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INTRODUCTION

T h e  in c e p t io n  of s e l f - c o n t a i n e d  u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s  

(SCU BA ) in 1942, h a s  e n a b l e d  a s ig n i f i c a n t  i n c r e a s e  in m an 's  a b i l i t y  to  

e x p l o r e  t h e  u n d e r w a t e r  w o r ld  (H a n co c k  e t  a l . ,  1982) .  H o w e v e r ,  m an y  

f a c t o r s ,  b o th  p h y s io lo g ic a l  a n d  p sy c h o lo g ic a l ,  a r e  in v o lv e d  in d e t e r m i n i n g  

an  i n d i v i d u a l ' s  r e s p o n s e  to  w o rk  in t h e  v a r y i n g  e n v i r o n m e n ta l  c o n d i t i o n s  

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

T h e  sco p e  of th i s  t h e s i s  h a s  b e e n  l imited to  some of t h e  p h y s io lo g ic a l  

v a r i a b l e s  a f f e c t in g  o x y g e n  c o n s u m p t io n  a n d  w o rk  e f f ic ie n c y  while  w o r k in g  

u n d e r w a t e r  u t i l iz ing  th e  s in g l e  h o se  t w o - s t a g e  d e m a n d  r e g u l a t o r  common 

to  s p o r t  d iv in g  a n d  l ig h t  commercia l  d i v i n g .  I t  is u n d e r s t o o d  t h a t  t h e  

p s y c h o lo g ic a l  e f f e c t s  of f u n c t i o n in g  u n d e r w a t e r  a t  v a r io u s  d e p t h s ,  in 

l imited v i s ib i l i ty  a n d  a t  e x t r e m e  t e m p e r a t u r e s  a lso  p r o d u c e  s i g n i f i c a n t  

d i f f e r e n c e s  in hu m an  p e r f o r m a n c e  ( G r a v e r ,  1980; H ancock  e t  a l . ,  1982; 

Mears  e t  a l . ,  1980) h o w e v e r ,  t h i s  was b e y o n d  t h e  r a n g e  of t h e  c u r r e n t  

i n v e s t i g a t i o n .

S t a t e m e n t  of  t h e  Prob lem

T h e  p u r p o s e  of t h i s  i n v e s t i g a t i o n  was to  d e te r m in e  w h e t h e r  o r  n o t  

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

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

a b i l i ty  to  p e r f o r m  w o rk  u n d e r w a t e r .
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S u b p ro b le m s

I t  was n e c e s s a r y  to d e te rm in e  w h e t h e r  o r  no t  a n y  s ig n i f i c a n t  d i f f e r ­

e n c e s  e x i s t e d  in t h e  following phys io log ica l  p a ra m e te r s  among t h e  t h r e e  

e x p e r im e n ta l  d e p t h s ;

a)  o b s e r v e d  h e a r t  r a t e s ,

b )  o x y g e n  u p t a k e ,

c)  ca lcu la ted  w o rk  e f f ic ie n cy .

Def in i t ions

A d v a n c e d  Open 
W ater  D ive r :

a c e r t i f i e d  s p o r t  d i v e r  who h a s  s u c c e s s f u l l y  com­
p le ted  a d d i t io n a l  t r a i n in g  in limited v is ib i l i ty  d i v i n g ,  
u n d e r w a t e r  s e a r c h i n g ,  l igh t  sa lv ag e  a n d  d e e p  d iv in g  
to a p p ro x im a te ly  100 fee t  with  a minimum of  10 
lo g g ed  d i v e s .

Ambient  P r e s s u r e ; r e f e r s  to  th e  s u r r o u n d i n g  fo rce  e x e r t e d  on a s u b ­
m erg ed  o b je c t ,  u s u a l ly  e x p r e s s e d  in p o u n d s  p e r  
s q u a r e  in ch  ( p s i ) ,  which i n c r e a s e s  0.432 p s i  w i th  
e v e r y  foot of d e s c e n t  in f r e s h w a t e r .

Anoxia : r e f e r s  to  th e  a b s e n c e  of o x yg e n ,

A p n e a : r e f e r s  to  th e  c e s sa t io n  of b r e a t h i n g  fo r  b r i e f  i n t e r ­
va ls  of time.

D ecom press ion  
S ic k n e s s  :

r e f e r s  to  th e  fo rm at ion  of b u b b le s  in  th e  b lo o d s t r e a m  
a n d / o r  th e  t i s s u e s  of  th e  b o d y  as  a r e s u l t  o f  
i n a d e q u a t e  e limination of gas  b y  p u lm o n a ry  p e r f u s i o n
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to  pa ra l le l  th e  r a t e  of r e d u c t io n  of e x t e r n a l  p r e s s u r e  
when  th e  t i s s u e s  a r e  s u p e r s a t u r a t e d  with gas  
(u su a l ly  n i t r o g e n ) .  Symptoms o c c u r r i n g  d e p e n d  
u p o n  t h e  location  of t h e  b u b b l e s ,  i . e .  j o i n t s , 
m u sc le s ,  bo n e s  o r  n e r v e s .

D iv e r ; r e f e r s  to a n  in d iv id u a l  who is u n d e r w a t e r  a n d  fu l ly  
e x p o s e d  to th e  i n c r e a s e d  ambient  p r e s s u r e  of d e p t h  
a n d  who is s t a y in g  down lo n g e r  t h a n  th e  in d iv id u a l ' s  
b r e a t h - h o l d i n g  time a n d  m us t  t h e r e f o r e  be p r o v id e d  
with  an  a i r  s u p p l y .

D y s p n e a ;  

H e a r t  Rate ;

r e f e r s  to d i f f i c u l ty  in b r e a t h i n g .

r e f e r s  to t h e  f r e q u e n c y  of h e a r t  muscle  c o n t r a c t io n  
in b e a t s / m i n u t e  (b /m in )  to be u se d  as an i n d ic a t o r  
of p hys io log ica l  s t r e s s  on each  s u b je c t .

H y p e r b a r i c
C h a m b e r :

r e f e r s  to a v e s s e l  c ap a b le  of be ing  p r e s s u r i z e d  to 
s imula te  w a te r  d e p t h .  I t  may also be r e f e r r e d  to 
as  a r e c o m p re s s io n  o r  com press ion  c h a m b e r .  I t  is 
a d o u b le - lo c k  c h a m b e r  h a v in g  two c o m p a r tm e n ts  
which  may be p r e s s u r i z e d  i n d e p e n d e n t l y  e n a b l in g  
medical  p e r s o n n e l  a n d  t e n d e r s  to e n t e r  a n d  e x i t  
th e  c h a m b e r  to r e n d e r  a id  to the  p a t i e n t  w i th o u t  
su b je c t in g  him to c h a n g e s  in  p r e s s u r e .

H y p e r c a p n ia  : r e f e r s  to  an  u n d u e  am ount  of c a rb o n  d iox ide  in 
t h e  blood c a u s in g  o v e r a c t i v i t y  in th e  r e s p i r a t o r y  
c e n t r e .

H y p o x ia : r e f e r s  to  a  f a i lu re  of th e  t i s s u e s  to re c e iv e  e n o u g h  
o x y g e n .
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Nitrogen
Narcosis:

r e f e r s  to  a m enta l  s t a t e  c a u s e d  b y  t h e  r a i s e d  p a r t i a l  

p r e s s u r e  of n i t r o g e n  in c o m p r e s s e d  a i r .  A l th o u g h  

p h y s io lo g ic a l ly  i n e r t  u n d e r  no rm al  c o n d i t i o n s ,  

n i t r o g e n  is ab le  to  i n d u c e  s i g n s  a n d  sym p tom s  o f  

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

p r e s s u r e s .

O x y g e n  Pulse: R e f e r s  to  th e  r a t i o  of o x y g e n  u p t a k e  in l i t r e s / m i n u t e  

(1 /m in )  to  h e a r t  r a t e  in b / m i n .

P .  A . D . I .  : r e f e r s  to  th e  P ro fe s s io n a l  A ssoc ia t ion  of  D iv ing  

I n s t r u c t o r s ,  an  i n t e r n a t i o n a l  c e r t i f y i n g  a g e n c y  

which  i n s t r u c t s  a n d  s t u d i e s  f u n d a m e n ta l  a n d  

a d v a n c e d  s p o r t  d iv in g  t e c h n i q u e s .

T w o - s t a g e  Demand 
R e g u l a t o r :

r e f e r s  to a s in g le  h o se  r e g u l a t o r  d e s i g n e d  to s u p p l y  

t h e  d i v e r  with a i r  a t  a m b ien t  p r e s s u r e  from a h i g h  

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

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

t h e  m o u th p iece  u p o n  in h a la t io n  b y  th e  d i v e r .  See  

F ig u r e  1, p 5.

V is ib i l i ty  ; r e f e r s  to  t h e  h o r i z o n ta l  d i s t a n c e  u n d e r w a t e r  a t  

wh ich  a n o t h e r  d i v e r  o r  o b jec t  c a n  be  c l e a r ly  s e e n ,  

a n d  r a n g e s  from ze ro  to o v e r  200 fee t  d e p e n d i n g  

u p o n  l i g h t i n g ,  bo t tom  com p o s i t io n ,  t u r b i d i t y  a n d  

w a t e r  m ovem en t .

Work E f f ic iency : r e f e r s  to  t h e  m echan ica l  c o m p e te n ce  of an  i n d iv i d u a l  

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

acco m p l i sh e d  a t  a  g iv e n  e n e r g y  o u t p u t ,  e x p r e s s e d  

a s  a p e r c e n t .
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F i g u r e  1. Components o f  a S in g le  Hose Two-Stage Demand R e g u la to r .

A* b a l a n c e d  p i s t o n  f i r s t  s t a g e

2

1

a
4 7

1. Air to  S e c o n d  s t a g e  2. I n te rm e d ia te  C h a m b e r  3. B a lance  Spring 4. Am bien t W ate r  
P re s s u r e  5. high Pressure  Air C h a m b e r  6. Valve and  S e a t  A sse m b ly  7. High Pres- 
su re  Air 3. P is ton  A ssem bly .

( F a r l e y ,  1981, p 6l)

B. DOWNSTREAM SECOND STAGE VALVE

4

1. P u rg e  B u tton

2. D iaphragm

3. E x h a u s t  Valve

4 . S e c o n d  S t a g e  
D o w n s t r e a m  V alve

5. M o u thp iece

( F a r l e y ,  1981, p 63)
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D elim ita t ions

T h e  r e s e a r c h e r  h a s  c h o s e n  to impose  t h e  fo llowing r e s t r i c t i o n s :

1. As a c o n s e q u e n c e  of u s i n g  a small sample  s ize  with  e x p e c t e d  

v a r i a t i o n s  in d iv in g  e x p e r i e n c e  among t h e  s u b j e c t s ,  t h e  r e s u l t s  of t h i s  

s t u d y  c a n n o t  be  g e n e r a l i z e d  to t h e  r e c r e a t i o n a l  o r  t h e  commercia l  d iv in g  

p o p u la t i o n s  a t  l a r g e .

2. T h e  d e p t h s  of 6 f e e t ,  15 fee t  a n d  30 f e e t  w e re  c h o s e n  f o r  

c o m p a r is o n  with r e s u l t s  o b ta in e d  u n d e r  s u r f a c e  l a b o r a t o r y  c o n d i t i o n s  to 

p r o v i d e  maximum d i v e r  s a f e ty  c o n d i t i o n s .

A s su m p t io n s

T h e  scop e  of t h i s  i n v e s t i g a t i o n  n e c e s s i t a t e d  one b as ic  a s s u m p t io n  :

1 .  T h e  w o rk  r a t e  a t  w h ich  e a c h  s u b j e c t  p e r f o r m e d  t h e  w o r k  t a s k  

was c o n s t a n t  a c r o s s  all  e x p e r im e n ta l  c o n d i t i o n s .

L im ita t ions

T he  r e s e a r c h e r  a c k n o w le d g e d  th e  following l imita t ion a n d  u n d e r t o o k  

m e a s u r e s  to  e l iminate  o r  minimize i t s  e f f e c t s :

1 . All s u b j e c t s  w e re  i n s t r u c t e d  r e g a r d i n g  t h e  p r o c e d u r e s  to  be  

followed in th i s  i n v e s t i g a t i o n  a n d  w ere  p r o v i d e d  w ith  t h e  o p p o r t u n i t y  to 

p r a c t i c e  t h e  w ork  t a s k  on lan d  a n d  in t h e  w a t e r  b e f o r e  a n y  d a t a  w e re  

co l lec ted  to minimize l e a r n in g  e f f e c t s .
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Hypotheses

1. Ho: An in c r e a s e  in th e  am b ien t  p r e s s u r e  a t  wh ich  a d i v e r  is 

w o rk in g  would p r o d u c e  no s ig n i f ic an t  d i f f e r e n c e  in t h e  o b s e r v e d  h e a r t  

r a t e s  when com pared  to th o se  h e a r t  r a t e s  o b ta in e d  a t  shal low d e p t h s .

Ha: An i n c r e a s e  in th e  am bien t  p r e s s u r e ,  o r  d e p t h ,  a t  wh ich

a d iv e r  is w ork ing  would p ro d u c e  a s ig n i f ic a n t  d e c r e a s e  in th e  o b s e r v e d  

h e a r t  r a t e s  from th o se  ob ta ined  a t  sh a l low er  d e p t h s  as  a r e s u l t  of r e ­

d i r e c t e d  blood flow from th e  p e r i p h e r y  of t h e  d i v e r ' s  b o d y  to d e c r e a s e  

e n e r g y  loss  while s u b m e r g e d .

2. Ho: The  o b s e r v e d  o x y g e n  u p t a k e  v a lues  w ere  s imilar  f o r  all

e x p e r im e n ta l  c o n d i t io n s .

Ha: T he  o b s e r v e d  o x y g e n  u p t a k e  v a lu es  i n c r e a s e d  s ig n i f i c a n t ly

a t  d e p th  as  a r e s u l t  of t h e  i n c r e a s e d  e f f o r t  r e q u i r e d  to  overcom e th e  

i n c r e a s e d  b r e a t h in g  r e s i s t a n c e  of c o m p re s s e d  a i r  t h r o u g h  an open c i r c u i t  

SCUBA sys tem  as d e p th  a n d  am bien t  p r e s s u r e  i n c r e a s e d .

3 .  Ho: C a lcu la ted  va lues  fo r  w o rk  e ff ic ien cy  w ere  s imilar  f o r  all  

e x p e r im e n ta l  c o n d i t io n s .

Ha: T he  ca lcu la ted  v a lues  fo r  w ork  e f f i c ie n cy  w ere  i n v e r s e l y

p ro p o r t io n a l  to d e p t h .  For  e x am p le ,  th e  am ount  of w o rk  p e r f o r m e d  

d e c r e a s e d  as d e p th  a n d  s u b s e q u e n t  am b ien t  p r e s s u r e  i n c r e a s e d .

