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ABSTRACT 

Decoapression s i c k n e s s  i n  d i v e r s  i s  thought  t o  o c c u r  when excess  i n e r t  gas 

i n  t h e  body forms bubb les .  

modeled by a v a r i e t y  of c o n v e c t i v e  and d i f f u s i v e  p r o c e s s e s .  

bubb le  format ion  and growth i s  a l s o  s u b j e c t  t o  a p p l i c a t i o n  of e q u i l i b r i u m  and 

D e s c r i p t i o n  of t h e  k i n e t i c s  o f  g a s  exchange can be 

Treatment  of 

t r a n s p o r t  t heo ry .  

models of the p h y s i c a l  p r o c e s s e s  t h a t  can b e  improved by a p p l i c a t i o n  of 

e n g i n e e r i n g  and s t a t i s t i ca l  methods of a n a l y s i s .  

P r a c t i c a l  p r e v e n t i o n  of t h e  d i s e a s e  i s  sought  by complex 

i.? :.. . 
. .. . ... 



v a r y i n g  symptom that  i s  r e l a t e d  t o  e s s e n t i a l l y  phys iochemica l  p r o c e s s e s .  

a d o p t i n g  t h i s  v i e w ,  t h e  chemica l  e n g i n e e r  h a s  a un ique  o p p o r t u n i t y  t o  h e l p  

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

I n  

This e n g i n e e r i n g  v i e w p o i n t  becomes s l i g h t l y  more q u a n t i t a t i v e  when 

p r e s e n t e d  as i n  P i g .  1. 

h y d r o s t a t i c  p r e s s u r e  sensed  b y  t h e  d i v e r ' s  body and t h e  i n t e r n a l  p a r t i a l  

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

I 

J.. 1I:TRODTJCTION 

As many o c c u p a t i o n a l  d i s e a s e s ,  decompression s i c k n e s s  i s  a p r o d u c t  of 

e n g i n e e r i n g  development,  a l b e i t  an  unplanned  one. The c o l l e c t i o n  of symptoms, 

now r e f e r r e d  t o  as decompression sickness,  a r r i v e d  w i t h  t h e  i n v e n t i o n  of l a r g c -  

volume a i r  pumps t h a t  a l lowed men t o  be exposed t o  r a i s e d  e n v i r o n m e n t a l  

p r e s s u r e s .  

l a y e r  of water, o r  i n  a p r e s s u r i z e d  environment  such  as the c a i s s o n s  around 

f o o t i n g s  for  ma jo r  c i v i l  e n g i n e e r i n g  p r o j e c t s ,  t h e  symptoms are similar. 

They r ange  from annoying aches and p a i n s  ( e s p e c i a l l y  i n  the ske le t a l  j o i n t s  of 

s h o u l d e r s ,  k n e e s  and elbows) t o  the more d i s c o n c e r t i n g  s i g n s  o f  s e n s o r y  o r  

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

d e a t h .  The symptoms o f t e n  o c c u r  i n  combinat ion and are n o t  well r e l a t e d  t o  any 

known b i o l o g i c a l  p rocesses .  

Whether t h i s  r a i s e d  p r e s s u r e  r e s u l t e d  from men p o s i t i o n e d  unde r  a 

1,2 

A f t e r  s e v e r a l  decades  of v e r y  creative s p e c u l a t i o n ,  t h o u g h t s  on the o r i g i n  - .. 
of deconpres s ion  s i c k n e s s  converged t o  a common v e r b a l  d e s c r i p t i o n :  

I n e r t  g a s  b r e a t h e d  unde r  p r e s s u r e  e n t e r s  t h e  body and c a u s e s  

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

(decompression) "too f a s t "  when compared to  t h e  +ate of g a s  

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

T h i s  g e n e r a l  view, f i r s t  espoused a c e n t ~ r y - a g o , ~  s t i l l  e x i s t s  i n  p r e s e n t  

s t u d i e s .  E s s e n t i a l l y ,  w e  have  a b i o l o g i c a l  d i s e a s e  p r o c e s s  with widesp read  and 



p r e s s u r e  of t h e  i n e r t  g a s  b r e a t h e d  by t h e  d i v e r .  

f r e q u e n t l y  approximated  by a series of s q u a r e  vaves  w i t h  one or more s t e p s  i n  

