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ARSTPACT 

The o c c u r r e n c e  of decompress ion  s i c k n e s s  (DCS) i n  a n i m a l s  and  men i s  

c h a r a c t e r i z e d  b y  the extreme v a r i a b i l i t y  o f  i n d i v i d u a l  r e s p o n s e .  N e v e r t h e l e s s ,  

models  and a n a l y s e s  of decompress ion  r e s u l t s  h a v e  g e n e r a l l v  used a c r i t i c a l  

v a l u e  approach t o  s e p a r a t e  s a f e  and u n s a f e  decompress ion  p r o c e d u r e s .  

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

c o n s i s t e n t  way t o  q u a n t i f y  decompression r i s k  and t o  a p p l y  models  t o  d a t a  on 

decompression outcome. Us ing  t h e  maxinum l i k e l i h o o d  p r i n c i p l e ,  a number of 

models w e r e  f i t  t o  s u c h  d a t a  f rom dose- response  and maximum p r e s s u r e  

r e d u c t i o n  e x p e r i m e n t s  w i t h  b o t h  r a t s  and men. S e v e r a l  d i f f e r e n t  f o r m u l a t i o n s  

of two- and t h r e e - p a r a m e t e r  models  d e s c r i b e d  t h e  d a t a  w e l l .  I n  a d d i t i o n  t o  

summarizing d a t a  sets, t h e  a n a l y s e s  p r o v i d e  a w a y - t o  maximize the v a l u e  of 

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

i n  c o n c l u s i o n s ,  and recommend s a f e  p r a c t i c e s .  

Key words: d e c o s p r e s s i o n  s i c h e s s ,  maxinum l i k e l i h o o d ,  r i s k ,  r a t ,  c o n f i d e n c e  

r e g i o n s  , s a f e t y  

1. 



1 

Decompression s i c k n e s s  (DCS o r  t h e  “bends“)  i s  a random e v e n t .  O f  a gro’ip 

of men e x p e r i e n c i n g  t h e  same d i v i n g  c o n d i t i o n s ,  seldom do a l l  demons t r z t e  s ? g n s  

of DCS. D e s p i t e  t h e  m a n i f e s t  v a r i a b i l i t y  of t h e  e f f e c t s  of decompression anong 

men, human deconpres s ion  t h e o r i e s  a n d  t r i a l s  are pursued  a c c o r d i n g  t o  

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

c o n t r o l l i n g  pa rame te r  exceeds  a c r i t i c a l  v a l u e  and t h e  c e r t a i n  absence  of  DCS 

i f  t h e  c r i t i c a l  v a l u e  i s  n o t  exceeded .  T h i s  c r i t i c a l  pa rame te r  nay b e  a bubb le  

f o r m a t i o n  r a t e  ( 2 0 ) ,  a g a s  volume (13 ) ,  a t i s s u e  s u p e r s a t u r a t i o n  ( 2 1 ) ,  a numbftr 

of b u b b l e s  (22), or a n o t h e r  p o s s i b i l i t y .  A p r o b a b i l i s t i c  approach  t h a t  d e a l s  

e x p l i c i t l y  w i t h  v a r i a b l e  outcome i s  c l e a r l y  needed.  Mathemat ica l  t o o l s  e x i s t  

t h a t  d e a l  w i t h  v a r i a b l e  b i n a r y  outcomes and  a l l o w  t h e o r i e s  t o  b e  f i t  t o  b i n a r y  

d a t a .  One v e r y  s u c c e s s f u l  approach  i s  t h e  p r i n c i p l e  of maximum l i k e l i h o o d  

(10). 

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

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

S t a t e d  s imply ,  maximum l i k e l i h o o d  a p p l i e s  a t h e o r y  o r  rr,odel t o  d z t a  and 

I n  t h i s  p a p e r  w e  will i n t r o d t l c e  t h e  p r i n c i p l e  of maximum l i k e l i h o o d  and 

d e m o n s t r a t e  i t s  u t i l i t y  w i t h  s i m p l e  examples .  Formal models of  DCS w i l l  be  

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

L I K E L I H O O D  CRITERION 

Assume t h a t  w e  have  d e t a i l e d  r e c o r d s  of  t h e  p r e s s u r e  e x p o s u r e s  of a group 

of  d i v e r s  and t h e i r  r e a c t i o n  t o  decompress ion .  We a c c e p t  t h a t  t h e  p r o b a b i l i t y  

of DCS i s  a s p e c i f i c  f u n c t i o n  of  ce r t a in  d i v e  c h a r a c t e r i s t i c s :  

p(DCS) = - f ( d i v e )  <1> 

The a c t u a l  f u n c t i o n a l i t y  i n  E q .  1 can r a n g e  from a d e t a i l e d  p h y s i c a l  model of 

b u b b l e  dynamics t o  a o n e - l i n e  e m p i r i c a l  e q u a t i o n .  If we a r e  o n l y  i a t e r e s t e d  i n  

t h e  o c c u r r e a c e  of a s p e c i f i c  r e s p o n s e ,  e a c h  i n d i v i d u a l  e i t h e r  d e m o n s t r a t e s  
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symptoins o r  he d o e s  n o t .  Thus,  t h e  s u m  of t h e  p r o b s b i l i t y  of DCS and t h e  

p r o b a b i l i t y  of n o  syrcptoms of DCS i n  t h e  d i v e  must e q u a l  one: 

p ( n o  DCS) = 1.0 - p(DCS) <2> 

Eq. 2 can a l s o  b e  g e n e r a l i z e d  t o  c o n s i s t  of n u l t i p l e  r e s p o n s e s .  

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

Fan-dive can b e  d e f i n e d  u s i n g  Eq. 2 .  L e t  X t h e  outcome v a r i a b l e ,  e q u a l  one  

i f  DCS o c c u r r e d ,  a n d  z e r o  i f  no  DCS o c c u r r e d .  Then, u s i n g  t h e  b i n a r y  c r i t e r i o n  

i' 

of Eq. 2 ,  t h e  p r o b a b i l i t y  of t h e  a c t u a l  r e s u l t  o f  d i v e  ( 5 )  is: 

(1 - Xi> 
- p(obs  i )  = E(DCS,dive i )  E ( n o  DCS,dive i )  <3> 'i 

Here, E ( o b s  i) i s  the p r o b a b i l i t y  of t h e  observed  .outcone of d i v e  number (i). 

The c a l c u l a t i o n  o f  - p ( o b s )  f o r  one d i v e  can b e  r e p e a t e d  u s i n g  c a l c u l a t i o n s  

f o r  a l l  o t h e r  d i v e r s  whose decompression c o n d i t i o n s  are  known. S p e c i f i c a l l y ,  

i f  t h e  r e s u l t s  of an  e n t i r e  t r i a l  of - n decompression outcomes a re  known, arid i f  

t h e  r e s u l t s  of  e a c h  t r i a l  can b e  c o n s i d e r e d  independent  from a l l  t h e  o t h e r s ,  

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

p r o b a b i l i t i e s  of e a c h  o b s e r v a t i o n :  

L ( t r i a l )  = E ( o b s  1) - p ( o b s  2)  - p ( o b s  3 )  . .. p ( o b s  2) 14 > 

L i s  t h e  " l i k e l i h o o d  f u n c t i o n "  t h a t  y i e l d s  t h e  t h e o r e t i c a l  p r c d i c c i o n  of t h e  

e n t i r e  outcome of t h e  t r i a l .  The p r o b a b i l i t y  of t h e  a c t u a l  outcome o f  t h e  

t r i a l  of t h e  f i r s t  d i v e r ,  whether  o r  n o t  h e  was s t r i c k e n  w i t h  DCS,  i s  - p(obs 1 ) .  

Each s u c c e s s i v e  t e r m  i s  c a l c u l a t e d  a s  e i t h e r  - p(DCS1 o r  p ( n o  DCS)  f o r  e a c h  

s u b j e c t  i n  t h e  t r i a l  a c c o r d i n g  to Eq. 3 .  T h e r e  is n o  requi rement  t h a t  each  

Observa t ion  (each  man-dive) r e p l i c a t e  t h e  o t h e r s ,  o n l y  t h a t  each d i v e  h a s  a 

c a l c u l a b l e  outcome, as d e f i n e d  by  E q s .  1 and  2 .  Recause J2 i s  t h e  p r o d u c t  of 

many nuxbers  l e s s  t h a n  o n e ,  o f  which many n a y  be v e r y  s m a l l ,  t h e  n a t u r a l  

l o g a r i t h x  of L ,  o r  LL ( l o g  l i k e l i h o o d )  i s  coimonly used .  S i n c e  L o r  LL i s  a 
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d i r e c t  m a s u r e  of how w e l l  t h e o r y  f i t s  t h e  e n t i r e  t r i a l ,  d a t a  a n a l y s i s  c o n s i s t s  I 

of a d j u s t i n g  t h e  unknown c o n s t a n t s  ( p a r a m e t e r s )  of t h e  t h e o r y  t o  maximize LL 

( 1 6 ) .  I n  o t h e r  words,  c o n s t a n t s  are chosen  t o  maximize agreement  o f  t h e  theo ry  

i n  q u e s t i o n  w i t h  t h e  outcome of t h e  e n t i r e  series of man-dives. 

a d j u s t i n g  c o n s t a n t s ,  a good t h e o r y  ( E q .  1 )  w i l l  have  a l a r g e  l i k e l i h o o d ;  a bad 

t h e o r y  w i l l  have a sma l l  l i k e l i h o o d .  