The  nu l l  h y p o t h e s e s  will be r e j e c t e d  a n d  t h e  a l t e r n a t e  h y p o t h e s e s  

a c c e p te d  if th e  va r ia t ion  among th e  sample  p r o p o r t io n s  becomes l a r g e r  

t h a n  could  be r e a s o n a b ly  a t t r i b u t e d  to sam pling  e r r o r  with  P <  0 .0 5 .
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Significance of the Study

As man's p re s e n c e  u n d e r w a t e r  c o n t in u es  to inc rease  for  i n d u s t r i a l ,  

exp lo ra t iona l  and  r ec rea t io n a l  p u r p o s e s ,  a g r e a t e r  u n d e r s t a n d i n g  of th e  

mult iple  va r iab les  a f fec t ing  an in d iv id u a l ' s  u n d e r w a t e r  work  c a p a c i ty  is 

r e q u i r e d  to e n s u r e  the  d i v e r ' s  s a f e ty  (Mears et  a l . ,  1980; O s g u th o r p e  

e t  a l . ,  1981) and  th e  su c c e s s fu l  completion of a s s ig n e d  t a s k s .  U n fo r ­

t u n a t e l y ,  as ev iden t  in th e  l i t e r a t u r e  ava i lab le ,  r e la t iv e ly  li t t le  r e s e a r c h  

h a s  been r e p o r t e d  con ce rn in g  a d i v e r ' s  d e c r e a s e d  opera t iona l  capab i l i t ies  

in an u n d e r w a te r  env ironm en t  (Hancock et  a l . ,  1982). Also, th e  n u m erou s  

s tu d i e s  conduc ted  in d r y  r ecom press ion  cham bers  have  failed to acc o u n t  

fo r  the  s ign i f ican t  d i f fe ren c e s  found  be tw een  human pe r fo rm an ces  in wet 

v e r s u s  d r y  env ironm ents  (Mears e t  a l . ,  1980).

T h e re fo re ,  by  examining th e  e f f e c t ,  i f  a n y ,  on a d iv e r ' s  r e s p o n s e  

to work  a t  inc reas ing  ambient  p r e s s u r e s  in a n a tu r a l  u n d e r w a t e r  s e t t i n g  

as  monitored by  h e a r t  r a t e ,  o x yg en  u p t a k e ,  and  ca lcu la ted  work  e f f ic ­

i e n c y ,  th is  s t u d y  in te n d s  to p ro v id e  u s e fu l  information r e g a r d i n g  im pa ired  

physio log ica l  r e s p o n se s  to work  u n d e r w a t e r .  In addit ion  to i n c r e a s in g  

d i v e r  s a fe ty  by  s u g g e s t in g  physio log ica l  limits to human p e r fo rm an c e  

u n d e r w a t e r ,  it  may also enab le  more a c c u ra t e  adm in is t ra t ive  e s t im at ions  

of  th e  time re q u i r e d  to complete u n d e r w a t e r  work  a s s ig n m e n t s .  F u r t h e r  

r e s e a r c h  will be r e q u i r e d  to e x p a n d  th e  c u r r e n t  s t u d y .
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REVIEW OF LITERATURE

Since  th e  deve lopm ent  of t h e  f i r s t  complete ly  automatic  c o m p re s se d  

a i r  a q u a l u n g  by  C ou s te au  and  Gagnon in 1942 (C o u s t e a u ,  1975), a c o n t i n u ­

in g  r e s e a r c h  e f fo r t  h a s  been  aimed a t  e x t e n d in g  man 's  capab i l i t i e s  in 

t h e  u n d e r w a t e r  en v iro n m en t  ( D . C . I . E . M .  R e p o r t ,  1975).  Only u n d e r ­

w a t e r ,  w h e re  p r e s s u r e  in c re a s e s  a p p ro x im a te ly  one a tm o sp h e re  with each  

33 fee t  of d e s c e n t  (Mil ler ,  1979),  does man e n c o u n t e r  a n a tu r a l  h y p e r b a r i c  

e n v i r o n m e n t  in which  p r e s s u r e  is more t h a n  s l ig h t ly  above 760 mmHg 

( L a n p h i e r ,  1964 a nd  1974). A l though  m an 's  e x p o s u r e  to h igh  p r e s s u r e  

rem a ins  r e l a t iv e ly  limited in b o th  t h e  m ag n i tu de  a n d  th e  d u r a t i o n  

( L a n p h i e r ,  1964), r e s e a r c h  h a s  been  aimed a t  i n c r e a s in g  th e  d i v e r ' s  

cap ab i l i t i e s  to deal  with u n d e r w a t e r  h a z a r d s  ( D . C . I . E . M .  R e p o r t ,  1975) .

T he  p u r p o s e  of th i s  Review of L i t e r a t u r e  is to examine some of th e  

p h ys io lo g ic a l  l imita t ions a sso c ia ted  with  p ro lo n g e d  u n d e r w a t e r  e x e r c i s e  

a n d  to p ro v id e  an acc o u n t  of th e  r e s e a r c h  avai lab le  in th is  r e l a t i v e ly  

new  a r e a  of  s t u d y .

T h e  Diving E nv ironm en t

T he  d i r e c t  e f fe c t s  of s t r e s s  u n d e r w a t e r  a re  e x p r e s s e d  in t e rm s  of 

th e  h y d r o s t a t i c  p r e s s u r e  e x e r t e d  on a su b m e r g e d  ob jec t  o r  o r g a n i s m ,  

w h ich  i n c r e a s e s  l in e a r ly  a t  th e  r a t e  of 0.432 ps i  p e r  foot of d e s c e n t  in 

f r e s h w a t e r  (Miller,  1979).  Even  with in  t h e  modest  d e p th s  a t t a i n e d  in 

s p o r t  d i v in g ,  i . e .  a maximal d e p t h  of 130 f e e t ,  th e  d i v e r ' s  b o d y  m u s t  

accommodate  up  to a 500% in c re a s e  in am bien t  p r e s s u r e  in the  u n d e r w a t e r

9
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e n v i ro n m e n t .  As A s t r a n d  (1977) m ent ions ,  the  human b o d y  can to le r a t e  

th e  h ig h  p r e s s u r e s  e n c o u n te r e d  u n d e r w a t e r  so long as th e  p r e s s u r e s  

a r e  equal ized  in s ide  an d  ou ts ide  th e  b o d y .  F ig u re  2 i l l u s t r a t e s  the  

e f fec ts  of d e p th  i n c r e a s e s  on p r e s s u r e s  a n d  volumes.

T he  u n d e r w a t e r  env ironm en t  is also a ssoc ia ted  with  th e  'd iv in g  

r e f l e x '  (L a n p h ie r ,  1964). As a • r e s u l t  of i n c re a s e d  p r e s s u r e  on th e  

c a ro t id  a r t e r i e s  upon su b m e rg in g ,  d iv ing  animals e x h ib i t  a m arked  r e d u c ­

t ion and  r e d i s t r i b u t io n  of c i rcu la t ion  with acco m p an y ing  b r a d y c a r d i a  

(Downing ,  1979; L a n p h ie r ,  1964; S c h a e f e r ,  1965). T h is  is commonly 

r e f e r r e d  to as the  d iv ing  r e f l e x .  The d iv ing  re f le x  may also be in i t i a t e d  

with  facial  immersion (Lancet  Edito r ia l ,  1981).  I t  h a s  b een  fo u n d  t h a t  

th i s  d iv in g  re f lex  is p r e s e n t  to some d e g re e  in all v e r t e b r a t e  s p e c i e s ,  

in c lud in g  f i sh  and  man, b u t  the  deve lopm ent  of th i s  r e f l e x  may be 

s u b je c t  to ad ap t iv e  c h ang e  ( L a n p h ie r ,  1964).  The p r e c i s e  r e g u l a t o r y  

c o n t ro l  of the  d iv ing  re f lex  is unk n ow n  at  p r e s e n t .

S c h a e fe r  (1965) o b s e r v e d  t h a t  th e  slowing of blood flow d u r i n g  

d iv in g  f u r t h e r  d e c r e a s e d  the  d i f fus ion  of n i t r o g e n  a n d  o x y g e n  g a se s  

in to  the  t i s su e s  r e s u l t i n g  in the  s u b je c t ' s  r e d u c e d  metabolism while a t  

p r e s s u r e s  g r e a t e r  th a n  one a tm o sp h e re  a b s o lu te .  A l th o u g h  p r e s s u r e  

i t s e l f  did  not  a p p e a r  to be a d i r e c t  f a c to r  in e a r ly  s t u d i e s  ( L a n p h i e r ,  

1964; S c h a e fe r ,  1965), the  r a t e  of p r e s s u r e  c h a n g e  on th e  i n d iv id u a l  

was t h o u g h t  to c o n t r ib u te  to the  d iv in g  re f le x  (D ow ning ,  1979).  The  

majori ty  of s t u d ie s ,  b o th  p a s t  a n d  p r e s e n t ,  h a v e  been  c o n d u c t e d  w ith in  

d r y  recom press ion  c h a m b e r s .  T h e s e  c h a m b e r s ,  as d e f in e d  in C h a p t e r  

1, p 3, enab le  th e  p re c i s e  con tro l  of the  ambient  b r e a t h i n g  medium and
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F ig u re  2 .  The E f f e c t  o f  Depth on P r e s s u r e s  and Volumes,
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80%
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20 %

0 1 14 .7 0 .8 0 .2

33 2 29 .4 1 .6 0 .4

66 3 4 4 .1 2 .4 0.6

132 .5 73 .5 4 . 0 1 .0
1/5
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165 6 88 .2 4 .8 1 .2
h /6

297 10 147.0 8 .0 2.0
1/ 10

(Lanphier, 1974, p 73)
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p r e s s u r e  c h a n g e s  e x p e r i e n c e d  b y  th e  s u b je c t s  b u t  t h e y  fail to  a cc o u n t  

fo r  th e  s ig n i f ic an t  p e rfo rm an c e  a nd  psycho log ica l  d i f f e r e n c e s  e n c o u n t e r e d  

in a q u e o u s  h y p e r b a r i c  e n v i r o n m e n t s .

N i t rogen  is th e  most  commonly u s e d  i n e r t  d i lu e n t  gas  combined  

with c o n tro l led  m ix tu re s  of o x y g e n  fo r  d iv ing  (Miller,  1979), a nd  p r e s e n t s  

some u n iq u e  problems to the  SCUBA d i v e r .  Among i ts  d i s a d v a n t a g e s  is 

t h e  fac t  t h a t  th e  p a r t i a l  p r e s s u r e  of n i t r o g e n  i n c r e a s e s  with t h e  i n c r e a s e d  

am b ien t  p r e s s u r e s  e x p e r i e n c e d  a t  d e p t h .  T h is  r e s u l t s  in a d i s t in c t  

a n e s t h e t i c  e f fec t  known as n i t ro g e n  n a rc o s i s  which can o c c u r  a t  d e p t h s  

g r e a t e r  t h a n  75 f e e t ,  and  is c h a r a c t e r i z e d  by  im pa ired  ju d g e m e n t  a n d  

d i v e r  d i so r i e n ta t io n  ( L a n p h ie r ,  1974; Miller, 1979; S t r a u s s ,  1982).  

A l th o ug h  n i t r o g e n  n a rc o s i s  can be a limiting f a c to r  in a d i v e r ' s  c a p a b i l i ty  

to  p e r f o r m  work  u n d e r w a t e r ,  t h e  in d iv id u a l  becomes somewhat  co n d i t ion ed  

to  i t s  e f fe c t s  with  r e p e a t e d  e x p o s u r e s  (Hancock  e t  a l . ,  1982; Miller, 

1979).

E x e r c i s in g  U n d e r w a te r

T he  cond i t ions  p r e v io u s ly  d e s c r i b e d  r e g a r d i n g  man 's  r e s p o n s e  to 

an  u n d e r w a t e r  e n v i ro n m en t  h a v e  not  in c lu d ed  e x e r c i s e .  As one might  

e x p e c t ,  t h e  physio log ical  r e s p o n s e s  to p e r fo rm in g  w ork  u n d e r w a t e r  a r e  

g o v e r n e d  b y  p r e s s u r e - r e l a t e d  r e s t r i c t i o n s  b r ie f ly  m ent ioned  abo ve  which  

do  no t  a p p ly  to com parab le  t a s k s  done  on l a n d .

One of t h e  most e v id e n t  d i f f e r e n c e s  is t h e  s ig n i f ic an t ly  h i g h e r  

e n e r g y  c o s t  of d iv ing  a c t iv i t ie s  as com pared  to land  a c t iv i t ie s  which  h a s  

b e en  o b s e r v e d  b y  s e v e r a l  r e s e a r c h e r s  in c lu d in g  Baz (1979) ,  Kooyman et
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a l .  (1982) , L inaweaver  (1981), and  Mears e t  al.  (1980).  The d i v e r  

r e q u i r e s  e n e r g y  to maintain therm al  homeostasis  while u n d e r w a t e r ,  to 

warm the  in sp i red  a i r  to body t e m p e r a tu re ,  to overcome the  mechanical  

d i f f icu l t ies  of r e s p i ra t io n  in a h y p e r b a r i c  env ironm en t ,  and  to overcome 

t h e  ine r t ia l  p ro p e r t i e s  of w a te r  to in i t ia te  movements.  I t  should  be 

no ted  t h a t  the  mechanical  diff icult ies  of maintaining effec t ive  r e s p i r a t io n  

b y  the  d iv e r ,  w h e th e r  working o r  no t ,  become g r e a t e r  as d e p th  i n c r e a s e s .  

In addit ion to in c re as in g  the  d e n s i ty  and  re s i s ta n c e  of the  b r e a th in g  

medium as the  d iv e r  d e s c e n d s ,  the  in t ra th o ra c ic  to e x te r n a l  p r e s s u r e  

g ra d i e n t  in c r e a s e s .  These  fac to rs  couple  to increase  the  e n e r g y  dem ands  

of  the  d iv e r  to con t inue  to ven ti la te  e ffec t ively  as he d e sc e n d s  a n d / o r  

works  a t  d e p th  (Bell ,  1979; Kooyman, 1982; Schae fe r ,  1965). The  

r e s u l t s  of a s t u d y  co n du c ted  by  L inaweaver  (1981) showing the  s ign i f i ­

c an t ly  e leva ted  r a t e s  of oxygen  consumption  re q u i r e d  fo r  d iv ing  ac t iv i t ie s  

as  compared to su r fa ce  act iv i t ies  a re  p ro v id ed  in Table 1.

The ac t iv i t ies  s tu d ied  by  L inaw eaver  in 1981, as seen  in Table 1, 

have  all been  r e p r e s e n te d  in m e t re s /m in u te  (m/min) fo r  comparison p u r ­

p o s e s .  The in c rease  in e n e r g y  r e q u i r e m e n ts  for  the  i n -w a te r  ac t iv i t ie s  

is e v id e n t  between walking and  slow swimming with the  aid of f in s .  

Al though  th e  venti la t ion values a re  similar at  24 l i t r e s /m in u te  (1 /m in ) ,  

th e  su b jec t  was able to move a t  fo u r  times the  r a te  on land as compared  

to th e  i n -w a te r  swimming. The comparison between in c re ased  a c t iv i ty  

r a t e s  from Table 1 p rov id es  im por tan t  information.  When the  s u b je c t  

doubled  his  speed  on land  from a walk to a r u n ,  his venti la t ion r e q u i r e ­

ments in c re ased  by  a f ac to r  of 1 .67 .  However,  the  sub jec t  doubl ing  h is
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TABLE 1. OXYGEN CONSUMPTION OF SURFACE AND SKIN DIVING 
ACTIVITIES

Activity Oxygen Consumption 
(l itres/minute)____

Ventilation 
( l i tres /minute )

Sitting

Standing

Walking
(107.3 metres/minute) 

Running
(214.6 metres/minute)

F in-Swimming 
(24.71 metres/minute)

Fin-Swimming 
(37.06 metres/minute)

Fin-Swimming 
(46.33 metres/minute)

*Very hard work.