The e x t e r n a l  exposure is 

the r e d u c t i o n  of p r e s s u r e  back t o  one a t n o s p h e r e .  The smaller ampl i tude  s t e p s  

a t  p r e s s u r e s  n e a r  ambient  p r e s s u r e  are the decompression s t o p s  (designed t o  

a v o i d  t h e  " too  fast" r e t u r n )  t h a t  are c a l c u l a t e d  by any of t h e  decompression 

m o d e l s .  The i n t e r n a l  p r e s s u r e  of t h e  g a s  rises much more s l o w l y ,  remains a t  a 

h i g h  l e v e l  a f t e r  the i n i t i a l  r e t u r n  t o  lower p r e s s u r e  and on ly  r e t u r n s  

g r a d u a l l y  t o  i t s  a s y m p t o t i c  v a l u e  of e q u i l i b r i u m  w i t h  a normal a tnosphe re .  

s h a p e  of the c u r v e  of i n t e r n a l  gas p r e s s u r e ,  and t h e  area between t h a t  cu rve  

and t h e  e x t e r n a l  p r e s s u r e ,  are b o t h  unknown and s u b j e c t  t o  e n g i n e e r i n g  

a n a l y s i s .  

of d e c o a p r e s s i o n ,  b u t  w i l l  n o t  a t t e m p t  a comprehensive review o f  t h e  s u b j e c t .  

11. GAS EXCHANGE IN TISSUE 

The 

I n  the rema inde r  o f  t h i s  pape r  I w i l l  d i s c u s s  b o t h  of t h e s e  a s p e c t s  

In o r d e r  t o  d e f i n e  t h e  h i s t o r y  of i n t e r n a l  g a s  p r e s s u r e  (Fig.  l ) ,  \re must 
. . -  . I  .. 

i s o l a t e  t h e  ma jo r  t r a n s p o r t  mechanisms i n  t h e  body. 

body through t h e  l u n g s .  

less than  1 min. A s  a r e s u l t ,  t h e  t r a n s p o r t  l a g  due t o  g a s  i n s p i r a t i o n  and 

mixing  i n  t h e  l u n g s  i s  norma l ly  n e g l e c t e d  because  t h e  ' p r e s s u r e  exposure and 

d e c o r p r e s s i o n  o c c u r  o v e r  rcany minu tes  o r  h o u r s .  

t h rough  the s k i n .  Because t h i s  t r a n s p o r t  r a t e  i s  examined i n  a n o t h e r  paper  i n  

t h i s  j o u r n a l Y 4  I w i l l  not examine i t  f u r t h e r .  

permeat ion of t h e  s k i n ,  combined w i t h  a d r i v i n g  f o r c e  o f  h i g h  ambient p r e s s u r e ,  

can a c t u a l l y  d e l i v e r  a f a t a l  q u a n t i t y  of g a s  t o  e x p e r i m e n t a l  anima1.s. 

h7ornal.ly, a f t e r  g a s  leaves t h e  l u n g s  i t  t r a v e r s e s  t h e  h e a r t  and s e v e r a l  major 

a r te r ia l  b l o o d  vessels  b e f o r e  r e a c h i n g  t h e  m i c r o c i r c u l a t i o n .  During t h e  

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

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

G a s  normally e n t e r s  t h e  

The t i m e  c o n s t a n t  of gas mixing i n  t h e  lung  i s  much 

Gas can a l s o  e n t e r  t h e  body 

Note,  however, t h a t  gas 

5 
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t h e  smaller a r t e r i a l  v e s s e l s  are long  enough f o r  gas molccu le s  t o  e s c a p e  ivto 

tisstle. 

najor  research t o p i c  i n  t h e  f u t u r e .  

T h i s  e f f e c t  i s  o n l y  now b e i n g  r e c o g n i z e d  and w i l l  p robab ly  become a 

7 ,a 

Plost gas-exchange t h e o r i e s  have focused  on t h e  c a p i l l a r y  level .  Numerous 

s t u d i e s  of t h e s e  t h e o r i e s  have  been summarized r e c e n t l y .  '"O The c a p i l l a r y ,  

t h e  smallest  f u n c t i o n a l  u n i t  of blood c i r c u l a t i o n ,  i s  f r e q u e n t l y  modeled as a 

c y l i n d e r  and named a f t e r  t h e  f i r s t  person t o  u s e - t h i s  g e o m e t r i c a l  shape ,  A. 