A f t e r  

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

Suppose t h a t  i n  a series of man-dives on t h e  same decompress ion  s c h e d u l e  t h e  

f o l l o w i n g  r e s u l t s  o c c u r r e d :  N ,  N,  Y ,  N, N, N, N ,  N ,  Y ,  Y (where N i s  EO 

symptom and Y i s  a c a s e  of D C S ) .  

s i n g l e  c o n s t a n t  p r o b a b i l i t y ,  - c, e x i s t s :  

The s i m p l e s t  p r o b a b i l i t y  model i s  t h a t  a 

E(bend)  = - c <5> 

Applying E q s .  2 ,  3, 4 ,  and 5 t o  t h a t  model and t o  t h e  d a t a ,  we o b t a i n :  

L = (1-c) - (1-c). -_  (c) - (1-c) - (1-c) - (1-c) - (1-c) - (1-5) (5) (2) 

I f  - c is a l lowed t o  v a r y  o v e r  i t s  p o s s i b l e  r a n g e  of z e r o  t o  one ,  LL v a r i e s  as 

shown i n  Fig. 1. The maximum l i k e l i h o o d  o c c u r s  a t  - c = 0 . 3 .  T h i s  i s  t h e  v a l u e  

w e  would choose i n t u i t i v e l y  f o r  t h r e e  cases o u t  of 10 ' t r i a l s .  A c h o i c e  of - c 

o t h e r  t han -0 .3  l o w e r s  t h e  v a l u e  of L o r  LL. The g raph  of LL as a f u n c t i o n  of - c 

i s  ex t r eme ly  f l a t ,  however,  i n d i c a t i n g  many o t h e r  p o s s i b l e  v a l u e s  of - c have 

n e a r l y  as  g r e a t  a l i k e l i h o o d .  Thus,  t h e  c o n c l u s i o n  t h a t  - c = 0.3 i s  v e r y  

u n c e r t a i n  . 
Fig .  1 a l s o  d e p i c t s  a c u r v e  of  LL v e r s u s  - c i n  t h e  c a s e  of t h e  same r a w  

i n c i d e n c e ,  but  i n  a t e n f o l d  l a r g e r  trial: f o r  exanp le ,  30 Y s  and 70 h's. T h i s  

c u r v e  h a s  a s h a r p e r  maxinum, and t h u s  a g r e a t e r  conf idence  l e v e l  f o r  t h e  

c o n c l u s i o n  t h a t  t h e  v a l u e  of - c i s  n e a r  0.3. The s h a r p n e s s  i n  t h e  p l o t  of LL 

vs.  a pa rame te r  c o n t a i n s  i n f o r n a t i o n  abou t  t h e  p r e c i s i o n  of a n  e s t i m a t e d  
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p a r z m e t e r  and t h i s  c u r v a t u r e  i s  c a l l e d  t h e  " i c f o r n a t i o n "  i n  snine s t a t i s t i c s  

t e x t s  (10 ) .  

F o r  s i m p l e ,  one-parameter  models  and s m a l l  d a t a  sets, t h e  c a l c u l a t i o n  of 

LL can be performed by hand.  

m o d i f i e d  from a I, larquardt n o n l i n e a r ,  l e a s t - s q u a r e  s e a r c h  r o u t i n e  t o  f i n d  t h e  

For  l a r g e r  problems we u s e  a computer program 

maximum 1 i k e l i h o G d  (1). The program a l s o  est imates  a s y a p t o t i c  s t a n d a r d  e r r o r s  

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

r e s p e c t  t o  a l l  of the  e s t i m a t e d  p a r a m e t e r s  (16)  on t h e  a s s u n p t i o n  t h a t  t h e  l o g  

l i k e l i h o o d  s u r f a c e  i s  shaped  p a r a b o l i c a l l y  n e a r  t h e  naximum. These  a s y m p t o t i c  

s t a n d a r d  errors are r e p o r t e d  i n  the t ab le s  of  r e s u l t s .  

DECOHPRESSION MODELS 

T h i s  s e c t i o n  a d d r e s s e s  t h e  c o n s t r u c t i o n  of  p r o b a b i l i s t i c  models  of  DCS, 

i . e . ,  f o r m u l a t i o n s  of - f ( d i v e )  i n  E q .  1. P r o b a b i l i s t i c  n o d e l s  of  q u a n t i z e d  

r e s p o n s e s  are e n c o u n t e r e d  f r e q u e n t l y  i n  pharmacology when t h e  dose- response  

b e h a v i o r  of a d r u g  i s  s t u d i e d .  I n  o u r  case,  t h e  d o s e  i s  t h e  p r e s s u r e  h i s t o r y  

of  t h e  d i v e r ,  and  t h e  r e s p o n s e  i s  DCS o r  n o  DCS. Candida te  models  f o r  - f should  .%- 

be w e l l  behaved,  t h a t  i s ,  t h e y  s h o u l d  p r e d i c t  a - p(DCS) of z e r o  when no  

decompression o c c u r s ,  and  s h o u l d  rise smoothly toward a n e a r  c e r t a i n t y  of DCS 

when t h e  p r e s s u r e  r e d u c t i o n  is very l a r g e .  

F i r s t ,  we w i l l  u s e  a n o t h e r  s p e c i f i c  n u m e r i c a l  example. T a b l e  1 shows t h e  

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

c o n c e r n i n g  human decompression s i c k n e s s  ( 9 ) .  S i x  m2n were exposed i n d i v i d u a l l y  

t o  c o n p r e s s e d  air in a chamber and  then q u i c k l y  decompressed t o  t h e  s u r f a c e .  A 

s i m p l e  node1  can be proposed  t h a t  a l l o w s  f o r  v a r i a b l e  d e p t h ,  D ,  h u t  i g n o r e s  

t i n e  and r e p e a t e d  u s e  of  t h e  safne s u b j e c t s .  The model does  n o t  c o r r e s p o n d  

p r e c i s e l y  t o  t h e  views of t h e  a u t h o r s  o f  t h e  s t u d y  ( 9 ) ,  b u t  h a s  been  chosen 

m a i n l y  f o r  s i m p l i c i t y :  
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p(DCS) = D / ( D  + D50) <6 > - 

D50, t h e  o n l y  p a r a m e t e r  i n  t h e  n o d e l ,  i s  t h e  d e p t h  a t  which 50% of a d i v e r  

p o p u l a t i o n  would be  e x p e c t e d  t o  s u f f e r  DCS. Eq. 6 is more c o m p l i c a t e d  than  Eq .  

5, b u t  s t i l l  h a s  o n l y  one p a r a m e t e r ,  D50. Note  t h a t  Eq. 6 p r e d i c t s  o n l y  a 

s n a l l  chance o f  DCS f o r  a v e r y  s h a l l o w  d i v e .  A t  t h e  o t h e r  e x t r e m e ,  DCS i s  

h i g h l y  p r o b a b l e  f o r  a d i v e  much d e e p e r  t h a n  D50. The ( log )  l i k e l i h o o d  f u n c t i o n  

f o r  t h i s  model: 

LL = ln[34/(34+D50)] + I n  (1 - [34/(34+D50)]) +...+ ln[38/(3S+DSO)] 

i s  shown g r a p h i c a l l y  i n  F i g .  2. The masimum o c c u r s  a t  a D 5 0  of  47 fswg, b u t  

t h e  v a l u e  of  D50 i s  u n c e r t a i n  as nay  b e  s e e n  f rom the w i d t h  of  t h e  peak. Thus,  

t h e  approximate  95% c o n f i d e n c e  l i m i t s  a re  s t i l l  ra ther  w i d e ;  t h e  e s t i m a t e  of 

D50 l i e s  between 1 5  and 250 fswg. 

W e  can now p o s t u l a t e  a series of  more c o m p l i c a t e d  models  and examine t h e i r  

a p p l i c a b i l i t y  t o  more e x t e n s i v e  d a t a  se ts .  

i n t o  two s t e p s :  t h e  d e f i n i t i o n  of decompress ion  stress ( o r  d o s e ) ,  and t h e  

l i n k i n g  of t h i s  stress t o  outcome by a d o s e - r e s p o n s e  f u n c t i o n .  The f i r s t  

dose-response f u n c t i o n  w e  w i l l  u s e  i s  t h e  g e n e r a l  H i l l  e q u a t i o n ,  socletimes used 

i n  b io logy  t o  d e s c r i b e ,  f o r  example, radioimmunoassay i t a n d a r d  c u r v e s  o r  t h e  

oxyhemoglobin b i n d i n g  c u r v e :  

W e  w i l l  break t h e  - f ( d i v e )  of  Eq.  1 

p ( D C S )  = Rn / (Rn + R50') <7> 

R i s  t h e  dose  o r  measure  of decompression stress; R50 i s  t h e  d o s e  c o r r e s p o n d i n g  

t o  a 50% i n c i d e n c e  of DCS; and t h e  exponent  n i s  the o r d e r  o f  t h e  H i l l  e q u a t i o n  

t h a t  c o n t r o l s  t h e  s t e e p n e s s  of t h e  c e n t r a l  p o r t i o n  o f  t h e  s igmoid c u r v e s  

produced.  Eq. 6 ,  a b o v e ,  i s  a H i l l  e q u a t i o n  w i t h  an  e x p o n e n t  o f  ope.  The r i s k  

f u n c t i o n  is a n o t h e r  model sometimes used i n  e n g i n e e r i n g  f a i l u r e  o r  d i s e a s e  

s u r v i v a l  a n a l y s i s  (15): 

n p(DCS) = 1.0 - exp(-kR ) 
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The two p a r a n e t e r s ,  k and n ,  are  p u r e l y  e m p i r i c a l  numbers t o  b e  e s t i m a t e d  w i t h  

d a t a .  

s p e c i f i c ,  t ime-vary ing  f u n c t i o n .  Thus,  i t  coii ld b e  used  d i r e c t l y  i n  model 

d i v e s  w i t h  p r e s s u r e  h i s t o r i e s  t h a t  v a r y  w i t h  t i m e .  Only one-s tep  

decompress ions  from s a t u r a t i o n  d i v e s  were c o n s i d e r e d  i n  t h e  p r e s e n t  work; gas 

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

Eq. 8 h a s  a n a t u r a l  e x t e n s i o n  t o  c o m p l i c a t e d  r i s k s  by r e p l a c i n g  R w i t h  a 

The c h o i c e  of  R depends on  the decompress ion  t h e o r y  c o n s i d e r e d .  I n  

f o m u l a t i n g  m e c h a n i s t i c  models ,  R n a y  be t h e  c a l c u l a t e d  b u b b l e - n u c l e a t i o n  r a t e ,  

t h e  b u b b l e  volume, t h e  number o f  b u b b l e s ,  e t c .  Tn p u r e l y  e m p i r i c a l  or 

phenomenologica l  models ,  s i m p l e r  measures  can b e  used .  Thus,  w e  can choose t h e  

amount of p r e s s u r e  r e d u c t i o n ,  AP, f o r  t h e  sudden decompress ion  of a t i s s u e  

1 h a v i n g  t h e  i n e r t  g a s  d i s s o l v e d  a t  t e n s i o n  P1 

( b o t h  p r e s s u r e s  in a b s o l u t e  u n i t s ) :  

t o  a l o w e r  ambient  p r e s s u r e  P2 

R = P 1  - P2 = AP <9>  

Ve w i l l  now examine t h e  a p p l i c a b i l i t y  of t h e  above model e q u a t i o n s  t o  tIJ0 

a c t u a l  d a t a  sets, one from r a t s  and  t h e  o t h e r  f rom men. 

RAT A I R  DECOXPRESSION DOSE RESPOKSE 
E. 

