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BACKGROUND 

Report I of t h i s  s e r i e s  (Weathersby e t  a l . ,  1985a) evaluated the  r e s u l t s  

of applying severa l  empirical  decompression models t o  more than 1,700 reported 

dives. Those empirical  models were a break with previous methods because a 

p r o b a b i l i s t i c  formalism was adopted and a s t a t i s t i c a l  evaluation of model 

success was conducted. The models a r e  q u i t e  empirical  because no s p e c i f i c  

knowledge i s  presumed regarding mechanisms of bubble formation, growth, e t c .  

Nevertheless, the  models were shown t o  be successful  i n  summarizing a l a rge  

number of decompression t r i a l s  and i n  separa t ing dives  according t o  t h e i r  r i s k  

of DCS. The s t a t i s t i c a l  models d id  not consider v a r i a t i o n s  i n  d ive r  workload, 

environment (e.g., wet vs.  d ry ) ,  o r  accl imatizat ion.  The success i n  t h a t  

ana lys i s  encouraged us  t o  produce Report I T ;  new s e t s  of a i r  decompression 

t ab les  characterized by an equal chance of DCS (Weathersby e t  a l . ,  1985b). 

The method i s  extended i n  the  present  repor t  t o  examine the  known outcome of 

279 a i r  and N -0 sa tu ra t ion  dives using the  same and s imi la r  empirical  
2 2 

models. 

MODELS 

The candidate models a r e  de ta i l ed  i n  Report I of t h i s  s e r i e s ,  so  only a 

b r i e f  review i s  presented here. Evaluation of t h e  sa fe ty  of a d ive  i s  

accomplished by r e l a t i n g  the  e n t i r e  dive p r o f i l e  t o  the  p robab i l i ty  of OCS by 

a " r i sk  function": 

Here, r i s  one of severa l  measures of instantaneous r i s k  t h a t  i s  in tegra ted  

over the  e n t i r e  durat ion of a d ive ,  including t h e  post  d ive  period. 

A l l  models applied t o  the  da ta  from a i r  subsaturat ion dives f o r  Report 1 

were a l s o  applied t o  the  sa tu ra t ion  da ta  i n  t h i s  repor t .  The f i r s t  of these 



is expresed as: 

Model 1: r1 = A ( Ptis - Pamb) / Pamb 

Ptis by monexponential; time constant = T 

2 parameters: A, T 

Ptis, a tissue inert gas partial pressure calculated by treating the tissue as 

a single, well mixed compartment, is compared to Pamb, the current ambient 

pressure. As is common in decompression calculations, the metabolic gases O2 

and C02 and water vapor are ignored. Whenever Ptis is less than Pamb, rl is 

set to zero. The risk rl is proportional to the supersaturation with a 

proportionality parameter A in units of min-' (T in min) . The appearance of 
Pamb in the denominator follows from previous work with deep saturation/ 

excursion data (Weathersby, Romer, and Flynn, 1984) where it was shown that a 

significant decrease in DCS occurred if the same supersaturation was created 

at deeper depths. 

The next model adds a threshold parameter, PTHR, permitting the 

possibility that a supersaturation can be sustained indefinitely without risk 

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

Ptis by monexponential; time constant = T 

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. 1. 

Model 1 can be generalized to include a parallel "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. This model is expressed by: 



Model 3: r3 = r3A + r3B, where 

r = AA (PtisA - Pamb) / Pamb 3A 

PtisA by monoexponential; time constant = TA 

r = AB (PtisB - Pamb) / Pamb 3B 

PtisB by monoexponential; time constant = TB 

4 parameters: AA, TA, AB, TB 

This "two tissue" model can also have an added threshold parameter: 

Model 4: '4 r 4 ~  + r 4 ~ 9  where 151 

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

PtisA by monoexponential; time constant = TA 

r = AB (PtisB - Pamb - PTHR) / Pamb 4B 

PtisB by monoexponential; time constant = TB 

5 parameters: AA, TA, AB, TB, PTHR 

As before, negative values of r 3A'  r 3 ~ 9  r4~' and r4B are not allowed. An 

alternative to the "two tissue" model is one in which more complex gas 

exchange kinetics are used. The gas residence time function (rtf) (Weathersby 

et al., 1979; Weathersby et al., 1981) is an empirical multi- exponential 

description of gas exchange in a single tissue that has three kinetic 

parameters, one of which is a weighting constant, rather than the one kinetic 

parameter of a single exponential. This model is described by: 

Model 5: r = A (Ptis - Pamb) / Pamb 5 W I  

Ptis by 2 exponentials; time constants = T1 and T2 

Fraction of rtf by T1 is W1; 

Fraction of rtf by T2 is 1 - W1; 
4 parameters: A, TI, T2, Wl 

This model performed well on the more than 1,700 air decompression dives in 

Report I, and was used in the calculation of the new air decompression tables 

in Report TI. 

