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B ACKCR OUND 
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Procedures  f o r  t h e  s a f e  decompression of  a i r  b r e a t h i n g  d i v e r s  have 

e x i s t e d  i n  many forms throughout  t h i s  c e n t u r y .  The f i r s t  g e n e r a l l y  accepted  

set  of decompression t a b l e s  r e s u l t e d  from a s t u d y  conducted h y  .J.B.S. Haldane 

under  commission bv t h e  Royal Navy !Boycott ,  Damant, and Ilaldane., 2908). 

Haldane performed a number of expe r imen t s  on g o a t s  and humans, and combi-ned 

. h i s  i n t e r p r e t a t i o n  of t h e s e  r e s u l t s  w i t h  ;i then  p l . a u s i h l e  se t  of  assumptions 

t h a t  e s t a b l i s h e d  a s c e n t  c r i t e r i a  f o r  decompression.  A f t e r  mak-?’np t h e  i n i t j a l  

assumption t h a t  decompression s i c k n e s s  (DCS) i s  due  t o  e x c e s s i v e  i n e r t  gas ,  

Haldane argued t h a t  g a s  exchange i s  due  t o  a c o n s t a n t  f r a c t i o n a l  ra te  of 

exchange for each passage  of  g a s  th rough  t h e  lungs .  The c o n s t a n t  f i -act fon l e d  

immediately t o  a s i n g l e  e x p o n e n t i a l  t e r m  f o r  exchange k i n e t i c s .  No fi!.rect 

expe r imen t s  on k i n e t j c s  were performed,  b u t  t h e  g m t 8  were observed t o  

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

esposure. T h i s  maximum t i m e  was ex tecded  s l i g h t l y  u s i n g  arzuments  of 

human-goat re la t ive  m e t a b o l i c  ra tes ,  and then t h e  maxinum time w n r  d iv ided  

i n t o  f i v e  exponen t i a l  ha l f - t imes  t o  a l l o w  f o r  a spectrum of exrhanqe r ~ t e s  f o r  

c a l c u l a t i o n s .  I t  appeared from t h e s e  c a l c u l a t i o n s  that. b o t h  men and  p o a t s  d i d  

rlot s u f f e r  DCS i f  t h e  r a t i o  of c a l c u l a t e d  t o t a l  i n t e r n a l  FRS t e n s i o n  d i d  riot 

exceed tw ice  t h e  ambient p r e s s u r e .  T h i s  comhSned ”model” of  f i v e  e x p o c e n t j a l  

components and  a 2 : l  r u l e  f o r  a s c e n t  w e r e  t h e  b a s i s  of t h e  Pa ldane  T2,hles 

subsequen t lv  adopted  € o r  u s e  by t h e  Rnv2l Navv. A f t e r  a s h o r t  t r l a l  by 

S t i l l s o n  (1915) ,  they  were adop tc4  f o r  US Navv u s e .  

The f i r s t  US m o d i f i c a t i o n  t r ?  t h e  t a b l e ?  seemed t o  h e  d r i v e n  by a 

t h e o r e t i c a l  p o i n t .  A 1935 repert  hv Hawkins, S h i l l i n g ,  a n d  Haneen po in ted  o u t  

t h a t  a l a r g e  number o f  e m p i r i c a l l y  c o n t r o l l e d  decompressions t h a t  s imula ted  

submarine escape  appeared s a f e  unde r  condi t’ons t h a t  were p r o h i b i t e d  bv t h e  

1 



Valdane approach.  ( S p e c i f i c a l l y ,  t h e v  concluded t h a t  more than  a 7 : l  ascent  

r a t i o  w a s  a l lowed bv t h e o r e t i c a l  t i s s u e s  of  5 and 10 m j n  h a l f - t i m e s ) .  The 

r e p o r t  (1935) proposed a r e v i s e d  c a l c u l a t i o n  method t o  r e l a x  t h e  o r i g i n a l  set 

of assumpt jons .  

Haldane h u t  i n s e r t e d  a number of dep th  and t i m e  dependent  r u l e s  i n  l i e u  of the 

s i m p l e r  2:l a s c e n t  c r i t e r i o n .  

The s o d i f i c a t i o r  d ropped  t h e  two f a s t e s t  ha l f - t imes  o f  

A se t  of t a b l e s  was r e v i s e d  a c c o r d i n g l v  hv 

Yarhorough i n  1937. Tn 19.51, F r t u d v  of no-decompression d i v e s  r e p o r t e d  a s  

p a r t  of a l a r g e r  s u r f a c e  decompress?-on s t u d y  (Van d e r  Aue et. a]..) suppor ted  

t h e  growing s u s p i c j o n  t h a t  long d i v e s  were n o t  s u f f i c i e n t l y  s a f e .  A major 

r e v i s i o n  and tes t  series i n  195h ( d e s  Granges) produced t h e  c u r r e n t  se t  of  a i r  

t a b l e s ;  t h e  number of exponen t i a l  h a l f - t i m e s  were i-ncreaserl t o  six and t h e  

a s c e n t  c r i t e r i a  (a s e t  of r a t i o s )  w e r e  i n c r e a s e d  t o  several dozen. That v e r y  

l a b o r i o u s  exercise r e q u i r e d  f i v e  i t e r a t i o n s  of human t e s t i n g  and r u l e  r e v i s i o n -  

b e f o r e  an a c c e p t a b l e  outcome w a s  d e c l a r e d .  

An e x t r a p o l s t i o n  of t h e  f i n a l .  ru1.e.s t o  s l i g h t l y  l o n g e r  d i v e s  produced t h e  

c u r r e n t  E x c e p t j o n a l  Exposure T a b l e s ,  which had a h igh  i n c i d e n c e  of  DCS even 

a f t e r  f f v e  a d d i t i o n a l  i t e r a t i o n s  o f  t e s t i . n g  (Norlman, 1957) .  A s i m i l a r  

h i s t o r v  could  h e  d e s c r i b e d  f o r  o t h e r  forms of  decompression t a b l e s  a s  ~ 1 . 1 .  

T h e  present :  1i.S. Mavv D i v i n g  Manual. h a s  s e v e r a l  s e t s  of t a h l e s  f o r  v a r i o u 9  

o p e r a t i n g  envi ronments  t h a t  w e r e  c a l c u l a t e d  hy method? s imilar  t o  those  i u s t  

d e s c r i b e d  (IJorkman, 1965). The f i n a l  parameters (“sur fac inp ,  r u l e s ” )  of  t h e  

v a r i o u s  s t u d i e s  are i ncompa t ib l e ,  and e x t r a p o l a t i o n  from one s e t  d o e s  n o t  

produce a r e a s o n a b l e  approxjmat ion  t o  env o t h e r  cond-i t ion.  The f a i l u r e  of 

t h i s  e x t r a p o l a t i o n  is n o t  s u r p r i s i n g  as t h e r e  i s  no model,  i n  t h e  mathemati-cal 

s e n s e  of t h e  word, fnvolved .  Fo r  example,  !n t h e  tests of t h e  c u r r e n t  a i r  

t a b l e s  ( d e s  Granges, 1 9 5 6 ) ,  t h e  number of pa rame te r s  f i n a l l v  used exceeded t h e  

number of cc?ses of DCS encountered  d u r i n g  t h e  m o d i f i c a t i o n  o f  t h e  parameters .  



T h i s  b e h a v i o r  i s  e q u i v a l e n t  t o  " n e g a t i v e  d e g r e e s  of freedom" where one d e r i v e s  

more c o n s t a n t s  t h a n  h e  h a s  d a t a .  The t a b l e s  i n  t h e i r  p r e s e n t  form do have a 

d e g r e e  of s a f e t y ,  though probably  n o t  a w e l l  known o r  uniform d e g r e e  (Berghage 

and Durman, 1980). They are a t r i b u t e  t o  a l e n g t h y  t r i a l - a n d - e r r o r  e f f o r t  and 

numerous dangerous t r i a l s .  Modern s c i e c t i f i c  methods and s t a t i s t i c a l  

e v a l u a t i o n  have y e t  t o  b e  a p p l i e d  t o  Navv decompression t a b l e s .  

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

way. The model sought  i s  a c o n c i s e  mathematical  d e s c r i p t i o n  of  t h e  p r o c e s s  

under  s t u d y  t h a t  m a i n t a i n s  only  t h e  i m p o r t a n t  f e a t u r e s  of t h e  p r o c e s s  and 

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

By t h i s  d e f i n i t i o n ,  decompression t a b l e s  p r e s e n t l y  used d i d  n o t  arise from 

models b e c a u s e  t h e  l a r g e  number of h a l f - t i m e s  and decompressions r u l e s  are  

n e i t h e r  c o n c i s e  n o r  o b t a i n e d  i n  a s t a t i s t i c a l l y  meaningful  way. We have begun 

t o  apply  models by t h e  mathematical  d e f i n i t i o n  t o  t h e  decompression problem. 

The f i r s t  a p p l i c a t i o n  addressed  s a t u r a t i o n - e x c u r s i o n  d i v e s  w i t h  helium-oxygen 

of u n l i m i t e d  d u r a t i o n  where r e l a t ive  s a f e t y  could  b e  d e f i n e d  o n l y  i n  terms of 

p r e s s u r e s  w i t h  no e x p l i c i t  t r e a t m e n t  of t i m e  (Weathersby, Homer, and Flynn, 

1984).  

f u n c t i o n s .  

For a l l  s u b s a t u r a t i o n  d i v e s , ' t h e  models m u s t  e x p l i c i t l y  i n c l u d e  t i m e  

MODELS 

T y p i c a l l y ,  i n  decompression t r i a l s  2 s c h e d u l e  may produce one o r  more 

cases of  DCS on any g i v e n  day. The same s c h e d u l e ,  however, w i l l  n o t  

n e c e s s a r i l y  produce t h e  bends i n  a n o t h e r  set  of d i v e r s  on t h a t  day o r  i n  t h e  

same d i v e r s  on a d i f f e r e n t  day. Thus, v a r i a b i l i t y  of outcome i s  w e l l  known 

and should  b e  a f e a t u r e  of any model. I n c o r p o r a t i o n  of v a r i a b i l i t y  can b e  

a s s u r e d  by a s s e r t i n g  t h a t  t h e  p r o b a b i l i t y  of DCS i s  a s s o c i a t e d  w i t h  a g iven  

3 



p r o f i l e ,  r a t h e r  t h a n  t h a t  a g i v e n  procedure  i s  e i t h e r  comple te ly  s a f e  or 

comple te ly  u n s a f e :  

p(DCS) = f ( P r e s s u r e ,  T i m e ,  ..., Parameters )  [ 11 

T h i s  r e p o r t  concerns  how a class of models ,  t h a t  i s ,  a set of  f u n c t i o n s ,  - f ,  i n  

Eqn. 1,  can b e  a p p l i e d  t o  a i r  d i v i n g .  The p r o c e s s  of a p p l y i n g  p r o b a b i l i s t i c  

models t o  decompression d a t a  was developed by Weathersby, Homer, and F l y m  

(1984). B r i e f l y ,  t h e  f u n c t i o n  of Fqn. 1 is used t o  p r e d i c t  p(DCS) f o r  any 

d i v e  i n  which t h e  d e t a i l e d  p r o f i l e  i s  known. The p r e d i c t i o n  i s  t h e n  used 

d i r e c t l y  i f  t h e  dive r e s u l t e d  i n  DCS, or i s  used i n  Eqn. 2 i f  w e  know t h a t  t h e  

d i v e  was s a f e :  

p(no DCS) 1.0 - p(DCS) r 21 

I n  e i t h e r  c a s e ,  one p r e d i c t s  t h e  a c t u a l  outcome of  t h e  known d i v e  p r o f i l e .  

The p r o c e s s  is  r e p e a t e d  f o r  each t a b u l a t e d  a c t u a l  d i v e  (hundreds o r  thousands 

are  needed i n  p r a c t i c e ) .  The o v e r a l l  s u c c e s s  of  t h e  model i s  t h e  t o t a l  

p r o b a b i l i t y  of a l l  t h e  known outcomes. Assuming t h a t  t h e  r e s u l t s  of each d i v e  

are  independent ,  t h e  o v e r a l l  p r o b a b i l i t y  is  c a l l e d  t h e  l i k e l i h o o d  f u n c t i o n :  

L = p ( d i v e  1) p ( d i v e  2)  p ( d i v e  3) ... 131 

For t h e  most s a t i s f a c t o r y  model, t h e  l i k e l i h o o d  f u n c t i o n  should  b e  a t  a 

maximum (Kendal l  and S t u a r t ,  1979) .  Accord inglv ,  p a r a m e t e r s  are  e s t i m a t e d  by 

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

imposs ib le .  F u r t h e r  p r e s e n t a t i o n  of t h i s  approach and some s imple  examples 

a r e  found i n  work by Weathersby,  Homer, and Flynn (1984).  

I n  t h i s  r e p o r t ,  a l l  models w i l l  b e  of t h e  class cal led " r i s k  models" 

t a k e n  from t h e  p r e v i o u s  r e p o r t  of Weathersby, Homer, and Flynn (19Ph) .  

term "hazard func t ion"  is used i n  o t h e r  a p p l i c a t i o n s  ( K a l b f l e i s c h  and 

The 

P r e n t i c e ,  1980). For t h e s e ,  t h e  decompression dose-response f u n c t i o n  i s  

provided  by: 
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p(DCS) = 1.0 - exp( - I  r dt) [ 4 1  

where r is one of several measures of instantaneous risk that is integrated 

over the course of dive and postdive periods. The approach of integrating 

risk over the course of an entire decompression differs fundamentally from the 

traditional practice of seeking to avoid a specific critical point (e.g., the 

Haldane 2:l rule) at every instant during the decompression. The present 

approach embodies the assumption that a given decompression stress, r ,  is more 

likely to produce decompression symptoms if it is sustained longer. 

means that a large number of distinct decompressions from the same dive may 

result, after integration, in the same probability of DCS. 

It also 

For this analysis, the form of r in Eqn. 4 will be essentially empirical, 

that is, we will not invoke specific mechanisms of bubble formation, number, 

volume, growth, etc. Rather the forms used will be mathematically cowentent. 

Ptis, a computed tissue inert gas partial pressure, will be compared to Pamb, 

the current ambient pressure. 

metabolic gases 0 and CO and water vapor will be ignored totally. Whenever 

Ptis is less than Pamb, r will be set to zero, in keeping with the notion that 

DCS is somehow precipitated by a supersaturation of inert gas. This model is 

expressed as: 

As is common in decompression calculations, the 

2 2 

[ S I  

r = A ( Ptis - Pamb ) / Pamb 1 
Ptis by monoexponential; time constant = T 

2 parameters: A ,  T 

Model 1: 

The risk here is simplg proportional to the supersaturation with a 

proportionality parameter A in units of min-l (T is in min). 

calculated by treating the tissue as a single, well mixed compartment. 

Details of this treatment are in Appendix 1. The appearance of Pamb in the 

denominator follows from our previous work with saturation-excursion data in 

Ptis is 

5 
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which a significant decrease of DCS risk occurred if an equal supersaturation 

was created at a deeper depth (Weathersby, Homer, and Flynn, 1 9 8 4 ) .  This 

denominator wil.1 be used in all of the present models, even though it has not 

been shown statistically as necessary for air diving. The data used in this 

report have most of the decompression near surface pressure, so we do not 

expect that the effect will be important, whether included or not. Not enough 

data were found on air saturation-excursion diving for an equivalent study to 

that of Weathersby, Homer, and Flynn ( 1 9 8 4 ) .  The next model adds a threshold 

parameter, PTHR, that allows the possibility of a supersaturation that can be 

sustained indefinitely without the risk of DCS: 

r = A ( Ptis - Pamb - PTHR ) / Pamb 2 Model 2: 

Ptis by monoexponential; time constant = T 163 

3 parameters: A, T, PTHR 

PTHR is a constant parameter independent of depth. Again, only positive 

values of the numerator will be allowed in the integration of Eqn. 4 .  