To o b t a i n  a d e t a i l e d  dose- response  c u r v e ,  516 m a l e  Sprague-Dawley r a t s  

w e r e  exposed t o  one of  n i n e  p r e s s u r e s  of  compressed a i r  f o r  a p e r i o d  of 2 hr .  

T h i s  t i m e  w a s  chosen as t h e  e s s e n t i a l  s a t u r a t i o n  t i m e  when a d d i t i o n a l  exposure  

t i m e  appeared  t o  n o t  i n c r e a s e  t h e  o c c c u r e n c e  of D C S ,  a l t h o u g h  s h o r t e r  tines 

h a v e  p r e v i o u s l y  been used f o r  rat s t u d i e s  ( 3 , 5 ) .  The r a t s  weighed an a v e r a g e  

of 2 7 2  g ( r a n g e :  209-343 g ) ,  b u t  t h e  a v e r a g e  r a t  w e i g h t  a t  e a c h  e s p o s u r e  d e p t h  

was n o t  k e p t  un i fo rm.  

c h a a b e r ,  where p r e s s u r e  was i n c r e a s e d  t o  t h e  maxinum a t  a r a t e  of  150 f s w / s i n .  

A t  t h e  end of 2 h r ,  t h e  p r e s s u r e  l e v e l  w a s  reduced  t o  a t m o s p h e r i c  p r e s s u r e  in 

6-10 sec,  and t h e  r a t s  were observed  f o r  symptoms of DCS (11). Only s e r i o u s  

The r a t s  w e r e  exposed  10 a t  a t i m e  i n  a s t e e l  p r e s s u r e  

I t 5  I 
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symptons (h indl imb p a r a l y s i s  and d e a t h )  were i n c l u d e d  i n  t h e  d i a g n o s i s  of D C S .  

Nine  d i f f e r e n t  d e p t h s  w e r e  used:  90,  100, 120, 150, 175, 200, 225, 250, and 

300 fswg. 

The r e s u l t s  a re  summarized i n  T a b l e  2 and Fig .  3 .  The f r a c t i o n  of r a t s  

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

F i g .  3 .  One a n i m a l  e a c h  i n  t h e  175 and 200 fswg groups  developed minor  

symptoms t h a t  c louded  t h e  b i n a r y  d i a g n o s i s .  These  two o b s e r v a t i o n s  were 

e x c l u d e d  f r o n  t h e  c a l c u l a t i o n  of  raw i n c i d e n c e ,  b u t  were t r e a t e d  a s  outcomes of 

0.5 i n  t h e  l i k e l i h o o d  work ( E q .  3 ) .  The 95% c o n f i d e n c e  l i m i t s  f o r  r a w  

i n c i d e n c e  of.DCS a t  e a c h  d e p t h  w e r e  o b t a i n e d  from s t a n d a r d  t a b l e s  f o r  b inomia l  

s a m p l i n g  (S) ,  and are  p l o t t e d  and t a b u l a t e d .  A s  e x p e c t e d ,  t h e  f r a c t i o n  of 

symptomatic  a n i m a l s  rises smoothly from z e r o  t o  one o v e r  a f i n i t e  r a n g e  of 

decompression stress. 

S e v e r a l  combina t ions  of t h e  models  d i s c u s s e d  ea r l i e r  w e r e  a p p l i e d  t o  

d e s c r i b e  t h e  dose- response  c u r v e .  D i f f e r e n c e s  i n  l o g  l i k e l i h o o d  between 

d i f f e r e n t  models f i t  t o  t h e  same d a t a  w e r e  used t o  a s s e s s  t h e  a p p l i c a b i l i t y  of 

t h e  d i f f e r e n t  models.  [The a b s o l u t e  v a l u e  o f  t h e  l i k e l i h o o d  is a n a l o g o u s  t o  

t h e  sum-of-squared-errors i n  a n a l y s i s  of v a r i a n c e  ( l o ) ? .  F o r  a b a s i s  of 

comparison;  suppose t h a t  i n s t e a d  o f  a c o n t i n u o u s  dose-response model,  w e  

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

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

Eq.  4 f o r  t h i s  d i s c o n t i n u o u s ,  m u l t i s t e p  model  - - . t h e  p e r f e c t  f i t  t o  t h e s e  d a t a .  

T h i s  LL, t h e  f i r s t  e n t r y  o f  T a b l e  3 ,  i s  -145.52, and no  c o n t i n u o u s  model can 

h a v e  a g r e a t e r  l i k e l i h o o d .  

The remain ing  e n t r i e s  i n  T a b l e  3 a r e  f r o m  c o n t i n u o u s  rnodols of d o s e  

r e s p o n s e .  We first u s e  t h e  g e n e r a l  H i l l  e q u a t i o n  ( E q .  7)  f o r  d o s e  r e s p o g s e ,  

a n d  a p r e s s u r e  d i f f e r e n c e  ( E q .  9 )  t o  d e f i n e  d o s e  o r  DCS s t r e s s .  F i t t i n g  t o  t h e  
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d a t a  p roduces  e s t i m a t e s  of a 50X d o s e  of 13[+ fsw and a H i l l - o r d e r  p a r a n e t e r ,  n ,  

of: 8.8. 

a s s o c i a t i o n  cu rve  g e n e r a l l y  g i v e s  an n of 2-3.) The n e x t  e n t r y  i n  T a b l e  3 

(By comparison,  u s i n g  t h e  H i l l  e q u a t i o n  f o r  t h e  0 -hemoglobin 2 

shows t h a t . f o r c i n g  t h e  d a t a  t o  a H i l l  exponent  of 1.0 p r o v i d e s  a poor  f i t  t o  

t h e  d a t a  (see F ig .  3 )  and h a s  a much lower  l i k e l i h o o d .  When t h e  exponent  i s  

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

f i t s  t h e  d a t a  b e t t e r ,  and s i g n i f i c a n t l y  i n c r e a s e s  t h e  l i k e l i h o o d .  It  does  s o ,  

however,  a t  t h e  c o s t  o f  a more complex model and an a d d i t i o n a l  p a r a m e t e r  t h a t  

must  b e  o b t a i n e d  f rom f i t t i n g  t h e  d a t a .  

IS t h e  two-parameter H i l l  e q u a t i o n  as good as  t h e  m u l t i s t e p  n o d e l ?  Such 

q u e s t i o n s  can be answered f o r m a l l y  by u s i n g  a l i k e l i h o o d  r a t i o  t e s t  s t a t i s t i c  

i n  a manner s imilar  t o  t h e  F s t a t i s t i c  i n  l e a s t - s q u a r e  f i t t i n g  (10). The 

l i k e l i h o o d  r a t i o  t e s t  s t a t i s t i c  u s e s  t h e  r a t i o  of t h e  l i k e l i h o o d s  of two 

hypo theses .  Because d i f f e r e n c e s  of  l o g a r i t h m s  are e q u i v a l e n t  t o  r a t i o s ,  t h e  

d i f f e r e n c e  i n  LL can h e  used .  Suppose we have  a g e n e r a l  form of  a model t h a t  

h a s  been f i t t e d  t o  a d a t a  se t ,  and a more r e s t r i c t e d  h y p o t h e s i s  t h a t  can b e  

e x p r e s s e d  a s  a s e t  of  f i x e d  p a r a n e t e r s  i n  t h e  g e n e r a l  model. The l i k e l i h o o d  

r a t i o  (LR) t e s t :  s t a t i s t i c  i s  c a l c u l a t e d :  A 

LR = 2 [LL(gene ra l  f o r m u l a t i o n )  - L L ( r e s t r i c t e d  h y p o t h e s i s ) ]  < l o >  

Eecause  LL is  t h e  l o g  of t h e  l i k e l i h o o d  f o r  each  of  t h e  two t h e o r e t i c a l  

p o s s i b i l i t i e s  c o n s i d e r e d ,  LR i s  a measure of t h e  im7rovement a c h i e v e d  i n  t h e  

l i k e l i h o o d  a r i s i n g  from t h e  s e l e c t i o n  of  one  model o v e r  t h e  o t h e r .  The 

l i k e l i h o o d  r a t i o  i s  d i s t r i b u t e d  a s  a c h i - s q u a r e  v a r i a b l e  whose d e g r e e s  of 

freedom ( d f )  co r re spond  t o  t h e  number of c o n s t r a i n e d  p a r a m e t e r s  i n v o l v e d  i n  t h e  

cor ipar i son  (10,16). 

For comparison of t h e  m u l t i s t e p  and two-parameter  H i l l  model,  t h e  l o g  

l i k e l i h o o d  improvement f r o n  T a b l e  3 is  145.52 - (-150.30), o r  4 . 7 8 ,  f r o n  which 
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LR = 9.56. The mu1 t i s t e p  nodel  e s t i m a t e s  n i n e  p a r a m e t e r s .  The d e g r e e s  of 

f reedom f o r  t h e  comparison i s  7 ,  and t h e  t a b u l a t e d  v a l u e  of c h i - s q u a r e  f o r  7 df  

a t  t h e  0.05 c o n f i d e n c e  l e v e l  i s  14.07. Because t h e  1.R i s  less t h a n  t h e  

a p p l i c a b l e  c h i - s q u a r e ,  t h e r e  is  no s i g n i f i c a n t  d i f f e r e n c e  between t h e  two 

models ,  and t h e  two-parameter H i l l  e q u a t i o n  a c c u r a t e l y  surr:marizes t h e s e  d a t a .  

Some o t h e r  models  a l s o  do w e l l .  The n e x t  two e n t r i e s  i n  T a b l e  3 suznarize 

t h e  use of t h e  r i s k  f u n c t i o n ,  Eq .  8 ,  f o r  dose- response .  These  two e n t r i e s  

( l i n e s  4 and 5 i n  T a b l e  3) show t h a t  f o r  the same number of e s t i m a t e d  

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

t h e  s h a p e  of  t h e  dose- response  curve .  The one-parameter  model ( n  f i x e d  a t  1.0; 

compare e n t r i e s  3 and 5 )  improves t h e  LL f rom -286 t o  -270, w h i l e  t h e  

two-parameter,  v a r i a b l e - o r d e r  f i t  (n a l l o w e d  t o  vary; compare e n t r i e s  2 and 6 )  

r a n g e s  from -150 t o  -146. S i n c e  t h e s e  a r e  r a t h e r  srrall d i f f e r e n c e s ,  t h e  

p r e f e r e n c e  f o r  t h e  r i s k  model i s  n o t  t o o  s t r o n g .  