3 



To parallel the previous developments, a threshold parameter can also be 

defined for the two exponential exchange model: 

Model 6: r6 = A (Ptis - Pamb - PTHR) / Pamb 171 

Ptis by 2 exponentials; time constants = T1 and T2 

Fraction of rtf by T1 is W1; 

Fraction of rtf by T2 is 1 - W1; 
5 parameters: A, TI, T2, W1, PTHR 

Models 1 through 6 were used to examine the air decompression data in the 

previous reports. 

Figure 1 illustrates how the models apply. Ambient pressure was plotted 

as a solid line; the dash-dot line represents the calulated tissue PN 
2 

according to model 5 throughout the dive; the dashed line is the integral in 

Eqn. [ I ]  that rose in value whenever the value of r in the model was greater 

than 0. This particular dive was from the saturation data set, with 2 cases 

of DCS in 2 trials, and a total decompression time of 574 min. 

PROCEDURE 

The data were entered on a computer (PDP 11/70) as a single entry per 

man- dive following the procedure i n  Reports I and 11. Data entry included 

all depths and times of gas or pressure ramp change and gas switch times. As 

before, marginal symptoms were entered as 1/2 case of DCS (Weathersby, Homer, 

Flynn 1984, Report I). 

A period of 24 h post-surfacing was incl-uded to assure return of (Ptis - 
Pamb) to zero (6 h was sufficient in Report I). Each model, Eqns. [2-71, was 

used to calculate p(DCS) for each exposure in the data set. These calculations 

were accumulated as log likelihood (LL) and a search for the maximum 

likelihood was performed according to a modification (Bailey and Homer, 1976) 

of the Marquardt nonlinear least squares algorithm. Parameter standard errors 



50 fsw SATURATON DIVE, AIR 
MODEL 5 - PREDICTED RISK = 0.372 

TIME (rnin) 

Fig. 1. Rxamp1.e of r i s k  ca l cu la t ion .  On a 50 f o o t  s a t u r a t i o n  d ive  t h e  t i s s u e  
p a r t i a l  pressure  of n i t rogen  s t a r t s  a t  37. f s w  and dec l ines  throughout 
decompression according t o  t h e  k i n e t i c s  i n  model 5 .  A t  130 min i n t o  t h e  
decompression, t i s s u e  pressure  exceeds t h e  ambient and s t a y s  h igher  u n t i l  1025 
mine During t h a t  i n t e r v a l  t h e  probzbbility of PCS inc reases  according t o  
Eqn. 1. 



(Kendall and S t u a r t ,  1979) repor ted  i n  t h e  fol lowing t a b l e s  a r e  asymptotic 

es t imates .  

SATURATION DECOMPRESSION DATA 

Sa tu ra t ion  d ives  a r e  of such dura t ion  t h a t  a l l  body t i s s u e s  a r e  assumed 

t o  b e  i n  gas p a r t i a l  p re s su re  equi l ibr ium wi th  t h e  ambient atmosphere. A l l  

a v a i l a b l e  r e p o r t s  were examined f o r  well-documented s a t u r a t i o n  d ives ,  bu t  most 

r e p o r t s  could not  b e  used because of s p a r s i t y  of da t a .  Reports were o f t e n  

r e j e c t e d  because t h e  time i n t e r v a l  between t h e  l a s t  "excursion" d ive  and t h e  

f i n a l  decompression t o  t h e  su r face  was n o t  indica ted .  ("Excursion" d ives  a r e  

shor t  pressure  exposures,  h igher  o r  lower than t h e  s a t u r a t i o n  p res su re ,  t h a t  

r e t u r n  t o  t h e  long exposure s a t u r a t i o n  depth).  Such an unce r t a in ty  could lead  

t o  se r ious  e r r o r  i n  t h e  presumption of "saturated" gas p a r t i a l  pressures .  