Krogh." 

e n d o t h e l i a l  cel ls  and a thick a n n u l u s  of t i s s u e  t h a t  h a s  no c o n v e c t i v e  

The Krogh c y l i n d e r  i s  a s i n g l e  blood vessel su r rounded  by a l i n i n g  of 

component (Fig.  2).  

r e l a t i v e l y  s imple  geometry. 

Many exchange mechanisms are p o s s i b l e  w i t h i n  t h i s  

A t r e a t m e n t  of g a s  f l o w  i s  n e c e s s a r y  b e c a u s e  t h e  c o n v e c t i v e  e n t r y  and e s i t  

of g a s  molecu le s  i n  t h e  c a p i l l a r y  i t s e l f  i s  u s u a l l y  c o n s i d e r e d  t o  be t h e  on ly  

way molecu le s  c r o s s  t h e  sys t em boundar i e s .  

c a p i l l a r y  l e v e l  because  of t h e  non-newtonian n a t u r e  of b l o o d  p l a sma l2  and 

b e c a u s e  of t h e  p r e s e n c e  of s e m i s o l i d  blood c e l l s  whose d imens ions  are v e r y  

close t o  t h a t  o f  t h e  c a p i l l a r y  c y l i n d e r  i t s e l f .  l3  

c a l c u l a t i o n s ,  blood f low i s  e i t h e r  t r e a t e d  as l e a d i n g  'to complete  n i x i n g  o r  as  

p l u g  flow w i t h  n o  ax ia l  d i f f u s i o n .  

oxygen may become important. 

Elood f low is  c c m p l i c a t e d  on t h e  

For m a s s - t r a n s f e r  

Under some c o n d i t i o n s ,  a x i a l  d i f f u s i o n  of 

14 

Within t h e  t i s s u e  c y l i n d e r  are t h r e e  d i f f u s i v e  mechanisms: r a d i a l  

d i f f u s i o n  of molecu le s  from t h e  v e s s e l  t o  t h e  r a d i a l  b o u n d a r i e s  o f  t h e  

c y l i n d e r ;  ax ia l  d i f f u s i o n  of molecu le s  i n  a d i r e c t i o n  p a r a l l e l  t o  t h e  

c a p i l l a r y ;  and a b a r r i e r  d i f f u s i o n  a t  t h e  boundary between t h e  c a p i l l a r y  and 

the t i s s u e  r e g i o n  i t s e l f ,  

a p p l i e d  i n  models. 

are awkward, b u t  a l l o w  s o l u t i o n s  i n  some cases. 10s15'16'17 

S e v e r a l  combina t ions  of t h e s e  mechanisms have  been 

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

The normal no-f lux 



boundary c o n d i t i o n s  c o n s i s t e n t  with t h e  p h y s i c a l  b o u n d a r i e s  of normal. 

, 

n o t  r e c e i v e d  much a t t e n t i o n ,  d e s p i t e  t h e i r  a p p e a l  in terms of rea l i s t ic  

phys io logy  and t h e i r  p r o v i s i o n  of l a r g e  v a r i a n c e s  in t r a n s i t  t imes .  17 

Elany of t h e  Krogh geometry s o l u t i o n s  can  b e  s u c e s s f u l l y  f i t  t o  data of 

e x p e r i m e n t a l  g a s  exchange., 2o -Of c o u r s e ,  this agreement  between d a t a  and t h e o r y  

canno t  b e  c o n s i d e r e d  as "proof" of  any model. 

c o n s i s t e n t l y  t o  f i t  exchange d a t a  i s  t h e  s i n g l e  e x p o n e n t i a l  (wel l -nixed 

compartment) model,  which h a s  a l ong  t r a d i t i o n  of  a p p l i c a t i o n  t o  decompression 

t h e o r i e s .  

pa rame te r s  do bes t  w i t h  c h a r a c t e r i s t i c  d i f f u s i o n  d i s t a n c e s  of  o r d e r  1 cm. 

C a p i l l a r i e s  that  are i d e n t i f i a b l e  a n a t o m i c a l l y  have  d imens ions  about  two o r d e r s  

O n e  model t h a t  f a i l s  

1. 