Model 1 can be generalized to include a "second tissue" that has its own 

time constant and proportionality parameter. The statistical sense of this 

model is that no'DCS is the joint probability of no DCS in both tissues. No 

anatomic identification of the second (or indeed the first) tissue is 

attempted, and most data provide insufficient information on location of bends 

symptoms to justify the search. Such a model parallels the development of a 

large number of tissue half-times in the post-Haldane evolution of 

decompression schedules. This model is expressed as: 

r =  where 3 r3A + '3B' Model 3: 

r = AA ( PtisA - Pamb ) / Pamb 

PtisA by monoexponential; time constant = TA 

r = AB ( PtisB - Pamh ) / Pamb 

3A 

3B 

6 
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P t i s B  by monoexponential;  time c o n s t a n t  = TB [ 7 1  

4 parameters :  AA, TA, AB, TR 

T h i s  "two t i s s u e "  model can a l s o  have an added t h r e s h o l d  parameter :  

Model 4 :  r4 = T~~ + r4R, where 

r = AA ( PtisA - Pamb - PTHR ) / Pamb 4 A  

P t i s A  by monoexponential;  t i m e  c o n s t a n t  = TA 

r = AB ( P t i s B  - Pamb - PTHR ) / Pamb 4B 

P t i s R  by monoexponential;  t i m e  c o n s t a n t  = TB r 81 

5 parameters :  AA, TA,  AR, TR, PTHR 

A s  an a l t e r n a t i v e  t o  t h e  "two t i s s u e "  model, i t  i s  p o s s i b l e  t o  u s e  more 

complex g a s  exchange k i n e t i c s  i n  a s i n g l e  t i s s u e .  Through. our exper iments  on 

t h e  k i n e t i c s  of an i n e r t  g a s  i n  numerous dog t i s s u e s ,  w e  found t h a t  a l though a 

s i n g l e  e x p o n e n t i a l  cannot  d e s c r i b e  r e a l  dog t i s s u e s  o v e r  more t h a n  a t e n f o l d  

range  i n  c o n c e n t r a t i o n ,  most d a t a  w e r e  w e l l  d e s c r i b e d  by an e m p i r i c a l  

two  e x p o n e n t i a l  gas r e s i d e n c e  t i m e  f u n c t i o n  f r t f )  (Weathersby e t  a l . ,  1 9 7 9 ;  

Weathersby e t  a l . ,  1981). The r t f  i s  a m u l t i e x p o n e n t i a l  d e s c r i p t i o n  o f  pas 

exchange i r 7  a s i n g l e  t issue t h a t  h a s  t h r e e  k i n e t i c  p a r a m e t e r s  r a t h e r  than one 

of a s i n g l e  e x p o n e n t i a l .  Details  of t h i s  g a s  exchange f u n c t i o n  can b e  found 

i n  t h e  two r e f e r e n c e s  c i t e d  d i r e c t l v  above and i n  Appendix 1. T h i s  model i s  

expressed  a s :  

r = A ( P t i s  - Pamb ) / Pamb 

P t i s  by 2 e x p o n e n t i a l s ;  t i m e  c o n s t a n t s  = T1 and T2 

F r a c t i o n  of r t f  by T1 i s  W1; 

5 Model 5: 

F r a c t i o n  of rtf by T2 i s  1 - W1 ! 91 

4 parameters :  A ,  T 1 ,  T2, W1 

To ara 1-1 e 1 t h p r e v i o u s  developments,  a t h r e s h o l d  parameter  can also b e  

d e f i n e d  f o r  t h e  two e x p o n e n t i a l  exchange model: 

/ 
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Model 6 :  r = A ( P t f s  - Pamb - PTHR ) / Pamb 6 

P t i s  by 2 e x p o n e n t i a l s ;  t 3 m e  c o n s t a n t s  = T I  and T2 

F r a c t i o n  of r t f  by T1 i s  W1; 

F r a c t i o n  of r t f  by T2 i s  1 - W1 
5 p a r a m e t e r s :  A,  T1, T2, W1, PTHR 

A 1 1  s i x  models were used t o  e x p l o r e  v a r i o u s  d a t a  sets. 

r 101 

DECOMPRESSTON DATA 

Data were needed t o  e v a l u a t e  t h e  two t o  f i v e  a d j u s t a b l e  parameters  of t h e  

models.  The e v e n t u a l  goal  i s  a model w i t h  a r e a s o n a h l e  number of p a r a m e t e r s  

t h a t  could  b e  a p p l i e d  t o  anv t y p e  of p r e s s u r e  exposure .  For  p r e s e n t  purposes ,  

however, o n l y  "s tandard"  a i r  d i v e s  we:-e chosen. 

p r e s s u r e  e x p o s u r e s ,  w?th a b r e a t h i n g  m i x t u r e  of compressed air used a t  a l l  

These d ives  were s i n g l e  

t i m e s  and a s i n g l e  monotonic decompression.  I d e a l l y ,  t h e y  would have a l l  been 

performed under  s imi la r  c o n d i t i o n s  as e f f e c t s  of t e m p e r a t u r e ,  e x e r c i s e ,  r e c e n t  

d i v i n g  h i s t o r y ,  body composi t ion ,  and o t h e r  p o s s i b l y  impor tan t  e f f e c t s  were 

n o t  c o n s j d e r e d  by t h e  models.  A s  a f u r t h e r  r e q u i r e m e n t ,  a l l  should  have had 

t h e  same d i a g n o s t i c  c r i t e r i a  a p p l i e d  t o  D C S  outcome. 

because  minor symptoms a re  s o  h i g h l y  s u b j e c t i v e ,  and s t a n d a r d s  of d i a g n o s i s  

T h i s  was a problem 

may have p laced  more emphasis  on less  s e v e r e  symptoms i n  r e c e n t  t i m e s .  

Although s t a n d a r d s  of d i a g n o s i s  are r a r e l y  d i s c u s s e d  e x p l i c i t l y  i n  

r e p o r t s  of d i v j n g   trial.^, t h e r e  are some i n d i c a t i o n s  of p o s s i b l e  changes.  

Some mi ld  cases t h a t  would b e  c l a s s i f i e d  as decompression s i c k n e s s  today are 

n o t  d e s c r i b e d  as such i n  ea r l i e r  r e p o r t s .  For example, a 1957 B r i t i s h  t r i a l  

r e p o r t e d  o n l y  seven  cases of decompression s i c k n e s s  b u t  14  m i l d  cases are a l s o  

noted  i n  t h e  d e t a i l e d  t a b l e s ,  i n c l u d i n g  two a m  "aches" (Crocker ,  1957).  

These two c a s e s  w e r e  c l a s s i f i e d  a s  decompression s i c k n e s s  f o r  a n a l v s i s  i n  t h e  
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p r e s e n t  r e p o r t .  

s u b j e c t  i n  submarine e scape  t r i a l s  who developed what w a s  termed a mig ra ine  

headache 1.5 h p o s t d i v e .  

(Barnard and Eaton ,  1964). 

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

i n c i d e n t s ,  b u t  when less d e t a i l s  are a v a i l a b l e ,  s u s p i c i o n  arises t h a t  some 

mi ld  c a s e s  of  decompression s i c k n e s s  may have gone un repor t ed .  

Another  r e t r o s p e c t i v e  d i a g n o s i s  w a s  made i n  Data S e t  C f o r  a 

H e  had no p r e v i o u s  h i s t o r y  of mig ra ine  headaches 

Othe r  d a t a  sets ana lyzed  i n  t h i s  r e p o r t  had 

, 

The d a t a  sets used  are summarized i n  Appendix I T .  The f i r s t  (Data S e t  A) 

c o n s i s t s  of  a series of d i v e s  used t o  v a l i d a t e  t h e  p r e s e n t  USN S tandard  A i r  

Tab le s  ( d e s  Granges,  1956).  Any i n c o n s i s t e n c i e s  noted  i n  t h a t  r e p o r t  were 

r e s o l v e d  by checking  t h e  o r i g i n a l  d i v i n g  l o g s  a t  t h e  NEDU l i b r a r y .  

568 exposures  were conducted u s i n g  88 d i f f e r e n t  s c h e d u l e s  and 27 cases of DCS 

r e s u l t e d  from t h i s  series. All d i v e s  w e r e  conducted w i t h  w e t ,  working d i v e r s .  

The d i a g n o s t i c  c r i te r ia  were n o t  f u l l y  s p e c i f i e d ,  b u t  examinat ion  of t h e  

a c c i d e n t  r e p o r t s  from t h a t  p e r i o d  i n d i c a t e d  t h a t  t h e  DCS cases were of a 

r e l a t i v e l y  s e r i o u s  v a r i e t y .  

cases w i t h  m a r g i n a l  symptoms who d i d  n o t  r e c e i v e  recompress ion  the rapy .  

should  b e  no ted  t h a t  because  t h e s e  d i v e s  were performed f o r  a n  acceptance  

t e s t ,  t h e y  were though t  t o  b e  of n e a r l y  e q u i v a l e n t  s e v e r i t y  a t  t h e  t i m e .  

A t o t a l  of 

It appeared t h a t  no r e c o r d  was k e p t  of t h o s e  

It 

The second d a t a  set (Data  S e t  B) c o n s i s t e d  of  t h e  d i v e s  used t o  test t h e  

E x c e p t i o n a l  Exposure T a b l e s  c u r r e n t l y  i n  t h e  USN Div ing  Manual (Workman, 

1957) .  

each  schedu le  r e s u l t i n g  i n  a t  least  one case of DCS. 

exposures :  1.5-6 h i n  a d r y  chamber. 

and n i n e  cases o f . m i n o r  bends ,  a l o n g  w i t h  a s h o r t  case summary of a l l  d i v e s .  

Of t h e  minor  bends  cases d e s c r i b e d ,  a l l  b u t  one involved  p a i n  i n  a s p e c i f i c  

In t h i s  d i v e  series, 46 exposures  were performed w i t h  10 schedu les ,  

These d i v e s  were long  

The r e p o r t  t a b u l a t e d  13 cases of bends 

j o i n t  t h a t  p e r s i s t e d  f o r  up t o  several days  i n  t h e  absence  of recompression 
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t h e r a p y .  

because  by c u r r e n t  s t a n d a r d s  t h e s e  men would have a l l  r e c e i v e d  recompression 

We c o n s i d e r e d  t h e s e  j o i n t  p a i n s  as DCS i n  o u r  d a t a  e v a l u a t i o n  

t h e r a p y .  

A t  t h e  o t h e r  extreme o f  a i r  decompression, w e  a l s o  examined t h e  t o t a l  UK 

human t r ia ls  of submarine e s c a p e  from 1945-1970 (Donald, 1970).  I n  t h e s e  

t r i a l s  (Data S e t  C ) ,  s u b j e c t s  were compressed r a p i d l y  t o  d e p t h s  up t o  625 f t  

. and then  decompressed r a p i d l y  ( t o t a l  p r e s s u r e  exposure  0.8 t o  4 min). 

recorded  t i m i n g  of t h e  p r e s s u r e  exposures  i n  t h i s  d i v e  series w a s  t o  0.01 min, 

The 

as opposed t o  0.1 min i n  t h e  Exper imenta l  Div ing  U n i t  d a t a  and 1.0 i n  t h e  d a t a  

from t h e  Defence and C i v i l  I n s t i t u t e  of Environmental  Medicine (DCIEM) 

(below). As t a k e n  from a summary p u b l i c a t i o n  (Donald,  19701, w i t h  a few 

n e c e s s a r y  c o r r e c t i o n s  made by c o n s u l t i n g  a s o u r c e  document (Barnard and 

Eaton,  1964) ,  299 t r i a l s  were r e p o r t e d  w i t h  a t o t a l  of f o u r  cases of  DCS. The 

cases were d i s t r i b u t e d  across 46 s c h e d u l e s  and d i d  n o t  o c c u r  under  t h e  most 

extreme c o n d i t i o n s ,  s o  t h e  d a t a  were o n l y  m a r g i n a l l y  u s e f u l  f o r  dose-response 

model ing by i t s e l f .  N e v e r t h e l e s s ,  t h e  d a t a  were examined t o  p r o v i d e  

i n f o r m a t i o n  on s h o r t  t e r m  e v e n t s  t h a t  could l e a d  t o  DCS and t h a t  would n o t  b e  

provided  by t h e  o t h e r  d a t a  sets. 

Another d a t a  set was c o n s t r u c t e d  based on Canadian d i v i n g  e x p e r i e n c e .  

S i n c e  1967, a l l  p r e s s u r e  chamber exposures  a t  t h e  Defence and C iv i l  I n s t i t u t e  

of Environmental  Medicine have been e n t e r e d  i n t o  a computer d a t a  b a s e  (Kuehn 

and Sweeney, 1973) w i t h  d e t a i l e d  p r e s s u r e  h i s t o r i e s  and DCS outcomes. One of 

u s  (R.Y. N i s h i )  i s  r e s p o n s i b l e  for maintenance of  t h i s  l a r g e  d a t a  base. Of 

t h e  thousands  o f  r e c o r d s ,  t h e  d i v e s  w i t h  compressed a i r  were s e l e c t e d  and 

f u r t h e r  r e s t r i c t e d  by removfng r e p e t i t i v e  d i v e s ,  t h o s e  w i t h  any recompression 

b e f o r e  s u r f a c i n g  (e .g . ,  t o  t r e a t  s k i n  o r  o t h e r  symptoms), t h o s e  w i t h  d i v e r s  

e n t e r i n g  o r  l e a v i n g  t h e  w e t  p o t ,  and some obvious1.p s a f e  d i v e s  ( c a n d i d a t e  

tests,  f a m i l i a r i z a t i o n ) .  
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The d a t a  spanned s e v e r a l  t y p e s  o f  s t u d i e s  (Kidd, S tubbs ,  and Reaver, 

1971)  b u t  o n l y  a r e l a t i v e l y  s h o r t  p e r i o d  of time (August 1967-December 1968), 

s o  d i a g n o s t i c  p e r s o n n e l  and s t a n d a r d s  might b'e expec ted  t o  have  remained 

c o n s t a n t .  The e x c l u s i o n  of  a l l  DCS cases t h a t  o c c u r r e d  b e f o r e  s u r f a c i n g  where 

t r e a t m e n t  was s t a r t e d  immedia te ly  undoubtedly  exc luded  some u s e f u l  d a t a  and 

may have c o n s t i t u t e d  a b i a s .  T h i s  e x c l u s i o n  was o u r  a t t e m p t  t o  keep  t h e  d a t a  

comparable  t o  o t h e r  d a t a  sets where no t i m e  of d i a g n o s i s  w a s  known, o r  where 

t h e  outcome w a s  t a b u l a t e d  as a comple te  d i v e  even i f  i n t e r r u p t i o n  f o r  

t r e a t m e n t  w a s  n e c e s s a r y .  (An impor t an t  f u t u r e  s t u d y  w i l l  app ly  models  t o  

d i v e s  where t h e  time of symptoms i s  s p e c i f i c a l l y  cons ide red . )  A t o t a l  of 800 

exposures  on 183 s c h e d u l e s  remained f o r  examinat ion .  The data inc luded  a 

large number o f  deep  ( ave rage  : 232 f t )  b u t  f a i r l y  s h o r t  ( ave rage :  25 min) 

exposures .  Those exposures  r e s u l t e d  i n  2 1  cases o f  DCS, s i x  cases of  

m a r g i n a l  symptoms," which were cons ide red  as one-half  of a case as d i s c u s s e d  

i n  o u r  p r e v i o u s  s t u d y  (Weathersby,  Homer, and Flynn,  1 9 8 4 ) ,  and many c a s e s  of 

s k i n  symptoms, which w e  c a l l e d  s a f e  exposures .  

11 

PROCEDURE 

Each d a t a  s e t  w a s  e n t e r e d  on a comDuter (PDP 11/70)  as a s i n g l e  e n t r y  p e r  

man d i v e .  A t  f i r s t ,  w e  approximated a d i v e  as  a ser ies  of c o n s t a n t  p r e s s u r e  

s t e p s  s e p a r a t e d  by  i n f i n i t e l y  s h a r p  p r e s s u r e  changes.  For d i v e s  of  s t a n d a r d  

USN decompression f o r m a t ,  t h j s  seemed s a t i s f a c t o r y .  The d a t a  from DCTEM, 

submarine e s c a p e  e x p o s u r e s ,  and t y p i c a l  decompressions from s a t u r a t i o n  d i v e s ,  

however,  fo l lowed r a t h e r  s low "linear" p r e s s u r e  changes t h a t  could b e  

approximated  only by a l a r g e  number of s t e p s .  

changed t o  p r e s s u r e  and t i m e  combina t ions ,  which were nodes connec t ing  

p r e s s u r e  ramps of c o n s t a n t  rate .  C u r r e n t l y ,  40 of t h e s e  P , t  nodes are  

The d a t a  format  was then  
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al lowed i n  o u r  data format .  Only t h e  v e r y  l o n g e s t  U S N  and DCTEM dives w e r e  

excluded by r e a s o n  of excessive nodes.  

w i t h  changes i n  i n s p i r e d  g a s ,  b u t  o n l y  complete  a i r  exposures  have been 

examined t h u s  f a r .  

The data  format  was a l s o  se t  t o  d e a l  

The a n a l y s i s  programs c a l c u l a t e d  t h e  i n t e g r a l  of Eqn. 4 o v e r  t h e  e n t i r e  

dive and o v e r  s u f f i c i e n t  p o s t d i v e  t i m e  f o r  P t i s  t o  f a l l  below 1 ATA as  t h e  

' a c t u a l  t i m e  of symptom o c c u r r e n c e  w a s  n o t  g e n e r a l l y  known. I n  p r i n c i p l e ,  a 

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

decompression and numerical  i n t e g r a t i o n  could  b e  performed. To a v o i d  

u n a c c e p t a b l y  s low computa t ion ,  however, a n a l y t i c a l  e x p r e s s i o n s  w e r e  derived t o  

c a l c u l a t e  c o n d i t i o n s  a t  each node and i n t e g r a t e  a n a l y t i c a l l y  between nodes. 

Also,  p a r t i a l l y  r e c u r s i v e  e x p r e s s i o n s  were o b t a i n e d  t o  avoid  r e p e a t i n g  a l l  

c a l c u l a t i o n s  from t h e  s tar t  of t h e  d i v e  f o r  each node. A major  problem t o  

overcome w a s  a r o o t - f i n d i n g  approach t o  o b t a i n  a l l  c r o s s o v e r  t i m e s  f o r  P t i s  

and Pamb. More mathemat ica l  d e t a i l s  are  p r e s e n t e d  i n  Appendix I. 

A g r a p h i c a l  p i c t u r e  of how t h e  models apply  i s  shown i n  F i g .  1. Ambient 

p r e s s u r e  f o r  an e x p e r i m e n t a l  d i v e  and decompression,  found i n  one of  t h e  da ta  

sets u s e d ,  (Data  S e t  A) w a s  p l o t t e d  a s  a s o l i d  l i n e .  The dash-dot l i n e  is 

c a l c u l a t e d  t i s s u e  P a c c o r d i n g  t o  Model 5 through t h e  d ive .  The dashed l i n e  

l a b e l e d  p(DCS) i s  t h e  i n t e g r a l  i n  Eqn. 4 t h a t  rose i n  v a l u e  whenever t h e  v a l u e  

of r i n  t h e  model (Model 5 i n  t h i s  c a s e )  w a s  g r e a t e r  than  0 .  The t i s s u e  

t e n s i o n  remained below ambient  p r e s s u r e  w h i l e  t h e  d ive r  was a t  bottom depth 

and d u r i n g  t h e  50, 4 0 ,  30 ,  and 20 f t  decompression s t o p s .  During a s c e n t  t o  

t h e  10 f t  s t o p ,  t h e  t i s s u e  and ambient  c u r v e s  c r o s s e d  and t h e  r i s k  began t o  

accumulate .  The g r e a t e s t  amount of r i s k  accrued  a f t e r  s u r f a c i n g .  Gas 

e x c r e t i o n  b r o u g h t  t h e  t i s s u e  down u n t i l  a t  about  400 min when t i s s u e  P a g a i n  

f e l l  below 1 ATA a n d  t h e  t o t a l  r i s k  of DCS f o r  t h e  d i v e r  became c o n s t a n t .  I n  

2 r: 

N2 
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RISK ACCUMULATION IN 170/60 TRIAL 

MODEL 5 .  DATA SET ABC 

W 
LI a 

F i p .  1 .  Time course of ambient pressure, calculated t i s s u e  pressure, and 
p(DCS1 durinp i! dive. 
dive from Data Set ABC. 
estjmated from Data Set ARC. 