F i n a l  s e l e c t i o n  was made from r e p o r t s  s a t i s f y i n g  t h e  fol lowing c r i t e r i a :  

a )  S u f f i c i e n t  d e t a i l  was published o r  obtained from t h e  o r i g i n a l  

i n v e s t i g a t o r  t o  f u l l y  r econs t ruc t  t h e  d ive  p r o f i l e  and r e s u l t s ;  

b)  A t  l e a s t  30 h were spent  a t  cons tant  depth be fo re  t h e  f i n a l  

decompression; 

c )  The brea th ing  mixture dur ing  t h e  s a t u r a t i o n  and decompression was a i r  

o r  N -0 of known composition. (Dives us ing  100% O2 were excluded 
2 2 

pending a more complete examination of how 0 c o n t r i b u t e s  t o  2 

decompression s t r e s s ) .  

The d ive  condi t ions  of t h e  279 exposures t h a t  met these  c r i t e r i a  a r e  

presented i n  Table 1. Appendix 1 provides more experimental d e t a i l  of t h e  

repor ted  dives.  Prominent omissions from t h i s  list include:  SHAn 111 

(Hamilton e t  a l . ,  1982) f a i l e d  cr i ter ion b; PREDICTIVE STUDIES (Lambertsen 

and Bardin, 1973) f a i l e d  c r i t e r i o n  c ;  and t h e  Swiss s t u d i e s  (Buhlmann e t  a l . ,  

1967 ) f a i l e d  c r i t e r i o n  a .  The OI/NOAA d ive  (observa t ions  276-279) was 



TABLE 1 

Saturat ion Data Summary 

BENDS 
DIVES (marg) 

DEPTH 
( f sw? 

50 
50 
60 

198 
23.1 
26.4 
25.5 
29.5 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 
60 

111 
111 
111 
111 
111 
111 
111 
203 
132 
165 

GAS 

A i r  
A i r  
A i r  

.3ATA 

.4ATA 

.4ATA 
A i r  
A i r  

.5ATA 
A i r  
A i r  
A i r  
A i r  

18%02 
18%02 
18x02 

A i r  
A i r  
A i r  
A i r  
A i r  

.4ATA 

.4ATA 

.4ATA 

.4ATA 

.4ATA 

.4ATA 

.4ATA 

.4ATA 

.5ATA 

.5ATA 

DEC .TIME 
(min) REFERENCE SOURCE 

Pre-SHAD (Hamilton e t  a l . ,  1982) 
SHAD-I ( " 1  
SHAD-I1 ( " 1  
NISAT-I ( " )  
ISLANDER (Bel l ,  1984) 

11 ( " )  
MINISAT (Eckenhoff, 1985) 

t1 ( "  
TT-7 T r i a l  (Thalmann, 1985) 

1 t ( " ) * 
I t  

?? 
( " 
( " ** 

II 

I t  
( " )  

I f  
( IV 1 

I I 
( I' ) 

11 
( " 1  

1 t 
( " ) 
( " ) 

AIRSAT 1 (Eckenhoff, Vann, 1985) 
AIRSAT 2 ( " 1  

(Philp e t  a l .  , 1979) 
AIRSAT 5A (Harvey, 1985) 
AIRSAT 5B ( 11 

t? 
1 

AIRSAT 5C ( 
V ?  

1 
AIRSAT 5D ( 

1 i 
** 

AIRSAT 5E ( > ** 
AIRSAT 5F (Varvey, 1986) *** 
AIRSAT 56 ( 11 ) ** 
BISAT82 (Withey, Flor io ,  1985) 
AIRSAT 4 (Eckenhoff, Vann, 1985) 
OI/NOAA (Barry e t  a l . ,  1984) ** 

Notes: 

Gas entry  when not a i r  r e f e r s  t o  the pre-decompression oxygen concentration o r  
p a r t i a l  pressure.  

* Seven dives excluded due t o  recompressions. See t ex t .  

** Nineteen dives excluded due t o  recompressions. Dives truncated a t  l a s t  
depth before recompression. See t ex t .  