Models t h a t  f i t  b e t t e r  and i n c l u d e  c o n v e c t i v e  and d i f f u s i v e  

. of  magnitude smaller. A t  t h i s  t i ne ,  i t  a p p e a r s  imposs ib l e  t o  choose a model 

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

i n f o r n a t i o n .  I n  f a c t ,  expe r imen t s  t o  d i f f e r e n t i a t e  among c a n d i d a t e  t h e o r i e s  

are  d i f f i c u l t  t o  d e s i g n ,  

To assist  i n  comparing gas-exchange models  and t o  summarize r a t h e r  noisy 

e x p e r i m e n t a l  d a t a ,  w e  a p p l y  t h e  concept  of "moments" t o  g a s  exchange. The 

e n g i n e e r i n g  equipment are n o t  r e a d i l y  i d e n t i f i a b l e  i n  t h e  body, s o  t h e  c h o i c e  

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

problem. l l ode l s  w i t h  no-f lux c o n d i t i o n s  on b o t h  t h e  a x i a l  a n d  r a d i a l  

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

f l o w  and con t inuous ,  s t i r r e d  t a n k  models. Allowing some t r a n s p o r t  a c r o s s  a x i a l  

b o u n d a r i e s  t o  accoun t  f o r  m u l t i p l e  c a p i l l a r y  a r r angemen t s  r ecogn izes  some of 

the  p o s s i b l e  ana tomic  a r r a n g e m e n t s  of n e i g h b o r i n g  c a p i l l a r i e s .  Trea tments  of 

b o t h  s t a g g e r e d  and c o u n t e r ~ u r r e n t ' ~  g e o m e t r i e s  have  been p resen ted .  Models 16 
I 

a l l o w i n g  f o r  d i f f u s i v e  t r a n s p o r t  a c r o s s  c a p i l l a r y  e n t r a n c e  and e x i t  p l a n e s  have 1 



f i r s t  a n d  second moinents of t h e  t i m e  d i s t r i b u t i o n  of g a s  r e s i d e n c e ,  o r  t h e  r e a n  

21  and t h e  v a r i a n c e  o f  t h e  d i s t r i b u t i o n ,  a r e  o b t a i n e d  from b o t h  models and d a t a .  

l!ost continuous-exchange n o d e l s  l e a d  t o  t h e  sane p a r a m e t r i c  e x p r e s s i o n  f o r  t h e  

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

d i s t r i b u t i o n )  t o  t h e  v o l u m e t r i c  flow ra te  o f  t h e  c a p i l l a r y .  

e x p r e s s i o n s  of t h e  v a r i a n c e  c o n t a i n  t h e  d i f f u s i o n  c o e f f i c i e n t ,  D ,  as  well  2 s  

t h e  d i f f u s i o n  d i s t a n c e s .  l7 

The model 

It  shou ld  b e  n o t e d  t3at  v a r i a n c e  due t o  a x i a l  

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

v a r i a n c e  with larger D.  T h i s  i m p l i e s  t h a t  even when l a c k i n g  p r e c i s e  d a t a  OD 

c a p i l l a r y  dimensions and f low,  an i n f o r m a t i v e  experiment  r e g a r d i n g  d i f f u s i o n  i s  

p o s s i b l e :  

c a p i l l a r y  bed. 

s i m u l t a n e o u s  use o f  two tracers w i t h  d i f f e r i n g  D i n  t h e  sane  

I n  a n  e x p e r i m e n t a l  s e t t i n g ,  moments, as i n t e g r a l  measures  o f  d a t a ,  are 

compara t ive ly  f r e e  from e x p e r i m e n t a l  n o i s e ,  u n l i k e  r a w  d a t a .  Nost experiments  

have  s u f f i c i e n t  i n f o r m a t i o n  f o r  r e l a t i v e l y  independent  es t imates  of t h e  f i r s t  

two moments of t h e  d i s t r i b u t i o n  of r e s i d e n c e  t i m e s .  The e s p e r i m e n t a l  n o c e n t s  

can be p a i r e d  w i t h  t h e  moments g e n e r a t e d  from models of c a p j l l a r y  g a s  exchznge 

i n  o r d e r  t o  o b t a i n  estimates o f  model pa rame te r s .  Such a comparison f r e q u e n t l y  

shows t h a t  a l t h o u g h  s e v e r a l  models can f i t  d a t a  a d e q u a t e l y ,  t h e  e s t i m a t e d  

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

summaries can a l s o  be used p r o f i t a b l y  f o r  d e s c r i b i n g  and e v a l u a t i n g  t h e  v e r y  

I n  examining l a r g e  d a t a  sets t h a t  r e s u l t  from some gas-exchange.experiments.  

t h e  d i s t r i b u t i o n  of mean r e s i d e n c e  t i m e s  of radioxenon i n  thousands  o f  s i t e s  i n  

dogs, w e  have been able t o  i d e n t i f y  r e g i o n s  o f  p a r t i c u l a r l y  slow exchange. 