The f i n a l  e n t r y  i n  T a b l e  3 d e m o n s t r a t e s  t h a t  s t i l l  a n o t h e r  dose- response  

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

random va r i ab le  i n  t h e  c u m u l a t i v e ,  normal  (Gauss ian)  d i s t r i b u t i o n ,  s o n e t i n e s  

c a l l e d  t h e  p r o b i t  model. The f i t  i s  e x c e l l e n t  f o r  thi’s two-parameter  model (LL 

= -148.13) w i t h  a mean d e p t h  of DCS of 170 fswa,  comparable  t o  t h e  50% r e s p o n s e  

o f  o t h e r  models .  S e v e r a l  o t h e r  one- and two-parameter  models  were a l s o  

e v a l u a t e d  w i t h  maximin l i k e l i h o o d s  w i t h i n  t h e  r a n g e  shobm i n  T a b l e  3 .  In 

summary, T a b l e  3 shows t h a t  two one-parameter  models  f a i l  t o  f i t  the da ta ,  b u t  

t h a t  several  two-parameter f o r m u l a t i o n s  a r e  e x c e l l e n t  d e s c r i p t i o n s  of r a t  

decompression d o s e  r e s p o c s e .  We do n o t  a s s e r t  t h a t  ziny of t h e s e  models  is 

c o r r e c t ; ”  r a t h e r ,  oiir a n a l y s i s  showed t h a t  a t  l e a s t  t h r e e  models  a g r e e  w e l l  If 

w i t h  t h e  d a t a .  
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I!uman decompression e x p e r i m e n t s  of  t h e  same s c o p e  as  r a t  e x p e r i m e n t s  are 

n o t  avai lable .  I t  i s  p o s s i b l e ,  however,  t o  combine o b s e r v a t i o n s  from several  

s o u r c e s  t o  a l low some t e s t i n g  of t h e  h y p o t h e s e s  u s i n g  t h e  p r i n c i p l e  o f  maximum 

l i k e l i h o o d .  Data  were accumula ted  from t h e  U n i t e d  S t a t e s  and  t h e  U n i t e d  

2 Kingdom n a v a l  l a b o r a t o r i e s  on human p r e s s u r e - r e d u c t i o n  e x p e r i m e n t s  w i t h  He0 

m i x t u r e s .  The f o l l o w i n g  c r i t e r i a  w e r e  a p p l i e d  i n  a c c e p t i n g  o b s e r v a t i o n s :  

1. S u b j e c t s  must h a v e  been s a t u r a t e d  b r e a t h i n g  He0 f o r  a t  l e a s t  24 h r  a t  2 

P1 p r i o r  t o  decompression.  

2. Fol lowing  r a p i d  decompress ion ,  s u b j e c t s  must have remained  a t  p r e s s u r e  

P2 f o r  a t  l e a s t  4 h r  b e f o r e  b e i n g  d e c l a r e d  f r ee  of DCS symptoms. 

i f  t h r e e  s u b j e c t s  w e r e  t h e r a p e u t i c a l l y  decompressed t o  P2 and  one  s u b j e c t  had 

symptoms a t  1 h r  f o r  which a l l  w e r e  recompressed ,  t h e  d a t a  was t a k e n  as 1 bend 

F o r  example,  

+ 0 no  bends.  T h i s  p r o c e d u r e  p r o b a b l y  i n t r o d u c e s  a s l i g h t  b i a s  s i n c e  t h e  

s u b j e c t s  who would e v e n t u a l l y  n o t  d e m o n s t r a t e  symptoms a r e  i g n o r e d .  

I 

. -  3 .  No s u b j e c t  was a c c e p t e d  i f  h e  had DCS o r  even t h e  m a r g i n a l  o r  e q u i v o c a l  

synptoins known a s  " n i g g l e s "  e a r l i e r  i n  t h e  d i v e .  Most o f  t h e  d a t a  were 

obta-ined d u r i n g  complex e x p o s u r e s  l a s t i n g  many d a y s ,  arid c o n s i d e r a t i o n  of o n l y  

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

The accumula ted  d a t a  on 310 man-dives a r e  recorded  i n  T a b l e  4 .  . S o u r c e s  

a r e  t h e  Royal  h'avy P h y s i o l o g i c a l  L a b o r a t o r y  (RhPL),  i n  t h e  U n i t e d  Kingdom, 

deep-dive e x p e r i m e n t s  from 1971-1974, (personal .  comnunica t ion  from J .  

V o r c s m a r t i ,  p a r t i a l l y  r e p o r t e d  i n  r e f e r e n c e s  2 and 19) and E x p e r i m e n t a l  Dive 

U n i t  (EDU) deep  d i v e s  i n  t h e  U n i t e d  S t a t e s  ( p e r s o n a l  c o m n u n i c a t i o n s  from W. 

Spaur  and E. T h a l . ~ a n n ,  p a r t i a l l y  r e p o r t e d  i n  r e f e r e n c e s  12 and 1 7 ) .  S i n c e  f o u r  

v a l u e s  of P w e r e  u s e d ,  t h e  d e f i n i t i o n  o f  P1  f o r  a n a l y s i s  w a s  a c a l c u l a t e d  

I o 2  
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z l v e o l a r  PHe. T h a t  i s  c o n s i s t e n t  w i t h  t h e  cormon, though unproven,  assumpt ion  

t h a t  i n s p i r e d  oxygen d o e s  n o t  c o n t r i b u t e  t o  the r i s k  of decompression ( 5 , 2 1 ) .  

The a p p r o x i m a t e  '1 ATA o f  n i t r o g e n  p r e s e n t  i n  t h e  p r e s s u r e  chamber a tmosphere 

d u r i n g  t h e  EDU e x p e r i m e n t s  w a s  t r e a t e d  as  h e l i u m .  Decompression r a t e s  w e r e  

a p p r o x i m a t e l y  3 fsw/min i n  t h e  RNPL d a t a ,  and  30-60 f s w / n i n  i n  t h e  EDU d a t a .  

I n  a d d i t i o n  t o  t h e  c a t e g o r i e s  o f  DCS and n o - D C S ,  a m a r g i n a l  c a t e g o r y  i s  a l s o  

i n c l u d e d .  T h i s  i n c l u d e s  cases t h a t  d e f i e d  d e f i n i t e  d i a g n o s i s  by t h e  a t t e n d i n g  

m e d i c a l  o f f i c e r s .  Depending on the p u r p o s e  of t h e  a n a l y s i s ,  t h e s e  d i v e s  could  

all be c o n s i d e r e d  s a f e ,  o r  a l l  r e s u l t i n g  i n  D C S ,  o r  an  i n t e r m e d i a t e  outcome 

s u c h  as u s i n g  X = 0.5 i n  E q .  3 .  

The d a t a  i n  T a b l e  4 are  d i f f i c u l t  t o  p o r t r a y  g r a p h i c a l l y .  A l l  the 

e x p e r i m e n t s  are p l o t t e d  i n  F ig .  4 .  The c o o r d i n a t e s  d e f i n e  t h e  c o n d i t i o n s  u s e d  

i n  the e x p e r i m e n t s  of  T a b l e  4 as  p r e s s u r e  r e d u c t i o n  (Pl-P2) v e r s u s  f i n a l  

p r e s s u r e  a f t e r  decompression (P2).  The s a m e  symbol i s  used f o r  each  p o i n t  

b e c a u s e  a c t u a l  p o r t r a y a l  of  t h e  outcome would r e q u i r e  a t h i r d  dimension t o  

r e c o r d  n u l t i p l e  v a l u e s  of 0 o r  1 ( o r  0 .5) .  

The p a u c i t y  of d e t a i l e d  dose- response  d a t a  i s  i l l u s t r a t e d  i n  F i g .  5 .  A 

s u b s e t  o f  T a b l e  4 w a s  s e l e c t e d  t h a t  i s  s i m i l a r  t o  t h e  r a t  s t u d y  d e s i g n  of  

T a b l e  2 :  f i v e  series of e x p o s u r e s  c m p l e t e d  a t  a P2 of 154 fswg. The 

r e p l i c a t e  o b s e r v a t i o n s  from T a b l e  4 w e r e  p o o l e d  t o  es t imate  raw i n c i d e n c e  and 

95% b i n o m i a l  c o n f i d e n c e  l e v e l s  a s  i n  t h e  r a t  s t u d y .  The e r r o r  b a r s  are  

enornous ,  and t h e  two model p r e d i c t i o n s  p l o t t e d  (see be1 .0~)  a r e  w e l l  w i t h i n  t h e  

l i m i t s  of e x p e r i m e n t a l  e r r o r .  The v i d e  l a t i t u d e  of r e a s o n a b l e  t h e o r i e s  i s  

o b v i o u s .  

F i g .  5 can a l s o  be used  to i l l u s t r a t e  a snmetlmes d i s t u r b i n g  f e a t u r e  of 

b i n a r y  d a t a  and maximum l i k e l i h o o d .  When w o r k i n g  w i t h  l e a s t - s q u a r e s  f i t t i n g  t o  

c o n t i n u o u s  d a t a ,  a g r a p h  showing d a t a  p o i n t s ,  t o g e t h e r  with t h e  model c u r v e ,  



can b e  uspd t o  v i s u a l l y  e s t i m a t e  t h e  goodness  of f i t .  On a p l o t  of 

e x p e r i r z e n t a l  outcome v e r s u s  t h e  i n d e p e n d e n t  v a r i a b l e  such  a s  t h a t  i n  F i g .  5 

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

v a l u e s  of e i t h e r  z e r o  or orle. A smooth f u n c t i o n  t h r o u g h  a r e g i o n  bounded by 

i n d i v i d u a l  d a t a  p o i n t s  on p a r a l l e l  l i ces  d o e s  n o t  p r o v i d e  much v i s u a l  

i n f o r m a t i o n .  S t a t i s t i c a l  compar isons  anong models  p r o v i d e  more u s e f u l  

i n f o r m a t i o n  on r e l a t ive  goodness  of f i t .  