*** One Dive truncated a t  l a s t  depth before recompression. 



included a s  an exception t o  c r i t e r i o n  b. Storage depth f o r  t h i s  dive was 165 fsw 

with a breathing mixture of 0.5 ATA PO*. Daily excursions were made t o  200 fsw on 

a i r .  Because the nitrogen l eve l  on the  excursions and a t  s torage depth was the 

same, t h i s  dive was entered a s  i f  they had remained a t  a constant depth throughout 

the  e n t i r e  dive. 

Two problems arose i n  attempting t o  analyze some of the  dives i n  the  same 

manner as Report I (* i n  Table 1 ) .  Because of the  nature  of sa tu ra t ion  diving, 

unaffected divers  a r e  sometimes recompressed along with those being t rea ted  f o r  

DCS. Since symptoms of DCS may manifest themselves many hours a f t e r  surfacing,  i t  

is possible t h a t  these c l i n i c a l l y  wel l ,  but recompressed, d ivers  might have 

developed DCS l a t e r .  The outcome of t h e i r  planned dive t o  the  surface i s  simply 

unknown, and the p a r t i a l l y  completed dive was not  included i n  t h i s  da ta  s e t .  This 

occurred with a l l  of the  dives flagged i n  Table 1. The two NEDU TT-7 t r i a l s  t ha t  

a r e  flagged had ten  divers  on each team, AIRSAT 5D had th ree  divers ,  AIRSAT 5E and 

56 had four d ivers ,  and the  OI/NOAA dive had a 10 diver  team. Only 18 divers  t o t a l  

appear i n  Table 1 f o r  these dives. The 26 d ivers  excluded from Table 1 were 

recompressed before the  f i n a l  outcome of t h e i r  dive could be  determined. I f  the  

recompressed divers  were included i n  the  data  s e t  and counted a s  not having DCS, 

they would prejudice predic t ions  of the  probabi l i ty  of DCS by making the  dives 

appear sa fe r  than they might ac tua l ly  be. 

The other problem arose i n  dealing wjth subjects  who were recompressed 

before reaching surface pressure (1 ATA) and declared t o  have DCS. This 

occurred i n  the  l a s t  s i x  dives flagged i n  Table 1. For purposes of ca lcula t ing the  

r i s k  of DCS t h e i r  recompression was ignored, and the  da ta  were entered a s  i f  the  

divers  had remained a t  the  l a s t  pressure before recompression. Twenty-four hours 

were added a t  the  f i n a l  pressure t o  assure inclus ion of a l l  r i s k  accumulated a t  



t h a t  pressure ,  j u s t  a s  24 h were included a t  1 ATA a t  t h e  conclusion of a l l  o ther  

d ives . ( In  d a t a  f o r  Report I ,  t h e  same procedure was f o l l ~ w e d ,  bu t  t h e  s h o r t e r  dives 

i n  t h a t  case  requi red  less than 24 h.) 

F u l l  use  of maximum l ike l ihood  es t imat ion  technique could i n  p r i n c i p l e  t r e a t  

a l l  of t h e  problem d ives  a s  they a c t u a l l y  occurred,  even though de f in ing  t h e  

p r o b a b i l i t y  of t h e  d i f f e r e n t  outcomes would b e  complex. That goa l  was no t  a t t a ined  

i n  t h i s  r e p o r t  f o r  s e v e r a l  reasons. The r i s k  model used i n  e s t ima t ion  i s  capable 

of accept ing  "truncated" observa t ions  where t h e  decompression was i n t e r r u p t e d  f o r  

t reatment .  We chose n o t  t o  t r u n c a t e  t h e  r i s k  c a l c u l a t i o n  a t  t h e  appearance time of 

symptoms, nor  have we y e t  put  t he  time of occurrence t o  f u l l  use. These ques t ions  

a s  w e l l  a s  u se  of h igh  oxygen b rea th ing  and recompression invoke conceptual  and 

numerical problems t h a t  need c a r e f u l  s tudy i n  t h e  f u t u r e ,  a s  discussed i n  Report I. 

We accept  a s  c o n f l i c t i n g  b i a s e s  t h e  p o s s i b i l i t y  t h a t  d i v e r s  ignored because of 

unnecessary recompression would b e  f r e e  of symptons, whi le  d i v e r s  t r e a t e d  be fo re  

su r fac ing  might have accumulated more r i s k  by our  models i f  they had been allowed 

t o  continue t h e i r  planned dives.  