The exposure w a s  a t e s t  of a 170 ft, 60-min 
Model 5 was used with b e s t - f i t  parameters 
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t h i s  example, t h a t  r i s k  y i e l d e d  a p r o b a b i l i t y  of DCS of 21X ( i n  t h e  da t a ,  s i x  

d i v e r s  fo l lowed t h i s  s c h e d u l e  w i t h  one case of DCS r e p o r t e d ) .  

Each Irmdel, Eqns. 5-10, c a l c u l a t e d  p(obs)  f o r  each exposure  i n  t h e  d a t a  

set. These c a l c u l a t i " , I s  were accumulated as l o g  l i k e l i h o o d  (LL) and a s e a r c h  

f o r  t h e  maximum l i k e l i h o o d  was performed a c c o r d i n g  t o  a m o d i f i c a t i o n  ( B a i l e y  

and Homer, 1976) of  t h e  Marquardt n o n l i n e a r  l e a s t  s q u a r e s  algor-lthm. 

, Asymptotic p a r a m e t e r  s t a n d a r d  errors (Kendall  pnd S t u a r t ,  1979),  r e p o r t e d  f n  

t h e  f o l l o w i n g  t a b l e s ,  and o t h e r  s t a t i s t i c a l  o u t p u t  were o b t a i n e d  as  wel.3. 

RESULTS 

The r e s u l t s  of t h e  v a r i o u s  models a p p l i e d  t o  t h e  d a t a  sets a r e  provided  

i n  t h e  f o l l o w i n g  t a b l e s .  Each e n t r y  p r o v i d e s  t h e  model number, t h e  p a r a m e t e r s  

determined as t h e  best  f i t ,  and t h e  maximum l i k e l i h o o d  of t h a t  b e s t  f i t .  The 

model wmbered z e r o  i s  provided  a s  t h e  lower l i m i t  of model performance;  i t  i s  

c a l c u l a t e d  a s  a s i n g l e  p r o b a b i l i t y  (C) of nCS f o r  t h e  data and i g n o r e s  h o t h  

p r e s s u r e  and t i m e .  

As seen  i n  T a b l e  1 , t h e  one  c x p o n e n t i a l  moc'el was a s i g n i f i c a n t  

improvement o v e r  t h e  n u l l  model. T h i s  means t h a t  t h e  t w o  p a r a m e t e r s  of Mode! 

1 succeeded i n  s e p a r a t i n g  e x p o s u r e s  a c c o r d j n p  t o  DCS hazard .  T h i s  separation 

is shown i n  F i g .  ?,  where a l l  exposures  were lumped i n t o  fou r  c a t e g o r i e s  based 

on t h e  model 's  p r e d i c t i o n  of DCS p r o b a b i l i t y :  0-2X,  2 - 5 X ,  S-lOX, and > lo%.  

For  example,  Model 1 es t imated  t h a t  65 d jves  had a pt1)CS) between 2.0 and 5.0? 

w i t h  an a v e r a g e  of 3 . 3 % .  Of t h o s e  65 dives,  o n l y  t h r e e  cases of DCS occurred  

for a r a w  i n c i d e n c e  of 3 / 6 5  or 4.6%. 

p l o t t e d  a t  a p r e d i c t e d  i n c i d e n c e  of 3 .3%.  

samplinp c o n f i d e n c e  l i m i t s  ( D i e m ,  1962) p r o v i d e s  a 959: c o n f i d e n c e  l i m i t  t h a t  

t h e  r a w  i n c i d e n c e  h a s  an a c t u a l  u n d e r l y i n g  i n c i d e n c e  between 1.0 and 12 .9%;  

Thus,  a b a r  graph of h e i g h t  4 . 6 2  was 

Reference t o  t a b l e s  of binomi;rl 
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TABLE 1 

Acceptance Tests of P r e s e n t  USN Standard  A i r  Tables (6)  

Model 

0. c o n s t a n t  p 

1. 1-exp, no t h r e s h  

2.  1-exp, t h r e s h  

3. 2-ex13, no t h r e s h  

4 .  2-exp, t h r e s h  

5. 2-exp RTF, no t h r e s h  

6. 2-exp RTF, t h r e s h  

- 90.891 

P a r a m e t e r s  ( 1  SEI Log Like l ihood 

C = 0.048 -108.598 

T = 340(100) ,  - 91.450 

A = 3.1(1.1) - 
T = 122(50) ,  

A = 1.6(2.4)  lo-*, 

PTHR = 11.9(7.1) 

no unique  TB -- 
n o t  a p p l i e d  -- 
no unique s e t  -- 
n o t  a p p l i e d  -- 

Data S e t  A: n = 568. 

T (TA, T I ,  e t c . )  are i n  u n i t s  of min; A (AA, AI,  etc.)  are i n  mfn-'; 
PTHR i s  i n  f s w g ;  W 1  and C a r e  d imens ionless .  
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OBSERVED vs PREDICTED INCIDENCE 

DATA SET A 
30 

25 

g 20 
Q 
s 
n 
w l5 
a > 
w 
v, g 10 

5 

0 

PREDICTED 96 DCS 

Fig. 2. Bar graph comparing predicted and observed incidence of DCS i n  four 
categories of predicted p(DCS): < 2%, 2-5%, 5-10X, and > 10%. 
Results presented f o r  Model 1 applied to Data S e t  A.  
is the condition of perfect agreement. 

The dotted l i n e  
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t h e s e  l i m i t s  a re  shown as  a n  e r r o r  band on t h e  b a r .  The same Drocedure w a s  

fol lowed f o r  o t h e r  c a t e g o r i e s  of p r e d i c t e d  j n c i d e n c e .  I n  examining F i g .  2 ,  

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

of c o n f i d e n c e  l i m i t s ,  which w a s  expec ted  f o r  t h i s  f a i r l y  small sample s i z e .  

The a c t u a l  i n c i d e n c e  f o r  each c a t e g o r y  w a s  r a t h e r  c l o s e  t o  t h e  midpoin t  of 

each i n t e r v a l :  w e l l  w i t h i n  t h e  95% b i n o m i a l  l i m i t s  i n  a l l  cases. There  w a s  

some i n d i c a t i o n ,  however, t h a t  t h e  model p r e d i c t e d  somewhat h i g h e r  r i s k  than  

w a s  a c t u a l l y  encountered  i n  b o t h  t h e  s a f e s t  (0-2%) and most hazardous  (> lo%)  

d i v e s  (both  c a t e g o r i e s  f e l l  below t h e  d o t t e d  l i n e  i n  Fig.  2 t h a t  shows a 

I 1  p e r f e c t "  p r e d i c t i o n )  . 
S t a t i s t i c a l  s i g n i f i c a n c e  among models w a s  assessed by t h e  

l i k e l i h o o d - r a t i o  t e s t  (Weathersby, Homer, and Flynn,  1984):  t w i c e  t h e  

d i f f e r e n c e  i'n LT, between a g e n e r a l  and a s p e c i f i c  model was compared t o  t h e  

ch i -square  d i s t r i b u t i o n  f o r  t h e  d i f f e r e n c e  i n  d e g r e e s  of freedom between t h e  

models.  For example,  compare Models 1 and 2 i n  Tshle 1. The 'log l i k e l i h o o d  

improved by -90.891 - (-91.450) = 0.559 when a nonzero t h r e s h o l d  w a s  e s t j m a t e d  

by t h e  d a t a .  Because 2( .559)  = 1.018 w a s  less than t h e  p < 0.05 l i m i t  o f  

chi -square  a t  1 d e g r e e  o f  freedom ( 3 . 8 4 1 ,  t h e  improvement w a s  n o t  judged 

s i g n i f i c a n t .  Thus,  t h e r e  appeared  no s t a t i s t i c a l  n e e d  t o  presume a t h r e s h o l d  

parameter  i n  t h e  s i m p l e  one e x p o n e n t i a l  model. 

None of t h e  more e l a b o r a t e  g a s  exchange models were r e q u i r e d  h e r e  t o  

a c h i e v e  a good d e s c r i p t j . o n  of t h e  d A t a .  \ h e n  a second t i s s u e  w a s  added i n  

Models 3-6, no improvement i n  LL was achieved and no s p e c i f i c  e n t r i e s  were 

made i n  T a b l e  1. T h i s  a b i l i t y  of a one t i s s u e  model t o  d e s c r i b e  t h e  d a t a  w e l l  

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

i n  c a l c u l a t i n g  t h e  decompression t a b l ' e s  tes ted.  Limi ted  u s e  of t h e  f o u r  and 

f i v e  parameter  models !Models 3-6) showed t h a t  a range of a d d i t i o n a l  t i m e  
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c o n s t a n t s  could  b e  added  w i t h o u t  s i g n i f i c a n t l y  h u r t i n g  t h e  l i k e l i h o o d .  

example, a w i d e  r a n g e  of p a r a m e t e r s  was found t o  be s a t i s f a c t o r y  f o r  Model 5 ,  

b u t  no p a r a m e t e r s  f i t  t h e  data o v e r a l l  b e t t e r  than  Models 1 and 2. 

For 

The second d a t a  s e t  ( S e t  B ) ,  a l t h o u g h  n o t  v e r y  e x t e n s i v e ,  a l lowed t h e  

s i m p l e r  models t o  d e a l  w i t h  t h e  o c c u r r e n c e  of DCS a f t e r  long dives .  

shows t h e  r e s u l t s .  As i n  S e t  A ,  t h e  two parameter  model was a s i g n i f i c a n t  

improvement o v e r  Model 0 ,  which d e n i e s  t h e  e f f e c t s  of p r e s s u r e  and t i m e .  

one t i m e  c o n s t a n t  was r e q u i r e d  t o  d e s c r i b e  t h i s  data  set :  Use of Models 3-6 

d i d  n o t  produce a second term w i t h  any s t a t i s t i c a l l y  s i g n i f i c a n t  improvement 

of t h e  l i k e l i h o o d .  Rar g r a p h s  w e r e  n o t  p r e s e n t e d  for t h e s e  d a t a  because  t h e  

small sample numbers made b i n o m i a l  c o n f i d e n c e  l i m i t s  exceedingly  l a r g e .  The 

t i m e  c o n s t a n t ,  e m p i r i c a l  scale f a c t o r ,  and t h r e s h o l d  estimated f o r  t h e s e  d a t a  

appeared c l o s e  t o  t h o s e  found for Data S e t  A. 

c o n f i d e n c e  l i m i t s  f o r  a l l  p a r a m e t e r s  over lapped ,  and a l i k e l i h o o d  r a t i o  tes t  

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

s i g n i f i c a n c e .  Thus,  t h e  two sets  could  b e  combined and treated t o g e t h e r .  

Rather  s u r p r i s i n g l y ,  an a l lowance  f o r  a t h r e s h o l d  i n  t h e  da ta  sets combined 

d i d  n o t  l e a d  t o  an  improvement i n  l i k e l i h o o d  d e s p i t e  t h e  improvment seen in 

Data S e t  B a l o n e  i n  Table  2 .  Note  t h a t  t h e  two s t u d i e s  i n t e r p r e t e d  bv 

n o w s t a t i s t i c a l  u s e  of  o v e r  50 p a r a m e t e r s  could  b e  d e s c r i b e d  u s e f u l l v  by onlv  

two o r  t h r e e  p a r a m e t e r s .  

T a b l e  3 

Only 

I n  f a c t ,  t h e  e s t i m a t e d  

A t  t h e  o t h e r  extreme of a i r  d i v i n g  a r e  t h e  v e r y  s h o r t  and deep exposures  

used t o  s i m u l a t e  crew e s c a p e  from a d j s a b l e d  submarine ( S e t  C). 

i n t o  t h e s e  d a t a  w i t h  t h e  knowledge t h a t  t h e  a c t u a l  t i s s u e s  t h a t  produced b e n d s  

i n  such s h o r t  e x p o s u r e s  may d i f f e r  from t h o s e  in l o n g  exposures ,  and t h a t  t h e  

assumption t h a t  t h e r e  i s  no pulmonary o r  c i r c u l a t o r y  d e l a y  i n  g a s  t r a n s p o r t  

k i n e t i c s  may be. v i o l a t e d  s e r i o u s l y .  Fxamination of t h o s e  d a t a  Ss provided i n  

Table  3. 

We plunged 
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TABLE 2 

Acceptance Tests  of  P r e s e n t  USN Excep t iona l  Exposure T a b l e s  (22)  

Nodel Pa rame te r s  (1 SE) Log TAkelihood 

0.  c o n s t a n t  p C = 0.435 - 31.492 

1. 1-exp, no t h r e s h  T = 650(420) ,  - 27.502 

A = 3.0(0.7) 

T = 320(50) ,  

A = 6.0(4 .0)  

PTHR = 14.0(2.0)  

2 .  1-exp, t h r e s h  - 23.957 

3 .  2-exp, no t h r e s h  

4 .  2-exp, t h r e s h  

no unique  TB 

no un ique  TE 

5. 2-exp RTF, no t h r e s h  n o t  app 1 i e d  -- 
6. 2-exp RTF, t h r e s h  n o t  a p p l i e d  -- 

Data S e t  B: n = 46. 

T (TA, TI, etc . )  are in u n i t s  of min; A (AA, A I ,  etc.)  are i n  min-'; 
PTHR i s  i n  fswg; W 1  and C are  d imens ion le s s .  
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TABLE 3 

Model 

0.  c o n s t a n t  p 

1. 1-exp, no t h r e s h  

2 .  1-exp, t h r e s h  

UK Submarine e s c a p e  t r i a l s  (8) 

Pa rame te r s  (1  SE) 

C = 0.013 

T = 12 .2 (20 .4 ) ,  

A = 4.8(5 .9)  

T = 1 .04(0 .94 ) ,  

A = 7.0(27)  

PTHR = 79(82)  

3. 2-exp, no t h r e s h  no unique  TB 

4 .  2-exp, t h r e s h  n o t  a p p l i e d  

5. 2-exp RTF, no t h r e s h  T1 = 2 ,  T2 = 75, 

k'l = 0.88(0 .19) ,  

A = 3.5(7.4)  

Log L ike l ihood  

- 21.230 

- 19.23.5 

- 18.093 

-- 
- 18.911 

6 .  2-exp RTF, t h r e s h  not  a p p l i e d  -- 

Data S e t  C: n = 299. 

T (TA, TI, e t c . )  are i n  u n i t s  of min; A (AA, A I ,  e t c . )  are  i n  min-I; 
PTHR i s  i n  fswg; W1 and C a re  d i m e n s t o n l e s s .  

No s t a n d a r d  e r r o r s  a r e  p rov ided  for T1 and T2 i n  Model. 5 because t hey  
were h e l d  c o n s t a n t  a t  t h e  v a l u e s  shown. 
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The t i m e  c o n s t a n t s  estimated h e r e  were c o n s i d e r a b l y  s h o r t e r  t h a n  t h o s e  

found i n  t h e  p r e v i o u s  data sets. Thus,  s imply  combinlng t h e s e  d a t a  w i t h  t h e  

p r e v i o u s  d a t a  could  n o t  b e  accomplished w i t h  t h e  one exponent ia l  Models 1 o r  

2 .  A s  i n  t h e  p r e v i o u s  two sets,  o n l y  t h e  two parameter  model was 

s t a t i s t i c a l l y  j u s t l f i a b l e  f o r  t h i s  d a t a  se t  hy i t s e l f .  

monoexponent ia l  g a s  exchange (Models 5,6) o r  a second t i s s u e  !Models 3 , 4 ) .  

Also,  as b e f o r e ,  t h e  a d d i t i o n  of e x t r a  g a s  exchange terns d i d  n o t  t h e  

l i k e l i h o o d  t o  r e a c h  extreme v a l u e s .  The e n t r y  f o r  Model 5 i n  Table  3 was n o t  

a s t a t i s t i c a l l y  s i g n i f i c a n t  improvement o v e r  Model s 1 o r  ?., b u t  showed t h a t  

t h e  a d d i t i o n  of a d i f f e r e n t  exchange model w i t h  a p r o v i s i o n  for slow gas 

e x c r e t i o n  could  s t i l l  d e a c r i b e  t h e  d a t a  w e l l .  

No ev idence  e x i s t e d  of  

The combinat ion of a l l  t h r e e  d a t a  sets provided a w i d e  range of exposures  

and a d a t a  b a s e  of n e a r l y  1,000 man d ives .  We hope t h a t  t h e  R r i t i s h  da ta  were 

s u b j e c t e d  t o  d i a g n o s t i c  c r i t e r i a  similar t o  American d a t a ,  thereby  j u s t i f y i n g  

t h e  assumption t h a t  o u r  d a t a  r e p r e s e n t s  a v e r y  l a r g e  and broad t r i a l .  The 

r e s u l t s  of f i t t i n g  t o  t h i s  s e t  a r e  provided  i n  T a b l e  4 .  

For t h e s e  combined d a t a ,  a s i n g l e  t i m e  c o n s t a n t ,  w i t h  o r  wi thout  a 

t h r e s h o l d ,  w a s  a bad d e s c r i p t i o n :  b o t h  Models 1 and 7 were worse than  t h e  

n u l l  Model 0. Allowance of a second " t i s s u e "  i n  Model 3 improved t h e  f i t  

s u b s t a n t i a l l y .  The two t i m e  c o n s t a n t s  e s t i m a t e d  were q u i t e  c l o s e  t o  t h e  ones  

found i n  t h e  UK and US d a t a  examined i n d i v j d u a l l y .  The numerical  v a l u e s  of 

t h e  two t i m e  c o n s t a n t s  i n  Models 5 and 6 s h a r e d  t h e  same resemblance.  Thus, 

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

exchange models as  w e l l .  Note  by t h e  l i k e l i h o o d  of Models 2 ,  4 ,  and 6 t h a t  

none of  t h e  models had a s t a t i s t i c a l l y  s i g n i f i c a n t  t h r e s h o l d .  Could t h i s  mean 

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

v a l u e  b u t  l i t t l e  u n d e r l y i n g  dewand i n  l a r g e  d a t a  sets? The d i f f e r e n c e s  i n  TAT, 



TABLE 4 

Combined Data of S e t s  A ,  R, C il 

Model 

0. c o n s t a n t  p 

1. 1-exp, no t h r e s h  

2. 1-exp, t h r e s h  

3. 2-exp, no t h r e s h  

4. 2-exp, t h r e s h  

5.  2-exp r t f ,  no t h r e s h  

6.  7-exp r t f ,  t h r e s h  

- 139.529 

- 139.420 

P a r a m e t e r s  ( 1  SE) Log Like l ihood 

C = 0.056 - 199.496 

T = 33.7(1 .2) ,  - 221.046 

A = 3.1(0.4) 

T = 34.9(5 .9) ,  - 221.046 

A = 2.8(0.9)  

PTHR = O ( l . l )  

TA = 0.66(1 .6) ,  

AA = 6.7(19)  

TB = 365(50) ,  

AB = 3.6(6.3)  

TA = 0.68(1 .5) ,  

-3 AA = 7.3(19) 10 , 

TB = 290(105) 

AB = 5.3(3.9) 

PTHR = 2.5(4.3)  

T 1  = 1.5(2 .3) ,  

T7. = 265(30) , 

w i  = 0.99(0.08) 

A = 1.18(0.57)  

T 1  = 1 . 2 ( 2 . 5 ) ,  - 139.181 

T2 = 285(80) ,  

W 1  = 0.99(0.15) 

A = 1.05(0.66) 

PTHR = 1.1(4.2)  

- 139.289 

Data S e t  ABC: n = 913. 