These r e g i o n s  co r re spond  t o  s k e l e t a l  j o i n t s  ( s p e c i f i c a l l y  the s h o u l d e r  and 

elbow i n  dogs) that  t e n d  t o  b e  a s s o c i a t e d  w i t h  predominant s i tes  of 

- .  .. >* . 
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The moments as 
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decompression 

man t o  o b t a i n  

p a i n s .  C u r r e n t l y ,  we a re  examining n i t r o g e n  exchange rates in 

d i r e c t l y  re l e v a n t  d a t a .  

111. GAS BUBBLE 1.IECKANTCS 

According t o  o u r  a c c e p t e d  v e r b a l  d e s c r i p t i o n  of the  mechanism of 

Ample decompression s i c k n e s s ,  g a s  b u b b l e s  form and grow i n  t h e  body. 

e x p e r i m e n t a l  o b s e r v a t i o n  of l a r g e  bubb les  i n  a n i m a l  t i s s u e s  and b l o o d  vessels 

a f t e r  s e v e r e  deconpres s ion  s u p p o r t s  t h i s  i d e a . 2 4  

of the  mechanisms of forming and g r o x i n g  b u b b l e s ,  however, i s  a n o t h e r  t r a n s p o r t  

q u e s t i o n  t ha t  is s u i t a b l e  f o r  e n g i n e e r i n g  a n a l y s i s .  F i r s t ,  one h a s  t o  accoun t  

f o r  the o r i g i n a l  s o u r c e  of bubb les .  

f and  he te rogeneous  (a t  t h e  i n t e r f a c e  of m u l t i p l e  phases )  n u c l e a t i o n  

t h e o r i e s  have  been p r e s e n t e d .  

f o r  phase  s t z 3 i l i t y  and k i n e t i c  arguments  f o r  i n i t i a l  fo rma t ion  of a b u b b l e  

from d i s s o l v e d  g a s e s  on ly .  

are s t a b i l i z e d  by a f i l m  of s p e c i a l  s u r f a c e - a c t i v e  material .  

The q u a n t i t a t i v e  d e s c r i p t i o n  

A v a r i e t y  of homogeneous ( i n  2 s i n g l e  

26 

These  approaches  combine thermodynamic arguments 

Another  view is  t h a t  b u b b l e s  a r e  a lways  p r e s e n t  and 

27 

According t o  b o t h  t h e  nucl  e a t i o n  and s t a b i l i z a t i o n  views, t h e  o r i g i n a l  gzs 

n u c l e i  are s m a l l  and may n o t  c a u s e  b i o l o g i c a l  damage. 

b u b b l e s  i n t o  l a r g e r  phases  somehow e v e n t u a l l y  l e a d s  to' the symptoms of 

decompression s i c k n e s s .  

f l u i d  m e d i u m  i s  a common geometry f o r  t r a n s p o r t  a n a l y s e s .  O n c e  a g a i n ,  the 

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

c a u s e s  problems. 28y29  

c o l l e c t i o n  of c o n v e c t i v e  and d i f f u s i v e  r e g i o n s  d i s t r i b u t e d  nonrzndomly i n  

space .  The available s o l u t i o n s  f o r  bubb le  growth assume a t h i n  res is t ive 

s h e l l ,  a very l a r g e  homogeneous f l u i d  or a un i fo rmly  d i s t r i b u t e d  l i n e a r  s i n k .  

The models p r e d i c t  growth rates d i f f e r i n g  by up t o  one o r d e r  of magnitude. 

The growth o f  t h e s e  

Groxth and  decay of a s p h e r i c a l  gaseous  bubb le  i n  a 

Body t i s s u e s  are n o t  s t i r r e d  t a n k s ,  b u t  r a t h e r  a 
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E'urtIierr;.,ore, l o c a l  b u b b l e s  can b o t h  augment and d e c r e a s e  l o c a l  c o n v e c t i v e  

4 

30 t r a n s p o r t .  