RESULTS 

MoOels 1-6, a long wi th  a n u l l  model t h a t  assumes a cons tant  p r o b a b i l i t y  

i r r e s p e c t i v e  of d e t a i l s  of t h e  d ive ,  were appl ied  t o  t h e  279 s a t u r a t i o n  d ives  

previous ly  described (Table 2 ) .  Each model achieved a much b e t t e r  LL than 

t h a t  of t h e  n u l l  model. Therefore,  a l l  a r e  a b e t t e r  d e s c r i p t i o n  of t h e  d a t a  than 

Model 0. Models 2 and 5 each performed equal ly  w e l l ,  bu t  Model 5 encountered 

severe numerical problems t h a t  made achieving a f i n a l  s e t  of paramenters d i f f i c u l t .  

Model 6 degenerated i n t o  Model 2 by p lac ing  a l l  of t h e  weight on T2 by making W 2  

a r b i t r a r i l y  l a r g e ,  and had an  almost i d e n t i c a l  LL a s  Model 2. S t a t i s t i c a l  

s ign i f i cance  between models t h a t  a r e  subse t s  of a more genera l  model, such - 



TABLE 2 

Results of Fitting Models To Air Saturation Data 

Model Parameter (1 SE) Log Likelihood 

0. constant p C = 0.1667 -125.707 

1. 1-exp, no thresh T = 447 (22), -119.636 
A = 2.50 (0.52) log3 

2. 1-exp, thresh 

3. 2-exp, no thresh 

4 2-exp, thresh 

T = 649 (55), -113.534 
A = 5.06 (1.21) 
PTHR = 6.01 (1.18) 

TA = 609 (56) , 
AA = 1.33 (0.42) lom2, 
TE = 1194 (769), 
AB = 3.15 (6.5) 
PTHR = 8.44 (1.10) 

5. 2-exp, rtf, no thresh T1 = 19 (397), 
T2 = 514 (188), 
W1 = .834 (1.00), 
A = 3.11 (1.54) lom3 

6. 2-exp, rtf, thresh no unique W1 

T (TA, T1, etc.) are in min; A (AA, Al, etc.) are in min-1; PTRR is in fsw; W1 
and C are dimensionless. 



Models 3 and 4 ,  may b e  assessed  by t h e  l i ke l ihood- ra t io  test (Rendall and 

S t u a r t ,  1979). Twice t h e  d i f f e r e n c e  of t h e  log  l i ke l ihoods  between two models 

i s  compared t o  chi-squsre d i s t r i b u t i o n .  Degrees of freedom f o r  t h e  t e s t  

correspond t o  t h e  number of parametr ic  c o n s t r a i n t s  i n  t h e  hypothes is  being 

t e s t e d .  I n  t h e  case  of models 3 and 4 ,  

2(-109.012 - (-116,947)) = 15,870, 

which i s  g r e a t e r  than t h e  p < 0.05 l i m i t  of chi-square f o r  one degree of 

freedom ( 3 . 8 4 ) ,  and s o  t h e  improvement wi th  Model 4 was s i g n i f i c a n t .  It i s  not  

poss ib l e  t o  compare Models 4 and 5 i n  t h i s  fash ion ,  because t h e  models a r e  not  a 

subse t  of a more genera l  model. 

The a i r  s a t u r a t i o n  exposures and decompression times found i n  t h e  d a t a  

used i n  t h i s  r e p o r t  a r e  considerably longer  than  t h e  exposures found i n  t h e  

subsa tu ra t ion  d a t a  used f o r  Reports  1 and I T .  Thus, it i s  no b i g  s u r p r i s e  t h a t  t he  

time cons tan t s  found i n  Table 2 a r e  c o n s i s t e n t l y  longer  than those  repor ted  i n  