0.35

0.40

1 . 2 0

2 . 0 0

1 . 20

2.50*

3.50*

7

8 

24

40

24

50

70

(Linaweaver, 1981, p 29)
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s p e e d  of f in-swimming from 24.7 m/min to 46.3 m/min i n c r e a s e d  h is  

v e n t i la t io n  r a t e  b y  almost t h r e e  t im e s . T he  s ign i f ican t  d i f fe ren c e s  b e tw ee n  

t h e s e  va lues  s u p p o r t  th e  s t a te m e n t  b y  Mears et  al.  (1980) t h a t  hum an  

p e r fo rm a n c e s  a re  s ig n i f ic a n t ly  im pa ired  in wet v e r s u s  d r y  e n v i r o n m e n t s .

A n o th e r  r e s u l t  of L in a w e av e r ' s  (1981) s t u d y  was the  o b s e r v a t io n  

t h a t  h is  s u b j e c t s '  t ida l  volumes a v e r a g e d  only  83% of t h e i r  su r f a c e  v a lu e s .  

T h e s e  r e s u l t s  were  in a g re e m e n t  with Rowell (1974),  Baz (1979),  H e s s e r  

e t  a l .  (1981),  a n d  B u t le r  a n d  Jo n e s  (1982) who all fo u nd  d e c r e a s e d  

p u lm o n a ry  fu n c t io n s ,  in c lu d in g  t ida l  volume,  vi ta l  c apac i ty  a n d  fu n c t io n a l  

r e s i d u a l  c a p a c i ty ,  d u r i n g  immersion in w a te r .  A s t ra n d  (1977) a n d  

L a n p h i e r  (1964) also r e p o r t e d  a smaller  r e s id u a l  vo lum e/ to ta l  lu n g  c a p a c i ty  

r a t i o  in d iv e r s  which t h e y  a cc o u n te d  fo r  as an a d a p t iv e  in c r e a s e  in a 

d i v e r ' s  r e s p i r a t o r y  work  c a p a c i ty  to overcome th e  in c re a s e d  b r e a t h i n g  

r e s i s t a n c e  i n h e r e n t  in SCUBA with p r a c t i c e .

D e p re s se d  p u lm o n a ry  v e n t i la t io ns  o b s e r v e d  a t  d e p th s  of 2 to  3 

a tm o s p h e r e s  by  L inaw eav e r  (1981) a n d  Rowell (1974) in d r y  r e c o m p ress io n  

c h a m b e r s  u s in g  human s u b je c t s  were t h o u g h t  to be caused  by  in c r e a s e d  

gas  d e n s i t y  and  h y p e r o x ia  e f f e c t s .  T h ey  also led to impeded c a r b o n  

d iox ide  elimination while e x e rc i s in g  which  can be amplified by  th e  d iv in g  

c o n d i t i o n s ,  i . e .  t h e  i n c r e a s e  in p r e s s u r e  with i n c r e a s e d  d e p th  ( L a n p h i e r ,  

1964; L in aw eav e r ,  1981; Rowell,  1974; S c h a e f e r ,  1965) . H y p e r b a r i c  

s t u d i e s  of the  1960s, a l r e a d y  c i t e d ,  r e p o r t e d  t h a t  with t h e  i n c r e a s e d  

w o rk  of b r e a t h in g  a t  d e p t h ,  t h e r e  is d e c r e a s e d  maximal b r e a t h in g  c a p a c i ty  

which  c o n t r i b u t e s  to th e  h i g h e r  c a rb o n  dioxide t e n s io n s .  U n d e r  some 

c i r c u m s ta n c e s  th e  h i g h e r  c a rb o n  d iox ide  p a r t i a l  p r e s s u r e  can d e p r e s s
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v en t i la t ions  (L an p h ie r ,  1964; S ch ae fe r ,  1965). L an p h ie r  (1964) o b se rv e d  

t h a t  t h e  majority of his su b je c t s  who deve loped  h igh  carbon  dioxide 

t e n s io n s  d u r in g  exerc ise  a t  d e p th  were  also below av e rag e  in t h e i r  

v e n t i l a to r y  r e s p o n se  to carbon dioxide .  Such  an a p p a r e n t  adap ta t ion  to 

c a r b o n  dioxide could increase  a d iv e r ' s  ab i l i ty  to remain u n d e rw a te r  in 

v o lu n ta r y  ap nea ,  b u t  it  also in c reases  th e  likelihood of hy pox ia ,  loss of 

consc io u sness  and  d row ning .  L a n p h ie r  (1964) also found th a t  the  

in c r e a s e d  carbon  dioxide to le rance  in e x p e r ien c ed  d iv e r s  co rre la ted  to a 

d e c r e a s e  in mental  a cu i ty .  I f  such  a d i r e c t  re la t ionsh ip  e x i s t s ,  th e  

p ro p o r t io n a te  d e c rea se  in mental a cu i ty  could p rove  d a n g e ro u s  if the  

d i v e r ' s  u n d e r w a te r  t a s k  were of a complex and  exac t ing  n a tu r e .

B u t le r  e t  al.  (1982) a nd  Cormier e t  a l.  (1981) c o n cu r  t h a t  the  

d e c r e a s e d  carbon  dioxide elimination, j u s t  ment ioned,  may be de tr im en ta l  

in  a d i f f e r e n t  m an n e r .  Both g ro u p s  e x p r e s s e d  conce rn  th a t  the  i n c re a s e d  

c a r b o n  dioxide pa r t ia l  p r e s s u r e  would allow an in c rease  in n i t ro g e n  con­

c e n t r a t i o n  in the  emptying alveoli which would continue  to in c re ase  with 

time at  d e p th  and  enhance  the  po ten t ia l  fo r  decompression s i c k n e s s .

H e sse r  and  his  colleagues (1981) o b s e r v e d  th a t  vent i la t ion  and  

e x p i r a to r y  flow are  d e c reased  by  acute  e x p o su re  to in c re a sed  a ir  p r e s s u r e  

a n d  gas d e n s i ty .  In th e i r  s t u d y  u s in g  1, 3 and  6 a tm ospheres  abso lu te  

in a d r y  recom press ion  chamber  as exper im enta l  cond i t ions ,  the  majori ty  

of  su b je c t s  d iscon t inued  work at  6 a tm ospheres  as a r e s u l t  of s e v e r e  

d y s p n e a .  Work was d iscon t inued  a t  th e  shal lower condit ions  d u e  to 

muscle fa t igue  (H esse r  e t  a l . , 1981). These  r e s u l t s  a re  in a cc o rd a n c e  

w i th  L inaweaver 's  (1981) s t u d y  th a t  the  d y s p n e a  e x p e r ien c ed  while w ork ing
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u n d e r w a t e r  was th e  combined r e s u l t  of a c h a n g e  in th o rac ic  a n d  d i a p h r a g m  

c o n f ig u ra t io n s .  Spec if ica l ly ,  th i s  c h a n g e  invo lved  an i n c r e a s e d  r i g i d i t y  

o f  th e  lung  s t r u c t u r e s  due  to an i n c r e a s e d  in t r a th o r a c i c  to  e x t e r n a l  

p r e s s u r e  g rad ie n t  an d  a c o n s e q u e n t  d e c r e a s e  in fu n c t io n a l  r e s i d u a l  

c a p a c i ty  (H esse r  e t  a l . ,  1981; L in a w e av e r ,  1981) . Simply s t a t e d ,  t h e s e  

r e s u l t s  imply t h a t  th e  ab i l i ty  to v e n t i la te  d e c r e a s e s  with d e p t h .  T h e s e  

r e s u l t s  also imply t h a t  one of SCUBA d iv in g ' s  bas ic  a s s u m p t io n s  as  

m ent ioned  by  A s t ra n d  (1977) ,  t h a t  th e  human b o dy  is cap a b le  of t o l e r a t i n g  

t h e  in c re ased  ambient  p r e s s u r e s  e n c o u n te r e d  a t  d e p th  s ince  th e  i n t e r n a l  

a n d  e x te r n a l  p r e s s u r e  g r a d ie t s  a re  e q u a l iz ed ,  is fa lse .

I f  th e  abil i ty  to v en t i la te  does  d e c r e a s e  s ig n i f ican t ly  with d e p t h  i t  

would become poss ib le  fo r  d iv e r s  to un k no w in g ly  exceed  t h e i r  v e n t i l a t o r y  

c a p a c i ty  while w ork ing  u n d e r w a t e r .  A d i v e r ' s  o x y gen  c on su m p t io n  h a s  

b e e n  shown to in c re a s e  s h a r p l y  with  in c r e a s e s  in e x e r t io n  level  o r  d e p t h ,  

o r  bo th  (Miller,  1979). F ig u re  3 p ro v id e s  an i l lu s t r a t io n  of a d i v e r ' s  

o x y g e n  consumption r a t e  as a fun c t io n  of e x e r t io n  le v e l .  O t h e r  f a c t o r s  

which  can inf luence  t h e  to ta l  a i r  r e q u i r e m e n t s  of a d i v e r  i n c lu d e  th e  

a n t i c ip a te d  bottom t ime, a normal a s c e n t  r a t e  of 60 fee t  p e r  m in u te ,  a n y  

r e q u i r e d  s tage  decom press ion  time a n d  the  a i r  consum ption  r a t e  a t  d e p t h  

( G r a v e r ,  1980; Miller, 1979) .

The marked b r e a t h l e s s n e s s  c a u s e d  by  o v e re x e r t io n  u n d e r w a t e r  h a s  

s e r io u s  implications in  t h a t  it  is one  of t h e  most f r e q u e n t  c a u s e s  of 

p an ic  a nd  s u b s e q u e n t  d e a th  in d iv in g  ( G r a v e r ,  '1980; L a n p h i e r ,  1974; 

Miller,  1979). In add i t ion  to p r o p e r l y  pac ing  u n d e r w a t e r  w ork  to avo id  

o v e r e x e r t i o n ,  e x p e r i e n c e  a n d  e x p e r im e n ta l  d a ta  h a v e  shown t h a t  th e
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F ig u re  3 . Oxygen Consumption as  a Func t ion  o f  E x e r t i o n  L e v e l ,
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d i v e r  can be t r a in e d  to maintain an e ffec t ive  b r e a t h in g  p a t t e r n  ( A s t r a n d ,  

1977; L a n p h ie r ,  1964; Miller, 1979; S c h a e f e r ,  1965). T h ese  a u t h o r s  

c o n c u r  t h a t  a re a so n a b ly  c o n s t a n t  r e s p i r a t io n  r a t e  with a n e a r ly  complete  

in ha la t ion  and  exhala t ion  p h a se  can he lp  to com pensa te  fo r  th e  i n c r e a s e d  

gas  v i sc o s i ty  a nd  d e c r e a s e d  flow r a t e  e n c o u n t e r e d  at  d e p t h .  T h is  

t e c h n iq u e  also a ids  in minimizing th e  r a t e  of e n e r g y  consum ption  while 

u n d e r w a t e r  which a ids in i n c r e a s in g  m an 's  o p e ra t io na l  e f f ic iency  in th e  

sea  ( B a z ,  1979).

O t h e r  i n t e g r a t e d  com ponen ts  of th e  u n d e r w a t e r  en v iro n m en t  which  

can  a f f e c t  d iv e r  p e r fo rm an ce  inc lude  th e  size of t h e  a i r  s u p p l y ,  t h e  

t y p e  of b r e a t h in g  medium, d e p th  of d iv e ,  time a t  d e p t h ,  t e m p e r a t u r e  of 

t h e  w a t e r ,  w a te r  movement,  v is ib i l i ty ,  t h e  t y p e  of t a s k  to be p e r f o r m e d ,  

a n d  the  mental  and  ph ys ica l  f i tn e s s  leve ls  of th e  ind iv idu a l  (Bell  e t  a l . ,  

1979 a n d  1984; L a n p h ie r ,  1974; Miller,  1979).

SCUBA E quipm ent

A n o th e r  a rea  to be c o n s id e re d  in de te rm in in g  an in d iv id u a l ' s  r e s p i r a ­

t o r y  r e q u i r e m e n t s  while w ork ing  u n d e r w a t e r  is th e  eq u ip m en t  i t s e l f .  

A l th o u g h  n o t  normally a co n s id e ra t io n  n e c e s s a r y  fo r  land  a c t iv i t i e s ,  t h e  

p r o p e r  fu nc t io n  of SCUBA e q u ipm en t  is e s s e n t ia l  to th e  d i v e r .

T h e  r a t e  a t  which a i r  flows from th e  a i r  s u p p l y  to th e  d i v e r  

d e p e n d s  u po n  w h e th e r  th e  b r e a t h in g  a p p a r a t u s  is o p e r a t in g  in a f r e e - f lo w  

o r  dem and  mode (F a r l e y ,  1981; Miller,  1979). In  SCUBA d iv ing  w i th  a 

tw o - s t a g e  s ingle  hose demand r e g u l a t o r ,  th e  r a t e  of flow must  be s u f f i c i e n t  

to  meet t h e  d iv e r ' s  i n s t a n t a n e o u s  p e ak  flow r e q u i r e m e n t s .  T he  f a c t o r s  

m en t ion ed  ea r l ie r  r e g a r d i n g  i n c r e a s e d  a i r  consum pt ion  with d e p t h  a n d
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a c t iv i ty  in addit ion  to  t h e  d i r e c t  i n c r e a s e s  in v isc o s i ty  of th e  b r e a t h i n g  

g a s  with d e p t h ,  a re  com pounded  b y  t h e  i n c r e a s e d  r e s i s t a n c e  c a u s e d  b y  

t h e  dem and r e g u l a to r  i t s e l f .

T h e  tw o -s ta g e  s ing le  hose  dem and r e g u l a t o r  c o n s i s t s  of a s e r i e s  of 

v a lv e s ,  h o se s  a n d  o t h e r  mechanica l  r e q u i r e m e n t s  of a l i f e s u p p o r t  sy s te m  

which  a d d  to  the  d e a d  sp ace  a n d  th e  b r e a t h i n g  r e s i s t a n c e  th e  d i v e r  

m us t  overcome ( F a r l e y ,  1981).  C o n s e q u e n t ly ,  t h e  r a t e  a t  which c o m p r e s s ­

ed  a i r  can be consum ed  b y  th e  d iv e r  is s ig n i f ic an t ly  l e s s  t h a n  h is  p e a k  

inha la t ion  c ap a c i ty  (Mil ler ,  1979) .  This  r e q u i r e s  t h a t  limits be p laced  

on th e  w ork  r a t e  of th e  d i v e r  to avoid  th e  complications of o v e r e x e r t i o n  

d i s c u s s e d  p r e v i o u s ly .  W ell-designed a n d  p r o p e r l y  m ain ta ined  e q u ip m e n t  

a long  with  a r ea so n a b le  p e r s o n a l  f i tn e s s  leve l  (Bell ,  1983) on th e  p a r t  

of  the  d i v e r  will au g m e n t  h is  ab i l i ty  to  minimize th e  e f f e c t s  of e x i s t i n g  

r e s i s t a n c e  in the  flow of th e  b r e a t h i n g  g a s .  I t  becomes a p p a r e n t  a t  

t h i s  po in t  t h a t  c a re fu l  a n d  t h o r o u g h  p la n n in g  a re  the  k e y s  to an e f f ic ie n t  

d iv in g  o p e ra t io n  a nd  a re  im pe ra t ive  fo r  d i v e r  s a f e t y  (Bell ,  1979 an d  

1983).