T a b l e  5 p r o v i d e s  t h e  r e s u l t s  of a n a l y z i n g  a l l  t h e  d a t a  of T a b l e  4 w i t h  

m a r g i n a l  c a s e s  a s s i g n e d  an X of 0.5 i n  Eq. 3 .  (The e f f e c t  o f  t h i s  a s s i g n c s n t  

w i l l  b e  d i s c u s s e d  l a t e r . )  F i r s t ,  l n s t e a d  o f  t h e  pressure-dependent  models 

p r e s e n t e d ,  suppose t h a t  w e  u s e d  t h e  c o n s t a n t  p r o b a b i l i t y  model, Eq.  5 .  That  

e n t r y  i n  Table  5 shows t h a t  a maximum TAL o f  -78.11 i s  o b t a i n e d .  That  r e s u l t  

can  b e  compared t o  more a p p e a l i n g  models  s u c h  a s  u s e d  f o r  t h e  r a t  d a t a .  The 

s e c o n d  e n t r y  i n  T a b l e  5 i s  t h e  f i r s t - o r d e r  (a = 1.0) H i l l  e q u a t i o n  u s i n g  

p r e s s u r e  d i f f e r e n c e ,  AP, as  t h e  dose .  I ts  LL is s c a r c e l y  d i z f e r e n t  from t h e  

c o n s t a n t  E r e s u l t ,  which combined w i t h  t h e  h i g h  and i m p r e c i s e  v a l u e  of R50, 

i m p l i e s  t h a t  t h i s  model i s  n o t  w e l l  s u i t e d  t o  t h e  d a t a .  Us ing  an e s t i m a t e d  

e x p o n e n t  i n  t h e  two-parameter H i l l  e q u a t i o n  ( n o t  t a b u l a t e d )  does  n o t  

s i g n i f i c a n t l y  i n c r e a s e  t h e  l i k e l i h o o d ,  and  i n c r e a s e s  R50 t o  s e v e r a l  thousand 

f e e t  w i t h  an i m p r e c i s i o n  of several  hundred  p e r c e n t .  

. _  

Num2rous r e p o r t s  s u g g e s t  t h a t  t h e  s i E p l e  d i f f e r e n c e  of P 1  and P2 i s  n o t  a 

c o n s t a n t  measure o f  t h e  DCS d o s e ,  bu: t h a t  a " s a f e  dose" i n c r e a s e s  w i t h  d e p t h  

(5,13,22). One way t o  2 c c o u n t  f o r  s u c h  a p o s s i b i l i t y  i s  t o  d e f i n e  

decompression stress a s  a r a t i o  of p r e s s u r e s .  Another  a s p e c t  t h a t  can b e  

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

below which no  chance  of DCS e x i s t s .  These  two p o s s i b i l i t i e s  l e a d  t o  a n  

a l t e r n a t i v e  d e f i n i t i o n  of dose :  
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R =  ( P 1  - P 2  - P t )  / P2 

The t h r e s h o l d  p r e s s u r e ,  P t ,  c o u l d  b e  i n t e r p r e t e d  p h y s i c a l l y  as a s t ab le  

s u p e r s a t u r a t i o n ,  o r  ( w i t h  a d i f f e r e n t  d e f i n i t i o n  o f  P1) as t i s s u e  g a s  

u n d e r s a t u r a t i o n  produced by m e t a b o l i c  f u n c t i o n s .  (R = 0 whenever (Pl-P2) i s  

less t h a n  Pt.) 

L i n e s  3 and 4 i n  T a b l e  5 u s e  t h e  r a t i o  d o s e  as  d e f i n e d  by Eq.  11.  With 

t h e  t h r e s h o l d  s u p p r e s s e d  ( P t  = 0.0) and t h e  H i l l  e q u a t i o n  h e l d  a t  n = 1 ,  t h e  

one  p a r a m e t e r  of R50 i s  a f a i r l y  p r e c i s e  4 . 2 ,  and t h e  l i k e l i h o o d  i s  a major  

improvement o v e r  t ha t  o b t a i n e d  w i t h  a s i m p l e  p r e s s u r e  d i f f e r e n c e .  The 

l i k e l i h o o d  improves s i g n i f i c a n t l y  i f  a n o n z e r o  v a l u e  of P 

t o  P = 0 ,  LR = 7.06; Pc0.05 w i t h  1 d f ) .  I n  f a c t ,  t h e  t h r e s h o l d  s a f e  

decompression of a l m o s t  2 5  f t ,  and  t h e  R50 r a t i o  of 2 .1  are i n  good agreement  

i s  a l l o w e d  (compared 
t 

t 

w i t h  v a l u e s  commonly u s e d  t o  s p e c i f y  s a f e  human decompression ( 1 3 , 1 4 , 2 1 ) .  I n  

E q .  11  w e  used  P2 i n  t h e  denominator .  F o r  a d a t a  se t  c o n t a i n i n g  o n l y  a s i n g l e  

v a l u e  of P2, such  as t h e  r a t  d o s e - r e s p o n s e  s t u d y ,  b o t h  d i f f e r e n c e  and r a t i o  

d e f i n i t i o n s  of d o s e  n e c e s s a r i l y  p r o v i d e  i d e n t i c a l  l i k e l i h o o d s .  FOK d a t a  se t s  .- 
where b o t h  P 1  and P2 v a r y ,  t h e  r e s u l t s  may b e  d i f f e r e n t .  We found t h a t  f o r  t h e  

d a t a  i n  T a b l e  4 ,  however,  use of  e i t h e r  P 1  o r  P2 i n  t h e  denominator  of Eq.  11 

y i e l d e d  t h e  same g e n e r a l  r e s u l t .  

S u b s t i t u t i o n  of Eq. 11 i n  t h e  r i s k  f u n c t i o n ,  Eq.  8 ,  ( l i n e  5 i n  T a b l e  5) 

a l s o  p r o v i d e d  a r e a s o n a b l y  good d e s c r i p t i o n  of t h e  da t a  w i t h  P = 0. Again,  a 

s i g n i f i c a n t  improvement i n  f i t  was a c h i e v e d  when P w a s  a l l o w e d  t o  assume a 

n o n z e r o  v a l u e  ( l i n e  6 i n  T a b l e  5) .  We d o  n o t  imply t h a t  t h e s e  r e s u l t s  p r o v e  

t 

t 

t h e  e x i s t e n c e  of a r e g i o n  of c o m p l e t e l y  s a f e  decompression.  F i n d i n g  t h a t  a 

n o n z e r o  t h r e s h o l d  p a r a m e t e r  improves  t h e  d e s c r i p t i o n  of t h e s e  d a t a  c o n f l i c t s  

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

. .  

e x p o s u r e s ,  and w i t h  o p i n i o n  r e g a r d i n g  s o n e  of t h e  s u g g e s t e d  mechanisms of DCS. 
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The 95% c o n f i d e n c e  l i m i t s  around t h e  p r e d i c t e d  t h r e s h o l d  c o n d i t i o n s  (6 t o  

4 4  fsw) make i t  i m p o s s i b l e  t o  deny t h a t  i f  a safe  r e g i o n  e x i s t s ,  i t  maj- be 

exceedingly  small .  

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

d e f i n i t i o n  of PSO in t h e  H i l l  e q u a t i o n  ( E q .  7 ) .  The c o n d i t i o n s  of  50% 

i n c i d e n c e  of DCS,  e x p r e s s e d  as  a p r e s s u r e  d i f f e r e n c e ,  are expanded as  a 

polynomial  i n  the  f i n a l  p r e s s u r e  , P2 : 

3 R50 = a + (b- l )P2 + c P2- <12> 

W e  s t i l l  u s e  t h e  sane p r e s s u r e - r e d u c t i o n  d e f i n i t i o n  of dose :  

R = P1 - P2 <9>  

Eq. 12 r e p l a c e s  t h e  c o n s t a n t  p r e s s u r e  d i f f e r e n c e  i n  Eq.  8,  where a ,  (b- I ) ,  c 

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

of 50% i n c i d e n c e  of DCS on a p l o t  such a s  F i g .  4 .  (On t h e  n o r e  f r e q u e n t l y  used  

c o o r d i n a t e s  of P1 vs. P2,  t h e  50% l i n e  h a s  a s l o p e  o f  b . )  The f i n a l  t u o  

en t r i e s  i n  T a b l e  5 a re  t h e  r e s u l t  of t h i s  model. L i n e  7 h a s  a s l o ? e  p z r a n e t e r  

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

s t r o n g  e v i d e n c e  o f  c u r v a t u r e  i n  t h e  50% i n c i d e n c e  l i n e  can b e  s e e n ,  however,  

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

and t h e  LR comparison o f  L i n e  7 (no  c u r v a t u r e )  t o  L i n e  8 ( b e s t  c u r v a t u r e )  i s  

n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  Not t a b u l a t e d  i n  T a b l e  5 a r e  t h e  r e s u l t s  of  

f i t t i n g  s e v e r a l  o t h e r  two- and t h r e e - p a r a m e t e r  models  whose LL a re  i n  t h e  same 

range  as models  3-8. 

Two p l o t s  show t h e  r e s u l t s  of f i t t i n g .  F i g .  4 shows t h e  l o c a t i o n  of t h e  

d a t a  of Table 4 and model-der ived l i n e s  ( e n t r i e s  6 and 8 from T a b l e  5) of  

c o n s t a n t  5% i n c i d e n c e  of  D C S .  The l i n e s  a r e  o b t a i n e d  from s t r a i g h t f o r w a r d  

s u b s t i t u t i o n  of e s t i m a t e d  

dose-response f u n c t i o n s .  

node1 p a r a m e t e r s  and p (TICS) = 0.05 i n  t h e  

L i n e s  o f  502 i n c i d e n c e  a r e  n o t  shown b e c a u s e  t h e y  
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would be o f f  sca le ,  f a r  above t h e  d a t a  p o i n t s .  Such b e h a v i o r  i s  e x p e c t e d  where 

d a t a  are n o t  o b t a i n e d  u n d e r  c o n d i t i o n s  where 50% of t h e  human s u b j e c t s  a re  

i n j u r e d .  D e s p i t e  t h e  d i f f e r e n t  m a t h e m a t i c a l  f e a t u r e s  of t h e  two models 

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

A d i r e c t  dose- response  p l o t  is p r e s e n t e d  i n  F i g .  5 f o r  t h e  most h i g h l y  

r e p l i c a t e d  s u b s e t  o f  t h e  T a b l e  4 d a t a .  Eecause  of t h e  low number o f  t o t a l  

o b s e r v a t i o n s  (31  t o t a l  conpared t o  516 u s e d  f o r  F i g .  3 )  t h e  b i n o m i a l  s a m p l i n g  

u n c e r t a i n t y  i s  enormous. C l e a r l y ,  e r t h e r  o f  t h e  two model c u r v e s  i s  c o n s i s t e n t  

w i t h  t h e  d a t a .  

