n s e c u t i v e  meets w i l l  b e  a s .  f a r  a p a r t  a s  t h o s e  c h o s e n  i n  t h e  

g i v e n  e x a m p l e ,  T h e  p r o b l e m ,  i n  a s i t u a t i o n  w h e r e  many i m p o r t a n t  

c o m p e t i t i o n s  e x i s t  .quite close t o g e t h e r ,  is o n e  of  o p t i m a l  

c o n t r o l  t h e o r y  a n d  i s  much Bore c o m p l e x  t h a n  t h e  s c o p e  o f  t h e  

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

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

c o n c e p t s  p r e s e n t e d  h e r e .  

A l t h o u g h  t h i s  s t u d y  was u n d e r t a k e n  o n  o n l y  one  s w b j e c t ,  

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

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

t h i s  s t u d y  e n c o u n t e r e 3  a n y  - a b n o r m a l i t i e s  i n  his respmse to 

t r a i n i n g  or t h a t  his responses a te q u a l i t a t i v e l y  d i f f e r e n t  f rora 

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

o t h e r  i n d i v i d u a l s ,  q u a n t i t a t i v e  differences i n  t h e  t r a i n i n g  









1 
t e s p o n s e  are t o  b e  e x p e c t e d  d u e  t o  g e n e t i c  v a r i a b i l i t y .  I n d e e d ,  

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

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

c h a n g e s  are a f f e c t e d ,  However ,  a l t h o u g h  t h e  numbers  i n v o l v e d  . 

may c h a n g e ,  the c o n c e p t s  s h o u l d  be v a l i d ,  and the model  may 

h a v e  wide-ranging u s e f u l n e s s .  P 1 I 
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A p p e n d i x  1 : - Somatotype a n d  Anthrcpometric Data 



Y .  

ANTHROPOMETRIC DATA 

03m 
1. Name: J 

2 .  Student Number : 
Q 

3 .  b a t e  o f  B i r t h :  22 JUNE 
month 
1950 

day " year 
4 .  b i g h t  (cm.) 174.7 .................................. 

-3 

62.1 ................................. 5 .  &eight ( k g . )  
r 

7 .  Subscapular s k i n f o l d  
( 1  1 ( 2 )  (31 

8 .  S u p r a i l i a c  s k i n f o l d  
(1 ( 2  1 ( 3 )  

9 .  C a l f  s k i n f o l d  
(1) ( 2 )  (31 - 

1 0 .  Front t h i g h  s k i n f ~ l d  
( 1  1 ( 2 )  ( 3 )  

21 .  Rear t h i g h  s k i n f o l d  
( 1  ) (21 (3) 

1 2 .  Abdomen s k i n f o l d  
(1) ( 2 )  (3) 

1 3 .  Right  humerus diameter  (can) 

1 4 .  L e f t  humerus d i m t e r  (cm) 

1 5 .  Right femur diameter (cm) 

1 8 .  L e f t  flexed biceps girth (an.) 

1 9 .  Right  calf g i r t h  (m.) 

2 0 .  L e f t  c a l f  g i r t h  (m.) 
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Appendix  2: 4 o o d  C h e m i s t r y  Profile 
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r 5  1 lB+O ! C s  1 +(RE=O)/Llg 
r 581 D I F P ~ N E ~ O  . 
r 5 9 7  . c ~ ~ I [ ~ ~ ~ H O W  MANY PTECE-WISE .LINEAR CPWL) UNITS A R E  R E 0 U l g g D  ? '  
r 6 0 1  NP+O 
t613 +(NP=O)/L22 
~ 6 2 1  rr+l 
€ 6 3 7  XXYY+(NP,2,15)pO 
C647 L20:lJ+'HOW MANY POINTS IN PWL ? '  

G 

C651 N X X + f l  
C 6 6 1  XXPYCZI;l;lSl+NXX 
CG71 JJ+I * 
cG81 'TYPE THE POINTS IN PAIRS - X THEN Y' 
C691 L21:XXIYtIl; 1 2 ;JJI+U 
C 703 +(NXX2JJ+JJ+l )/L21 
C711 f(NPrII+II+l)/L20 
[721 p22:Ek1WHAT IS TIME STEPSZZE ? *  
[731 AT+8 
[741 @'ROW MANY DELAYS ARE REQUIRED ? '  
[753 NDBL+O 
[761 +(NDEL=O)/L24 ' [771 DELX+(NDEL.51)p~ 
178 3 SDELtNDELpO 
[791 114-1 
I 8 0 1  'SPECIFY DELAYS IN TURN * 
[ R I I  L ~ : U + I I  
i821 DGLXCII;II+O 
[a33 SDELCrlJ+DELXrII;l] 
E841 DELXCrr;11+f(DELXC?I;l]+bT) 
I 8 5 3  +(DELXCZI;13<51)/L25 
L861 'DELAY TOO LONG - RGINITIALZB' 
C873 +O 
1 8 8 1  L25:+lflDEL2lI+II+l)/L23 
[ 8 9 1  L24:Ek1ASSIGh' INPUf TO X *  
1901 X t Q  
9 N+pX 
1923 ?+NpO 
t931 SA+A - 

C947 SPA+PAA 
C 9 5 1 SDIF*.#Bp 0 
1961 SXP+XXYT 
(971 XT+X 

v 



V RGINIT 
C 1 I A+SA 
C23 I+l 
C 3 I PA A+SPA 
C 4 I D I F P + S D I F  
t 5 1  XXYY+SXY 
C6l DL?LX+( (pSDEL) ,5l )pO 
C 7 I DELX[ ; 1 J+SDEL 
f 8 3 X+XT 

' C91 N+pXT 
r 1 0 7 '  D t D O  YOU WrSH TO C'HANGE X ? '  
r m  Y S + ~  
r 1 2 3  + ( Y N = ' N 9 ) / J 8 0  

. r 1 3 1  O + ' S P E C I F Y  NEW X' 
C143 X+O 
[ I  1 5  3 N + p X  
T I 6 1  KT+X 
f 1 7 1  Y 4 J p O  
C l 8 l  L80:O+'SPECIFY NEW TIYE STEP-SIZB'r 
11191 bT+n 
C201  +(NDEL=O)/O 
C 2 1 1  DELXt  : 1 I+SDEL+AT 

V RUN 
c 1 3  It1 



~ p p e n d i x  4: ~ e g r e s s i o n  Programme 



V REGRESS 
C13 'PREDICTION FROM HODEL ' 
C 2 3  P R F D t O  - 

C 3 3 'ACTUAL PERFORMANCE' 
C41 AA+O 
c 5 I 'DAYS ON w m x  PERFORMANCE O C C U R R ~ D J  
C61 DD+O 
C71 PP+PREDCDDI 
[ 8 1  N N c p A A  
C91 Z+(NN,2)p0 
C I Q J  z t ; 1 1 + m p 1  
C113 Z[;2l+PP 
C123 CC+AA@Z 
[I31 'RESULT STORED IN PERF' 
C141 PERP+CCClI+(CCC21xPRED) 

V 