Conclus ion

A l though  th e  Review of L i t e r a t u r e  h as  been  b r i e f ,  i t  does  i l l u s t r a t e  

t h a t  th e  in te ra c t io n a l  e f f e c t s  of b r e a t h i n g  c o m p re sse d  a i r  a n d  e x e r c i s in g  

u n d e r w a t e r  remain  u n c l e a r  a t  t h e  p r e s e n t  t ime. T h e s e  r e l a t i o n s h i p s  

r e q u i r e  f u r t h e r  empir ica l  i n v e s t ig a t io n  (Hancock  et  a l . ,  1982) to c o n t in u e  

to  isolate  a n d  q u a n t i f y  th e  co n fo u n d in g  v a r ia b le s  a s so c ia te d  with u n d e r ­

w a t e r  w o r k .  I t  is fe l t  t h a t  s u c h  qu an t i f ic a t io n  will p ro v id e  u s e f u l  

information  which can be  a d d e d  to the  c u r r e n t  b o d y  of k n o w le d g e .
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PROCEDURES

Selection of S u b je c t s

T he  s u b je c t  sample c o n s i s t e d  of f ive (5) male SCUBA d i v e r s  from 

s o u t h w e s t e r n  Onta r io  who met th e  s t a n d a r d s  a n d  c e r t i f ica t io n  r e q u i r e m e n t s  

o f  th e  P ro fe ss ion a l  Associa tion of Diving I n s t r u c t o r s  ( P . A . D . I . )  fo r  th e  

A d v a n ce d  Open Water d iv e r  r a t i n g .  T h ese  s t a n d a r d s  a re  b r ie f ly  d e s c r i b e d  

in C h a p t e r  1, p 2.

All s u b j e c t s  were  r e q u i r e d  to p a r t i c ip a te  in d iv ing  skil ls  t r a i n in g  

r e q u i r e d  fo r  r e s e a r c h  d iv in g  which  was p r o v id e d  b y  the  i n v e s t i g a t o r  

( P . A . D . I .  Master  D iver  T r a i n e r  a n d  R e s e a r c h  Spec ia l ty  I n s t r u c t o r  

#14726). S u c c e s s fu l  complet ion of th e  r e s e a r c h  d iv in g  t e c h n iq u e s  was 

m a n d a to ry  b e fo re  a n y  da ta  col lection was c a r r i e d  o u t .  In add i t ion  each  

s u b je c t  completed th e  informed c o n s e n t  form as show n in A p p e n d ix  A, 

p p  49-50,  p r io r  to the  s t u d y .

I n d e p e n d e n t ,  I n t e r v e n in g  a n d  D e p e n d e n t  V ar iab les

An overv iew  of the  following v a r ia b le s  is r e q u i r e d  p r i o r  to exam ina t ion  

of th e  T e s t i n g  Pro toco l .

I n d e p e n d e n t  V a r i a b l e s . T h e  following v a r i a b le s  rem ained  c o n s t a n t  

a c r o s s  all ex pe r im e n ta l  t r e a tm e n ts  to in c r e a s e  th e  va l id i ty  of th i s  s t u d y .

i) D ep th  -  a  s u r f a c e  con t ro l  cond i t ion  was com pared  with t h r e e  

e x p e r im e n ta l  d e p th s  of 6 f e e t ,  15 fee t  a n d  30 f e e t .  All d a ta  co l lec t io ns ,  

e x c e p t  th e  pilot s t u d i e s  to e n s u r e  e q u ip m en t  fu n c t io n ,  were  c o n d u c te d  

in a f r e s h w a te r  open  w a te r  e n v i ro n m e n t  with no p e rc e p t ib le  c u r r e n t .

21
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il) S t a n d a r d  Equ ipm ent  -  all s u b j e c t s  wore d r y  s u i t s ,  72 cub ic  

foot SCUBA t a n k s ,  r e g u l a to r s  e q u ip p e d  with su b m e rs ib le  p r e s s u r e  g a u g e s ,  

b u o y a n c y  com pensa t ing  d e v ic e s ,  su f f i c ie n t  w e ig h ts  to ach ieve  n e u t r a l  

b u o y a n c y  at  the  s u r f a c e ,  m ask s ,  f i n s ,  and  sn o rk e l s  fo r  all open  w a te r  

t e s t i n g .  In  the  swimming pool, with th e  e x ce p t io n  of b a th in g  s u i t s  

be ing  s u b s t i t u t e d  fo r  the  d r y  s u i t s ,  th e  s t a n d a r d  eq u ip m en t  rem a in ed  

c o n s t a n t .

iii) Water T e m p e r a tu r e  -  a l th o u g h  th e  t e s t i n g  was c o n d u c te d  e a r ly  

in the  d iv ing  s e a s o n ,  i . e .  April a n d  May when w a te r  t e m p e r a t u r e  may 

be  a ssum ed  to remain re l a t iv e ly  c o n s t a n t  be tw een  s u r f a c e  and  d e p t h ,  

t h e  w a te r  t e m p e r a tu re  was r e c o r d e d  a t  each  t e s t  s i te  to  a c c u ra t e ly  r e c o r d  

a n y  s ign i f ican t  t e m p e r a t u r e  f l u c tu a t io n s .

iv)  Work Platform -  a p la t form  made to th e  spec i f ica t ions  p r o v id e d  

in A ppend ix  M, p 67, was p laced  a t  th e  e x p e r im e n ta l  d e p th  on which  

th e  d iv e r s  pe rfo rm ed  t h e i r  work  t a s k  to p ro v id e  a s t a n d a r d i z e d  w o rk  

s i te  fo r  all su b je c t s  a t  all d e p t h s .  The  u se  of a p la t form also maximized 

v is ib i l i ty  and  t h e r e b y  fac i l i ta ted  d a ta  collection u n d e r w a t e r  a t  d ive  s i t e s  

with  silt  and  clay sed im ent  bottom compos i t ions .

v)  Work T ask  -  th e  work  t a s k  p e r fo rm ed  b y  each  su b je c t  r e q u i r e d  

th e  l if t ing of a c o n c re te  b u i ld ing  block  m easu r in g  20 cm x 25.5 cm x 

30.5 cm a n d  weighing  20.5 k i lograms ( k g ) ,  a t  a r a t e  which r e q u i r e d  

e ac h  s u b je c t  to ach ieve  40% of maximal o x y g e n  u p t a k e  (V 02)  on l a n d .  

This  t a s k  was p r a c t ic e d  u n t i l  each  s u b je c t  could maintain th is  work  r a t e  

o v e r  a 15 minute i n te r v a l  on l a n d .  To maintain a c o n s t a n t  work  p a c e ,  

an audio metronome was u s e d  on th e  s u r f a c e .  How ever ,  when u n d e r w a t e r
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th e  s u b je c t  maintained his  ind iv id ua l  work  pace  by  following a v isua l  

metronome d e s ig n ed  and  buil t  fo r  th is  p u r p o s e .  The v isua l  metronome 

c o n s i s ted  of a f la sh ing  r e d  l igh t  p ow ered  by  6 "C" b a t t e r i e s  e n c a s e d  in 

a sub m ers ib le  p lex ig lass  h o u s in g  which was a t t a c h e d  to t h e  work p la t fo rm  

in view of the  d i v e r .  The  r a t e  of l igh t  f la sh es  p e r  minute cou ld  be

a d ju s te d  on the  s u r f a c e  p r i o r  to  each  t r i a l .

I n t e r v e n in g  V a r ia b l e s . T h e s e  v a r ia b le s  c o n s i s t e d  of th o se  d e ta i l s  

which in f luenced  th e  pe rfo rm an ce  of th e  su b je c t s  a nd  which were  b e y o n d  

th e  d i r e c t  con tro l  of the  i n v e s t i g a t o r .  Such  fac to r s  in c lu ded  the  motivation 

of the  s u b je c t s ,  t h e i r  level of fa t ig ue  from a c t iv i ty  p r io r  to the  t e s t i n g ,  

t h e i r  d iv ing  abil i ty  and  th e i r  emotional  s t a te  a t  th e  time of t e s t i n g .

D ep en den t  V a r i a b l e s . T h ese  v a r iab le s  were  e x p o sed  to the  t r e a tm e n t  

of the  i n d e p e n d e n t  va r iab les  a n d  in c lu d ed  th e  following f a c to r s .

i) Hear t  Rate -  was r e c o r d e d  fo r  each  su b je c t  by  o b s e r v in g  th e

d ig i ta l  r e a d o u t  of a R e sp i ron ic s  Home h e a r t  r a t e  monitor ,  E x e r s e n t r y

Model 3, from within a su b m e rs ib le  p lex ig la ss  h o u s in g  d e s ig n e d  a n d  

bu i l t  fo r  th is  p u r p o s e .  The h e a r t  r a t e  v a lues  were  th en  manually  

r e c o r d e d  on an u n d e r w a t e r  s la te  each  minute  the  su b je c t  rem ained  s u b ­

m erged  .

ii) O xygen  Uptake  -  samples of th e  e x p i r e d  gas  were col lec ted  

from each sub jec t  a t  r e s t ,  a t  5 m inute  i n t e r v a l s  d u r i n g  the  e x e r c i s e  

s e s s io n s  c o n d uc ted  on land  a nd  po s t  r e c o v e r y  u s in g  th e  a p p a r a t u s  shown 

in F igu re  4. This  sys tem  was d e s ig n e d  and  bu i l t  to collect the  s u b j e c t s '  

e x p i r e d  gases  for  l a t e r  co n te n t  a n a ly s i s .  S eve ra l  c r i t e r i a  had  to be met 

to achieve  th is  objec t ive  -  1) th e  sys tem  h a d  to be compatible  with  a
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F ig u r e  4 .  Exp ired  Gas C o l l e c t i o n  System,

A. F r o n t  View
2" F i r e  Hose to  S u r fa ce —

From 1 s t  S tage

2nd Stage

Exhaust  TeeStopper Diaphragm

B. Toe View.

From 1 s t  S tage

Mouthpiece
2" F i r e  Hose t o  S u r fa ce

S to p p e r
1

2nd Stage
Exhaust Tee

The e x p i re d  a i r  was d i r e c t e d  th rough  one s i d e  o f  th e  
e x h a u s t  t e e  whi le  th e  o t h e r  s i d e  was s topped-up  t o  p rev e n t  t h e  
e scap e  of  ex p i re d  g a se s .  The e x p i r e d  a i r  th e n  passed  th rough  
a f l e x i b l e  diaphragm which was c lo s e d  by ambient p r e s s u r e  d u r in g  
i n h a l a t i o n  to  p re v e n t  a f r e e - f l o w  mode.

This  e xp ired  gas c o l l e c t i o n  system was connected  t o  a 
SCUBA tan k  worn by th e  d i v e r  d u r i n g  each t r i a l  and allowed t h e  
c o l l e c t i o n  o f  60 second gas samples on the  s u r f a c e .
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s t a n d a r d  single hose tw o -s t a g e  demand SCUBA r e g u l a t o r ,  2) th e  sy s te m  

could not  s ign i f ican t ly  a l t e r  th e  b r e a t h i n g  mechanics  of th e  s u b j e c t  a t  

a n y  t e s t  d e p th ,  3) th e  sys tem  could no t  a l t e r  th e  b u o y a n c y  of th e  

s u b je c t ,  and  4) the  sys tem  h a d  to be p r e s s u r e - p r o o f  an d  g a s - p r o o f  to 

p r e v e n t  the  influx of w a te r  a n d / o r  th e  e scap e  of e x p i r e d  g a s e s .  T h is  

u n d e r w a t e r  exp ired  gas  collect ion sy s te m  was r e p e a t e d ly  t e s t e d  in th e  

u n i v e r s i t y  swimming pool a t  d e p th s  of 5 fee t  and  15 fee t  to e n s u r e  i ts  

re l iab i l i ty  as an a c c u ra te  tool fo r  a s s e s s in g  V 02 .  In th e  w a te r ,  e x p i r e d  

gas  samples were collected a t  r e s t ,  a t  7 minute  i n t e r v a l s  d u r i n g  th e  

work  t a s k s ,  and post  r e c o v e r y .  F if ty  (50) cc samples were co l lec ted  in 

g lass  sy r in g e s  and l a t e r  ana lyzed  for  o x y g e n  and  c a rb o n  d iox ide  c o n te n t  

u s in g  a Lloyd Gallankamp gas a n a ly z e r  ( p r o d u c e d  b y  A. Gallankamp a n d  

Company Limited in E ng land)  following o n - s i t e  collection in Douglas  a i r  

b a g s .  On-s i te  volumes were de te rm in e d  u s in g  a model 205 P o te n t io m e te r  

(Ser ia l  #45230-1, Com pute r  I n s t r u m e n t s  C o rp o ra t io n ,  New York)  e q u ip p e d  

with a thermometer  fo r  l a t e r  STPD ca lcu la t io n s .  See F ig u re  5, p 26 fo r  

th e  on -s i t e  equipment s e t - u p .

iii) Work Effic iency -  was ca lcu la ted  as the  ra t io  of work  o u t p u t  

a t  a given e n e r g y  i n p u t  fo r  each  s u b je c t  d u r i n g  each  e x e r c i s e  se s s io n  

u s in g  the  following e q u a t io n s ;

Work Outpu t  = Weight X V er t ica l  D is tance  X F r e q u e n c y  (1)
(kilocalories ) 426.8

Work In p u t  = (V02 -  R es t ing  V02)  x 5 (2)
(ki localories )

Work Efficiency = Work O u tp u t  X 200 (3)
( p e r  cent)  Work In p u t
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F ig u re  5* On-S i te  Data C o l l e c t i o n .

■J:

/= - — - r-f:r-., '; t S P  n_=rwmk/

3

S u b je c t  b e in g  connec ted  to  E x e r s e n t ry  Hear t  Rate m on i to r  
i n  subm ers ib le  h ou s ing .

B. S u b je c t  e n t e r i n g  w a te r  w i th  e x p i r e d  gas c o l l e c t i o n  system.
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T hese  equat ions  (1 t h r o u g h  3) were  taken  from Fox a nd  M atthews 

(1981) and  make two a s su m p t io n s .  Namely t h a t  1) 1 k i lo g ra m /m e t re /m in u te  

= 426.8 kilocalories ; and  2) 1 l i t re  of o x y g e n  = 5 ki localor ies .

Oxygen  pulse  (02 p u lse )  de f ined  as th e  ra t io  of ox ygen  u p t a k e  in 

re la t io n  to h e a r t  r a t e  was ca lcu la ted  u s in g  the  following e q u a t io n ,  a lso 

from Fox and Matthews (1981).