S e v e r a l  models  s e e m  t o  have e q u i v a l e n t  a b i l i t y  t o  d e s c r i b e  t h e  s p e c i f i c  

d i v e s  t a b u l a t e d ,  b u t  d o  t h e y  al.1 make s i m i l a r  p r e d i c t i o n s  of  t h e  answers  t o  

p r a c t i c a l  q u e s t i o n s ?  F o r  example,  what do t h e  models  p r e d i c t  f o r  a 5% 

i n c i d e n c e  of  DCS upon r e d u c t i o n  o f  p r e s s u r e  t o  1 ATA? The n o n t h r e s h o l d  models 

(models  3,5 ,7 ,8  i n  T a b l e  5) p r e d i c t  a PHe b e f o r e  decompress ion  o f  44-55 fswa, 

w h i l e  t h e  t h r e s h o l d  models  ( l i n e s  4 and 6 i n  T a b l e  5)  g l v e  e s t i m a t e s  of 60-65 

fsrja. T h i s  c o r r e s p o n d e n c e  i s  r e a s s u r i n g  b e c a u s e  t h e  d a t a  a c t u a l l v  have  a raw 

i n c i d e n c e  of a b o u t  7 % ,  and a l l  f o r m u l a t i o n s  t h a t  d e s c r i b e  t h e  d a t a  e q u a l l y  well 

should  make e q u i v a l e n t  p r e d i c t i o n s  n e a r  t ha t  i n c i d e n c e ' r a n g e .  The d i f f e r e n c e  

between t h e  t h r e s h o l d  and n o n t h r e s h o l d  model p r e d i c t i o n s  i s  a l s o  

u n d e r s t a n d a b l e .  The f o r n e r  p r e d i c t s  a b s o l u t e l y  no DCS over a c e r t a i n  r a n g e  of 

s m a l l  decompress ions ,  w h i l e  the l a t t e r  p r e d i c t s  a small i n c i d e n c e  o v e r  t h e  sane 

rzinge. Thus, a s  i s  e x p e c t e d ,  t h e  two classes of models  have d i v e r g e n t  

p r e d i c t i o n s  f o r  low i n c i d e n c e s  (below 5 X ) ,  b u t  good agreement  a t  i n c i d e n c e s  

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

I f  s t a t i s t i c a l l y  s i g n i f i c a n t  d e c i s i o n s  need t o  b e  made a b o u t  s p e c i f i c a t i o n  of 

an  a b s o l u t e  t h r e s h o l d ,  f u r t h e r  e x p e r i m e n t s  must be per formed b e c a u s e  t h e  

a v a i l a b l e  d a t a  a r e  i n s u f f i c i e n t  t o  2 n s ~ ; e r  t h e  q u e s t i o n .  D a t a  f rom hundreds  of 

<- 
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d i v e s  would b e  r e q u i r e d  t o  r e l i a b l y  e s t i m a t e  t h e  f r e q u e n c y  of e v e n t s  t h a t  o n l y  

o c c u r  about  1% o f  t h e  t i m e .  

A f r u s t r a t i n g  a s p e c t  of human decompress ion  e x p e r l i n e n t s  i s  t h e  s u b s t a n t i a l .  

f r a c t i o n  o f  c a s e s  i n  which d i a g n o s i s  i s  u n c e r t a i n .  Concern a r o s e  t h a t  

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

and t h e  c o n c l u s i o n s  of t h e  p r e s e n t  s t u d y .  To a d d r e s s  t h i s  concern  two models 

used  i n  T a b l e  5 w e r e  a p p l i e d  t o  three d i f f e r e n t  d a t a  sets.  A l l  d a t a  s e t s  cane  

from T a b l e  4 ,  b u t  m a r g i n a l  cases w e r e  i n t e r p r e t e d  d i f f e r e n t l y :  

O),  a l l  DCS (X = l ) ,  o r  a l l  X = 0.5. The l i k e l i h o o d  v a l u e s  shown i n  T a b l e  6 

a l l  s a f e  (S = 

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

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

s y s t e a a t i c a l l y .  When a l l  q u e s t i o n a b l e  outcomes a r e  c o n s i d e r e d  symptom f r e e ,  

somewhat h i g h e r  polynomia l  c o e f f i c i e n t s  f o r  R50  o r  lower  k a r e  o b t a i n e d ,  w h i l e  

c o n s i d e r i n g  a n y  q u e s t i o n a b l e  outcomes a s  DCS makes t h e  50% i n c i d e n c e  l i n e  

i n c l u d e  lower  v a l u e s  of  decornpression d o s e .  The p r e d i c t i o c s  of 5% bends a r e  

s i m i l a r l y  changed. The changes  a re  n o t  too  g r e a t  i n  magni tude ,  however, 

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

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

b i g g e r  d i f f e r e n c e .  

C h o i c e  of & d e l  a c t u a l l y  makes a 

Two f i n a l  f e a t u r e s  of t h e  u s e  of l i k e l i h o o d  a re  i l l u s t r a t e d  i n  F i g u r e  6 .  

The c o o r d i n a t e s  a r e  i d e n t i c a l  t o  t h o s e  i n  F i g .  4 .  The s o l i d  l i n e  i s  t h e  

c u r r e n t  U . S .  Navy s a f e t y  l i m i t  f o r  human d i v i n g  u n d e r  t h e s e  c o n d i t i o n s  w i t h  

assumed i n s p i r e d  oxygen of 0.4 ATA ( 1 8 ) .  The two shaded  b a n d s  a re  t h e  1 SE 

. .  

.. . 

c o n f i d e n c e  r e g i o n s  around p r e d i c t e d  5% and 10% i n c i d e n c e  l i n e s ,  e s t i m a t e d  w i t h  

one o f  t h e  n o d e l s  s t u d i e d  (Table 5 ,  l i n e  8 ) .  The u n c e r t a i n t y  in t h e  

p r e d i c t i o n s  i s  r a t h e r  severe and becomes h u g e  a t  g r e a t e r  d e p t h s .  I f  95% 

c o n f i d e n c e  b a n d s  w e r e  p l o t t e d ,  t h e  o v e r l a p  be tween 5% and 1OX p r e d i c t i o n s  would 
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b e  much g r e a t e r .  Thus,  s p e c i f i c a t i o n  of any r e g i o n  d e f i n e d  as s a f e  i s  q u i t e  

d i f f i c u l t .  Al though s u b j e c t  t o  s u b s t a n t i a l  u n c e r t a i n t y ,  t h e  c u r r e n t  Navy 

a l l o w a n c e  e p p e a r s  t o  be r i s k i e r  a t  t h e  s h a l l o w  end,  and s a f e r  a t  t h e  g r e a t e r  

d e p t h s .  

DISCUSSION 

S t u d i e s  of human decompress ion  s i c k n e s s  are f r u s t r a t e d  by two a s p e c t s  o f  

t h e  d i s e a s e .  F i r s t ,  a s  i n  many b i o l o g i c a l  p r o c e s s e s ,  outcome i s  h i g h l y  

v a r i a b l e .  Thus, i f  one  o f  a s m a l l  g roup  o f  d i v e r s  i s  s t r i c k e n  w i t h  DCS, i t  i s  

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

t h e  d i v e r  has an  i s o l a t e d  case o f  b a d  l u c k  w i t h  a g e n e r a l l y  s a f e  s c h e d u l e .  The 

f r e q u e n t  p r a c t i c e  o f  a c c e p t i n g  a new p r o c e d u r e  as s a f e  i f  t h e  f i r s t  10 s u b j e c t s  

a r e  f r e e  of simptoms o n l y  means [by  t h e  b i n o m i a l  d i s t r i b u t i o n  a t  - p<.O5 (8)] 

t h e t  t h e  a c t u a l  t r u e  i n c i d e n c e  i s  u n l i k e l y  t o  exceed 31 o u t  o f  t h e  n e x t  100 

man-dives. The second problem w i t h  human DCS i s  t h a t  b a r r i n g  m i s a d v e n t u r e ,  t h e  

a c t u a l  i n c i d e n c e  f i g u r e s  w i l l  a l w a y s  be much lower than  o p t i m a l  f o r  e s t i m a t i o n  

of  p a r a m e t e r s .  Human d i v i n g  h a s  evolved  i n t o  a r e l a t i v e l y  s a f e  p r a c t i c e  and  

t h e  s a f e  outcome d a t a ,  o r  z e r o s ,  g r e a t l y  outnumber t h e  c a s e s  of  DCS, o r  ones .  

Direct  r e s o l u t i o n  between decompress ion  s c h e d u l e s  h a v i n g  1% and 2 %  i n c i d e n c e  

r e q u i r e s  a p p r o x i m a t e l y  1200 r e p l i c a t e  o b s e r v a t i o n s .  Such voluminous d a t a  w i l l  

n e v e r  become a v a i l a b l e .  By c o n t r a s t ,  r e s o l u t i o n  of t h e  twofold  d j f f e r e n c e  

between 30% and 60% i n c i d e n c e  might  b e  accompl ished  w i t h  j u s t  20 d i v e s .  

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

decompression i s  well a c c e p t e d .  Nany o f  t h e  c u r r e n t l y  used  decompress ion  

t a b l e s  w e r e  obirained by i n f o r n a l  u s e  of e m p i r i c a l  p a r a m e t e r s  such  a s  t h e  r i s k  

p a r a m e t e r s  d e f i n e d  i n  E q s .  9 a n d  11. The i m p o r t a n t  a s p e c t  o f  model ing  i n  t h i s  

s t u d y  i s  t h e  p r e d i c t i o n  o f  a s p e c i f i c  p r o b a b i l i t y  of DCS r a t h e r  t h a n  a 
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d e t e r m i n i s t i c  t r i g g e r .  F u r t h e r  work i n  p r o b a b i l i s t i c  models  can now b e  

a n t i c i p a t e d .  

An obvious  and i m p o r t a n t  e x t e n s i o n  o f  t h e  p r e s e n t  work h e r e  i s  t h e  

combinat ion of r i s k  e v e n t  and k i n e t i c  terns. Numerous gas-exchange models  are 

a v a i l a b l e  i n  which t h e  c a l c u l a t i o n  of t i s s u e - i n e r t  g a s  t e n s i o n  may be conbined  

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

Such a conbined t h e o r y  c o u l d  b e  a p p l i e d  u s i n g  maximum l i k e l i h o o d  d a t a  froin 

11. Dounce" ( u n s a t u r a t e d  t i s s u e  g a s )  d i v i n g .  Formal r e c o g n i t i o n  n u s t  b e  p a i d  t o  

t h e  t i n e - v a r y i n g  n a t u r e  of s u c h  e x p o s u r e s ,  most s imply by r e p l a c i n g  t h e  R i n  

E q .  8 w i t h  a s p e c i f i c  t i m e  f u n c t i o n  s u c h  a s  a h a z a r d  f u n c t i o n  (15). 