T (TA, T I ,  e tc . )  are  i n  u n i t s  o f  min; A (AA, A I ,  e t c . )  are i n  min-l; 
PTHR i s  i n  fswg; LJ1 and C a r e  d i m e n s i o n l e s s .  
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between Models 3 and 5 were so  s m a l l  t h a t  t h e  d a t a  could  n o t  a l l o w  one t o  

choose. between two " t i s s u e s "  or m u l t i e x p o n e n t j a l  k i n e t i c s  i n  (me t i s s u e .  The 

Model 5 estimate of k i - n e t i c s  y i e l d e d  a mean r e s i d e n c e  t h e  of 4.2 min and a 

v a r i a n c e  t o  mean s q u a r e  r a t i o  of 81 ,  which were n o t  t y p l c a l  of dog t i s s u e s  i n  

o u r  p r e v i o u s  s t u d y  of  133Xe exchange (Weathersbp e t  al., 1981). 

The s u c c e s s  of t h e s e  models  i n  s e p a r a t i n g  t h e  r i s k  of  t h e  combined d a t a  

i s  shown i n  b a r  graph  format  i n  F i g .  3 .  Because estimates of t h r e s h o l d  were 

n e a r l v  z e r o ,  p r e d i c t i o n  of d i v e  r i s k  by Models 1 and 2 was n e a r l y  i d e n t i c a l  as 

i t  w a s  f o r  model p a i r s  3 ,4  a.nd 5 , 6 .  Thus,  o n l y  ttle results of t h r e e  models 

were p l o t t e d .  The s e p a r a t i o n  of d i v e s  by c a t e g o r v  of r i s k  w a s  no t  s u c c e s s f u l  

f o r  Model 1,  a s  w e  expec ted  f o r  such  l o w  v a l u e s  of l i k e l i h o o d .  Plodels 3-6 

performed w e l l  i n  s e p a r a t i n g  r i s k  and came q u i t e  c l o s e  t o  mat rh ing  t h e  

i n c i d e n c e  of a c t u a l  DCS i n  a l l  c a t e g o r i e s .  The low and mid-r isk c a t e g o r i e s  

were mixed dives from Data S e t s  A and C; t h e  h igh  p r e d i c t i o n  c a t e g o r y  j-ncluded 

n e a r l y  a l l  d i v e s  from Data S e t  R. A f o r m 1  t r e a t m e n t  f o r  e v a l u a t i n g  

c a t e g o r i z e d  p r e d i c t i o n s  i s  t h e  P e a r s o n ' s  goodness-of - f i t  t es t  W e n d a l l  and  

S t u a r t ,  1979).  The observed and p r e d i c t e d  numbers of DCS c a s e s  i n  each 

c a t e g o r y  (0 -2%,  2-5%, 5-11)%, > ] O X )  were used t o  g e n e r a t e  a ch i -square  

s t a t i s t i c .  The r e s u l t i n g  s t a t i s t i c s  w e r e  186 for Model 1 ,  0.99 f o r  Model 3 ,  

and 3 . 5 4  f o r  Model 5. Only t h e  Model 1 r e s u l t s  exceeded t h e  v a l u e  r e q u i r e d  

? 
> 11.3A f o r  3 d e g r e e s  of freedom) t o  d e c l a r e  f a i l u r e  of t h e  da ta  t o  f i t  (x .01 

I t h e  model d i s t r i b u t i o n  of haza rd .  The s l i g h t l v  b e t t e r  performance of Model 3 

w a s  due  t o  t h e  closer match w i t h  t h e  5-102 c a t e g o r y .  
I 

Can t h e  d a t a  sets b e  f i t t e d  i n  comb€nation as  w e l l  a s  each s e t  was f i t t e d  

s e p a r a t e l y ?  The v e r y  poor  per formance  of Yodels  1 and 2 demonstrated t h a t  t h e  

k i n e t i - c s  needed t o  d e s c r i b e  t h i s  w i d e  ra.nge of d i v e s  d i d  n o t  c o n s f s t  of one 

e x p o n e n t i a l .  Kodels  2-6, however,  d i d  v e r y  w e l l .  Combined v a l u e s  o f  maxi-mum 
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Fig .  3 .  Bar  graph  compar ing  p r e d i c t e d  and o b s e r v e d  i n c i d e n c e  of DCS i n  four 
categories of p r e d i c t e d  p(nCS):  < 2%, 2-5%, 5-lo%, and > 10%. 
Results are p r e s e n t e d  for M o d e l s  I ,  3 ,  and 5 a p p l i e d  t o  combined Data 
S e t  ABC. The d o t t e d  l i n e  i s  t h e  c o n d i t i o n  of p e r f e c t  agreement, 
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1 

l i k e l i h o o d  f o r  Model 1 from each d a t a  s e t  i n d i v i d u a l l y  ( T a b l e s  1-3) y i e l d e d  a 

t o t a l  of -138.177. T h i s  w a s  v e r y  c l o s e  t o  t h e  r e s u l t s  of Ffodels 3-6,  and a 

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

e x p o n e n t i a l  mode1.s i n  p r e f e r e n c e  t o  combined d a t a  s e t s  of Models 3-5 i n  

T a b l e  4. T h e r e f o r e ,  w e  concluded t h a t  adding  the. d a t a  t o g e t h e r  i s  a u s e f u l  

and j u s t i f i a b l e  p r a c t i c e .  

F i n a l l y ,  w e  examined 17 months of Canadian exper ience .  The r e s u l t s  of 

model f i t t i n g  t o  t h i s  d a t a  se t  are provided i n  Table  5 .  For t h i s  d a t a  s e t ,  

each model had a s p e c i f i c  message similar t o  t h a t  o f  Table  4 .  The s i m p l e s t  

r i s k  model w a s  b e t t e r  than none (compare Model 1 t o  Model 0). A two 

e x p o n e n t i a l  rtf d e s c r i p t i o n  of gas  exchange w a s  b e t t e r  than  a one e x p o n e n t i a l  

d e s c r i p t i o n  (compare Model 5 t o  Yodel l ) ,  as was a two " t i s s u e "  model (Model 

3 ) .  A s l i g h t  t h r e s h o l d  of about  5 fsw improved t h e  f i t  f o r  Model 4 b u t  n o t  

f o r  Model 6 .  Bar graphs  of t h e s e  r e s u l t s  a r e  provided i n  Fig. 4. Models 3 ,  

4 ,  and 5 achieved  a r e s p e c t a b l e  o r d e r i n g  of i n c i d e n c e ,  s u b j e c t  t o  t h e  

s u b s t a n t i a ?  u n c e r t a i n t y  i n h e r e n t  i n  t h e  f a i r l y  small  numbers. The v a l u e s  of  

P e a r s o n ' s  tes t  suppor ted  t h e  v i s u a l  impress ion  t h a t  a l l  t h r e e  models f i t  

s a t i s f a c t o r i l y  t h e  c a t e g o r i e s  ( y 2  v a l u e s  of 2.65, 0 .37 ,  and 3.45, 

r e s p e c t i v e l y ) .  

The parameters  e s t i m a t e d  from t h e  Canadian d a t a  can be compared t o  t h e  

p r e v i o u s  r e s u l t s .  The t i m e  c o n s t a n t s  were of a similar magnitude as t h o s e  

e s t a b l i s h e d  b e f o r e ,  b u t  t h e y  were n e i t h e r  q u i t e  as s h o r t  o r  a s  long.  T h i s  was 

n o t  s u r p r i s i n g  a s  t h e  DCIEM da ta  d i d  n o t  i n c l u d e  ex t remely  r a p i d  d i v e s  such a s  

t h o s e  i n  S e t  C ,  n o r  t h e  v e r y  l o n g  d ives  i n c l u d e d  i n  S e t  B. The scale f a c t o r s  

( A ' s  i n  T a b l e  4) are of a s i m i l a r  magnitude. 

In p a s s i n g ,  w e  a l s o  examined some a d d i t i o n a l  DCIEM d a t a .  P r e l i m i n a r y  

a n a l y s i s  i n d i c a t e d  t h a t  t h e  models behaved d i f f e r e n t l v  from t h e  r e s u l t s  i n  

25 
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TABLE 5 

DCIEM Chamber D i v e s  1967-1968 

Model Parameters (1 S E ) .  - 

TABLE 5 

DCIEM Chamber D i v e s  1967-1968 

Model Parameters (1 S E ) .  - 
0. constant p 

1. 1-exp, no thresh 

2. 1-exp, thresh 

3. 2-exp, no thresh 

4.  2-exp, thresh 

5.  2-exp rtf, no  thresh 

6.  2-exp rtf, thresh 

, C  = 0.030 

T = 221(58) ,  

A = 1.26(0.31) loe3 

T = 2 1 4 ( 8 5 ) ,  

- 3  
A = 1.35(1 . O )  10 -,  

PTHR = 0 . 7 ( 3 . 5 )  

TA = 3.91(4.5) ,  

AA = 6.15(11) lv3, 

TB = 382(170) , 

AB = 1.26(0.63) 

TA = 6.64(5 .4) ,  

AA = 5.6(6)  

TB = 253(107),  

-2 
AB = 7.83(11) 10 , 

PTHR = 5.9(5.1)  

T1 = 8.Q6(3.2),  

T 2  = 227(35) , 

W I  = 962(0.013) ,  

A = 2.35(1.2) 101’ 

T1 = 8.96(2.9) ,  

T2 = 227(29) ,  

TJI = n . 9 6 2 ( 0 . ~ ) ,  

A = 2.35(1.4) 

PTHR = 0.5(0.9)  

Log Likelihood 

- 107.794 

- 103.426 

- 103.390 

- 100.630 

- 97.246 

- 100.072 

- 100.072 

- 
Data Set D: n = 800. 

T (TA, T1, etc,) are in u n i t s  of m i n ;  A (AA, P.1, etc.) are i n  m i n  
is i n  fswg; W1 and C are dimensionless. 

-1 ; PTEF. 
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F i g .  4 .  Bar graph comparing p r e d i c t e d  arld observed  i n c i d e n c e  of DCS i n  f o u r  
c a t e g o r i e s  of p r e d i c t e d  p(DCS): < 22, 2-5%, 5-10%, and > 10%. Models 
3 ,  4 ,  and 5 were a p p l i e d  t o  Data S e t  D.  The 5-10% and > IC;% 
c a t e g o r i e s  f rom Model 4 had s o  few d i v e s  t h a t  t h e  two c a t e g o r i e s  were 
combined. The d o t t e d  l i n e  i s  t h e  c o n d i t i o n  of  p e r f e c t  agreement.  
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T a b l e  5.  F u r t h e r  c o n s i d e r a t i o n  nf t h a t  p o s s i b i l i t y  was d e f e r r e d  u n t i l  a l a t e r  

t i m e  when a d d i t i o n a l  s o u r c e s  of d a t a  could  a l s o  b e  examined. 

Now, t h e  r a s h  t empta t ion  w a s  t o  combine a l l  of  t h e  above da t a  and see if 

Reasonab1.e s u c c e s s  w a s  ach ieved ,  o u r  s i m p l e  models con t inued  t o  d e s c r t b e  i t .  

as shown i n  Tab le  6 .  A s  w e  have come t o  e x p e c t ,  t h e  one exponen t i a l  models 

are a poor  d e s c r i p t i o n  of  t h e  da ta .  Both of t h e  more compl ica ted  k i n e t i c s  

were good d e s c r i p t i o n s ,  and t h e r e  w a s  l i t t l e  b a s i s  f o r  cho ice  of one o v e r  

a n o t h e r .  A s m a l l  t h r e s h o l d  appeared  

C a t e g o r i c a l  p r e d i c t i o n s  are  shown i n  

P e a r s o n ' s  t es t s  suppor t ed  t h e  u s e f u l  

j u s t i f i a b l e  s t a t i s t i c a l l y  i n  Model 4 .  

Fig .  5. T h i s  f i g u r e  and a s s o c i a t e d  

d e s c r i p t i v e  v a l u e  of  Models 3 and 5 b u t  

n o t  Model 4 .  S u r p r i s i n g l y ,  d e s p i t e  t h e  b e t t e r  maximum l i k e l i h o o d  of Model 4 ,  

i t  f a i l e d  t o  choose i n t e r m e d i a t e  r ange  d i v e s  (2-5% and 5-10% DCS) t h a t  agreed  

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

Can t h e  component i a t a  sets b e  accep ted  a s  i n d i s t i n g u i s h a b l e  acco rd ing  t o  

t h e s e  models? 

test  t o  combining Llata S e t  ABC w i t h  Data S e t  D u s i n g  Models 3-5 produced 

l i k e l i h o o d  r a t i o s  of  1 4 ,  11, and 15, r e s p e c t i v e l y ,  f o r  t h e  a d d i t i o n  of  f o u r  o r  

f i v e  pa rame te r s .  

The answer i s  n o t  q u i t e :  a p p l i c a t i o n  of  t h e  l i k e l i h o o d  r a t i o  

These numbers made t h e  p r o b a b i l i t y  of t h e  d a t a  n o t  be ing  

i d e n t i c a l  abou t  0.01. 

t h e  i n d i v i d u a l  d a t a  sets. 

Thus,  t h e  combined f i t  was n o t  as good as  t h e  f i t  t e  

Some a t t e m p t  shou ld  b e  made t o  e x p l a i n  t h i s  f i n d i n g  o t h e r  than  t h e  s imple  

f a i l u r e  of t h e  models t o  d e s c r i b e  t h a t  broad  a range o f  d i v e s .  The ind iv idua l .  

d a t a  se t  most l i k e l y  t o  d j s a g r e e  w i t h  t h e  o t h e r s  is  t h e  submarine escape  t r i a l  

where b o t h  t i m e  c o u r s e  and t y p e  o f  symptom e l i c i t e d  appea r s  d i f f e r e n t  from 

l o n g e r  exposures .  T h e r e f o r e ,  w e  now p r e s e n t  model r e s u l t s  w i t h  t h o s e  d a t a  

excluded i n  Tab le  7 .  
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TABLE 6 

Combined Data of S e t s  A ,  B ,  C ,  D 

Model Parameters ( 1  SE) Log L ike l ihood  

0. c o n s t a n t  p C = 0.044 - 311.049 

1. 1-exp, no t h r e s h  T = 33.5(1 .3) ,  - 337.348 

A = 2.08(0.24) 

2. 1-exp, t h r e s h  T = 33.5(5 .3) ,  - 337.348 

A = 2.08(0.58) 

PTHR = O.O(l.2) 

3. 2-exp, no  t h r e s h  TA = 2.43(1 .7) ,  

AA = 3.19(1 .9)  

TB = 383(44) ,  

AB = 2.73(0.45) 

TA = 6 .17(1 .9 ) ,  

AA = 3.16(1.2) 

4 .  2-exp, t h r e s h  

TB = 260(39) ,  

AB = 7.63(3.0)  

PTHR = 5.03(1.7)  

6 .  2-exp r t f ,  t h r e s h  

- 247.085 

- 242.250 

- 246.873 

- 246.873 

5.  2-exp r t f ,  no t h r e s h  T 1  = 3 .73(1 .1 ) ,  

T2 = 265(14) ,  

W1 = 0.974(0 .009) ,  

A = 1.06(0.19)  lo-' 

T 1  = 3.95(1 .8) ,  

T2 = 266(14) ,  

W1 = 0.973(0 .019) ,  

A = 1.06(0.18)  lo-?, 

PTHR = O.O(O.6) 

Data S e t  ABCD: n = 1,713. 

T (TA,  T1, e t c . )  are  i n  u n i t s  of min;  A (AA, A I ,  etc.)  are in m i n e ' ;  
PTHR i s  i n  fswg; W1 and C are  dimensionless.  
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Fig .  5. Bar graph comparing predicted and observed incidence of DCS i n  four 
categories of predicted p(DCS): 
Results are presented f o r  Models 3 ,  4 ,  and 5 applied to  combined Data 
Set ABCD. 

22, 2-591, 5-lo%, and > 10%. 

The dotted Line i s  t h e  condition of perfect agreement. 
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TABLE 7 

Combined Data of S e t s  A ,  B ,  D 

Model P a r a m e t e r s  ( 1  SE) 

0. c o n s t a n t  p C = 0.051 

1. l-exp, no t h r e s h  T = 323(24) ,  

A = 2.48(0.35) loe3 

2.  l-exp, t h r e s h  T = 258(47) ,  

A = 3.44(0.93) 

PTHR = 1.8(1.4) 

3 .  2-exp, no t h r e s h  TA = 10.1(47) ,  

AA = 5.60(22)  

TB = 392(63) ,  

AR = 2.72(0.46) l f 3  

TA = 17.6(22) ,  

AA = 1.13(1.05)  

TB = 258(41) ,  

4.  2-exp, t h r e s h  

AB = 8.10(3.5)  

PTHR = 5.3(1.9)  

5 .  2-exp rtf, no t h r e s h  T 1  = 1 7 Q ( 3 3 ) ,  

T2 = 1,160(490) ,  

W1 = 0.87(0 .08) ,  

A = 6.2(1.7)  

Log Like1 ihood 

- 284.516 

- 229.201 

- 228.260 

- 227.405 

- 2?1.415 

- 223.241 

6 .  2-exp r t f ,  t h r e s h  not a p p l i e d  -- 
Data S e t  ARD: n = 1,414. 