Oxygen  Pulse = V02 ( L i t r e s /m in u te )  X 1000
(m il l i l i t res /bea t )  H ear t  Rate  (b e a t s /m in u te )

T e s t i n g  Protocol

Each sub jec t  was r e q u i r e d  to p a r t i c ip a te  in all the  se ss ions  d e s c r i b e d  

below.

i) The following a n th ro p o m et r ic  d a ta  were  collected from each  

s u b j e c t  -  se x ,  age  in y e a r s ,  h e ig h t  in cen t im e tre s  (cm ),  a n d  w e ig h t  in 

k i logram s ( k g ) .  Each su b je c t  was th e n  r e q u i r e d  to pe rform  a d i s c o n ­

t in u o u s  r u n  on a m o to r -d r iv en  treadmil l  to de te rm ine  t h e i r  maximal o x y g e n  

u p t a k e .  An accommodation p ha se  la s t in g  five (5) minutes  with  s p e e d s  

p r o g r e s s i n g  from a walk (3 mph) to a r u n  (7 mph) enab led  each  s u b je c t  

to  familiarize himself with th e  r u n n i n g  mechanics  involved  in t readm i l l  

t e s t i n g .  A d iscontinuous  pro tocol  with a 3 minute r u n n i n g  p h a se  followed 

b y  a 3 minute r e s t  was u s e d  with th e  speed  c o n s t a n t  a t  7 mph fo r  

e v e r y  s u b je c t .  Workload was i n c r e a s e d  b y  ra i s in g  th e  t readmil l  g r a d i e n t  

2.5% with each ru n n in g  p h a se  from a 0% g ra d ie n t  s t a r t .  S u b je c t s  w ere  

i n s t r u c t e d  to r u n  un t i l  e x h au s t io n  while h e a r t  r a t e s  were  m onitored  each  

m inu te  of the  t e s t  and  e x p i r e d  gas samples were  collected th e  f ina l  30
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s e c o n d s  of each r u n n i n g  p h a se  and  n e a r  t h e  poin t  of e x h a u s t io n .  T he  

h e a r t  r a t e  and oxygen  u p ta k e  va lues  o b ta in ed  were  t h e n  u se d  to i n d iv i ­

d u a l ly  d e s ig na te  work r a t e s  fo r  each s u b je c t  w h ich ,  on l a n d ,  a p p ro x im a te d  

40% of maximal V02.

ii) On s i te ,  su b je c t s  e q u ip p e d  with th e  a p p a r a t u s  d e s c r ib e d  e a r l i e r  

(see  F ig u re  5, p 26) d e s c e n d e d  a s a f e t y  line to th e  work p la t fo rm  

p r e v i o u s ly  anchored  a t  one of the  e x p e r im e n ta l  d e p t h s ,  i . e .  e i t h e r  a t  6 

f e e t ,  15 fee t  or  30 f e e t .  S ub jec ts  rem a in ed  motionless on the  p la t fo rm  

u n t i l  h e a r t  r a te s  h a d  s tab i l i z e d .  An in it ia l  e x p i r e d  gas sample (60 

se co n d  sample) was collec ted a nd  th e  w ork  t a s k  b e g u n .

H ear t  r a te s  were  s u b s e q u e n t ly  r e c o r d e d  e v e r y  minute of th e  15 

minute  ex e rc ise  sess ion  (b lock  l i f t ing  t a s k )  a nd  following the  5 m inute  

r e c o v e r y  pe r iod .  60 -second  e x p i r e d  gas  samples were  collected a t  r e s t ,  

e v e r y  7 minutes of the  b lock  l i f t ing  t a s k  a n d  at  th e  e n d  of the  r e c o v e r y  

p e r i o d .  These  e x p i r e d  gas  samples were  t h e n  an a ly ze d  as p e r  th e  

m ethodology  p rov ided  on p 24.

D u r in g  the  r e c o v e r y  p e r io d ,  th e  s u b je c t s  r a t e d  th e  t a s k  d i f f ic u l ty  

u s in g  a Borg scale , from 1 t h r o u g h  10, to p ro v id e  a su b je c t iv e  opinion 

of  t a s k  d if f icu l ty  a t  each  d e p t h  (Hancock e t  a l . ,  1982).  Pos t  r e c o v e r y ,  

s u b je c t s  were  gu ided  u p  th e  s a f e ty  l ine to the  s u r f a c e  and  a s s i s t e d  in 

e x i t in g  th e  w ater .

iii) Severa l  s a f e ty  m easu re s  were  i n c o r p o r a te d  in to  th e s e  p r o ­

c e d u r e s .  In addit ion  to th e  i n v e s t i g a t o r ,  two P . A . D . I .  D ivem aste rs  

w e re  a lways p r e s e n t  to a s s i s t  with d a ta  collection a n d  s e r v e  as  s a f e t y  

d i v e r s .  Auxil liary a i r  su p p l ie s  were  avai lab le  to each  s u b je c t  while
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u n d e r w a t e r  and  s u r f a c e  s u p e r v i s o r y  p e r s o n n e l  t r a in e d  in d i v e r  r e s c u e  

were  o n - s i t e .  F i r s t  a id  k i t s  a n d  o x y g e n  were also o n - s i t e  in a d d i t io n  to 

a p r e s e t  evacua t ion  p lan  in th e  e v e n t  of an a c c id e n t .  T h ese  m e a s u r e s  

r e f l e c t  th e  s t a n d a r d  d iv in g  p r o c e d u r e s  c o n d u c te d  for  all a d v a n c e d  d iv in g  

o p e r a t i o n s .

I t  is of i n t e r e s t  to no te  t h a t  th e  w e igh t  of the  c o n c re te  b lock  was 

r e l a t iv e ly  u n a f fe c te d  b y  be ing  s u b m e r g e d .  T h e re  were  no s ig n i f ic a n t  

d i f f e r e n c e s  d e te c ted  b y  a h y d r o s t a t i c  weigh  scale  when th e  b lock  was 

w e ig h ed  in a i r ,  a t  a 6-foot  d e p th  and  at  a 15-foot d e p t h .  The  l i n e a r  

s h a p e  of th e  block d i sp la c e d  a c o m para t ive ly  small amount  of w a t e r  in 

r e la t io n  to i ts  d e n s i ty  r e s u l t i n g  in a neg l ig ib le  b u o y a n t  e f f e c t .

S ta t i s t i c a l  Analyses

The r e s e a r c h  d e s ig n  u s e d  fo r  th i s  s t u d y  was a con tro l  and  r e p e a t e d  

m ea su re s  g r o u p  d es ign  in which th e  s u b je c t s  a c te d  as t h e i r  own c o n t r o l s .

Since the  su b je c t s  were  a l r e a d y  familiar  with u n d e r w a t e r  w o rk  in 

th e  cho sen  env iro n m en t  u s in g  full  SCUBA e q u p m e n t ,  th e  p o ss ib i l i ty  of a 

t e s t i n g  e f fec t  r e d u c in g  th e  i n t e r n a l  va l id i ty  of the  s t u d y  was l e s s e n e d .  

T h is  r e s e a r c h  d e s ig n  a id e d  in r e d u c i n g  th e  e f fec t  of b e tw e e n - in d iv id u a l  

d i f f e r e n c e s  by  u s ing  th e  s u b je c t s  as t h e i r  own c o n t ro l s .

A r e p e a t e d  m easu re s  a n a ly s i s  of v a r i a n c e ,  SAS S ta ts  P a c k a g e ,  was 

u s e d  on th e  d a ta  o b ta in e d  to in d ic a te  th e  e x i s te n c e  of a s ig n i f i c a n t  

r e l a t i o n s h ip  among h e a r t  r a t e s ,  V 0 2 ,  work  e f f ic iency  a n d / o r  s u b j e c t i v e  

t a s k  d i f f icu l ty  values  a t  th e  v a r io u s  d e p t h s .  A po s t  hoc pa irw ise  t - t e s t
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was s u b s e q u e n t ly  u s e d  to id en t i fy  th e  level  a t  which the  s ig n i f ican t  

d i f f e r e n c e s  took place (P 4 0 .0 5 ) .
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RESULTS AND DISCUSSION

The r e s u l t s  of pilot  s t u d i e s ,  a s e r ie s  of r e p e a t e d  m easu re s  ad m in ­

i s t e r e d  to one s u b j e c t ,  c o n d u c te d  in th e  u n i v e r s i t y  swimming pool which  

v a l id a te d  th e  re l iab i l i ty  of th e  u n d e r w a t e r  e x p i r e d  gas  collection sy s te m  

d e s i g n e d  a n d  bu i l t  b y  th e  i n v e s t i g a t o r  fo r  th i s  s t u d y  hav e  been  in c lu d e d  

in  A p p e n d ice s  D -  G, p p  53-58.  As th e s e  r e s u l t s  were  c o n s i s t e n t  with 

t h e  f i n d in g s  ob ta in ed  d u r i n g  th e  open w a te r  t e s t i n g  s e s s io n s ,  a more 

t h o r o u g h  examinat ion of th e  s ig n i f ic a n t  t r e n d s  o b s e r v e d  will be done  in 

c o n ju n c t io n  with all r e s u l t s .

A n o th e r  pilot s t u d y  ( r e s u l t s  show n in A p p en d ix  H, p 59) gave  

e v id e n c e  t h a t  th e  r a t e  of c o n t in u o u s  work  s u g g e s t e d  fo r  th is  s t u d y ,  40% 

of  maximal work  c a p a c i ty  on l a n d ,  does  not  r e s u l t  in e leva ted  body  co re  

t e m p e r a t u r e s .  Due to  th e  g a s - p r o o f  c o n s t r u c t io n  of th e  d r y  s u i t s  worn 

b y  th e  d i v e r s ,  a n y  s ig n i f ic a n t  e leva t ion  in co re  t e m p e r a t u r e s  which  

o c c u r r e d  d u r i n g  th e  b lo ck - l i f t in g  w ork  t a s k  could no t  be d i s s ip a te d  a nd  

would  c o n fou n d  th e  r e s u l t i n g  V02 v a lu e s .  H ow ever ,  a f t e r  r u n n i n g  fo r  

30 m inu tes  a t  n e a r  50% of maximal o x y g e n  u p t a k e ,  th e  core  t e m p e r a t u r e s  

of  two s u b je c t s  d id  no t  in c r e a s e  s ig n i f ic a n t ly .  T h e r e fo r e  core  t e m p e r a t u r e  

was el iminated as a v a r ia b le  in th e  c u r r e n t  s t u d y  a l th o u g h  i ts  im p or tan ce  

is r e c o g n iz e d  d u r i n g  lo n g e r  p e r io d s  of immersion.

The p r o c e d u r e s  o u t l in e d  in C h a p te r  3, p p  27-29, were s t r i c t l y  

a d h e r e d  to in th e  i n t e r e s t  of d i v e r  s a f e t y .  All u n d e r w a t e r  t a s k s  were  

com ple ted  as sp e c i f i e d .  None were  a b o r t e d  fo r  a n y  r e a s o n ,  t h e r e b y  

v e r i f y in g  t h a t  the  pro toco l  was with in  th e  s u b je c t s '  e x p e r i e n c e  an d  d iv in g  

a b i l i ty  l e v e ls .
31
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Water t e m p e r a t u r e s  r e c o r d e d  t h r o u g h o u t  th e  open w a t e r  t e s t i n g  

se s s io n s  rem ained  r e l a t iv e ly  c o n s t a n t  be tw ee n  t r i a l s  and  a c r o s s  th e  t h r e e  

e x p e r im e n ta l  d e p t h s .  R e c o rd e d  w a te r  t e m p e r a t u r e s  a t  all  d iv e  s i t e s  

r a n g e d  from 13°C to 14°C. As a r e s u l t  of th i s  com para t ive  c o n s i s t e n c y ,  

w a te r  t e m p e r a tu r e  was e x c lu d e d  as a c o n t r i b u t i n g  fac to r  to  th e  r e s u l t s  

o b ta in ed  in th is  s t u d y .

T he  p h y s ic a l  c h a r a c t e r i s t i c s  of th e  s u b je c t s  a re  shown in Tab le  2 

which follows on p 33.

As shown in F ig u re  6, h e a r t  r a t e s  a t  r e s t  showed no s ig n i f ic a n t  

d i f f e r e n c e s  a c ro ss  th e  c h a n g e s  in e x p e r im e n ta l  d e p th  as c o m p ared  to th e  

s u r f a c e  t e s t s  p e r fo rm ed  in th e  l a b o r a t o r y .  A s l ig h t  in c r e a s e  in r e s t i n g  

h e a r t  r a t e s  ifi, e v id e n t  as d e p t h  i n c r e a s e s .  This  may be e x p la in e d  b y  

th e  n a t u r e  of th e  u n d e r w a t e r  b r e a t h i n g  a p p a r a t u s  u se d  in th i s  s t u d y .  

Open c i rc u i t  dem and r e g u l a t o r s  s u p p l y  a i r  to th e  d i v e r  a t  th e  am bien t  

p r e s s u r e  d e te rm in e d  b y  th e  d ia p h ra g m  of th e  r e g u l a to r  ( se e  F ig u re  

l . B ,  p 5 ) .  This  p r e s s u r e  is u su a l ly  no t  eq u a l  to th e  e x t e r n a l  am bien t  

p r e s s u r e  a t  the  level  of th e  lu n g  c e n t r o id ,  a b a r o r e c e p t o r  in th e  l u n g s ,  

a n d  th e r e f o r e  imposes a h y d r o s t a t i c  imbalance  u p on  th e  d i v e r ' s  r e s p i r a t o r y  

sy s te m  (Milne e t  a l . , 1979) . T h is  phenom enon coup led  with th e  i n c r e a s e d  

r e s i s t i v e  loading of th e  b r e a t h in g  a p p a r a t u s  with  i n c r e a s e s  in d e p t h  

would r e s u l t  in h i g h e r  h e a r t  r a t e s  to maintain r e s t i n g  metabolic leve ls  in 

th e  d i v e r  even  t h o u g h  no e x t e r n a l  w ork load  was a p p l ied .

While pe r fo rm in g  th e  c o n t in u o u s  w ork  t a s k ,  a s ig n i f ic an t  d i f f e r e n c e  

(P 4 0 .05)  was e v id e n t  when th e  s u b j e c t s  w o rk e d  in an u n d e r w a t e r  

e n v i ro n m e n t .  T he  s ign i f ican t  d e c r e a s e  in h e a r t  r a t e s  be tw een  th e  s u r f a c e
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TABLE 2. SUBJECT SAMPLE

S u b je c t Sex Age Height
(cm)

Weight
( k g )

Maximal 
(1 /m in)  (ml/

V02
m in /k g )

KG M 25 154.0 77.05 4.60 59.18

JN M 27 154.0 83.41 4.97 59.42

DB M 32 154.0 65.69 3.43 52.40

GA M 32 147.4 63.19 2.94 46.20

GE M 33 155.1 76.84 4.14 54.83

Mean : 29.8 152.9 73.24 4.02 54.41

S t d . D e v . ±3.18 ±2.78 ±7.56 ±0.74 ±4.84
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Figure  6 ,  Heart Rate Versus Depth.
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* I n d ic a te s  a s i g n i f i c a n t  decrease  between th e  su r face  lab 
co n d i t io n s  and the  6 - fo o t  depth (P<  0 .Oj) .

** I n d ic a te s  a s i g n i f i c a n t  in c re ase  between working a t  the  
6- f o o t  depth and the  30- f o o t  depth  (F < 0 .0 5 )  .
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la b o r a to r y  condit ions  a n d  th e  6-foot  d e p th  in open w a te r  is a t t r i b u t a b l e  

to a n u m b er  of f a c t o r s .  In i t ia l ly ,  a por t ion  of th is  d e c re a se  in h e a r t  

r a t e s  may be the  r e s u l t  of the  d iv in g  r e f l e x ,  also r e f e r r e d  to as th e  

ca ro t id  s in u s  r e f l e x .  The ca ro t id  s in u s  is a c a r t i l a g in o u s  reg ion  loca ted  

a t  th e  b i fu rca t ion  of the  ca ro t id  a r t e r y  (Miller, 1979) and  is in f lu e n ce d  

b y  c h an g e s  in ambient  p r e s s u r e .  As a b a r o r e c e p t o r ,  th e  ca ro t id  s in u s  

is capable  of induc ing  b r a d y c a r d i a  with in c re a s e s  in ambient p r e s s u r e .  