Whatever models are c h o s e n ,  t h e y  i n v o l v e  c e r t a i n  unknown p a r a m e t e r s .  

E v a l u a t i o n  and c o n p a r i s o n  of models  r e q u i r e s  an e s t i m a t i o n  p r o c e d u r e  f o r  t h e  

p a r a m e t e r s  t h a t  can: a )  r e c o g n i z e  t h a t  t h e  o c c u r r e n c e  of  DCS u n d e r  c o n d i t i o n s  

p o s s i b l e  f o r  human e x p e r i m e n t a t i o n  i s  v e r y  u n c e r t a i n ,  b) p o o l  i n f o r m a t i o n  from 

e x p e r i m e n t s  w i t h  l i t t l e  o r  no  r e p l i c a t i o n  and c )  e s t i m a t e  u n c e r t a i n t y  i n  t h e  

e s t i m a t e d  p a r a m e t e r s  and  a l l o w  s t a t i s t i c a l  t e s t i n g  o f  g e n e r a l i z e d  models.  

I iaximin l i k e l i h o o d  i s  a w e l l  e s t a b l i s h e d  t h e o r y  of e s t i m a t i o n  t h a t  w e  b e l i e v e  

i s  well s u i t e d  f o r  t h e s e  o e e d s .  

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

e x p e r i m e n t s  s o  t h a t  a minimum number of s u b j e c t s  are u s e d ,  b u t  r e l i a b l e  a n s w e r s  

t o  s p e c i f i c  q u e s t i o n s  are  s t i l l  o b t a i n e d .  

The i n f o r m a t i o n  produbed i n  human d i v i n g  

A major  l e s s o n  of t h e  p r e s e n t  e x e r c i s e  i s  t h e  a p p r e c i a t i o n  t h a t  t h e  

t a b u l a t e d  310 human d i v e s  p r o v i d e  v e r y  l i m i t e d  i n f o r m a t i o n  f o r  s t a t i s t i c a l  

comparison of models.  The human d a t a  i n  T a b l e  4 have been examined r e p e a t e d l y  

by  a u t h o r s  promoting t h e o r i e s  of decompress ion ,  b u t  none have  i n c l u 3 e d  an  

e x p l i c i t  t r e a t m e n t  of  i t s  v a r i a b i l i t y  (13,20,22). A f a i r  summary of  o u r  

a n a l y s e s  is  t h a t  t h e s e  huinan s a t u r a t i o n  d i v i n g  d a t a  j u s t i f y  a b o u t  two 
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a d j u s t a b l e  p a r a m e t e r s  f o r  a t h e o r y  and t h a t  s e v e r a l  models  can f i t  t h e  d a t a  

e q u a l l y  w e l l .  

The methodology is  s u i t a b l e  f o r  e s t i m a t i n g  r i s k  i n  human d j v i n g ,  and f o r  

p l a n n i n g  o p e r a t i o n s  w i t h  an a c c e p t a b l e  r isk.  U n c e r t a i n t y  i n  c h o o s i n g  n o d e l s ,  

u n c e r t a i n t y  i n  t h e  e s t i m a t e d  p a r a m e t e r s ,  and u n c e r t a i n t y  i n  p r e d i c t i o n s  s u c h  as 

F i g .  6 can b e  combined s y s t e m a t i c a l l y  t o  a i d  i n  making a judzment  of 

a c c e p t a b i l i t y .  R e c o g n i t i o n  o f  the u n c e r t a i n t y ,  no  m a t t e r  how d i s t u r b i n g ,  i s  

p r e f e r a b l e  t o  t r e a t m e n t  of l i m i t e d  d a t a  sets with n a r r o w l y  d e f i n e d  c r i t i c a l  

l i m i t s  and no  es t imate  of u n c e r t a i n t y .  F o r t u n a t e l y ,  t h e  d a t a  i n  t h e  p r e s e n t  

s t u d y  are s u f f i c i e n t  t o  r e l i a b l y  choose  safe l i m i t s  w i t h i n  a few t e n s  o f  f ee t  

a t  a g i v e n  i n c i d e n c e  l eve l ,  r e g a r d l e s s  o f  the s p e c i f i c  node1  u s e d  t o  a n a l y z e  

t h e  d a t a .  

Although B u c k l e s  (7) ,  F l y n n  ( I I ) ,  and  H i l l s  (14) r e c o g n i z e d  v a r i a b l e  

decompression r e s u l t s  b y  r e p o r t i n g  t h e  d i s t r i b u t i o n  of outcome, v a r i a b i l i t y  w a s  

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

w i t h  t h e  work of Rerghage ( 3 , 4 , 5 , 6 ) .  The new a s p e c t  r e p o r t e d  h e r e  i s  s p e c i f i c  

model ing of t h e  r e s p o n s e  d i s t r i b u t i o n  by u s e  of e x p l i c i t  dose- response  models 

and a s y s t e m a t i c  p r o c e d u r e  t o  a p p l y  t h e  models t o  t h e  d a t a .  Though 

s t a t i s t i c a l l y  a p p r o p r i a t e  t o  b i n a r y  outcome e x p e r i n e n t s ,  maximum l i k e l i h o o d  may 

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

p r o b s b i l i t i e s .  These may be less s a t i s f y i n g  i n t u i t i v e l y  t h a n  presuming t h a t  

dec.oapression s i c k n e s s  can  be t r e a t e d  as a d e t e r m i n i s t i c  problem. DCS i s  n o t  

m a n i f e s t l y  an a l l - o r - n o t h i n g  r e s p o n s e  t o  e n v i r o n m e n t a l  p r e s s u r e s ,  however,  and 

u s e  o f  t h i s  method s h o u l d  improve o u r  i n t u i t i v e  r e a c t i o n  t o  b o t h  decompression 

models  and decompression d a t a .  
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FOOTNOTES 

1. S e v e r a l  o t h e r  p a p e r s  a n a l y z i n g  t h e s e  t y p e s  of  d a t a  h a v e  used  v a r i o u s  

d e f i n i t i o n s  of P1. 1Je d e f i n e d  F 1  a s  a l v e o l a r  i n e r t  g a s  by u s i n g  t h e  

a l v e o l a r  a i r  e q u a t i o n ,  r a t h e r  than  a t t e m p t i n g  a n o t h e r  n o r m a l i z a t i o n  f o r  the  

e f f e c t  of d i f f e r e n c e s  i n  i n s p i r e d  oxygen. The c a l c u l a t i o n  of a l v e o l a r  

c o n d i t i o n s  assumes s a t u r a t e d  water v a p o r ,  pC02 o f  40 mm Hg a n d  a 

r e s p i r a t o r y  q u o t i e n t  of  0 . 9 ,  b u t  i n  f a c t  g i v e s  n u m e r i c a l  v a l u e s  of  P l  v e r y  

close to t h e  p a r t i a l  p r e s s u r e  of i n s p i r e d  i n e r t  g a s .  
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TABLE 1 .  

H y p o t h e t i c a l  Decoinpression A f t e r  B r e a t h i n g  Compressed A i r  

Depth ( f  swg) 1 

D i v e r  Number 

2 3 4 5 6 

34 

36 

38 

J- 

Y 

- + + 
- 

* 
Y = DCS symptoms. 

+ N = no  DCS symptoms. 

+ - = n o  d i v e .  + 

Nt N N 

N Y Y 

Y - - 

. .  

N N 

M N 

Y Y 



TABLE 2. 

Rat Deconpres s ions  t o  1 ATA From Compressed A i r  Exposures  
* 

Depth A l v  e o  1 a r R a t s  DCS R a t s  I n c i d e n c e  95% L i n i t s  
( f  s w g )  pN2 (fswa) 
-- 

90 95.9 50 0 0.0 0 - 0.071 

100 103.8 30 0 0 .o 0 - 0.116 

120 119.6 120 5 0.042 0.013 - 0.095 

150 143.3 60 7 0.117 0.048 - 0.226 

175 163.1 60 25 0.424 0.281 - 0.543 

200 182.8 60 40 0.678 0.526 - 0.779 

2 25 202.6 66 5 8  0.879 0.775 - 0.946 

250 222.3 60 60 1.00 0.940 - 1.00 

300 261.8 10 10 1.00 0.559 - 1.00 

* 
Two rats (one a t  175 and  one  a t  225 f s w  exposure )  had ambiguous symptoms 

a f t e r  decompress ion .  These r a t s  were i g n o r e d  i n  c a l c u l a t i o n  of raw i n c i d e v c e  
a n d  b i n o m i a l  l i m i t s ,  and were a s s f g n e d  outcomes of 0.5 i n  l i k e l i h o o d  
ca  1 cu  1 a t i o n  s . 



w 

TABLE 3. 

L i k e l i h o o d  R e s u l t s  f o r  Plodels a n d  R a t  Decompression on A i r  

* Log: T,ikelihood 
Flodel < E q . >  w i t h  P a r a m e t e r s  2 SE 

1. M u l t i s t e p  (noncont inuous)  r e s p o n s e ;  9 a v e r a g e s  -145.52 

P r e s s u r e  D i f f e r e n c e  < 9 > ,  Hill F.esponse <7> 
. .  

R50 = 1 3 4 . 5  f 2.3 n = 8 - 7 8  +_ 0 . 7 6  -150.30 2 .  

3 .  R50 = 1 7 7  f 18 n = 1 . 0 0  -285.68 

P r e s s u r e  D i f f e r e n c e  < 9 > ,  Risk F u n c t i o n  <8> 

-145 - 9 1  -5 4 .  k = 9.S f 8.1 x 10 n = 6 . 1 8  +_ 0 . 5 5  

5 .  k = 0.152 T 0 .012 n = 1 . 0 0  

P r e s s u r e  D i f f e r e n c e  < 9 > ,  Normal D i s t r i b u t i o n  

-270.26 

-148.13 6 .  Wean = 169.6 t 2 .2  SD = 25.9  t 2 . 0  

* 
P a r a m e t e r s  a re  g i v e n  w-ith e r r o r  e s t i m a t e s  of 1 SE c a l c u l a t e d  as a s y m p t o t i c  

e r r o r s  i n  t h e  l i k e l i h o o d .  I f  no  e r r o r  i s  shown, t h e  p a r a m e t e r  was f i x e d  a t  
t h e  v a l u e  shown. 



TABLE 4. 