L imi t ed  knowledge of s p e c i f i c  b i o l o g i c a l  p a r a m e t e r s  ( c a p i l l a r y  d e n s i t y ,  

g a s  s o l u b i l i t y ,  s u r f a c e  t e n s i o n ,  etc.) p r e v e n t s  a n y  of t h e  models from 

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

t h e  b i o l o g i c a l l y  a p p r o p r i a t e  s o l u t i o n  t o  t h e  bubble-growth e q u a t i o n s  depends or! 

The f i n a l  c h o i c e  o f  

t h e  development of bet ter  s y s t e m  t o  d e t e c t  b o t h - b u b b l e  s i z e s  and number 

d e n s i t i e s  of bubb les .  S e v e r a l  sys t ems  have been  proposed and a r e  c u r r e n t l y  

These i n c l u d e  t r a n s m i s s i o n ,  r e f l e c t i o n  and 3 1 , 3 2 , 3 3 , 3 4  b e i n g  developed. 

harmonic u l t r a s o n i c  d e v i c e s .  An u l t i m a t e l y  u s e f u l  d e v i c e  w i l l  need e x c e l l e n t  

s p a t i a l  r e s o l u t i o n  i n  an  a c o u s t i c a l l y  "noisy" environment:  a l i v i n g  body. Its 

developnent  is a c h a l l e n g i n g  e n g i n e e r i n g  task. 

I V .  COMPLETE MODELS 

I n  l i e u  o f  q u a n t i t a t i v e  e x p e r i m e n t a l  answers  t h a t  are f u l l y  s a t i s f a c t o r y ,  

many coicpeting t h e o r i e s  o f  the importance of b u b b l e s  are b e i n g  used.  These 

competing t h e o r i e s  v i e w  i m p o r t a n t  bubb le  e v e n t s  a l t e r n a t e l y  as: bubb le  

35 36 nuc lea t ion ;25  b u b b l e  vo lune ;  nunber of b u b b l e s ;  o r  t h e  p r e s s u r e  g e n e r a t e d  

w i t h i n  a bubble. '  These- v a r i o u s  models of b u b b l e  mechanics have been conbjned 

w i t h  a l t e r n a t e  models of gas exchange, l e a d i n g  t o  a v a r i e t y  of q u a n t i t a t i v e  

decompression t h e o r i e s .  A s m a l l  se t  of t h e  l a r g e  number of p u b l i s h e d  t h e o r i e s  

is s u m a r i z e d  i n  T a b l e  1. Some are based on c a l c u l a t e d  g a s  b e h a v i o r  f o r  a 

s i n g l e  se t  of gas-exchange pa rame te r s ;  o t h e r s  inc'Iude p a r a l l e l  c a l c u l a t i o n s  f o r  

several  "compartments." The e q u a t i o n s  used f o r  gas-uptake r a t e  and f o r  bubble- 

growth r a t e  v a r y  among many p o s s i b i l i t i e s .  The f i n a l  column i n  Tab le  1 r e f e r s  

t o  a l l o w a c e  of a f a i l u r e  o f  s y m n e t r y ,  o r  l i n e a r i t y ,  i n  t h e  gas-exchange 

f u n c t i o n  a f t e r  presumed bubb le  formation d u r i n g  t h e  i n i t i a l  decompression. 

a f i E a l  n o t e ,  o n l y  t h e  f i r s t  t h r e e  e n t r i e s  of T a b l e  1 are t h e o r i e s  t h a t  have 

A s  



been  used  i n  d i r e c t  hunan t e s t i n g .  The  o t h e r  t o o  and many more u n l i s t e d  

& 

t h e o r i e s  are  s p e c u l a t i v e .  The t h e o r i e s  are  s imi la r  i n  t h a t  t h e y  p r e d i c t  t h a t  

slower decoiapression i s  s a f e r ,  b u t  t hey  a l l  lack s u f f i c i e n t  e v i d e n c e  from 

useful expe r imen t s  t o  s e p a r a t e  the t h e o r e t i c a l  p r e d i c t i o n s .  The amount of 

t e s t i n g  r e q u i r e d  would be enornous ,  w i t h  b o t h  f i n a n c i a l  and e th ica l  

imp 1 i c a t i o n  s - 
To make optimum u s e  of l i m i t e d  e s p e r i m e n t a l  o b s e r v a t i o n s ,  modern 

e n g i n e e r i n g  and s t a t i s t i c a l  t e c h n i q u e s  n u s t  b e  used.  