A n o th e r  f ac to r  invo lved  in the  s ign i f ican t  d e c r e a s e s  in h e a r t  r a t e s  once 

th e  su b je c t s  were pe rfo rm ing  the  t a s k  u n d e r w a t e r  is Archimedes '  p r in c ip le  

of b u o y a n c y .  As a r e s u l t  of d isp lac ing  an amount  of w a te r  eq u a l  to 

t h e i r  bodies '  volume, th e  d iv e r s  were  no lo n g e r  r e q u i r e d  to overcome 

th e  e ffec t  of g r a v i ty  on th e i r  u p p e r  bodies while pe rfo rm ing  th e  t a s k  

u n d e r w a t e r .  T h e r e fo r e ,  the  su b je c t s  were w ork ing  at  a r a te  less  t h a n  

40% of t h e i r  maximal V 0 2 .  By d e c re a s in g  th e  workload  n e c e s s a r y  fo r  

t h e  su c c e s s fu l  execution  of the  work  t a s k ,  c a rd iac  o u tp u t  was e ffec t iv e ly  

r e d u c e d .

A s ign i f ican t  in c re a s e  (P 4 0 .05) was e v id e n t  be tw een  h e a r t  r a t e s  a t  

th e  6-foot  d e p th  and th e  30-foot d e p t h .  A c o n s i s t e n t  r i s e  in the  s u b j e c t s '  

h e a r t  r a t e  once th ey  a re  work ing  u n d e r w a t e r  in d ic a te s  t h a t  h e a r t  r a t e  

in c r e a s e s  as d e p th  i n c r e a s e s  while pe rfo rm ing  comparab le  t a s k s .  This

r e s u l t  is in confl ict  with the  con ce p t  of the  d iv ing  r e f l e x .  If  the

d e c r e a s e  in h e a r t  r a t e s  o b s e r v e d  when th e  su b je c t s  b e g an  w ork ing  u n d e r ­

w a te r  a t  the  6-foot  level  was mainly a r e s u l t  of th e  d i r e c t  e f f e c t s  of

p r e s s u r e  on physiological  b a r o r e c e p t o r s , t h e n  th e  h e a r t  r a t e s  would

h a v e  been  e x p ec te d  to con t inue  to d e c re a se  as p r e s s u r e  a n d  d e p t h
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i n c r e a s e d .  The  fac t  t h a t  h e a r t  r a t e s  i n c r e a s e d  s ign i f ic an t ly  as d e p t h  

i n c r e a s e d  a t  r e s t  a n d  while w o rk in g  in d ic a te s  th e  p r e s e n c e  of o t h e r  

f a c t o r s .  T he  h y d r o s t a t i c  imbalance  p r e v io u s ly  d i s c u s s e d  in re la t ion  to 

th e  i n c r e a s in g  t r e n d  in h e a r t  r a t e s  a t  r e s t  as d e p th  i n c r e a s e d  becomes 

more p r o n o u n c e d  with th e  a d d i t io n  of a w ork load .  T he  d iv e r s  were  also 

r e q u i r e d  to overcome th e  i n c r e a s e d  d e n s i t y  of th e  b r e a t h in g  medium a n d  

t h e  i n c r e a s e d  r e s i s t a n c e  to  flow of t h e  com p re sse d  a i r  as d e p t h  a n d  

am bien t  p r e s s u r e  i n c r e a s e d .  In  o r d e r  fo r  th e  physio log ical  dem ands  of 

th e  i n c r e a s e d  w ork  of b r e a t h i n g  to  be  met u n d e r  more r e s t r i c t i v e  

cond i t io n s  as  d e p t h  i n c r e a s e s ,  c a rd ia c  o u t p u t  and  t h e r e b y  h e a r t  r a t e  

m u s t  i n c r e a s e .  T h e s e  r e s u l t s  s u g g e s t  t h a t  h e a r t  r a t e s  would h a v e

c o n t in u e d  to i n c re a s e  as  d e p t h  i n c r e a s e d  to enable  th e  d iv e r  to s u s t a i n  

t h e  d e s ig n a t e d  work  t a s k .

It is be l ieved  t h a t  t h e  p r e s s u r e  g r a d i e n t  e x p e r i e n c e d  t h r o u g h o u t  

th e  u n d e r w a t e r  work  s e s s io n s  would a lso a f fec t  th e  r e le a se  of th e  v a r io u s  

chemical  a n d  n e u r a l  c o n t ro l s  w i th in  th e  C e n t r a l  N erv ou s  System (CNS) 

in a m a n n e r  d i f f e r e n t  from s t a n d a r d  one a tm o sp h e re  s u r f a c e  w ork ing  

c o n d i t io n s .  T he  e x t e n t  of s u c h  CNS modificat ions is b e y on d  th e  scope  

of th e  p r e s e n t  s t u d y  b u t  d e s e r v i n g  of f u r t h e r  i n v e s t ig a t i o n .

T he  d e c r e a s e  in h e a r t  r a t e s  d u r i n g  th e  r e c o v e r y  p h a se  following 

th e  work  t a s k  when s u b je c t s  were  p e r fo rm in g  u n d e r w a t e r  in d ic a te s  th e  

in f lu en ce  of th e  c a ro t id  s in u s  r e f l e x  slowing down h e a r t  r a t e s  when  

ambient  p r e s s u r e  is above  normal  on th is  b a r o r e c e p t o r .  With th e  rem ova l  

of  the  w ork  s t im u lu s ,  th e  w ork  of b r e a t h i n g  is r e d u c e d  and  th e  in f lu e n ce  

of the  d iv in g  re f l e x  is once aga in  e v i d e n t .
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F ig u re  7 i l l u s t r a t e s  th e  re l a t io n sh ip s  o b s e rv e d  be tween  o x y g e n  

u p t a k e ,  V 02 ,  and  e x p i r e d  volume, VE STPD, as d e p th  i n c r e a s e d .  

D u r in g  bo th  the  r e s t  and  the  r e c o v e r y  phase  of each t r ia l ,  a c o n s i s t e n t ly  

g r e a t e r  r e s p i r a t o r y  dem and e x i s t s  fo r  V02 and  VE STPD d e n o t in g  a 

s ig n i f ic a n t  in c re a s e  (P < 0 .05 )  in bo th  va lues  as d e p th  i n c r e a s e d .  T h e s e  

r e s u l t s  were  c o n s i s t e n t  with th e  r e s u l t s  o b s e r v e d  d u r in g  the  pilot t e s t s  

( s e e  A ppend ices  D -  G, p p  53 -58 ) .  I t  is t h o u g h t  t h a t  th is  s u b s e q u e n t  

i n c r e a s e  in the  s u b je c t s '  end  e x p i r a t o r y  lu n g  volume as d e p th  i n c r e a s e d  

was an a t tem pt  to equal ize  the  h y d r o s t a t i c  imbalance which o c cu rs  u p on  

s u b m e r g i n g .  As m ent ioned e a r l i e r ,  th e  h y d r o s t a t i c  imbalance be tw een  

t h e  lung  c e n t r o id ,  a phys io log ica l  b a r o r e c e p t o r ,  and th e  ambient  p r e s s u r e  

a t  th e  SCUBA r e g u l a t o r  seco nd  s t a g e  d ia p h ra g m  in c re a s e s  with i n c r e a s e s  

in d e p t h .  The ab i l i ty  of a s u b je c t  to r e d u c e  the  r e s u l t in g  t r a n s th o r a c i c  

p r e s s u r e  d i f fe ren c e  is limited t h r o u g h  a l t e ra t io n s  in b r e a th in g  p a t t e r n .  

H o w ev e r ,  the  o b s e r v a n c e  of i n c r e a s e d  VE STPD values  and  V02 va lu es  

is c o n s i s t e n t  with p r o c e d u r e s  c u r r e n t l y  be ing  t a u g h t  to d iv e r s  to maximize 

t h e i r  b r e a t h in g  e ff ic iency  while u n d e r w a t e r ,  i . e .  a slow deep  inha la t ion  

followed b y  a n e a r  maximal e x h a l a t i o n .

Both  V02 and  ŸE STPD v a lues  s ign i f ican t ly  d e c r e a s e  (P ^  0 .05)  

b e tw een  th e  s u b je c t s '  r e s u l t s  o b s e r v e d  in th e  s u r f a c e  l a b o r a to r y  s e t t i n g  

a n d  th e  f i r s t  u n d e r w a t e r  s e t t i n g  a t  6 f ee t .  This  d e c r e a s e  co inc ides  

w ith  th e  s ign i f ican t  d e c r e a s e  o b s e r v e d  th e  d iv e r s '  h e a r t  r a t e s  a c r o s s  

t h e  same s i tu a t io n s .  T he  d e c r e a s e d  workload imposed upon  th e  d i v e r s  

u n d e r w a t e r ,  a l th o u g h  p e r fo rm e d  at  th e  same work  r a t e ,  r e q u i r e d  le s s  

v e n t i l a t o r y  e f fo r t  as shown b y  th e  lower V02 and  ŸE STPD v a lu e s .
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F ig u re  7 .  V02 and VE STPD Versus Depth.
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* I n d i c a t e s  a s i g n i f i c a n t  i n c r e a s e  between s u r f a c e  lab  
c o n d i t i o n s  and th e  30- f o o t  dep th  (p<  0 . 03) .

** i n d i c a t e s  a s i g n i f i c a n t  d e c r e a s e  between t h e  su r fa ce  
l ab  c o n d i t i o n s  and t h e  6 - f o o t  d e p th .  (?  0 . 05) .

I n d i c a t e s  a s i g n i f i c a n t  i n c r e a s e  between working a t  
th e  6 - f o o t  dep th  and t h e  30- f o o t  dep th  (F< 0 . 05) •
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T he  in f luence  of physio logical  b a r o r e c e p t o r s  is be l ieved  to be minimal a t  

th e  6-foot  d e p th  w here  th e  ambient  p r e s s u r e  would only  be an add i t iona l  

2 .6 0  p s i  above normal o r  s u r f a c e  v a lu e s .

Once the  work  t a s k  h as  b e en  t r a n s f e r r e d  to the  open w a te r  e x p e r i ­

m en ta l  s e t t i n g s ,  the  h y d r o s t a t i c  imbalance in th e  c h e s t  c av i ty  in f lu en ces  

th e  s u b je c t s '  r e s p i r a t o r y  p a t t e r n s  a n d  c h a n g e s  in v e n t i l a to ry  flow become 

e v i d e n t .  As the  d e p th  i n c r e a s e s  to 30 f e e t ,  th e  in f luence  of the  p h y s io ­

logical  b a r o r e c e p t o r s  becomes s ig n i f ic an t  as b o th  Ÿ02 a n d  ŸE STPD 

i n c r e a s e  to match the  in c re a s in g  physio log ica l  dem ands  of the  work  t a s k  

a n d  th e  in c r e a s e d  work  of b r e a t h i n g  at  almost  twice normal ambient  

p r e s s u r e .

F ig u re  8 em phas izes  th e  limited e f fe c t  of improving  r e s p i r a t o r y  

e ff ic ien cy  t h r o u g h  a l t e r a t io n s  in b r e a t h in g  p a t t e r n s  while r e s t i n g  o r  

w o rk in g  in an aqueou s  h y p e r b a r i c  e n v i r o n m e n t .  A d e c re a se  was o b s e r v e d  

in the  th e  p e rc e n ta g e  of o x y g e n  u t i l ized  b y  the  s u b je c t s '  as d e p t h  

i n c r e a s e d .  The  fac t  t h a t  h i g h e r  p e r c e n t a g e s  of o x y gen  were fo u nd  in 

th e  e x p i r e d  gas samples as d e p t h  i n c r e a s e d  in d ic a te s  t h a t  less  o x y g e n  

was capab le  of be ing  a b s o r b e d  a c ro s s  th e  t r a n s th o r a c i c  p r e s s u r e  g r a d i e n t  

in th e  su b je c t s  u n d e r w a t e r .  T he  in c r e a s in g  r e s p i r a t o r y  volumes o b s e r v e d  

ab o v e  as  d e p th  i n c r e a s e d  would be capab le  of com pensa t ing  fo r  th e  

d e c r e a s e d  02 ut i l ization capab i l i t ies  of th e  s u b je c t s  while work ing  u n d e r ­

w a t e r  b u t  only to a limited e x t e n t .

A n o th e r  o b se rv a t io n  from F igu re  8 is th e  d e c r e a s e d  p e r c e n t a g e  of 

c a r b o n  d ioxide  in e x p i r e d  gas  samples as d e p t h  i n c r e a s e d .  I t  a p p e a r s  

c o n s i s t e n t  th a t  a p r e s s u r e  g r a d i e n t  impeding  o x y g e n  a b so rp t io n  b y  th e
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Figure  8 .  Expired Gas C oncen tra t ions  Versus Depth.
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■ I n d ic a te s  a s i g n i f i c a n t  in c r e a s e  between th e  s u r f a c e  lab  
cond i t io ns  and th e  50- f o o t  depth  ( P < 0 . 05) •

'* I n d i c a t e s  a s i g n i f i c a n t  decrease  between t h e  s u r f a c e  l a b  
co n d i t ion s  and t h e  30- f o o t  depth  ( P < 0 . 0 5 ) .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

b o d y  would also h i n d e r  c a rb o n  d ioxide  el imination.  As the  hum oral  

c o n t ro l  of ven t i la t ion ,  an in c re a s e d  C02 level  d e te c t e d  at  the  r e s p i r a t o r y  

c e n t r e  would in c rease  the  a l r e a d y  a cc e le ra te d  r a t e  of venti la t ion f u r t h e r  

impeding  02 r e t e n t i o n .  This  e v e n t  is in a cc o rd a n c e  with th e  in c re a s e d  

C02  re te n t io n  and  d e c r e a s e d  mental  a c t iv i ty  o b s e r v e d  in d iv ing  su b je c t s  

b y  L a n p ie r  (1964). Beyond a p a r t i c u l a r  d e p th  o r  workload ,  it  is co n ­

ce iv ab le  from th e s e  r e s u l t s  t h a t  the  w ork ing  d i v e r  would e x p e r ie n c e  

memory l a p s e s ,  r e s p i r a t o r y  f a t ig u e ,  d y s p n e a ,  d izz in ess  and  po ten t ia l ly  

u n c o n s i o u s n e s s .

F ig u re  9 i l lu s t r a te s  o x y g e n  pu lse  in re la t ion  to in c re ase s  in d e p t h .  

Since o x y g en  pu lse  r e f e r s  to the  r a t e  of oxy gen  u p ta k e  in l i t r e s /m in u te  

c om pared  to h e a r t  r a te  in b e a t s / m i n u t e ,  th is  f ig u re  s e rv e s  as a summary 

of the  aforem ent ioned  r e s u l t s .  Again,  an in c re a s e  is o b s e rv e d  in o xygen  

p u l se  once the  su b je c t s  a r e  pe r fo rm in g  th e  work  t a s k  u n d e r w a t e r  a t  

i n c r e a s in g  d e p t h s .  With in c re a s in g  h e a r t  r a t e s ,  th e  r a te  of o x y gen  

u p t a k e  would be e x p ec te d  to in c re ase  un t i l  a p la teau  or  maximal o x y gen  

u p t a k e  s i tua t ion  o c c u r s .  I t  is th e  opinion of th e  in v e s t i g a to r  th a t  th e  

r a t e  of V02 would con t inue  to in c re a s e  with h e a r t  r a te  a t  in c re a s in g  

d e p t h s  u n t i l  th e  i n c re a s in g  h y d r o s t a t i c  imbalance a t  the  lun g s  could no 

l o n g e r  be overcome t h r o u g h  a l t e re d  b r e a t h in g  p a t t e r n s  and  th e  work  

t a s k  would have  to be d i sc o n t in u e d  fo r  th e  s a f e ty  of the  d iv e r .