T (TA, T I ,  e t c . )  are i n  u n i t s  of  min; A (a, A I ,  e t c . )  are i n  min-l;  
PTHR i s  i n  fswg; W1 and C are d imens ionless .  
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For t h i s  c o l l e c t i o n  of normal a i r  d i v e s ,  a l l  models worked w e l l .  The 

pa rame te r s  were s imi la r  t o  t h o s e  o b t a i n e d  from t h e  o v e r a l l  combined data  se t  

( s e e  Table  6 ) ,  and t h u s  t h e  submarine e scape  d a t a  do n o t  appea r  t o  b e  t h e  

s i n g l e  c u l p r i t  i n  t h e  d i sc repancy  among t h e  d a t a .  

w i t h  Model 5 ,  which r e q u i r e d  l o n g e r  k i n e t i c s .  At tempts  t o  u s e  Model 6 were 

abandoned because  of numer i ca l  problems. The problem w i t h  combining data is 

probably  a combina t ion  of t h e  models,  which w e  know are  n a i v e ,  and t h e  d a t a  

Some d i f f e r e n c e  is  appa ren t  

which w e  know were n o t  o b t a i n e d  under  i d e n t i c a l  c i r cums tances .  F u r t h e r  

r e s o l u t i o n  of t h i s  d i sc repancy  does  n o t  seem worth pu r su ing  a t  t h i s  p o i n t .  We 

w i l l  t a k e  t h e  answers  from t h e  l a r g e s t  d a t a  se t  and t e n t a t i v e l y  u s e  them as  

o u r  b e s t  summary of a i r  d i v i n g  r i s k .  

EVALUATION O F  OTHER DECOMPRESSION REPORTS 

W e  examined several o t h e r  d a t a  sets t h a t  were too small f o r  u s e f u l  

parameter  e s t i m a t i o n  i n  themselves  and t o o  d i s s i m i l a r  f o r  n a i v e  merging. 

These w e r e  examined by p r e d i c t i o n  u s i n g  t h e  r e s u l t s  p r e s e n t e d  above b u t  were 

n o t  used  f o r  f i t t i n g .  The f i r s t  d a t a  se t  i s  a sea t r i a l  of B r i t i s h  schedu les  

i n  1957 (Crocker )  t h a t  had a much h i g h e r  i nc idence  of DCS than  a n  e a r l i e r  

chamber t r i a l  ( S e t  E ) .  The second i s  a 1949 US ser ies  of  a i r  d i v e s  t h a t  

emphasized t h e  stress of heavy e x e r c i s e  a f t e r  t h e  d i v e s  (Van d e r  Aue, K e l l a r ,  

and Br in ton )  ( S e t  F ) .  The t h i r d  is  p a r t  of a l a r g e  US t r i a l  of  s u r f a c e  

decompression p rocedures  (Van d e r  Aue e t  a l . ,  1951) t h a t  i nc luded  a number of 

no-decompression exposures  ( S e t  G ) .  F i n a l l y ,  S e t  H i s  a 1952 B r i t i s h  chamber 

t r i a l  of p r o s p e c t i v e  t r i a l s  whose t a b l e s  were t o o  c o n s e r v a t i v e  t o  b e  adopted  

as o f f i c i a l  (Hempleman, Crocker ,  and T a y l o r ) .  For each d i v e  irl  t h e s e  r e p o r t s ,  

t h e  b e s t  r e c o n s t r u c t i o n  of t h e  a c t u a l  d i v e  d a t a  w a s  e n t e r e d  i n  t h e  same format  

as t h e  o t h e r  d a t a  a l r e a d y  used.  A v a r i e t y  of t h e  models and parameter  s e t s  
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I 

e v a l u a t e d  w i t h  t h e  p r e v i o u s  p a r a m e t e r s  ( T a b l e s  1-6) were a p p l i e d  t o  each da t a  

set  t o  o b t a i n  a p r e d i c t i o n  of p(DCS) f o r  each dive.  These p r o b a b i l i t i e s  were 

summed f o r  each t r i a l  t o  c a l c u l a t e  t h e  expec ted  number of cases i n  t h e  t o t a l  

t r i a l .  

The r e s u l t s  of t h i s  p u r e  p r e d i c t i o n  are  provided i n  T a b l e  8. F o r  each of 

t h e  new ( n e v e r  used f o r  parameter  e s t i m a t i o n )  d a t a  sets,  t h e  t o t a l  number of 

dives and t h e  number of r e p o r t e d  cases of DCS a r e  t a b u l a t e d  as  w e l l  a s  t h e  

p r e d i c t e d  number of t o t a l  cases of DCS a c c o r d i n g  t o  o u r  a n a l y s i s .  

n o t a t i o n  i n  t h e  p r e d i c t i o n  columns p r o v i d e s  b o t h  t h e  model ( i .e. ,  Models 1-5) 

The 

and t h e  d a t a  se t  used f o r  parameter  e s t i m a t i o n  (e .g . ,  Data S e t  ABC from T a b l e  

4 )  

T a b l e  8 shows t h a t  p r o j e c t i o n  of t o t a l  cases i n  t h e s e  t r i a l s  i s  mixed. 

The p r e d i c t i o n s  are c o n s i s t e n t l y  lower f o r  S e t s  E and F ,  and s l i g h t l y  h i g h e r '  

f o r  S e t  H. There  i s  r e a s o n a b l e  agreement between p r e d i c t e d  and observed 

i n c i d e n c e  of bends  f o r  S e t s  G and H. A series of ch i -square  tests of one 

d e g r e e  of  freedom t o  check t h e  p r e d i c t i o n s  v e r i f i e s  t h i s  impress ion:  S e t  G 

( 4 / D  p r e d i c t i o n )  and a l l  S e t  H p r e d i c t i o n s  are  w i t h i n  t h e  range  o f  t h e  

observed  v a l u e  ( a t  p < 0.05). As would b e  expec ted ,  t h e  models do b e s t  w i t h  

da ta  s imi la r  t o  t h o s e  t o  which t h e y  were f i t t e d .  S e t s  G and H involved  d i v e s  

w i t h  d e p t h s ,  bot tom t i m e s ,  and t o t a l  decompression times i n  t h e  same range  a s  

d i v e s  i n  S e t s  A and D. S e t  G ,  which shows c l o s e  agreement between observed 

i n c i d e n c e  and that p r e d i c t e d  by 4 / D ,  h a s  t h e  w i d e s t  range  of d e p t h s  and bottom 

t i m e s  of t h e s e  f o u r  sets. 

S i g n i f i c a n c e  of  a s i n g l e  c a s e  of bends i s  obvious ly  l i m i t e d ,  b u t  it i s  

i n t e r e s t i n g  t h a t  t h e  only such case of Data S e t  H o c c u r r e d  on t h e  one p r o f i l e  

p r e d i c t e d  by a l l  models t o  b e  about  t w i c e  as dangerous as a l l  o t h e r  p r o f i l e s  

of t h a t  d i v e  series. The more homogeneous d i v e  p r o f i l e s  of Data S e t s  E and F 

mean t h a t  a l a c k  of p r e d i c t i v e  accuracy  i n  a s i n g l e  p r o f i l e  w i l l  b e  r e f l e c t e d  

3 3  



TABLE 8 

P r o j e c t i o n  of Risk  i n  A d d i t i o n a l  Data 

Cases P r e d i c t e d  by Model/Data 

Data S e t  Dives  DCS Cases 1/AB 3/ABC 5 f A B C  4/D 3fABCD 

E 50 9 0.8 0.8 0.7 1 . 8  0.8 

F 141 42 3 . 9  3.6 4.3 7 . 3  3 . 4  

1.7 G 1 4 3  9 0 . 9  1.1 1 . 3  7 . 5  

H 192  1 3.2 3.7 3.9 5.5 3.8 

3 4  
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i n  a major  loss of p r e d i c t e d  a c c u r a c y  f o r  t h e  da ta  set as  a whole. 

i m p o r t a n t l y ,  t h e  t y p e s  of d i v t n g  r e p r e s e n t e d  by t h e s e  two d a t a  sets are n o t  

w e l l  r e p r e s e n t e d  i n  Data S e t s  A , B , C ,  and D .  

t o  s t a n d a r d  a i r  d i v e s  i q  S e t  A ,  b u t  t h e  t o t a l  decompression t i m e  f o r  a lmost  

a l l  d i v e s  was s i g n i f i c a n t l y  s h o r t e r  than t h a t  called f o r  i n  t h e  USN S tandard  

Air Decompression Table .  The d i v e s  of Data S e t  F were e x p l i c i t l y  i n t e n d e d  I-, 

produce an i n c i d e n c e  of  bends approaching  50%. 'Ct i s  n o t  s u r p r i s i n g  t h a t  t h e  

outcome of such s t r e s s f u l  dives was n o t  w e l l  p r e d i c t e d  by models f i t t e d  t o  an 

e n t i r e l y  d i f f e r e n t  range  of d i v j n g  c o n d i t i o n s .  

More 

Dives i n  Data S e t  E are similar 

I 
I '  

SAFETY OF USN SCIIEDULES 

The models e v a l u a t e d  from t h e  d a t a  se ts  were a p p l i e d  t o  c u r r e n t  USN 

procedures .  

d i v e s ,  and e x c e p t i o n a l  exposure  d i v e s  i s  shown i n  Appendix 3 .  

bottom t f m e  are t a b u l a t e d  a s  w e l l  a s  t h e  t o t a l  decompression t i m e  s p e c i f i e d  i n  

t h e  U.S. Navy Diving  Manual (1973).  

p r e d i c t e d  i n c i d e n c e  of DCS a c c o r d i n g  t o  several of  t h e  mode l s  and parameters  

o b t a i n e d  above. F i r s t  i s  t h e  s i n g l e  t i s s u e  model t h a t  was shown i n  T a b l e s  1 , 

and 2 t o  d e s c r i b e  w e l l  t h e  a c c e p t a n c e  tests of t h e s e  s c h e d u l e s .  T t  b a s i c a l l y  

p r e d i c t e d  a l l  s h o r t  d i v e s  arc! s a f e  and a l l  long d i v e s  are dangerous ,  as we 

e x p e r t e d  f o r  a s i n g l e  6-h t i m e  c o n s t a n t .  The next two columns r e p r e s e n t e d  

combined EDU and submarine e s c a p e  d a t a  u s i n g  Models 3 and 5.  

e q u a l l y  s u c c e s s f u l  ( s i m i l a r  l i k e l i h o o d )  i n  d e s c r i b i n g  t h e  913 d ives  used f o r  

d a t a  and t h e y  y i e l d e d  v e r y  s i m i l a r  p r e d i c t i o n s  when a p p l i e d  t o  t h e  Div ing  

The c a l c u l a t i o n  o f  p(DCS) f o r  c u r r e n t  no-stop d i v e s ,  s t a n d a r d  a i r  

Dive depth  and 

The remaining f ive  columns r e p r e s e n t  t h e  

The models were 

Mmual decompression s c h e d u l e s .  

s i m i l a r  t o  t h e  first se t ,  i n d i c a t i n g  t h a t  t h e  a b i l i t y  t o  d e s c r i b e  ex t remely  

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

These two sets of p r e d i c t i o n s  were also very 
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n e x t  column r e p r e s e n t s  p a r a m e t e r s  from t h e  DCIEM d a t a .  These  e n t r i e s  are 

similar f o r  l o n g  e x p o s u r e s ,  b u t  t h e y  a s s i g n  h i g h e r  risk t o  s h o r t e r  d i v e s .  The 

f i n a l  column r e p r e s e n t s  t h e  p a r a m e t e r s  of t h e  l a r g e s t  da ta  set ,  and i t  a g r e e s  

r a t h e r  w e l l  w i t h  t h e  o t h e r  columns. 

The message of Apvendix 3 is  clear :  a i r  d i v e s  s h a l l o w e r  t h a n  150 f t  

and s h o r t e r  t h a n  40 min are  q u i t e  s a f e :  t h e  r i s k  of DCS i s  l e s s  than  one-half  

of 1%. Dives l o n g e r  than  2 h and UQ t o  80 f t  i n  d e p t h ,  l o n g e r  than  1.5 h i n  

t h e  90-120 f t  r a n g e ,  and l o n g e r  than  40-60 min and d e e p e r  than  120 f t  should  

produce  bends  a t  least  10% of  t h e  t i m e .  
I 

Dives t h a t  are b o t h  deep and long  can 

r e s u l t  i n  DCS more o f t e n  t h a n  n o t .  

Are t h e s e  i n c i d e n c e s  b o r n e  o u t  i n  f l e e t  p r a c t i c e ?  Rerghage arld Durman 

(1980) assembled seven y e a r s  of Navywide expe r fence  based  on r e p o r t s  of t h e  

Navy S a f e t y  Cen te r .  Problems e x i s t e d  w i t h  t h a t  d a t a  b a s e  t h a t  cou ld  e a s i l y  

produce  b o t h  too h i g h  and too  low p r e d i c t i o n s  o f  DCS i n c i d e n c e .  Widespread 

u n d e r r e p o r t i n g ,  errors i n  comple t ion  and keypurlching of t h e  e l a b o r a t e  form, 

and e n t r y  of o n l y  t h e  d e e p e s t  d e p t h  reached  r e g a r d l e s s  of how much time w a s  

s p e n t  a t  s h a l l o w e r  d e p t h s  were s e r i o u s  problems. 

merits a b r i e f  examina t ion .  

decompression s c h e d u l e s  i n c l u d e d  a s  many a s  200 r e p o r t e d  d ives ,  s o  no r e c o r d s  

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

. 

N e v e r t h e l e s s ,  t h e  r e p o r t  

Berghage found t h a t  o n l p  20 of  t h e  295 

These 20 f r e q u e n t l y  used  

i 

s c h e d u l e s  were s u f f i c i e n t  t o  d e r i v e  an  estimate of i n c i d e n c e .  

s c h e d u l e s  t h a t  r e p o r t e d  more t h a n  200 exposures  i n  R seven y e a r  p e r i o d  a re  

provided  i n  T a b l e  9 .  

The r e s u l t s  f o r  

t *  

) I '  
The t a b u l a t e d  e x p e r i e n c e  i n  T a b l e  9 can be used v e r y  1oosel.y f o r  a 

comparison w i t h  Appendix 3 .  A d e t a i l e d ,  l i ne -by- l ine  comparison i s  

unwarranted .  In  g e n e r a l ,  t h e  l o n g e r  d i v e s  were abou t  as u n s a f e  as  p r e d i c t e d ,  

a t  l ea s t  w i t h i n  a f a c t o r  of  t w o .  S h o r t  d i v e s  were even c loser  t o  t h e  



Depth 

100 

110 

110 

110 

120 

120 

130 

130 

150 

160 

170 

170 

180 

180 

190 

200 

200 

2 10 

290 

300 

TABLE 9 

DCS I n c i d e n c e  o f  P r e s e n t  T a b l e s  i n  O p e r a t i o n a l  Use 

% Reported I n c i d e n c e  
Range (95% binomial  

Time No. D i v e s  No. Bends  conf  i d e v c e  l i m i t s )  

5 0  549 3 0.1 - 1.6 

20 209 0 < 1.8 

30 455 4 0.2 - 2.3 

so 1,198 4 0.1 - 0.8 

3 0  244 3 0.3 - 3 . 5  

50 474 2 0 .1 - 1.5 

15 2 2 7  1 < 2.4 

50 226 2 0.1 - 3.2 

10 

30 

10 

15 

15 

20 

10 

10 

15 

10 

10 

10 

686 

270 

854 

494 

35 0 

3 9 7  

47 3 

1,458 

257 

345 

511  

668 

2 

3 

4 

2 

2 

6 

5 

13 

5 

0 

9 

13 

0.1 - 1.0 

0 . 2  - 3 . 2  

0.1 - 1.2 

0.1 - 1.5 

0.1 - 1.8 

0.5 - 3.2 

0 .4  - 2.7 

0.5 - 1.b 

0.6 - 4.6 

< 1.0 

0.8 - 3.4 

1.0 - 3.2 



p r e d i c t i o n s  of Appendix 3 .  Only t h e  110/50 e n t r y  appeared  t o  be d e f i n i t e l y  

s a f e r  t h a n  t h e  approximate ly  3% p r e d i c t e d  i n  Appendix 3 .  

! 

That could ar ise  I 

through a somewhat more c o n s e r v a t i v e  u s e  of t h i s  schedule .  For  example, i f  

t h e  a c t u a l  d i v e  was o n l y  f o r  101 f t  f o r  41 min w i t h  a 110/50 decompression ( a s  ' 

s p e c i f i e d  by t h e  Div ing  Manual),  t h e  p r e d i c t e d  r i s k  would be 0.9% by Model 4 

Data S e t  ABCD r a t h e r  t h a n  2.5% l i s t e d  i n  Appendix III f o r  t h e  f u l l  t i m e .  and 

depth .  Because t h e  S a f e t y  C e n t e r  d i d  n o t  r e c o r d  t h e  actual t i m e s  and d e p t h s  

t h e  divers  u s e d ,  t h e  v a l u e  of  t h i s  comparison i s  minimal.  

CONCLUSIONS 

P r e v i o u s  development of decompression t a b l e s  h a s  been c h a r a c t e r i z e d  hv  ad  

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

a c t u a l  d a t a .  

e s t i m a t i o n  now a l l o w s  c a l c u l a t i o n s  t o  b e  j u s t i f i e d  s t a t i s t i c a l l y  bv a v a i l a b l e  

d i v i n g  data.  

b u t  d i d  show a s i g n i f i c a n t  a b i l i t v  t o  d e s c r i b e  t h e  outcome of thousands of 

dives .  

t a b l e s  i n  a " c o n s e r v a t i v e  manner", t h a t  i s ,  by e x t r a p o l a t i n g  t h e  models i n t o  

h y p o t h e t i c a l  decompression s c h e d u l e s  w i t h  a n  a c c e p t a b l y  low r i sk  of DCS. As 

t h a t  would r e p r e s e n t  an  unabashed e x t r a p o l a t i o q  of an o v e r l y  s imple  m o d e l ,  

i n i t i a l  s u c c e s s  w i t h  t h e  new t a b l e s  carlnot b e  a s s u r e d  w i t h o u t  a c t u a l  t e s t s .  

Improved models,  more s a t i s f a c t o r y  d a t a ,  and more e x t e n s i v e  computer t i m e  

should produce b e t t e r  p r e d i c t i o n s .  