a n a l y s i s  of ongoing  hunan t r i a l s  t o  minimize s u b j e c t  exposures .  I n  t h e  p a s t  

These  i n c l u d e  s e q u e n t i a l  

when a se t  o f .  t r i a l s  (a la rge  c o l l e c t i o n  o f  b i n a r y  outcorce d a t a )  h a s  been 

compared t o  a t h e o r y ,  common p r a c t i c e  h a s  avoided s t a t i s t i c a l  p r i n c i p l e s  and 

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

The f i rs t  three e n t r i e s  o f  Tab le  1 have  undergone t h a t  t y p e  of t e s t i n g  and 

paraceter a d j u s t n e n t .  

demarca t ion  between s a f e  and u n s a f e  c o n d i t i o n s .  S i n c e  decompression sickness 

A l l  models have  a l s o  presumed an i n f i n i t e l y  s h a r p  

is n o t o r i o u s l y  s u b j e c t  t o  v a r i a b i l i t y ,  a dose-response view t h a t  e x p e c t s  a 

f i n i t e  b u t  c o n t r o l l e d  i n c i d e n c e  s eem p r e f e r a b l e .  Tha t  approach  l e a d s  t o  model 

a d j u s t m e n t  u s i n g  the  s t a t i s t i c a l  p r i n c i p l e  of Maxiniim L i k e l i h o o d .  

E v e n t u a l l y ,  o t h e r  t o o l s  o f  modern e n g i n e e r i n g  f a i l u r e  a n a l y s i s  w i l l  be h e l p f u l  

i n  s o l v i n g  t h e  problem. 

25 

Decompression s i c k n e s s  i n  humans i s  a r a r e  d i s e a s e  b e c a u s e  i t s  s o u r c e  i s  

a s c r i b e d  t o  p r i n c i p l - e s  t h a t  are almost e n t i r e l y  p h y s i c a l .  Apply ing  g e n e r a l  

p r i n c i p l e s  t o  co r rp l i ca t ed  c o n d i t i o n s  t h a t  i n v o l v e  d a t a  of u n c e r t a i n  r e l i a b i l i t y  

i s  a common e n g i n e e r i n g  problem. 

conponeat  q u e s t i o n s  t h a t  h a v e  d e f i n a b l e  answers ,  and then  a g g r e g a t i n g  t h e  

answers  i n t o  a s t s t i s t i c a l l y  meaningfu l  t h e o r y  i s  a c h a r a c t e r i s t i c  e n g i n e e r i n g  

Resolv ing  t h e  problem by  i d e n t i f y i n g  



process .  Today there  is amplc room f o r  o p t i m - i s m  t l iat  s u b s t a n t i a l  increases i n  

llurnan s a f e t y  i n  d i v i n g  w i l l  be ob ta ined .  

A 
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TABLE 1 

Selected available decompression models 

No. of G a s-Ex cha n ge Bubb le-Harm 
Source Compartnen ts liechanism Criterion Syinme t ry  

Workman (38) 6 -9 Flow O n l y  . Forma t i o n  Yes 

Hempleaan (39) 1 Slab D i f f u s i o n  Format i on  Yes 

Thalrnann (40 )  5 Flow O n l y  Volume No 

Flow and Radial Pressure Partial 
Diffusion 

YOURt ( 4 1 )  5? Flow Only Number No 

5 1 5 ' 1 5 0 5  



f.’T CURE LEGEM) S 

F i g u r e  1. Schematic  p r e s s u r e  h i s t o r y  of a dive and  subsequent  decompression. 

F i g u r e  2.  Geometry used f o r  c l a s s i c a l  (Krogh) models of t he  n i c r o c i r c u l a C i o n .  

Convection (blood f l o w )  o c c u r s  on ly  i n  t h e  c e n t r a l  r e g i o n  o f  the . 

c y l i n d e r ;  d i f f u s i o n  o c c u r s  i n  a l l  r eg ions  s u b j e c t  t o  p a r t i c u l a r  

model assumptions.  
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