Table 6 of Report I. For example, TA and TB f o r  Model 4 i n  Report 1 were 6.17 min 

and 260 min, r e spec t ive ly ,  whereas TA i s  609 min and TB i s  1194 min f o r  t h e  

s a t u r a t i o n  da ta .  However, t h e r e  was some consis tency i n  t h e  f i t t i n g  of t h e  

models t o  t h e  d i f f e r e n t  d a t a  s e t s .  I n  Report I and i n  t h i s  r e p o r t ,  Model 4 

showed t h e  b e s t  l i ke l ihood ,  bu t  had a s u b s t a n t i a l  threshold  (5.03 fsw and 8.44 

fsw , r e spec t ive ly )  . 
Resu l t s  from these  models a s  appl ied  t o  t h e  s a t u r a t i o n  d a t a  were grouped 

by t h e i r  p red ic t ions  of DCS p r o b a b i l i t y  i n t o  0-5%, 5-15%, 15-25%, and > 25% 

i n t e r v a l s  t o  show t h e  way i n  which they sepa ra t e  t h e  d a t a  by DCS r i s k .  The 

r e s u l t s  of t h i s  process a r e  depic ted  i n  Fig.  2. Reference t o  binomial 

d i s t r i b u t i o n  confidence l i m i t s  (Diem, 19621 provide 95% confidence l i m i t s  f o r  

t h e  observed incidence of DCS. The l i m i t s  are q u i t e  broad because each group 

had a small  number of observat ions.  The do t t ed  l i n e  r ep resen t s  t h e  l i n e  of 

11 perfect" agreement, i . e .  p redic ted  p r o b a b i l i t y  of DCS i s  equal  t o  t h e  

11 



OBSERVED vs. PREDICTED INCIDENCE 

SATURATION DATA -- 

Id model 4 
model 5 

6 5 10 15 20 25 30 35 40 45 50 

PREDICTED % DCS 

F i g .  2 .  Bar graph comparing p r e d i c t i o n s  of models 4 and 5 and ac tua3  outcome 
i n  var ious  r i s k  ca t egor i e s  f o r  t h e  s a t u r a t i o n  d a t a  of 279 d lves .  For each of 
t h e  4 ca t egor i e s  (< 5 X ,  5-15%, 15-25%, and > 25%) a b a r  is  p l o t t e d  a t  t h e  
x-axis p o s i t i o n  of t h e  average predic ted  incidence.  Far  he igh t  i s  t h e  actual- 
incidence f o r  each p r e d i c t i o n  category.  E r ro r  b a r s  a r e  959: confidence l i m i t  
f o r  binomial outcome. The dash-dot line corresponds t o  p e r f e c t  p red ic t ion .  



observed p robab i l i t y .  Model 4 p red ic t ed  a somewhat lower inc idence  of DCS i n  

t h e  0-5% and 5015% i n t e r v a l s  than a c t u a l l y  encountered, and a h igher  incidence 

than encountered i n  t h e  7 25% range. Nodel 5 predic ted  a lower inc idence  i n  

t h e  15025% i n t e r v a l  than observed, and a h igher  incidence i n  t h e  0-5% and 

7 25% ranges. However, both models exhib i ted  a high degree of agreement wi th  

observed DCS hazard throughout t h e  e n t i r e  d a t a  set. No groups of p r e d i c t i o n s  

a r e  cont radic ted  by be ing  ou t s ide  the  confidence l i m i t s  of t h e  da ta .  

Severa l  problems were encountered i n  applying these  models t o  t h e  da ta .  

T1 and W 1  i n  Model 5 were h ighly  c o r r e l a t e d  ( r  7 .99),  which means t h a t  t h e  

maximum l ike l ihood algori thm had d i f f i c u l t y  i n  sepa ra t ing  t h e  e f f e c t s  of these  

two parameters i n  f i t t i n g  t h e  da ta .  This  was a l s o  t h e  case  wi th  TA and AA i n  

Model 3. Another problem occurred when we attempted t a  e s t ima te  upper and 

lower bounds on p(DCS) p red ic t ions  of Models 3-5 through a propagat ion of 

e r r o r  technique (Ku,1968). To d e r i v e  these  upper and lower bounds f o r  a 

p a r t i c u l a r  d ive ,  t h e  p a r t i a l  d e r i v a t i v e  of each parameter i s  numerical ly 

ca l cu la t ed .  The e r r o r  i s  then found by su.ming a l l  p o s s i b l e  products  of 

t hese  p a r t i a l  d e r i v a t i v e s  taken i n  p a i r s  wi th  t h e  corresponding e n t r y  i n  t h e  