A p p l i c a t i o n  of p r o b a b i l i s t i c  models and maximum l i k e l i h o o d  

The models used h e r e  were d e f i n i t e l y  s i m p l i s t i c  and e m p i r i c a l ,  

Even t h i s  n a i v e  approach could  b e  used t o  c a l c u l a t e  new decompression 
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Appenrllx 1 

Mathematical  Detai ls  

Gas Exchange: Genera l  

The t r e a t m e n t  of t i s s u e  g a s  exchange f o l l o w s  t h e  formalism p r e s e n t e d  i n  

Weathersby e t  a l . ,  1979. The t i s s u e  r e s i d e n c e  t i m e  d i s t r i b u t i o n  f u n c t i o n ,  

f ( t ) ,  i s  a l i n e a r  t r a n s f e r  f u n c t i o n  r e l a t i n g  t h e  venous ou t f low of t h e  t i s s u e ,  

Y ( t ) ,  t o  i t s  a r t e r i a l  i n f l o w  c o n c e n t r a t i o n ,  X ( t ) .  The t i s s u e  c o n c e n t r a t i o n ,  

Q ' ( t ) ,  i s  p r o p o r t i o n a l  t o  t h e  accumulated a r t e r i a l - v e n o u s  d i f f e r e n c e  s i n c e  t h e  

p r e v i o u s  s t e a d y  s ta te .  

[ X ( t )  - X ( t )  * f ( t ) ]  d t  [1-11 

The symbol * is  t h e  convo lu t ion  o p e r a t o r .  CJe w i l l  i g n o r e  t h e  s l i g h t  

C02,  and H 0 ,  a s  w e l l  as t h e  pulmonary and 2' 2 
c o n t r i b u t i o n s  of pulmonary 0 

c a r d i a c  t r a n s p o r t  l a g ,  and assume d i r e c t l y  t h a t  X ( t )  i s  e q u a l  t o  i n s p i r e d  

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

During a n  a i r  d i v e  t h e  t i m e  c o u r s e  of X ( t )  ca.n become r a t h e r  compl ica ted .  

W e  have chosen t o  descr j -be  t h e  d i v e  a s  a series of ramps c h a r a c t e r i z e d  by a 

change i n  rate of  compression 

n - 
X ( t )  = Xo + 1 ki 

i= 1 

- o r  decompression.  

( t  - Ti) f o r  Tn < t 

Here, ki i s  t h e  change i n  rate t h a t  occu r red  a t  t i m e  T 

conven t ion ,  maintenance of a s t e a d y  c o n d i t i o n  ( i . e . ,  c o n s t a n t  depth! means 

C k = 0, no t  k = 0. 

exchange f m c t i o r l  f ( t ) .  

Note t h a t  by t h i s  i' 

E v a l u a t i o n  of Eqn. 1-1 depends on cho ice  of t i s s u e  

Monoexponential  Gas Exchange 

The s i m p l e s t  common exchange f u n c t i o n  is  one exponen t i a l  w i t h  a s i n g l e  

parameter .  

f ( t )  = l / ~  exp (- t / - r )  

I 1 5 1 5 8 9  42 
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I 

The p re -exponen t i a l  term i s  n e c e s s a r y  f o r  t h e  i n t e g r a l  of f ( t )  ou t  t o  i n f i n i t y  

t o  e q u a l  one,  which i s  a n e c e s s a r y  c o n d i t i o n  f o r  t r e a t m e n t  o f  f ( t )  as a 

p r o b a b i l i t y  d e n s i t y  f u n c t i o n  (see Weathersby e t  a l . ,  1979).  A s  a n o t h e r  

computa t iona l  convenience ,  i n c l u s i o n  o f  t h e  i n v e r s e  of t h e  mean r e s i d e n c e  t i m e  

(= T f o r  1 e x p o n e n t i a l )  i n t o  t h e  c o n s t a n t  c1 i n  Eqn. 1-1 r e s u l t s  i n  G = 1. The 

u n l t s  of @ a r e  t h e  same p a r t i a l  p r e s s u r e  u n i t s  as X ,  so Q, = Xo = 0.79 ATA. 
I 

1 S u b s t i t u t i o n  of Eqn. 1-3 i n t o  Eqn. 1-1 f o r  a s i n g l e  ramp of s l o p e  k 

leads t o  

Q ( t  > T1) = X 0 + k l ( t  - T1) - klr + klTexp[-!t-T1)/T] r 1-41 

which shows t h e  o v e r a l l  r e s p o n s e  c o n s i s t s  of a c o n s t a n t ,  a l i n e a r  term, and a 

decaying  e x p o n e n t i a l .  In g e n e r a l ,  f o r  a t i s s u e  a f t e r  t h e  nth ramp i s  imposed: 

T h i s  e q u a t i o n  u s e s  l i n e a r  s u p e r p o s i t i o n ,  b u t  much g r e a t e r  computa t iona l  speed 

is  achieved  i f  c a l c u l a t i o n s  f o r  each ramp do n o t  r e q u i r e  an e x p l i c i t  summation 

of a l l  ramps s i n c e  t h e  beg inn ing  of t h e  d i v e .  Such a p a r t i a l l y  r e c u r s i v e  

formula i s  g iven  below: 

$(T1) = 0 

This  gas  exchange e q u a t i o n  i s  used  f o r  Models 1 and 2 desc r ibed  i n  t h e  tex t .  

C a l c u l a t i o n s  f o r  Models 3 and 4 are e x a c t l y  t h e  same, except  t h a t  two r's are 

fol lowed i n  p a r a l l e l ,  r and T ( I n  t h e  t e x t  t h e s e  parameters  appear  as TA 

and TB). 

A B' 

4 3  
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Two Exponen t i a l  Res idence  T i m e  T i s s u e  Exchange 

A s  d e s c r i b e d  i n  Weathersby e t  a l . ,  1981, one e x p o n e n t i a l  does  n o t  prov3.de 

a v e r y  good d e s c r i p t i o n  o f  g a s  exchange i n  dog t i s s u e s ,  b u t  two o r  t h r e e  

e x p o n e n t i a l s  do.  

e x p o n e n t i a l s  i s :  

The r e s i d e n c e  t i m e  d i s t r i b u t i o n  f u n c t i o n  t h a t  h a s  two 

[I-7] f ( t )  = 1 [W1 exp( - t /T l )  + ( 1  - \ r l )  e x p ( - t / r 2 ) 1  

where M = W T + (1 - W )T t h e  mean r e s i d e n c e  t i m e .  1 1  1 2 ’  

For a s i n g l e  ramp of s l o p e  k 

1-7 i n t o  Eqn. T-1 y i e l d s :  

imposed a t  T 1 1’ s u b s t i t u t i o n  of Eqn. 1-2 and Eqn. 

Q ( t  > TI) = Xo + k l ( t  - T1) - kl (WIT1 2 + (1 - W1)T2 2 )/M 

S u p e r p o s i t i o n  can b e  used t o  c a l c u l a t e  t h e  t i s s u e  t e n s i o n  a f t e r  t h e  n t h  ramp: - 

4J!T1) = = @ [ I - l O l  

http://prov3.de
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R i sk  I n t e g r a l  

Once t h e  t i s s u e  p a r t i a l  p r e s s u r e  i s  known, i t  i s  n e c e s s a r y  t o  e v a l u a t e  

t h e  r i s k  i n t e g r a l  (Ean. 4) acco rd ing  t o  which r i s k  d e f i n i t i o n  i s  chosen (Eqns. 

5-8). 

r i s  p o s i t i v e .  

may n o t  b e  e q u a l  t o  Tn t o  Tn+l;  see n e x t  s e c t i o n ) .  

T h i s  i n t e g r a t i o n  i s  performed f o r  each ramp whenever t h e  d e f i n i t i o n  of 

Suppose t h e  t i m e  d u r i n g  which t h i s  o c c u r s  i s  T' t o  T" (whjch 

[I-1 11 

where t '  = t - Tn; 

A = X(T,) - 
Pon = ambient  p r e s s u r e  a t  t = Tn; 

n 
kj - Pon - PTHR; !2 = rate of ambfent p r e s s u r e  change 

1=l 

For models 1, 3 ,  and 5 t h e  v a l u e  of PTHP, I s  0. 

For  t h e  case of c o n s t a n t  p r e s s u r e ,  !L = 0 ,  t h e  i n t e g r a l  i s  d-l rect .  

2 C T  ( - T ' / T  - -T"/T) 11-12] 
5 -  A (TI' - T ' )  + - (TI'* - T' +  on e e Rn Pon 2Pon 

The c a s e  of e # 0 i s  more complex because  of t h e  t i m e  f u n c t i o n  i n  t h e  

denominator .  It i s  u s e f u l  t o  s u b s t i t u t e  ambient  p r e s s u r e  f o r  t i m e  as fo l lows :  

The f i n a l  r i sk  i n t e g r a l  e x p r e s s i o n  is:  

B (P"-P') + en (5) 
e 

- - -  
R* LL2 

P o d  r P. C e  + e i i! [I-151 
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A s imi la r  development i s  n e c e s s a r y  f o r  t h e  two e x p o n e n t i a l  c a s e .  

T '' A + B t '  + C l e x p ( - t ' / r l )  + ' c  e x p ( - t ' / T  2 
d t '  [I-161 r d t '  - - 

T'  Pen + P . t '  
R 

w h e r e  B is  t h e  same as i n  Eqn. T - 1 1  and 

2 2 k n ( l  - W1)T2 
+ O(T ) + $!Tn! and c, = - - knWIT1 

L M I, c1 - M 

2 7 "  
(WIT1 - (1  - w )T ") 

A = X(Tn) - kj - Pon - PTHR E.! j=i 

The s t e p s  l e a d i n g  t o  an  a n a l y t i c a l  i n t e g r a t i o n  formula  are i d e n t i c a l  t o  those  

above,  b u t  t h e  e x t r a  e x p o n e n t i a l  term is c a r r i e d  as  w e l l .  

The f i n a l  r e s u l t  f o r  e = 0 is: 

2 C T  - T ' / T ~  - --TI'/? 
e 1)  + -  ' I  ( e  B (TIv2 - T '  ) + -  A (TI' - T ' )  n = -  R 

2Pon Pon Pon 

For P, # 0 

n R 
R 

- - -  (p" - p ' )  
2 P. 

P O l l / T 1  P. 

Cle 

P. 
+ 

Poll/? P. I +  c1 e /" RPon 

? +  +L- - - e" P. 

c2 e 
+ 

e i= 1 

Pon/-C p. 

C2e 2 ) P . n  (;) 

[I-181 

The e v a l u a t i o n  of terms c o n t a i n i n g  i! i n  t h e  i n t e g r a l  i s  dangerous f o r  l a r g e  

a b s o l u t e  v a l u e s  of ( p / ~ t ) .  

a s s o c i a t i o n  of ope ra t i . ons ,  and t h e r e b y  p r e s e r v e  s t a b i l i t y  when 

We can a v o i d  numer i ca l  problems bv c a r e f u l  

-100 < (P/TP<) < 20. 
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The o t h e r  major numer i ca l  d i f f i c u l t y  ar ises  from d e t e r m i n a t i o n  of 

i n t e g r a t i o n  l i m i t s  T '  and T". The problem i s  one of de t e rmin ing  t h e  r o o t s  of 

t h e  numerator  of Eqn. T - 1 1  o r  Eqn. 1-14, Two r o o t s  are p o s s i b l e  i n  Eqn. 1-11 

and t h r e e  i n  Eqn. 1-14. Our s t r a t e g y  h a s  been t o  f i r s t  d e c i d e  on t h e  maximum 

number of roots by knowing whether  an  odd number of r o o t s  e x i s t  [r(T ) and 
n 

) have a d i f f e r e n t  s i g n ] ,  and t h e n  s e a r c h i n g  f o r  maxima and minima i n  %+1 

r ( t ) .  

by a combinat ion of b i s e c t i o n  and Newton s e a r c h .  

Once a r e g i o n  is  known t o  have e x a c t l y  one r o o t ,  i t s  l o c a t i o n  i s  found 
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Data Summaries 

DATA SET A 

Study: q-p 
Standard Air 
F.DU Research 

Decompression Table 
Report 5-57, Dec. 1956 

Pres sure expo sure 
D r y  or wet 
Frequency of 
individual 

Descent rate 
Bottom depth 

Wet 
diving for 
sub j ec ts Not specified 

Mot stated; assume 75 fsw/min 
From 40 to 300 fswg; avg. = 167 fswg 

how measured 
how reported 

Rot tom time 

Ascent rate 

Chamber pressure 
Chamber + 10 fsw for wet pot 
(Subtract 3 fswg from bottom depth and 

1 fswg from stop depth to approxi- 
mate diver chest depth). 

Tabulated as start of descent to start 
of ascent; range: 10-240 min; 
avg. = 39 min 

60 fsw/min 

Gas breathed Air 

Other factors 
Exercise 
Subject background 
Water temperature 

Swimming/weigh t lift i q  
USN, EDU, and IJJIT divers 
170 control; "generally comfortable" 

Results 
How bends defined Not stated but all treated 
Incidence of bends 27/568 on 88 schedules 
Distribution of symptoms Not stated 

Comments: (1) Data from Appendices A, C; C. Following discrepanctes between 
C , G  resolved from original logs in NEDU l i b r g r v .  
130/50 (attempt bl):lbends/4dives; 140/80 (attempt P I ) :  
2bends/4dives. 170/30 (attempt 111) : lbends/4dives: NOT IN 
SAME LOG - assume elsewhere. 

(2)  Four iterations f o r  safety; first defined as 0 bendsl4 djves. 
(3)  Source of present USN Standard Air Tables. 

EDIJS 5 7N. DAT 

I 
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DATA SET R 

Appendix 2 

Study: \-- 
C a l c u l a t i o n  of  A i r  S a t u r a t i o n  Decompression T a b l e s  
EDU Research Report  11-57, June  1957 

PRlVACYACT MATERIAL REMOVED 

P r e s s u r e  exposure  
Dry o r  w e t  
Frequency of d i v i n g  f o r  

i n d i v i d u a l  s u b j e c t s  
Descent  r a t e  
Bottom d e p t b  

Bottom t i m e  
how measured 

Ascent r a t e  

Dry 
Not s p e c i f i e d  

Not s t a t e d ;  assume 75 fsw/min 
All 140 fswg 
Chamber p r e s s u r e  
S t a r t  of d e s c e n t  t o  s ta r t  o f  a s c e n t ;  

60 fsw/min 
range:  90-360 min; avg. = 205 min 

Gas b r e a t h e d  A i r  

Other  f a c t o r s  
Exercise 
S u b j e c t  background 
Water t e m p e r a t u r e  

No 
U S N  and EDU divers  
No c o n t r o  1; " g e n e r a l l y  comfortable"  

R e s u l t s  -- 
How bends d e f i n e d  A l l  d e s c r j b e d ;  summarized as 

bends/mild.  ( D e t a i l s  on each c a s e  
a l l o w  some mi ld  bends i n v o l v i n g  
j o i n t  p a i n  and spontaneous  
r e s o l u t i o n  t o  b e  s c o r e d  as  
bends now). 

scheds .  (Text shows 8 minor bends a s  
joint p a i n ;  count  a s  bends) .  

Also h i p ,  s h o u l d e r ,  back p a i n ,  
nystagmus, weakness.  

I n c i d e n c e  of bends 13 bends /9  m i l d :  4 6  d i v e s  on 10 

D F s  t r i b u t  i o n  o f  symptoms Knee, a n k l e  p a i n  most ly .  

Treatment  Recompressioq; 1. weeks no d i v i n g  

Comments: (I) Data from T a b l e s  2 and 4 .  
(2)  F i v e  i t e r a t i o n s  f o r  s a f e t y ;  n e v e r  a t t a i n e d .  
(3) Source  of p r e s e n t  ITSN E x c e p t i o n a l  Exposiire A i r  T a b l e s .  

FDUI 157N.DAT 
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Appendix  2 

Study:  4-r 
A review of submarine e s c a p e  t r i a l s  from 1945 t o  1970 w i t h  a 
p a r t i c u l a r  emphasis on decompression s i c k n e s s  
Donald KW. MRCUP Report  290, 1970 

P r e s s u r e  exposure  
Dry o r  wet 
P r e v i o u s  exposure  
Descent: r a t e  

Bottom d e p t h  

Bottom t i m e  
Ascent ra te  

how measured 

Some o f  each 
Some s u b i e c t s  r e p e a t  a t  > 1 week 
Varied (g lven)  > l o 0  fsw/min; 

some geometr ic ,  e n t e r e d  a t  each 
p r e s s u r e  doubl ing  

From 60 t o  625 fswg; avg.= 320 f s v p  
Chamber p r e s s u r e  or sub depth  
Given; 4 min o r  less; avg. = 1.0 min 
Given; varies 

Gas b r e a t h e d  A i r  

@ t h e r  f a c t o r s  
Exercise 
S u b j e c t  background 
Water t e m p e r a t n r e  

No 
Royal. Navy d i v e r s  and submar iners  
Nc c o n t r o l ;  " g e n e r a l l y  comfortable"  

Doppler  m o n i t o r i n g  done? No 

Resul t s 
How bends d e f i n e d  S e r i o u s  symptoms; one c a s e  of 

I f  migraine" a f t e r  dive now e n t e r e d  
as bends 

T-ncidence of bends  4 / 2 9 9  on 46 s c h e d u l e s  
I! i s  t r ibu  t i o n  of symp t OFS S t a t e d ;  mos t ly  CNS 

Comments: (1) Data from T a b l e  11, b u t  f o l l o w s  changes nade a f t e r  s e e i n g  
o r i g i n a l  r e p o r t ,  Barnard and Eaton, RXPL 7 / 6 4 :  
- 5 exposures  t o  500 fsw had 20 P hottom tjme 
- 4 mom exposures  a t  450 fsw and 20 s bottom t i m e  w i t h  1 

- i n  350 fsw group (mTsprint i n  R&E as 360?) a m i g r a i n e  1.5 h 

(2) Compendium of a l l  UK sub e s c a p e  exper iments  from s j x  s t u d i e s .  
(3) nata e n t e r e d  w i t h  t i m e  t o  0.01 vin. 

bends from Barnard and Eaton ApperldTx 2 

p o s t d i v e  i n  person  w i t h  no h j s t o r y  now scored LIS  bends 

UPS290 .DAT 
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Appendix 2 

DATA SET D 

Study:  -,-, -, - e t  a l .  
A i r  d i v e s  dove a t  Defence and C i v i l  I n s t i t u t e  of  Environmental  

CANDID d a t a  b a s e  a c c e s s  numbers DD0453A t o  DD0814A 
Ne3 i c i n e  , O n t a r i o ,  Canada 

P r e s s u r e  exposure 
3 r y  o r  w e t  
Frequency of dj .ving f o r  

Descent  ra te  
nottom depth  

i n d i v i d u a l  s u b j e c t s  

how measured 
how r e p o r t e d  

Bottom t i m e  
Ascent r a t e  
Sur face  i n t e r v a l  
Recompression? 