T he  ca lcu la ted  work e ff ic iency  p e r c e n t a g e s  in Table 3 r e f le c t  th e  

same t r e n d s  found  in th e  r e s u l t s  of the  physio logica l  pa ra m e te r s  examinied 

in th i s  s t u d y .  T h a t  i s ,  t h a t  th e  work t a s k  was pe r fo rm ed  more e f f ic ien t ly  

once  th e  sub je c t  was s u b m e rg e d  b u t  t h e  initial  we igh t less  a d v a n ta g e  of
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Figure  9» 02 Pulse  Versus Depth.
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TABLE 3. CALCULATED WORK EFFICIENCY (%)

S urface 6' 15' 30'

7 m inutes  exerc ise 4.27 10.63 8.72 6.86*
±0.48 ±2.57 ±1.69 ±2.16

15 m inutes  exerc ise 4.61 7.57 9.52 7.86*
±0.32 ±2.19 ±3.56 ±2.16

‘ Mean and s t a n d a r d  devia t ion  
va lues  de te rm ined  from all

values de te rm ined  
5 s u b je c t s .  See

from 3 su b je c t s  
A ppendix  L, p

. O th e r  
68, fo r

Work O u tp u t  and  Work In p u t  ca lcu la t ions .
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w ork ing  in an a q u e o u s  e n v iro nm en t  was q u ick ly  lost  as d e p th  i n c r e a s e d .  

The  e ffec t  of i n c r e a s in g  th e  h y d r o s t a t i c  imbalance a t  t h e  l u n g s  with  

i n c r e a s in g  d e p th  r e s u l t e d  in in c re a s e s  in the  mechanical  work of b r e a t h i n g , 

t h e r e b y  d e c r e a s in g  w o rk  e ff ic ien cy .  This  r e la t io n sh ip  has  been  a p p a r e n t  

t h r o u g h o u t  th i s  s t u d y .  A s t u d y  c o n d u c te d  by  Milne and Morrison in 

1979 cau t ions  t h a t  m ere ly  c h an g in g  th e  posi t ion of th e  d i v e r  r e la t iv e  to 

th e  b r e a t h in g  a p p a r a t u s  may cause  the  a p p a r a t u s  to exceed  recom m ended  

s t a n d a r d s  fo r  th e  e x t r i n s i c  work of b r e a t h i n g .  I t  is a p p a r e n t  t h a t  

c o n s id e ra b le  more w ork  is r e q u i r e d  in e s ta b l i s h in g  the  m agn i tude  of th e  

h y d r o s t a t i c  p r e s s u r e  g r a d i e n t  p r e s e n t  in human su b je c t s  u n d e r  w ork ing  

c o n d i t io ns  while u n d e r w a t e r .

Table  3 p ro v id e s  th e  r e s u l t s  d e te rm in e d  from all five s u b je c t s  u n d e r  

t h r e e  of the  t e s t i n g  c o n d i t i o n s , namely a t  the  s u r f a c e  in th e  l a b o r a t o r y ,  

a t  a d e p t h  of 6 fee t  a n d  at  a d e p th  of 15 fee t  in open w a te r .  Two 

s u b j e c t s  were  u n ab le  to pe rfo rm  the  30-foot open w a te r  t e s t i n g  d u e  to 

p e r s o n a l  time c o n s t r a i n t s .

As no ted  in C h a p t e r  3, p 23, th e  su b je c t s  were  r e q u e s t e d  to s u b j e c ­

t iv e ly  r a n k  the  t a s k  d i f f icu l ty  u s in g  a Borg  10-poin t  scale  with  10 

r e p r e s e n t i n g  th e  h i g h e s t  level  of d i f f i c u l ty .  T h is  d a ta  is r e p r e s e n t e d  

in  Table  4. I t  was o b s e r v e d  th a t  th e  work  t a s k  pe r fo rm ed  a t  th e  

g r e a t e s t  d e p t h ,  30 f e e t ,  was r a n k e d  s u b s ta n t i a l ly  less  d i f f icu l t  t h a t  a n y  

of th e  o t h e r  t r i a l s .  T h e  information p re v io u s ly  d i s c u s s e d  in d ic a te d  t h a t  

all th e  physio log ica l  in d ic e s  of human p e r fo rm an ce  examined in th is  s t u d y  

p r o v i d e d  s ig n i f ic an t ly  e lev a ted  h e a r t  r a t e s  and  r e s p i r a t o r y  r e s p o n s e s  

co u p le d  with d e c r e a s e d  w ork  eff ic iencies  a t  th e  30-foot d e p th  when  com-
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TABLE 4. SUBJECTIVE RATINGS OF WORK TASKS.

S u b je c t S u r fa c e 6' 15' 30'

KB 4 7 6 *

GE 6 5 6 *

JN 4 6 4 3
DB 6 7 5 4

GA 6 6 6 4

Mean : 5 .2 6.02 5 .4 3.7
S t d . D e v . : ±1.09 ±0.84 ±0.89 ±0.58

* S u b je c t  d id  not p a r t i c ip a te  in 30-foot t e s t i n g c o n d i t i o n .
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p a r e d  to th e  sha l lower  t r i a l s .  Among d i v e r s ,  i t  is commonly c o n s id e r e d  

t h a t  a 30-foot  d ive  is a novice  o r  b e g i n n e r  e x p e r i e n c e .  How ever ,  a 

30-foo t  d ive  combined with a w o rk  t a s k  su f f i c i e n t ly  in c r e a s e s  h e a r t  r a t e ,  

v e n t i l a to r y  volumes a n d  c a r b o n  d iox ide  r e t e n t i o n  to  in d u ce  a s t a t e  of 

p e r c e p t u a l  n a r ro w in g  in the  w ork ing  d i v e r s .  Th is  r e d u c e d  mental  a c u i ty  

d e c r e a s e s  th e  d i v e r s '  ab i l i ty  to a s s e s s  h is  s i tu a t io n  while w ork ing  u n d e r ­

w a t e r .  From th e s e  r e s u l t s ,  one would e x p e c t  th e  d i v e r ' s  ju d g em en t  to 

become f u r t h e r  im pa ired  w i th  i n c r e a s e d  d e p t h  w h e re  th e  also i n c r e a s in g  

w o rk  of b r e a t h in g  would r e q u i r e  a c c u r a t e  a s s e s s m e n t  of the  work  r a t e  

b e in g  p e r fo rm e d .  In view of t h e s e  d i s c r e p a n c i e s ,  it  a p p e a r s  t h a t  th e  

d i v e r s '  su b je c t iv e  opinions c a n n o t  be r e l ied  u po n  to a c c u ra te ly  m onitor  

t h e i r  p hy s ic a l  s a f e ty  while w o rk in g  u n d e r w a t e r .  The  d i v e r s  were o b v io u s ­

ly  u n a w are  of the  physio log ica l  s t r e s s  u n d e r  which t h e y  were w ork ing  

a n d  th i s  would p ro v e  u n sa fe  a t  g r e a t e r  d e p th s  a n d / o r  with i n c r e a s e d  

w o r k l o a d s .
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SUMMARY AND CONCLUSION

To summarize  th e  d a ta  p r e s e n t e d  in t h e  p r e v io u s  c h a p t e r ,  a c o n ­

s i s t e n t  i n c r e a s e ,  r  = .70,  e x i s t s  in a n u m b e r  of phys io log ica l  p a r a m e t e r s  

fo r  d i v e r s  w ork ing  u n d e r w a t e r  a t  a c o n s t a n t  r a t e  a t  i n c r e a s in g  d e p t h s .  

T h ese  r e l a t io n s h ip s  inc lude  in c r e a s in g  h e a r t  r a t e s  with in c r e a s in g  d e p t h ,  

i n c r e a s in g  r e s p i r a t o r y  r e s p o n s e s ,  i . e .  V 0 2 ,  VE STPD a n d  02 p u lse  with 

in c r e a s in g  d e p t h ,  a n d  in c re a s in g  C02 t e n s io n s  with in c r e a s in g  d e p t h .  

An i n v e r s e  re l a t io n sh ip  e x i s t s  fo r  02 t e n s io n s  a n d  work  e ff ic iency  r a t e s  

which  d e c r e a s e  with in c re a s in g  d e p t h .  T h e s e  r e l a t io n s h ip s  a p p e a r  to be 

u n d e r  t h e  in f luence  of  in d iv id u a l  b a r o r e c e p t i c  r e s p n s e s  in th e  d i v e r s ,  

th e  h y d r o s t a t i c  imbalance a c ro ss  the  p u lm on a ry  s t r u c t u r e s  as a r e s u l t  of 

in c r e a s e d  e x t e r n a l  ambient  p r e s s u r e s ,  i n c r e a s e d  r e s i s t a n c e  to flow of 

c o m p re sse d  a i r  a t  i n c r e a s e d  d e p t h s ,  a n d  d e c r e a s e d  gas d i f fus ion  r a t e s  

a t  d e p t h .

Con t inua t ion  of the  t a s k  a t  c o n s e r v a t iv e  d e p t h s  a p p ro a c h in g  70 

fee t  in f r e s h w a t e r  would e x p ose  th e  s u b je c t  to a h y d r o s t a t i c  imbalance  

a p p ro x im a te ly  t h r e e  times t h a t  of normal  s u r f a c e  w ork ing  c o n d i t io n s .  

By e x t r a p o la t in g  th e  c u r r e n t  r e s u l t s  in t h e  r e l a t i o n s h ip s  i n d i c a t e d ,  a 

d iv e r  pe r fo rm in g  a similar  b lo ck - l i f t in g  t a s k  a t  70 fee t  would h a v e  a 

h e a r t  r a t e  a p p ro a c h in g  150 to 160 b e a t s / m i n u t e  with  an o x y g e n  u p t a k e  

of a p p ro x im a te ly  2 .5  to 3.0 l i t r e s / m i n u t e .  T h e s e  va lues  a re  a p p ro a c h in g  

75 to 80% of th e  maximal ae rob ic  work  c a p a c i ty  d e te rm in e d  for  t h e  d i v e r s  

u s e d  in th is  s t u d y ,  and  t h e y  do not  t a k e  in to  a c c o u n t  the  i n c r e a s in g  

w o rk  of b r e a t h in g  e v id e n t  with i n c r e a s e s  in d e p t h .  I n c r e a s e d  r e s i s t a n c e
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to b r e a t h i n g  a i r  a t  r a i s e d  ambient  p r e s s u r e s  is p r e s e n t  in open  c i r c u i t  

SCUBA equ ipm en t  h a v in g  ideal  r e s i s t i v e  c h a r a c t e r i s t i c s  (Milne a n d  

M orr ison ,  1979). The  d a n g e r  of o v e r e x e r t i o n ,  th e  main cause  of d iv in g  

a c c id e n t s ,  is immanent u n d e r  t h e s e  cond i t ions  as th e  d i v e r s '  c o n c e n t r a t io n  

u po n  th e  t a s k  to be completed impairs  t h e i r  ab i l i ty  to p e rc e iv e  i n c r e a s e d  

p e r s o n a l  physio logica l  d e m a n d s ,  i . e .  i n c r e a s e d  h e a r t  r a t e s ,  i n c r e a s e d  

i n s p i r a t o r y  and  e x p i r a to r y  volumes.  T h e r e f o r e ,  it is the  i n v e s t i g a t o r ' s  

opinion t h a t  a monitor ing dev ice  be a pp l ied  to the  d iv e r  a n d  m onito red  

b y  s u r f a c e  p e r s o n n e l  d u r i n g  th e  e x ec u t io n  of u n d e r w a t e r  t a s k s  which 

a re  be ing  co n d u c ted  a t  d e p th s  b e yo nd  30 fee t  o r  fo r  p ro longed  p e r io d s  

of t ime, i . e .  l o n g e r  t h a n  15 m in u te s .  In  th is  way ,  a n y  anomalies in the  

d i v e r s '  condit ion  may be reco g n ize d  q u ick ly  and  a p p r o p r i a t e  ac t ion  may 

be ta k e n  w h e th e r  th is  r e q u i r e s  th e  ces sa t io n  of the  t a s k  or  the  mobilization 

of s a fe ty  d i v e r s .  The p r inc ip le  c o n s id e ra t io n  in a n y  d iv ing  o p e ra t io n ,  

s p o r t  o r  commercial ,  shou ld  be the  s a f e ty  of the  d i v e r s .

It  is th e  i n v e s t i g a t o r ' s  opinion t h a t  th e  c u r r e n t  t r e n d  to w ard  u t i l iz ing  

open c i r c u i t  SCUBA sys tem s  common to r e c re a t io n a l  d iv ing  fo r  so -ca l led  

l igh t  u n d e r w a t e r  work be more c losely exam ined  in view of th e  p r e s e n t  

s t u d y .  The  a d v a n ta g e s  of u s in g  more re a d i ly  avai lab le  equ ipm en t  r e q u i r ­

ing  less  t r a i n i n g ,  less  m ain tenance  and  few er  p e r s o n n e l  t h e r e b y  r e d u c i n g  

a d m in is t r a t iv e  cos ts  may be ou tw e ighed  b y  th e  in ab i l i ty  to p e r fo rm  the  

r e q u i r e d  t a s k  a n d  maintain d iv e r  s a f e t y .

I t  is felt  t h a t  more s tu d ie s  shou ld  co n t inu e  to be c o n d u c te d  in th e  

f ie ld ,  w h e t h e r  in f r e s h w a te r  o r  s a l tw a te r .  A l though  n u m ero u s  s e t b a c k s  

a re  e x p e r i e n c e d  in th i s  ty p e  of r e s e a r c h ,  th e  d a ta  o b ta ined  a r e  more 

r e a d i ly  applicab le  to th e  a q u eo u s  e n v i ro n m en t  w here  r e s e a r c h  is n e e d e d .
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APPENDIX A

CONSENT FOR PARTICIPATION IN GRADUATE RESEARCH 

UNIVERSITY OF WINDSOR

I,  _______________________________________________ , a u th o r iz e  t h e  sa id

E xam ine r ,  _________________________________  of   ,

to  ad m in is te r  and  co n d u c t  an e x e rc i s e  f i tn e s s  t e s t  d e s ig n e d  to d e te rm in e  

my maximal ph y s ica l  work c a p a c i ty  a nd  to collect  d a ta  p ro v id in g  in d ic e s  

of my phy s ica l  work  capac i ty  in a f r e s h w a t e r  u n d e r w a t e r  e n v i ro n m e n t  a t  

t h e  d e p th s  mentioned below.

I u n d e r s t a n d  t h a t  I will p e r fo rm  on a m o to r - d r iv e n  t readm i l l  a t  

i n c r e a s in g  incl inat ion and c o n s t a n t  s p e e d  u n t i l  my maximal o x yg en  u p t a k e  

is ach ieved  as de te rm in ed  t h r o u g h  th e  a n a ly s i s  of th e  e x p i r e d  o x y g e n

an d  c a rb o n  d iox ide .  Dur ing  th e  p e r fo rm a n c e  of th e  t e s t  a n d  d u r i n g

r e c o v e r y ,  my h e a r t  r a t e  will be m o n i to red .

I u n d e r s t a n d  t h a t  I will be r e q u i r e d  to p e r fo rm  m odera te  p h y s i c a l  

w o rk  (40% of maximal V02 as d e te rm in e d  from th e  t readmil l  t e s t  r e s u l t s )  

on land  and  u n d e r w a t e r  in 3 w ork  s i tu a t io n s  ; 1) a t  a d e p th  of 6 f e e t ,  

2) a t  a d e p th  of 15 fee t ,  and  3) a t  a d e p th  of 30 fee t  in an open w a te r  

f r e s h w a t e r  e n v i ro n m e n t .  D ur ing  t h e s e  t a s k s ,  my e x p i r e d  gases  will be 

col lec ted  fo r  l a t e r  ana lys is  of o x y g e n ,  c a rb o n  d iox ide  a nd  n i t r o g e n  

c o n te n t ,  a n d  my h e a r t  r a t e  will be c o n t in u a l ly  m o n i to red .  I u n d e r s t a n d  

t h a t  the  above mentioned Exam iner  will p r o v id e  th e  r e q u i r e d  s a f e ty  e q u i p ­

ment a n d  p e r s o n n e l  for  the  safe  ex ec u t io n  of th e  u n d e r w a t e r  t a s k s .