Human One-step Decompression B r e a t h i n g  He-0 2 

P1 P2 Out come 
( f  swa) (fswg) S a f e  Mars. DCS 

Source  

33 

33 

79  

79  

85 

85 

135 

144 

154 

167 

190 

210 

226 

240 

246 

.45 

.22 

- 4 5  

22 

.45 

I22  

.22 

- 2 2  

.22 

- 2 2  

.22 

.22 

- 2 2  

.22 

.22 

49 .9  

5 7 . 3  

95  -8 

103.2  

101.8 

109.2  

159 .2  

168.2 

178 .2  

i 9 1 . 2  

214.2 

234.2 

250 .2  

264.2 

270.2 

0 

0 

33 

33 

33 

33 

79  

79  

7 9  

7 9  

154 

154  

154 

154 

154 

6 

21 

3 

20 

3 

1 

3 

3 

29 

0 

3 

3 

11 

9 

0 

0 0 

0 0 

0 0 

1 4 

0 0 

1 1 

0 0 

0 

0 3 

0 1 

0 0 

0 0 

0 2 

0 0 

3 1 

226 .22 250.2 167 0 0 3 

302 .22 326 .2  226 3 0 0 

3 28 .22 352.2 226 5 1 0 

328 * 4 0  346.2  312 30 0 0 

354 - 2 2  378 .2  226 3 0 0 

328 .22 352 .2  272 3 0 0 

328 * 22 352.2 276 9 0 0 

436 .22 462.2 397  3 0 0 

z t 5 -1 r' 8 :3s 

RYPL 

RKPT, 

RNPL 

RlY PL 

Rh'PT, 

RN PL 

RNPL 

RF: PL 

RKPL 

RNPL 

W P L  

Rh'PL 

W P L  

KiPL 

RNPL 

RNPL 

RKPL 

FXPL 

RKPL 

RXPL 

PSPL 

RXPL 

RNPL 

... 



TAF3.E 4 .  

449 

449 

492 

590 

689 

2 25 

2 30 

400 

410 

750 

1000 

1000 

1000 

1000 

1000 

1208 

1400 

1400 

Human On e-s t e p  D e c o m p r e s s  i o n  

.22 

.22 

. 2 2  

.22 

.22 

- 4 0  

.40 

- 4 0  

.40 

.375 

.375 

.375 

-375 

-375 

.375 

-375 

,375 

,375 

473.2 

473.2 

516.2 

614.2 

713.2 

243.3 

248.3 

408.2. 

418.2 

769.0 

1019.0 

1019.0 

1019 .O 

1019.0 

1019 .O 

1227.0 

1419.0 

1419.0 

4 10 

426 

476 

574 

673 

150 

150 

300 

300 

600 

850 

832 

820 

810 

800 

1020 

1180 

1166 

B r e a t h i n g  He-0 ,  

3 

3 

3 

3 

15 

15 

5 

10 

5 

9 

5 

0 

15 

5 

0 

6 

6 

6 

L 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1. 

(con.)  

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

1 

0 

0 

1 

0 

0 

0 

RNPL 

RNPL 

RNPL 

RYPL 

RNPL 

ED'J 

EDU 

EDU 

EDU 

EDU 

EDIT 

EDU 

EDU 

EDU 

EDU 

EDU 

EDU 

EDU 



TABLE 5 .  

* 
L i k e l i h o o d  R e s u l t s  f o r  l fode ls  and Human Decompression on  Helium-Oxygen 

t Hodel < E q . >  w i t h  P a r a m e t e r s  f SE 

No P r e s s u r e  e f f e c t  <5> 

c = 0.069 2 0.015 - 1. 

P r e s s u r e  D i f f e r e n c e  <g> ,  H i l l  Response <7> 

F S G  = 843 f 194 n = 1 . 0  2 .  

P r e s s u r e  R a t i o  <11>, H i l l  Response <7> 

3 .  R50 = 4.16  2 .99 P t  = 0 . 0  n = 1.0  

4 .  R50 = 2 .12  2 .90 P t  = 24.4 rt 9.6 n = 1.0 

Log L i k e l i h o o d  

-78.11 

-78.23 

-72.85 

-69.32 

P r e s s u r e  Ratio <11>, R i s k  F u n c t i o n  <8> 

5 .  k = .226 rt - 0 5 1  P t  = 0.0  n = 1 .0  -72.94 

6.  k = .44 f -17  P t  = 24.4 2 9.3  n = 1.0 -69.37 

P r e s s u r e  D i f f e r e n c e  <g>,  . H i l l  Response <7>,  R50 as polynomia l  <12> 

7 .  a = 176 f 196 c = 0.0 -7 1.47 

b = 3 . 6  f 1.5  n = 1.0 

8 .  a = 307 t 306 

b = 1 .5  f 3.2  

L 

-70.86 -3 
c = 4.5 f 5.9  x 10 

n = 1 .0  

-* 
N a r g i n a l  r e s u l t s  t r e a t e d  as X = 0 . 5 .  

+ P a r a m e t e r s  a r e  g i v e n  w i t h  e r r o r  es t imates  of 1 ‘SE c a l c u l a t e d  a s  a s y m p t o t i c  
e r r o r s  i n  t h e  l i k e l i h o o d .  I f  no e r r o r  i s  shown, t h e  p a r a m e t e r  w a s  f i x e d  a t  
t h e  v a l u e  shown. 



TAELE 6 .  

E f f e c t  of FIarg ina l  Cases on  Human DCS H o d e l i n g  

N a r g i n a l  = Safe  l : a rg ina l  = 0.5 Margina l  = DCS 
- 

Model 5 .  P r e s s u r e  r a t i o ,  Risk f u n c t i o n ,  a l l  n = 1.0 

k 0.35  2 0.15 , 0 . 4 4  ? 0.17 0 .52  t 0.18 

P t  24.3 2 9 .6  24.4 t 9 . 3  24.5 t 8 . 2  

LL -61.99 -69.37 -76.14 

P1 (5Z) 62.0  61.3  60.8 

Model 7 .  P r e s s u r e  d i f f e r e n c e ,  H i l l  Eq., € S O  dependence on P 2 ,  n = 1.0 

a 

b 

310 2 3 8 3  

2.5 t 4 . 1  

307 306 

1.5 2 3.2 

305  ? 232 

0.8 _+ 2.5 

5 . 1  ? 5.2 x -3 -3 
C 3.4 t 6 . 7 ~ 1 0  4.5 i 5 . 9 ~ 1 0  

LL -63.24 -70.86 -77 * 7 5  

P1 ( 5 % )  52 .1  50.2 48.3 



€ ' I G U R E  LEGENDS 

F i g u r e  1. Log l i k e l i h o o d  f u n c t i o n  f o r  p a r a m e t e r  - c i n  Eq. 5;  t h e  e s t i m a t e  of 

u n d e r l y i n g  p r o b a b i l i t y  i n  an  e x p e r i n e n t  p r o d u c i n g  t h r e e  cases of  bends  o u t  of 

10 d i v e s  ( s o l i d  l i n e ) ,  o r  30 c a s e s  of  b e n d s  o u t  o f  100 d i v e s  (broken  l i n e ) .  To 

allow b o t h  c u r v e s  t o  been  seen  t o g e t h e r ,  t h e  l a t t e r  h a s  been  r a i s e d  by  a d d i n g  

50.0 t o  t h e  LL. 

F i g u r e  2. Log l i k e l i h o o d  f u n c t i o n  €or  a s i m p l e  d o s e  r e s p o n s e  n o d e l ,  Eq. 6 ,  i n  

human a i r  decompress ion  expe r imen t s  f rom T a h l e  1. The a b s c i s s a  i s  t h e  

parameter v a l u e  f o r  50% bends  i n c i d e n c e .  

F i g u r e  3. Sudden decompression of  r a t s  f rom P ( a l v e o l a r  N p r e s s u r e  = P I )  t o  

an  ambien t  p r e s s u r e  of 1 ATA p l o t t e d  on the  absc i s sa .  The o r d i n a t e  is  t h e  

f r a c t i o n  of r a t s  e x h i b i t i n g  s e r i o u s  symptoms of  DCS ( s q u a r e s ) ,  w i t h  e r r o r  b a r s  

c o r r e s p c n d i n g  t o  95% c o n f i d e n c e  l i m i t s  on the b i n o m i a l  o b s e r v a t i o n s .  

Dashed l i n e s  co r re spond  t o  models 2 and 3 of T a b l e  3 .  

F i g u r e  4 .  Human s i n g l e - s t e p  decorcpression on he l ium.  P r e s s u r e  r e d u c t i o n  

(Pl-P2) i s  p l o t t e d  a g a i n s t  t h e  f i n a l  p r e s s u r e  (P2) .  Each open f i g u r e  

r e p r e s e n t s  t he  c o n d i t i o n  used  i n  one  o r  more t r i a l s  t a b u l a t e d  i n  T a b l e  4 .  

l i n e s  a re  estimates of c o n d i t i o n s  p r o d u c i n g  a 5% i n c i d e h c e  of DCS c a l c u l a t e d  

from b e s t - f i t  p a r a m e t e r s  of models 6 and 8 i n  T a b l e  5 .  

Figure  5. 

h e l i u m  and  oxygen. O r d i n a t e  i s  p r o b a b i l i t y  o f  D C S ,  a b s c i s s a  i s  P 1  ( t i s s u e  H e  

p r e s s u r e ) .  

d a t a  i n  T a b l e  4 ;  e r r o r  b a r s  are  95% b i n o m i a l  l i m i t s  on the  raw d a t a .  Two 

dose - re sponse  c u r v e s  are p l o t t e d  ( e n t r i e s  6 and  8 from T a b l e  5 ) .  

F i g u r e  6.  Human s i n g l e - s t e p  decompress ion  on he l ium.  P r e s s u r e  r e d u c t i o n  

(Pl-P2) i s  p l o t t e d  a g a i n s t  t h e  f i n a l  p r e s s u r e s  (P2) u s i n g  t h e  same c o o r d i n a t e s  

a s  i n  F i g .  4 .  The t w o  shaded areas  are a p p r o x i m a t e  1 SE error bounds on 5% and 

N2 2 

The 

C o n d i t i o n s  of human one-s tep  decompress ion  e x p e r i m e n t s  b r e a t h i n g  

T r i a n g l e s  a r e  r a w  i n c i d e n c e  f rom t h e  P2 = 154 fswg s u b s e t  of t h e  

. .  



10% c s t i m s t e d  i n c i d e n c e s  of bends ;  i n c i d e n c e  l i n e s  c a l c u l a t e d  from b e s t - f i t  

p a r m e t e r s  of  Elodel 8 i n  Tab le  5.  T h e  s o l i d  l i n e  i s  the c u r r e n t l v  a l l o w a b l e  

USR l i m i t  a t  an assumed i n s p i r e d  oxygen l eve l  of 0 . 4  ATA. 