Gas b r e a t h e d  

Other  f a c t o r s  
Exer c isc 
S u b j e c t  background 

R e s u l t s  
How bends de f ined  
Inc idence  of bends 

D i s t r i b u t i o n  of symptoms 

Dry 
Mot s p e c i f i e d  

Var i e s ;  i n  d a t a  f i l e  
From 100 t o  340 fswg; avg. = 240 fswg; 

Chamber p r e s s u r e  
Chamber p r e s s u r e  
From 4 t o  360 min, avg. = 24 min 
In  d a t a ;  v a r i e s  
None; r e p e t .  d i v e s  excluded 
None; d i v e s  w i t h  recompr. excluded 

22% < 200 fsw,  40% > 299 f s w  

A i r  

T i t t l e  o r  none 
? marly DCTEEl m i l i t a r y ,  c i v i l i a n s  

Requ i r ing  recompress ion  
21 bends;  6 marg ina l  o u t  of 800 

exposures  on 183 schedu les  
(1-16 divers per schedu le )  

Some c z s e s  w i t h  comment 

Data  s e l e c t j o n  procedure :  
f1)  Access a l l  a i r  d i v e s  > 70 fswg depth  from Aug. 1967 t o  Dec. 

( 2 )  D i sca rd  d i v e s  n o t  wanted i n  t h i s  d a t a  s e t :  
1968. 

a. any d i v e r s  i n  water 
b.  any recompress ion  i n t e r r u p t i n g  t h e  

decompression p r o f i l e  (some a p p a r e n t l y  t o  t r e a t  s k i n  
o r  Type I symptoms; o t h e r s  unknown) 

c. any v e r y  safe t r a i n i n g  d j v e s ,  e .g . ,  100 f s w / l 5  m i q  
(3) D i sca rd  Dives r e q u i r i n g  > 40 ramps f o r  p r o f i l e  (only 2 ) .  
( 4 )  Dives anno ta t ed  as "marginal bends" e n t e r e d  as 0.5 (6 c a s e s ) .  

DC3B .DAT 
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Appendix 2 

DATA SET E 

Study: -,- 
I n v e s t i g a t i o n  i n t o  t h e  decompression tables.  
V I I .  
RNPL Report  2/57,  Feb. 1957 

Sea t r i a l s  of  proposed new d i v i n g  t a b l e s .  

Wet ( a t  s e a )  
P r e s s u r e  exposure  

Dry o r  w e t  
Frequency of d i v i n g  f o r  > 2 4  h o u r s  

Descent  r a t  e V a r i a b l e ;  s p e c i f i  
i n d i v i d u a l  s u b j e c t s  

Bottom depth  
how measured 

Bottom t i m e  
Ascent ra te  

Gas b r e a t h e d  

O t h e r  f a c t o r s  
Exercise 
S u b j e c t  background 
Water t e m p e r a t u r e  

R e s u l t s  
How bends d e f i n e d  

d f o r  ch d i v e  
120, 1 4 0 ,  160 fswg; avg. = 128 fswg 
Not s p e c i f i e d ;  assume s h o t  l i n e ;  
( S u b t r a c t  3 fswg from given  depth 
t o  approximate  d ive r  c h e s t  depth . )  
From 25 t o  50 min; avg. = 34 min 
60 fswglmin 

A i r  

Moderate work (cutt , . ig,  s e a r c h i n g )  
RN d i v e r s  
Not s p e c i f i e d ;  d i v i n g  o f f  S i c i l y  

Each case l i s t e d  
I n c i d e n c e  of  bends  7 t r e a t e d ;  2 "aches" 

D i s t r i b u t i o n  of symptoms Each c a s e  l i s t e d  
(53 mart d i v e s )  

Comments: (1) Probably  some d e v i a t i o n  due t o  at-sea c o n d i t i o n s .  Each 
d i v e  l i s t e d  a l o n g  w i t h  r e s u l t s  and o v e r s h o o t s .  

( 2 )  Three d i v e s  (Nos. 1,5,28)  n o t  e n t e r e d  because  of  t a c k  of 
s u f f i c l e n t  d a t a .  None of  t h o s e  t h r e e  had bends.  

( 3 )  Proposed t a b l e s  were rejected a s  a r e s u l t  of t h i s  t r i a l .  
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DATA SET F PRIVACY ACT MATERIAL REMOVED 

Study:  met a l .  
The e f f e c t  of e x e r c i s e  d u r i n g  decompression from i n c r e a s e d  b a r o m e t r i c  
p r e s s u r e s  on t h e  i n c i d e n c e  of  decompression s i c k n e s s  i n  man 
EDU Repor t  8-49, 1949 

P r e s s u r e  exposure  
Dry o r  w e t  
Frequency of d i v i n g  for 

i n d i v i d u a l  s u b j e c t s  
Descent  ra te  
Bottom d e p t h  

Bottom t i m e  
Ascevt  r a t e  

how measured 

* Gas b r e a t h e d  

O t h e r  f a c t o r s  
Exercise 

S u b j e c t  background 

Dry 
Not s p e c i f i e d  

Not s p e c i f i e d ;  assume 75 fswfmin 
100 arld 150 fswg; avg. = 120 fswg 
Manometer i n  chamber 
From 27 t o  60 min; avg. = 42 min 
25 fswfmin 

A i r  

Rest d u r i n g  d i v e ;  h a l f  r e s t e d  
p o s t d i v e ;  h a l f  e x e r c i s e d  
US Navy divers  

R e s u l t s  
How bends d e f i n e d  "Bends" and "mild bends" (former were 

' ' severe  enough t o  r e q u i r e  
recompression therapy";  l a t t e r  were 
n o t  t r e a t e d )  

I n c i d e n c e  of bends From 0/8  t o  16/32;  o v e r a l l  42 o u t  of 
14 1 

D i s t r i b u t i o n  of symptoms L i s t e d  f o r  each bends c a s e  

Comments: (1)  
(2)  

(3)  From t h e  b r i e f  d e s c r i p t i o n s  i n  t ex t ,  a lmost  a l l  of t h e  

Purpose w a s  t o  look a t  e f f e c t  of p o s t d i v e  e x e r c i s e .  
S i x t y  d i v e s  were a l s o  made i n  t h i s  t r i a l  a t  s h a l l o w  
d e p t h s  (33-40 fswg) f o r  12 h and are not cons idered  h e r e .  

"mild bends" cases would receive recompression therapy  by 
t o d a y ' s  s t a n d a r d s  and were t h e r e f o r e  graded as 1 r a t h e r  
t h a n  0.5. 

I I 5 1 b 0 0  

EDU849. IjAT 
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Appendix 2 

PRIVACY ACT MATERIAL REMOVED 
DATA SET G 

Study:  0,- e t  a l .  
C a l c u l a t i o n  and t e s t i n g  of  decompression t a b l e s  employing t h e  
procedure  of s u r f a c e  decompression and t h e  u s e  of oxygen 
EDU Report  13-51, 1951 

P r e s  s u r  e ex Do s u r e  
Dry or wet 
Frequency of  d i v i n g  f o r  

i n d i v i d u a l  s u b j e c t s  
Descent  rate 
Bottom depth  

how measured 

Bottom t i m e  
Ascent ra te  

Gas b r e a t h e d  

Othe r  f a c t o r s  
E x e r c i s e  

S u b j e c t  background 
Water t empera tu re  

R e s u l t s  
How bends d e f i n e d  
I n c i d e n c e  of  bends  

Wet p o t  i n  chamber 
Not s p e c i f i e d  

Not s p e c i f i e d ;  assume 75 fsw/min 
40 t o  210 fsw; avg. = 118 fsw 
Not clear;  assume f o u r  more f e e t  than 
l i s t e d  f o r  wet p o t  
From 5 t o  205 mi.n; avg. = 35 min 
35 fsw/min 

Air  

L i f t i n g  and lower ing  l e a d  bucket  - 

EDU d i v e r s  
Avg.: 66.9 O F  ( l i s t e d  f o r  each)  

"mod era t e ly heavy work" 

L i s t e d  f o r  each d i v e  
9 of 143 d i v e s  

Comments: (1 )  Many "minor bends" c a s e s  n o t  recompressed.  
(2) P a r t  of t r i a l  of p r e s e n t  s u r f a c e  decompression t a b l e s  w i t h  

02. No d i v e s  w i t h  s u r f a c e  recompress ion  inc luded  here. 

ED 1 35 1N. DAT 
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PRIVACY ACT MATERIAL REMOVED 

DATA SET A 

Study:  0,- and - w 
I n v e s t i g a t i o n  i n t o  t h e  decompression t a b l e s .  
decompression s t a g e s  and t h e  f o r m u l a t i o n  of new d i v i n g  t a b l e s .  
RNPL Report  111, P a r t  B ,  1952 

A method of c a l c u l a t i n g  

Pres sure expo sure 
Dry o r  w e t  Dry 
Frequency of d i v i n g  f o r  

i n d i v i d u a l  s u b j e c t s  
Descent  r a t e  60 fsw/mln 
Bottom dep th  50 t o  300 fsw; avg. = 130 f s w  

Bottom t i m e  From 11 t o  90 min; avg. = 34 min 
Ascent  rate 60 fsw/min 

Not s p e c i f i e d  

how measured Not s p e c i f i e d  

Gas b r e a t h e d  A i r  

O the r  f a c t o r s  
Exercise 
S u b j e c t  background 

Y e s ;  t y p e  s p e c i f i e d  i n  paper  
"Divers, medica l  o f f i c e r s  and 
c i v i l i a n  s c i e n t i f i c  s t a f f "  

R e s u l t s  
How bends  d e f i n e d  Not s p e c i f i e d  
I r lc idence  of bends  1 of 192 d i v e s  
D i s t r i b u t i o n  of symptoms Elbow and knee 

RNPL52B.DAT 



A p p e n d i x  3 

Estimated R i s k  

Depth 
(fsw) 

3 5  
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
40 
40 
40 
40 
40 
50 
50 
50 
50 
50 
50 
50 
50 
60 
60 
60 
60 
60 
60 
60 
60 
70 
70 
70 
70 
70 
70 
70 
70 

Time, min 
(Bot)(Decomp) 

310 0 .6 
200 0.7 
100 0.8 
60 1 .o  
50 1.2 
40 1.3 
30 1.5 
25 1.7 
20 1.8 
15 2 .o 
10 2.2 
10 2.3 
5 2.5 
5 2.7 
5 2.8 
5 3.0 
5 3.2 

210 2.7 
230 7.7 
250 11.7 
270 15.7 
300 19.7 
110 3.8 
120 5 -8 
140 10.8 
160 21.8 
180 29.8 
200 35.8 
220 40.8 
240 47.8 
70 3 .O 
80 8 .O 

100 15.0 
120 27.0 
140 40.0 
160 49.0 
180 57.0 
200 71.0 
60 9.2 
70 15.2 
80 19.2 
90 24.2 

100 34.2 
110 44.2 
120 52.2 
130 59.2 

of U S N  

1 / A B  

A i r  D e c o m p r e s s i o n  S c h e d u l e s  

p(DCS) b y  M o d e l / D a t a  
3 f A B C  5 f A B C  4fD 4fABCD 

0.118 
0.071 
0.015 
0.000 
0.000 
0.000 
0 .000  
0 .ooo  
0 .ooo 
0 .000  
0 .ooo 
0 .ooo 
0 .ooo 
0 .ooo 
0 .000  
0 .ooo  
0.000 
0.080 
9.095 
0.110 
0.125 
0.146 
0.024 
0.034 
0.056 
0.077 
0.098 
0.119 
0.139 
0.160 
0.004 
0.013 
0.037 
0.064 
0.090 
0.116 
0.143 
0.169 
0.005 
0.016 
0.030 
0.046 
0.062 
0.078 
0.094 
0.110 

0.118 
0.071 
0.016 
0.002 
0.002 
0.002 
0.003 
0.003 
0.003 
0.003 
0.003 
0.003 
0.004 
0.004 
0.004 
0.004 
0.004 
0.079 
0.094 
0.110 
0.124 
0.145 
0 -024 
0.034 
0.056 
0.077 
0.098 
0.118 
0.139 
0.159 
0.005 
0.013 
0.037 
0.064 
0 -090 
0.116 
0.143 
0.168 
0.006 
0.016 
0.031 
0.046 
0.062 
0.077 
0.093 
0.109 

0.125 
0.075 
0.012 
0.005 
0.006 
0.006 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.004 
0.004 
0 -005 
0.005 
0.005 
0.083 
0.100 
0.118 
0.134 
0.158 
0.017 
0.029 
0 -056 
0.081 
0.106 
0.131 
0.154 
0.175 
0.003 
0.007 
0.033 
0.066 
0.098 
0.130 
0.161 
0.186 
0.002 
0.010 
0.026 
0 -046 
0.064 
0.081 
0.101 
0.120 

0.080 
0.043 
0.011 
0.017 
0.022 
0.028 
0.033 
0.038 
0.042 
0.043 
0.038 
0.043 
0.025 
0.028 
0.030 
0.033 
0.036 
0.049 
0.059 
0.073 
0.085 
0.104 
0.010 
0.014 
0.029 
0.047 
0.065 
0.084 
0.103 
0.120 
0.014 
0.009 
0.017 
0.039 
0.062 
0.086 
0.111 
0.133 
0.013 
0.011 
0.017 
0.028 
0.041 
0.053 
0.066 
0.079 

0.094 
0.052 
0.008 
0.010 
0.013 
0.016 
0.019 
0.022 
0.024 
0.025 
0.023 
0.026 
0.016 
0.017 
0.019 
0.020 
0.022 
0.059 
0.072 
0.087 
0.101 
0.122 
0.011 
0.017 
0.037 
0.057 
0.078 
0.099 
0.120 
0.139 
0.008 
0.006 
0.021 
0.046 
0.072 
0.099 
0.128 
0.154 
0.007 
0.008 
0.017 
0.032 
0.047 
0.061 
0.076 
0.092 
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A p p e n d i x  3 

Estimated Risk of U S N  Air Decompression Schedules 

Depth Time, min 
(fsw) (Bot)(Decomp) 

70 140 65.2 
70 150 71.2 
70 160 86.2 
70 170 99.2 
80 50 11.3 
80 60 18.3 
80 70 24.3 
80 80 34.3 
80 90 47.3 
80 100 58.3 
80 110 67.3 
80 120 74.3 
80 130 83.3 
80 140 96.3 
80 150 110.3 
90 40 8.5 
90 50 19.5 
90 60 26.5 
90 70 38.5 
90 80 54.5 
90 90 67.5 
90 100 76.5 
90 110 86.5 
90 120 101.5 
90 130 116.5 

100 30 4.7 
100 40 16.7 
100 50 27.7 
100 60 38.7 
100 70 57.7 
100 80 72.7 
100 90 84.7 
100 100 97.7 
100 110 117.7 
100 120 132.7 
110 25 4.8 
110 30 8.8 
110 40 24.8 
110 50 35.8 
110 60 55.8 
110 70 73.8 
110 80 88.8 
110 90 107.8 
110 100 125.8 
120 20 4.0 
120 25 8 .O 

1 /AB 

0.126 
0.143 
0.157 
0.172 
0.003 
0.015 
0.032 
0.050 
0.070 
0.089 
0 .lo7 
0.127 
0.147 
0.166 
0.183 
0 .ooo  
0.011 
0.028 
0.051 
0.073 
0.095 
0.116 
0.139 
0.161 
0.184 
0 .ooo  
0.004 
0.021 
0.045 
0.070 
0.095 
0.119 
0.146 
0.172 
0.197 
0.000 
0 .ooo 
0.010 
0.034 
0.062 
0.089 
0.118 
0.148 
0.177 
0.000 
0.000 

p(DCS) b y  M o d e l / D a t a  
3/ABC 5/ABC 4/D 

0.125 0.139 0.093 
0.142 0.159 0.110 
0.156 0.170 0.118 
0.171 0.183 0.129 
0.004 0.002 0.016 
0.016 0.009 0.015 
0.032 0.028 0.022 
0.050 0.049 0.033 
0.069 0.071 0.045 
0.088 0.094 0.061 
0.107 0.117 0.078 
0.126 0.141 0.097 
0.146 0.163 0.116 
0.165 0.183 0.132 
0.182 0.200 0.147 
0.002 0.001 0.024 
0.012 0.006 0.019 
0.029 0.024 0 -024 
0.051 0.049 0.034 
0.073 0.076 0.050 
0.094 0.102 0.069 
0.116 0.129 0.090 
0.138 0.155 0.111 
0.160 0.178 0.131 
0.183 0.202 0.150 
0.001 0.001 0.033 
0.005 0.002 0.023 
0.021 0.014 0.022 
0.045 0.043 0.032 
0.070 0.073 0.051 
0.035 0.102 0.073 
0.119 0.132 0.093 
0.145 0.163 0.117 
0.172 0.189 0.139 
0.196 0.217 0.163 
0.002 0.001 0.037 
0.002 0.001 0.033 
0.011 0.004 0.025 
0.034 0.029 0.028 
0.062 0.063 0.047 
0.089 0.095 0.070 
0.117 0.130 0.092 
0.148 0.163 0.119 
0.176 0.195 0.146 
0.002 0.002 0.043 
0.002 0.001 0.038 

4/ABCD 

0.109 
0.128 
0.138 
0.151 
0.009 
0.010 
0.021 
0.036 
0.053 
0.071 
0.090 
0.112 
0.133 
0.152 
0.168 
0.013 
0.011 
0.021 
0.037 
0.057 
0.079 
0.102 
0.126 
0.149 
0.171 
0.019 
0.013 
0.016 
0.033 
0.056 
0.081 
0.105 
0.134 
0.159 
0.185 
0.022 
0.019 
0.014 
0.025 
0.050 
0.076 
0.104 
0.135 
0.166 
0 -025 
0.022 