Some of th e  s t a n d a r d  p re c a u t io n s  to be  t a k e n  in c lu d e  the  u s e  of two
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s a f e t y  d iv e r s  in addit ion  to the  E x am in e r ,  aux i l i a ry  a i r  supp l ies  avai lab le  

to  th e  su b je c t s  a t  all t imes while u n d e r w a t e r ,  r e f e r e n c e  lines fo r  d e s c e n t s  

a n d  a s c e n t s ,  c o n s e r v a t iv e  u se  of th e  n o -d e c o m p re s s io n  limits to e n s u r e  

sa fe  bot tom times a nd  s u r f a c e  p e r s o n n e l  t r a i n e d  in d iv e r  r e s c u e  with  

t h e  c o n s t a n t  ava i lab i l i ty  of r e s c u e  e q u ip m e n t  to be p r e s e n t  fo r  all open  

w a te r  s e s s io n s .

I u n d e r s t a n d  t h a t  as a v o lu n te e r ,  I will be able  to d i sc o n t in u e  a n y  

of th e  abo v e  m ent ioned  t a s k s  if I become d i s t r e s s e d  fo r  an y  r e a s o n .  I 

u n d e r s t a n d  t h a t  e v e r y  e f fo r t  will be made to c o n d u c t  the  t e s t s  in su c h  

a way as to minimize the  d iscomfor t  a n d  r i s k .  However ,  I u n d e r s t a n d  

t h a t  j u s t  as with o t h e r  t y p e s  of f i tn e s s  t e s t s ,  t h e r e  a re  po ten t ia l  r i s k s .  

T h e s e  inc lude  ep iso des  of t r a n s i e n t  l i g h t h e a d e d n e s s ,  c h e s t  d i sco m fo r t ,  

l eg  c ram ps  and n a u s e a  to name a few.

Date

S u b je c t  ( S ig n a tu r e )

Level  of SCUBA C ert i f ica t ion

Witness
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APPENDIX B

NO-DECOMPRESSION DIVE TABLES

PADI DIVE TABLES

START 4, 4, 4. 4, 4, 4. 4. ^  4. .J,
DEPTH<t»«H

( m . l . r t )  •

REPETITIVE 
GROUP —
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TABLE I .  NO OECOMPnESSION LIMITS
AND CROUP DESIGNATION TABLE

N M L K J  I H G F E D ' C B A

For  flying u p  lo 6.000 l t « l  «f l#r  diving: L t s t  <hin  1 h o u r  T8T, well 4 h e u r e ;  l e t t  (hen  4 h ou rs  
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PÛDI DIVE TABLES DEPTH ( l ee l l « -  
(mil.r.ly^
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Soffem f im t  (AST).

■Blue e r t s  i n d l e s le s  e d f u s ie d  m e i l m u m  
n o ' d t c o m p f t s s i o n  bo t tom  times . 
A c tu t i  Bottom  Timo (ABT) s h o u ld  not 
o s c t e d  this n u m b e r .

R es idus t  Nit rogen T ime (RNT) 
*  Actuel  Bottom Time (ABT) 
m Toiel i o l i o m  Time (TBT)

RNT DIVE
+ ABT SCHEDULE

■TBT . . ,_****•/ D eplh

4.S15

I 0 . S 3 5

/ /y-  1» bU
/ / - zi 70

/ / -TT-go
3 0 1  0 0

/ 33 1 1 0
/ « 1 2 0

RETURN  TO
TABLE ONE

25 30 35 40 SO 60 70 80 90 TOO10 15
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*'• 1 *»•
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APPENDIX C

CALCULATED PRESSURE PER SQUARE INCH AT VARIOUS DEPTHS 

T h e  following p r e s s u r e s  were  ca lcu la ted  u s in g  th e  eq u a t io n ;  

P r e s s u r e  p e r  s q u a r e  inch  (p s i )  = Depth  ( fee t )  x  0.432

( G r a v e r ,  1980, p . 14)

Depth
( fee t)

P r e s s u r e
(ps i )

6 2.60 *
7 3.03
8 3.46
9 3.90

10 4.32
11 4.76
12 5.19
13 5.63
14 6.06
15 6 .49 *
16 6.93
17 7 .36
18 7.79
19 8.23
20 8.66
21 9.09
22 9.53
23 9.95
24 10.39
25 10.83
26 11.26
27 11.69
28 12.12
29 12.56
30 12.99 *

E x p e r im en ta l  Depths
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APPENDIX D 

COMPARISON OF RESTING V02 VALUES

C ond i t ion Trial VE STPD 
(1 /min)

FE02
(%)

FEC02
(%)

V 02
(1 /m in)  ( m l / m in / k g )

S u r f a c e 1 7.95 17.94 1.75 0.26 3 .27

( lab ) 2 7.86 17.96 1.70 0.26 3 .27

3 8.13 17.72 2.01 0.29 3 .60

4 6.34 17.36 2.73 0.24 3.49
5 6.77 17.28 2.83 0.26 3.27

6 7.40 17.22 2.92 0.29 3.60

Mean : 7 .41 17.58 2.32 0.27 3 .42

Std . Dev . ; ±0.63 ±0.30 ±0.53 ±0.04 ±0.01

Pool -  4' 1 9.93 18.41 2.01 0.27 3.27

2 11.08 18.49 1.91 0.29 3.54

3 6.92 18.02 2.11 0.22 2.71

4 7.27 17.16 2.19 0.31 3.82

5 6.57 17.61 2.16 0.24 2.99
6 7.53 17.74 2.03 0.26 3 .30

7 7.44 17.69 2.01 0.27 3.32

8 11.70 18.57 1.67 0.30 3.73

9 11.07 18.64 1.83 0.27 3.35

10 11.16 18.54 1.84 0.28 3 .54

11 12.41 18.61 1.79 0.31 3.83

12 11.52 18.92 1.21 0.24 3.00

Mean ; 9.55 18.20 1.90 0.27 3.37

S t d . D e v . ; ±2.11 ±0.52 ±0.23 ±0.04 ±0.30
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Condit ion  T r ia l VE STPD 
(1 /min)

FE02
(%)

FEC02
(%)

V02
(1/min) (m l /m in /kg )

Pool -  15' 1 11.17 18.21 2.05 0.33 4.06

2 11.61 18.26 2.04 0.33 4 .14

3 11.08 18.13 2.10 0.33 4.14

4 10.86 17.61 2.14 0.40 4.94

5 10.25 17.98 2.00 0.33 4.11

6 10.16 17.94 2.03 0.33 4.13

7 10.60 17.75 2.28 0.36 4.55

8 9.46 17.68 2.11 0.34 4.21

9 13.56 18.62 1.85 0.33 4 .14

10 13.49 18.57 1.79 0.34 4.25

11 13.84 18.91 1.39 0.31 3.81

12 13.84 18.74 1.50 0.33 4.12

Mean ; 11.66 18.20 1.94 0.34 4.22

S t d . D e v . : ±1.52 ±2.84 ±0.25 ±0.03 ±0.21
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The mean and s t a n d a r d  d e v i a t i o n  v a lu e s  were o b t a i n e d  from 
one s u b j e c t  and r e p r e s e n t  6 t r i a l s  i n  t h e  l a b o r a t o r y  and 12 
t r i a l s  p e r  un d e rw a te r  c o n d i t i o n  t o  v a l i d a t e  t h e  u nd e rw a te r  
e x p i r e d  gas c o l l e c t i o n  system. The t a b l e  o f  r e s u l t s  has  been 
in c lu d e d  in  Appendix D, p 53.
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APPENDIX F

COMPARISON OF TEST PROTOCOL PILOT STUDIES

Condition Sample VE STPD 
( 1 / min )

FE02
(%)

FEC02
(%)

V02
(1/min) (ml/min/kg)

Surface I.  Rest 6.34 17.36 2.73 0.24 3.00
5-min .Exercise 24.21 16.60 3.08 1.13 14.18
10-min. Exercise 42.09 16.84 3.62 1.17 14.63
15-min .Exercise 36.89 16.79 3.52 1.59 19.88
Recovery 12.11 17.28 3.04 0.46 5.75

II . Rest 6.81 17.55 2.49 0.25 3.09
5-min. Exercise 23.18 16.42 3.59 1.10 13.80
10-min .Exercise 35.51 16.69 3.60 1.57 19.61
15-min. Exercise 31.75 16.64 3.59 1.42 17.79
Recovery 11.53 17.18 3.07 0.45 5.67

Mean: Rest 6.58 17.46 2.61 0.25 3.05
±0.10 ±0.41 ±0.12 ±0.05 ±0.17

5-min .Exercise 23.70 16.51 3.34 1.12 13.99
±0.17 ±0.09 ±0.18 ±0.11 ±3.10

10-min. Exercise 38.80 16.77 3.61 1.37 17.12
±3.29 ±0.40 ±0.01 ±0.20 ±2.49

15-min .Exercise 34.32 16.72 3.56 1.51 18.83
±2.57 ±0.40 ±0.19 ±0.09 ±0.95

Recovery 11.82 17.23 3.06 0.46 5.69
±0.29 ±0.06 ±0.17 ±0.07 ±0.48
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Condition Sample VE STPD FE02 
(1/min) (%)

FEC02 V02
(%) (1/min) (ml/min/kg)

Pool I .  Rest 7.95 17.94 1.75 0.26 3.27
5-min .Exercise 11.88 16.10 2.99 0.63 7.92
10-min .Exercise 13.94 16.75 2.66 0.64 8.00
15-min.Exercise 13.85 16.83 2.63 0.62 7.79
Recovery 6.34 18.12 1.63 0.20 2.50

I I . Rest 8.13 17.72 2.01 0.29 3.60
5-min.Exercise 12.42 16.28 3.00 0.63 7.92
10-min .Exercise 13.13 17.03 2.36 0.57 7.09
15-min .Exercise 12.87 16.63 2.96 0.60 7.50
Recovery 8.31 17.39 2.24 0.32 4.04

Mean: Rest 8.04 17.83 1.88 0.28 3.44
±0.67 ±0.11 ±0.13 ±0.05 ±0.08

5-min. Exercise 12.15 16.19 2.99 0.63 7.92
±0.27 ±0.09 ±0.17 ±0.00 ±0.00

10-min. Exercise 13.54 16.89 2.51 0.61 7.55
±0.17 ±0.14 ±0.15 ±0.07 ±0.36

15-min .Exercise 13.36 16.73 2.80 0.61 7.65
±0.49 ±0.10 ±0.03 ±0.01 ±0.24

Recovery 7.33 17.76 1.94 0.26 3.27
±0.95 ±0.21 ±0.27 ±0.06 ±0.77
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AFPEÎJDIX G
COMPARISON OF TEST PROTOCOL PILOT STUDIES

0 J

0

0

>
0 .

0 ■

0

5.0

Surface  
Pool  (15 ' )

• >

Rest 5-min 
E xerc ise

10 -min 
E x erc ise

15-min
Exerc ise

Recovery

Condi t ion

The mean and s t a n d a rd  d e v ia t i o n  v a lu e s  were o b ta in ed  from 
one s u b j e c t  to  confirm t h e  a b i l i t y  t o  r e p l i c a t e  t h e  work t a s k  
i n  bo th  a d ry  land  and an  aqueous env ironm ent . The t a b l e  o f  
r e s u l t s  has been in c lu d ed  in  Appendix F ,  p 56.
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APPENDIX H

CORE TEMPERATURES AT 50% OF MAXIMAL V02 WORKLOADS

Subjec t  A. Age 22. Weight 80 k g .  Maximal V02 65 m . / m i n / k g .  

S u b jec t  B.  Age 27. Weight 83.2 k g .  Maximal V02 59.5 m l/m in /kg .

Workload = 5 .5  mph @ 2.5% g ra d ie n t  on 
( a p p r o x .  50% of max. V 0 2 ) .

treadmill

Time (min) Core T e m p . ( °C ) Time (min) Core Temp (°C)
A B A B

0 37.5 37.6 16 38.5 38.4
1 37.6 37.6 17 38.5 38 .4
2 37.6 37.7 18 38.5 38.3
3 37.7 37.7 19 38.5 38.4
4 37.8 37.7 20 38.4 38.4
5 37.8 37.8 21 38.5 38.5
6 37.9 37.8 22 38.5 38.5
7 37.9 37.9 23 38.6 3 8 .4
8 38.0 37.9 24 38.5 38.5

9 38.0 38.0 25 38.6 38.5
10 38.2 38.0 26 38.6 38.6

11 38.3 37.9 27 38.6 38.5
12 38.3 38.0 28 38.7 38.6

13 38.3 38.2 29 38.7 38.6
14 38.2 38.3 30 38.8 38.7

15 38.4 38.3

Mean : 38.3 38.2

S td .D e v . ; ±0.37 ±0.34
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APPENDIX L

WORK OUTPUT AND WORK INPUT CALCULATIONS

A. Ca lcu la ted  Work O u tp u t  (k i lo c a lo r i e s ) .

S u b je c t S u r fa c e 6' 15' 30'

KB 0.25 0.25 0.25 *

GE 0.24 0.24 0.25 +

JN 0.30 0.30 0.30 0.30
DB 0.22 0.22 0.22 0.22

GA 0.26 0.26 0.26 0.26

*Sub jec t  d id  not p a r t i c ip a te  in 30' t e s t i n g .

B .  C a lcu la ted  Work I n p u t  (k i lo c a lo r ie s ) .

S u b je c t S u r fa c e 6' 15' 30'

Time; 7 15 7 15 7 15 7 15

KB 5.25 5.00 1.70 2.55 2.30 1.70 * *

GE 6.20 5.70 2.60 5.10 3.25 4.80 * *

JN 6.00 6.20 3.10 2.95 4.75 4.37 4.15 3.45

DB 5.55 5.15 1.80 2.90 2.25 2.35 5.40 4.50

GA 6.95 5.50 3.55 4.65 2.75 2.20 2.80 2.60

* S u b je c t  d id  not p a r t i c ip a te  in 30' t e s t i n g .
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APPENDIX M 
SPECIFICATIONS OF WORK PUTFORM

A. S id e  View. h - ■2 f e e t  >1

W ire icesh

2 f e e t

f e e t

6 f e e t

B. Top View.

4  f e e t .2 f e e t ,

3 f e e t

Heavy gauge w ire  mesh c o v e red  th e  lo w e r p o r t i o n  o f  t h e  
p la t fo r m  ( s e e  A) w here t h e  d i v e r s  s to o d  and th e  e le v a te d  end upon 
w hich  th e  b lo c k  was l i f t e d  d u r in g  th e  w ork t a s k .  The fram e was 
c o n s t r u c te d  o f  p r e s s u re  t r e a t e d  p in e  4" X 4" ' s .

O v e ra l l  w e ig h t was a p p ro x im a te ly  ?0 lb s  and r e q u i r e d  250 
l b s  o f  le a d  d i s t r i b u t e d  e v e n ly  a ro u n d  th e  fram e to  b e  a n c h o re d  
s e c u r e ly  i n  th e  c la y  s e d im e n t.
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