A p p e n d i x  3 

Estimated Risk of USN Air Decompression S c h e d u l e s  

D e p t h  
(fsw) 

120 
120 
120 
120 
120 
120 
120 
120 
130 
130 
130 
130 
130 
130 
130 
130 
130 
130 
140 
140 
140 
140 
140 
140 
140 
140 
140 
150 
150 
150 
150 
150 
150 
150 
150 
150 
150 
160 
160 
160 
160 
160 
160 
160 
160 
170 

Time, min 
(Bot)(Decomp) 

30 16.0 
40 32.0 
50 48.0 
60 71.0 
70 89.0 
80 107.0 
90 132.0 

100 150.0 
15 3.2 
20 6.2 
25 12.2 
30 23.2 
40 37.2 
50 63.2 
60 86.2 
70 103.2 
80 131.2 
90 154.2 
15 4.3 
20 8.3 
25 18.3 
30 28.3 
40 46.3 
50 76.3 
60 97.3 
70 125.3 
80 155.3 
10 3.5 
15 5.5 
20 11.5 
25 23.5 
30 34.5 
40 59.5 
50 88.5 
60 112.5 
70 146.5 
80 173.5 
10 3.7 
15 7.7 
20 16.7 
25 29.7 
30 40.7 
40 71.7 
50 98.7 
60 132.7 
I O  4.8 

1 / A B  
p(DCS) b y  ModelfData 
3 f A B C  5/ABC 4/D 4/ABCD 

0.001 
0.019 
0.048 
0.079 
0.110 
0.144 
0.175 
0.205 
0 .ooo  
0.000 
0 .ooo  
0.004 
0.029 
0.063 
0 -097 
0.133 
0.169 
0.204 
0.000 
0.000 
0.000 
0.008 
0.041 
0.078 
0.116 
0.156 
0.195 
0.000 
0.000 
0 .ooo  
0.003 
0.014 
0 -053 
0.093 
0.135 
0.179 
0.219 
0 .ooo 
0.000 
0 .ooo 
0.006 
0.022 
0.065 
0.109 
0.156 
0.000 

0.003 
0.019 
0.048 
0.078 
0.110 
0.143 
0.174 
0.205 
0.002 
0.002 
0.002 
0.005 
0 -029 
0.063 
0.097 
0.132 
0.168 
0.203 
0.002 
0.002 
0.002 
0.009 
0.041 
0.077 
0.115 
0.155 
0.195 
0.002 
0.002 
0.001 
0 -004 
0.015 
0.053 
0.093 
0.135 
0.179 
0.218 
0.002 
0.001 
0.001 
0.007 
0 -022 
0.065 
0.108 
0.155 
0.002 

0.002 
0.011 
0.046 
0.082 
0.121 
0.160 
0.191 
0.227 
0.003 
0.001 
0.002 
0.001 
0.023 
0.064 
0.104 
0.147 
0.185 
0.225 
0.002 
0.001 
0.000 
0.003 
0.037 
0.080 
0.128 
0.171 
0.214 
0.003 
0.001 
0 .ooo  
0.001 
0.008 
0.051 
0.099 
0.150 
0.196 
0.242 
0.003 
0.000 
0.000 
0 -002 
0.015 
0.065 
0.119 
0.170 
0.002 

~ ~~ 

0.032 
0.026 
0.039 
0.062 
0.088 
0.118 
0.145 
0.176 
0.045 
0.044 
0.038 
0.031 
0 -031 
0.051 
0.077 
0.111 
0.141 
0.173 
0.048 
0.046 
0.036 
0.033 
0.038 
0.064 
0.097 
0.130 
0.164 
0.044 
0.051 
0.044 
0 -037 
0.034 
0.048 
0.077 
0.115 
0.151 
0.191 
0.048 
0.050 
0.042 
0.038 
0.034 
0.058 
0.094 
0.132 
0.050 

0.018 
0.017 
0.038 
0.067 
0.097 
0.133 
0.163 
0.197 
0.027 
0.025 
0.022 
0.018 
0.024 
0.053 
0.084 
0.123 
0.158 
0.195 
0.028 
0.026 
0.021 
0.019 
0.035 
0.067 
0.105 
0.145 
0.185 
0.027 
0.030 
0.025 
0.021 
0.020 
0.045 
0.082 
0.127 
0.169 
0.213 
0.029 
0.029 
0.024 
0.022 
0.023 
0.057 
0.100 
0.146 
0.030 

i 
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A p p e n d i x  3 

Estimated Risk of U S N  Air Decompression S c h e d u l e s  

D e p t h  Time, min p(DCS) b y  M o d e l f D a t a  
(fsw) (Bot)(Decomp) 1/AB 3 f A B C  5 f A B C  4fD 4fABCD 

170 
170 
170 
170 
170 
170 
170 
180 
180 
180 
180 
180 
180 
180 
180 
190 
190 
190 
190 
190 
190 
190 
190 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
210 
21 0 
210 
210 
210 
210 
210 
210 
220 

15 9.8 
20 21.8 
25 34.8 
30 45.8 
40 81.8 
50 109.8 
60 152.8 
10 6 .O 
15 12.0 
20 26.0 
25 40.0 
30 53.0 
40 93.0 
50 128.0 
60 168.0 
10 7.2 
1 5  14.2 
20 31.2 
25 44.2 
30 63.2 
40 103.2 
50 147.2 
60 183.2 
5 4.3 

10 8.3 
15 18.3 
20 40.3 
25 49.3 
30 73.3 
40 112.3 
50 161.3 
60 199.3 
90 324.2 

120 473.2 
180 685.2 
240 842.2 
360 1058.3 

5 4.5 
10 9.5 
1 5  22.5 
20 40.5 
25 56.5 
30 81.5 
40 124.5 
50 174.5 
5 5.7 

0.000 
0.000 
0.011 
0.030 
0.077 
0.124 
0.179 
0.000 
0.000 
0.002 
0.017 
0.040 
0.090 
0.144 
0.197 
0 .ooo 
0.000 
0.004 
0.023 
0.050 
0.104 
0.163 
0.217 
0.000 
0 .ooo 
0 .ooo 
0.008 
0.031 
0.059 
0.117 
0.180 
0.236 
0.378 
0.458 
0.548 
0.593 
0.634 
0.000 
0.000 
0 .ooo 
0.012 
0.039 
0.068 
0.131 
0.197 
0 .ooo  

0.001 
0.002 
0.011 
0.031 
0.076 
0.124 
0.178 
0.002 
0 -001 
0.003 
0.017 
0.040 
0 -090 
0.143 
0.196 
0.002 
0.001 
0.005 
0.024 
0.049 
0.103 
0.162 
0.216 
0.003 
0 -002 
0.001 
0.008 
0.031 
0.058 
0.116 
0.180 
0.235 
0.377 
0.459 
0.550 
0.596 
0.639 
0.003 
0.001 
0.001 
0.013 
0.039 
0.068 
0.130 
0.196 
0.002 
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0.000 
0.000 
0.004 
0.024 
0.079 
0.137 
0.196 
0.001 
0 . o o o  
0.000 
0.009 
0.036 
0.095 
0.158 
0.215 
0.000 
0.000 
0.001 
0.016 
0.047 
0.112 
0.176 
0.239 
0.003 
0.000 
0.000 
0.002 
0.025 
0.057 
0.128 
0.196 
0.262 
0.417 
0.453 
0.449 
0.402 
0.302 
0.003 
0.000 
0.000 
0.005 
0.034 
0.068 
0.144 
0.215 
0.001 

0.050 
0.043 
0.037 
0.038 
0.068 
0.109 
0.153 
0.052 
0.050 
0.043 
0.037 
0 -046 
0.080 
0.124 
0.171 
0.052 
0 -050 
0.043 
0.039 
0.053 
0.092 
0.139 
0.192 
0.036 
0.054 
0.047 
0.043 
0.044 
0.060 
0.104 
0.157 
0.213 
0.364 
0.406 
0.422 
0 .3.94 
0.308 
0.039 
0.054 
0.048 
0.043 
0.049 
0.068 
0.117 
0.174 
0.039 

0.029 
0.025 
0.021 
0.029 
0.069 
0.117 
0.170 
0.031 
0.029 
0.024 
0.023 
0.038 
0.082 
0.135 
0.189 
0.031 
0.029 

0.027 
0.046 
0.095 
0.153 
0.212 
0.022 
0.032 
0.027 
0.025 
0.033 
0.055 
0.109 
0.172 
0.234 
0.396 
0.446 
0.473 
0.456 
0.388 
0.024 
0.032 
0.028 
0.024 
0.039 
0.064 
0.124 
0.191 
0.024 

0.025 . 
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! A p p e n d i x  3 

Estimated R i s k  of U S N  A i r  Decompression Schedules 

D e p t h  Time, m i n  p(DCS) b y  M o d e l / D a t a 
(fsw) (Bot)(Decomp) 1 / A B  3/ABC 5/ A B C  4 / D  4/ABCD 

1 

220 
220 
220 
220 
220 
220 
220 
230 
230 
230 
230 
23 0 
230 
230 
23 0 
240 
240 
240 
240 
240 
240 
240 
240 
250 
250 
250 
250 
250 
250 
250 
250 
250 
26 0 
260 
260 
260 
26 0 
260 
260 
270 
270 
270 
270 
270 
270 
270 

10 10.7 
15  26.7 
20 42.7 
25 66.7 
30 91.7 
40 140.7 
50 190.7 
5 5.8 

10 12.8 
1 5  30.8 
20 48.8 
25 74.8 
30 99.8 
40 156.8 
50 202.8 
5 6 .O 

10 14.0 
1 5  35.0 
20 53.0 
25 82.0 
30 109.0 
40 167.0 
50 218.0 
5 7.2 

10 16.2 
1 5  38.2 
20 59.2 
25 92.2 
30 116.2 
40 178.2 
60 298.2 
90 514.2 
5 7.3 

10 19.3 
1 5  42.3 
20 67.3 
25 99.3 
30 126.3 
40 190.3 
5 8.5 

10 22.5 
1 5  46.5 
20 74.5 
25 106.5 
30 138.5 
40 204.5 

0 - 0 0 0  
0.000 
0.017 
0.047 
0.079 
0.147 
0.213 
0 .ooo  
0 . ooo  
0.001 
0.023 
0.054 
0.089 
0.161 
0.229 
0.000 
0.000 
0.003 
0.029 
0 -063 
0.099 
0.177 
0.246 
0 .ooo  
0 .ooo  
0.006 
0.036 
0.072 
0.109 
0.191 
0.334 
0.467 
0 .ooo  
0.000 
0.009 
0.042 
0.080 
0.121 
0.204 
0 .ooo  
0.000 
0.012 
0.048 
0.090 
0.134 
0.220 

0.002 
0.001 
0.017 
0.047 
0.078 
0.146 
0.212 
0.002 
0.001 
0.003 
0.023 
0.054 
0.088 
0.160 
0.229 
0.003 
0.001 
0.004 
0.029 
0.062 
0.099 
0.176 
0.246 
0.002 
0.001 
0.006 
0 -036 
0.072 
0.108 
0.1 90 
0.334 
0 -468 
0.002 
0.001 
0.009 
0 -042 
0.080 
0.120 
0.203 
0.002 
0.001 
0.013 
0.048 
0.089 
0.133 
0.219 
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0 - 0 0 0  
0.000 
0.009 
0.043 
0.081 
0.159 
0.232 
0.002 
0.000 
0.000 
0.015 
0.051 
0.093 
0.172 
0.253 
0.002 
0.000 
0.001 
0.022 
0.061 
0.105 
0.191 
0.272 
0.000 
0 .ooo  
0.001 
0.030 
0.072 
0.117 
0.207 
0.370 
0.456 
0.000 
0.000 
0.003 
0.037 
0.081 
0.130 
0.221 
0.000 
0.000 
0.005 
0.044 
0.093 
0.145 
0.240 

0.056 
0.049 
0.044 
0.054 
0.075 
0.130 
0.188 
0.042 
0.053 
0.049 
0.044 
0.061 
0.084 
0.141 
0.208 
0.044 
0.054 
0.049 
0.048 
0.067 
0.093 
0.157 
0.225 
0.043 
0.054 
0.049 
0.052 
0.073 
0.103 
0.170 
0.319 
0.411 
0.045 
0.051 
0.047 
0.056 
0.080 
0.112 
0.183 
0.046 
0.051 
0 -047 
0.060 
0.087 
0.124 
0.197 

0.033 1 
0.028 
0.027 
0.046 
0.073 
0.139 
0.207 
0.025 
0.031 
0.028 
0.029 
0.053 
0.083 
0.152 
0.227 
0.027 
0.032 
0.028 
0.034 
0.061 
0.093 
0.170 
0.246 
0.026 
0.031 
0.028 
0.039 
0.068 
0.104 
0.185 
0.347 
0.452 
0.027 
0.030 
0.027 
0.044 
0.076 
0.115 
0.1 99 
0.028 
0.030 
0.027 
0.050 
0.085 
0.129 
0.215 
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Appendix 3 

of U S N  A i r  Decompression Schedules 

60 240 82.0 
60 360 140.0 
60 480 193.0 
60 720 266.0 
80 180 121.3 
80 240 179.3 
80 360 280.2 
80 480 354.2 
80 720 455.2 

100 180 202.7 
100 240 283.7 
100 360 416.7 
100 480 503.7 
100 720 613.7 
120 120 176.0 
120 180 284.0 
120 240 396.0 
120 360 551.0 
120 480 654.0 
120 720 773.0 
140 90 166.3 
110 120 240.3 
140 180 386.2 
140 240 5 1 1 . 2  
140 360 684.2 
140 480 801.2 
140 720 924.2 
160 70 166.7 
170 70 183.8 
170 90 246.8 
170 120 356.7 

170 240 681.7 
4 170 180 535.7 

1 / A B  

0.187 
0.244 
0.308 
0.222 
0.325 
0.386 
0.451 
0.240 
0.318 
0.420 
0.480 
0.529 
0.317 
0.394 
0.489 
0.541 
0.585 
0.262 
0.384 
0 -457 
0.537 
0.578 
0.617 
0.233 
0.320 
0.436 
0.504 
0.571 
0 -603 
0.639 
0.203 
0.224 
0.307 
0.393 
0.501 
0.555 
0.609 
0.632 
0.000 
0 - 0 0 0  
0.016 
0.055 
0.099 
0.145 
0.234 
0 .ooo  

p( DCS) by Mode 1 /  Dat a 
3 / A B C  5 / A B C  4 / D  

0.187 0.204 0.142 
0.244 0.258 0.189 
0.309 0.304 0.227 
0.222 0.256 0.197 
0.325 0.360 0.292 
0.387 0.398 0.328 
0.453 0.414 0.339 
0.239 0.279 0.219 
0.318 0.358 0.298 
0.420 0.431 0.372 
0.481 0.455 0.397 
0.532 0.416 0.360 
0.316 0.358 0.302 
0.394 0.420 0.366 
0.490 0.462 0.417 
0.543 0.461 0.419 
0.588 0.402 0.370 
0.262 0.302 0.245 
0.384 0.421 0.368 
0.458 0.458 0.410 
0.539 0.457 0.425 
0.581 0.419 0.401 
0.621 0.348 0.339 
0.232 0.268 0.214 
0.320 0.360 0.305 
0.436 0.447 0.396 
0.505 0.464 0.422 
0.574 0.426 0.407 
0.607 0.363 0.361 
0.644 0.297 0.296 
0.202 0.223 0.175 
0.224 0.248 0.197 
0.306 0.345 0.292 
0.393 0.415 0.363 
0.502 0.465 0.423 
0.557 0.442 0.416 
0.613 0.366 0.367 
0.636 0.292 0.294 
0.002 0.000 0.047 
0.001 0.000 0.050 
0.016 0.009 0.047 
0.054 0.051 0.065 
0.098 0.104 0.096 

0.131 0.144 0.154 
0.233 0.255 0.211 
0.002 0.000 0 -047 

4/ABCD 

0.164 
0.215 
0.259 
0.221 
0.324 
0.365 
0.384 
0.243 
0.329 
0.410 
0.440 
0.414 
0.331 
0.401 
0.460 
0.468 
0.432 
0.271 
0.401 
0.450 
0.473 
0.459 
0.411 
0.237 
0.335 
0.435 
0.467 
0.464 
0.429 
0.377 
0.195 
0.219 
0.320 
0.399 
0.467 
0.469 
0.435 
0.375 
0.028 
0.029 
0.028 
0.055 
0.095 
0.138 
0.230 
0.028 
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A p p e n d i x  3 

Estimated Risk of USN Air Decompression Schedules 

Depth 
( f sw) 

2 90 
290 
2 90 
290 
290 
290 
300 
300 
300 
300 
300 
300 
300 
300 
250 
250 
250 
300 
300 

Time, min 
(Bot)(Decomp) 

10 29.8 
15 52.8 
20 89.8 
25 120.8 
30 162.8 
40 228.8 
5 11.0 

10 32.0 
15 57.0 
20 97.0 
25 129.0 
30 172.0 
40 231.0 
60 460.0 
120 684.2 
180 931.2 
240 1109.1 
90 693.0 

120 890.0 

p (DCS) by Mode 1 /Data 
3/ABC 5/ABC 4/D 4IABCD 1/AB 

0.000 
0.020 
0.062 
0.107 
0.157 
0.248 
0.000 
0.000 
0.026 
0.070 
0.117 
0.168 
0.265 
0.410 
0.535 
0.601 
0.632 
0 -531 
0.583 

0.001 0.000 
0.020 0.013 
0.062 0.059 
0.106 0.113 
0.156 0.166 
0.247 0.272 
0.002 0.000 
0.001 0.000 
0.025 0.018 
0.070 0.069 
0.116 0.125 
0.167 0.178 
0.265 0.300 
0.410 0.406 
0.537 0.453 
0.604 0.381 
0.636 0.307 
0.532 0.451 
0.586 0.399 

0.050 0.029 
0.048 0.030 
0.069 0.061 
0.103 0.102 
0.141 0.149 
0.227 0.247 
0.047 0.028 
0.051 0.030 
0.050 0.034 
0.074 0.068 
0.111 0.112 
0.151 0.160 
0.255 0.275 
0.359 0.396 
0.421 0.470 
0.377 0.443 
0.313 0.392 
0.420 0.468 
0.388 0.449 
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