covariance mat r ix ,  which i s  p a r t  of t h e  output  from t h e  maximum l ike l ihood  

algori thm. The upper bound on p red ic t ed  p(DCS) f o r  some of t h e  d ives  i n  t h e  

o r i g i n a l  d a t a  s e t  exceeded 1, i n d i c a t i n g  a l a r g e  degree of unce r t a in ty  i n  t h e  

r e s u l t s .  Such l a r g e  unce r t a in ty  usua l ly  means an o r i g i n a l  d a t a  s e t  i s  too  

small o r  no t  w e l l  s u i t e d  f o r  eva lua t ion  of t h e  model. 

DATA COMBINATION 

It  would be  i d e a l  i f  a s i n g l e  model could desc r ibe  a wide range of 

decompression da ta .  This  ob jec t ive ,  toge ther  wi th  t h e  numerical problems 

encountered i n  es t imat ion  us ing  only t h e  l imi t ed  amount of s a t u r a t i o n  da ta ,  

encouraged u s  t o  pursue t h e  p o s s i b i l i t y  of es t imat ing  pa ra6e te r s  us ing  a 



combination of t h e  p resen t  s a t u r a t i o n  d a t a  and t h e  previous ly  s tudied  

subsa tura t ion  a i r  decompression da ta .  

We wished t o  determine i f  Model 5 ,  t h e  model used f o r  t h e  f i n a l  t a b l e s  i n  

Report 11, considered s a t u r a t i o n  d ives  and a i r  subsa tu ra t ion  d ives  s i m i l a r  

events.  That is ,  we needed t o  know i f  t h e  combination of a i r  subsa tura t ion  

d ives  and s a t u r a t i o n  da ta  g r e a t l y  decreased t h e  agreement of t h e  model w i th  

e i t h e r  s e t  of da ta .  I n  e a r l y  a t tempts  t o  f i t  t h e  combined d a t a  us ing  Model 5 ,  

t h e  l a rge  number of a i r  d ives  seemed t o  overwhelm t h e  smal le r  s a t u r a t i o n  

subse t ,  t h a t  i s ,  t h e  va lues  of t h e  parameters seemed t o  c lose ly  resemble t h e  

va lues  obtained f o r  t he  a i r  d a t a  alone.  

I n  an at tempt t o  determine whether o r  not  t hese  d a t a  could b e  combined 

under t h e  model, we randomly subdivided t h e  1,713 a i r  decompression d jves  i n t o  

6 s e t s  of 250 d ives  each without r e p e t i t i o n .  This  s e l e c t i o n  was made because 

250 was t h e  s i z e  of t h e  s a t u r a t i o n  d a t a  s e t  a t  t h e  time of t h i s  t e s t  ( c lose ,  

bu t  not  i d e n t i c a l ,  t o  t h e  da ta  i n  Table 1 ) .  Model 5 was appl ied  f i r s t  t o  the  

a i r  subse t s ,  and then t o  a  combination of each a i r  subse t  and t h e  s a t u r a t i o n  

da ta .  The l i ke l ihood- ra t io  test previous ly  described was appl ied  t o  these  

r e s u l t s .  Tn t h i s  case,  t h e  l i ke l ihood- ra t io  compares t h e  f i t s  f o r  t h e  

combination of one of t hese  subse t s  w i th  t h e  s a t u r a t i o n  d a t a  t o  t h e  f i t s  f o r  

each subse t  alone. The r e s u l t i n g  test s t a t i s t i c  can then b e  compared t o  t h e  

chi-square d i s t r i b u t i o n  a t  4 degrees of freedom t o  determine i f  t h e r e  i s  a 

d i f f e rence  between es t imat ing  t h e  d a t a  s e t s  s epa ra t e ly  and i n  combination. I n  

ha l f  of t h e  s i x  subse t s ,  t h e  l i ke l ihood- ra t io  t e s t  s t a t i s t i c  was g r e a t e r  than 

t h e  chi-square l i m i t  f o r  p < 0.01 wi th  4 degrees of freedom (13.277), and i n  

another  case  was g r e a t e r  than t h e  l i m i t  f o r  p < 0.05 (9.488). Therefore,  t h e  

se l ec t ed  s h o r t  d ives  and t h e  s a t u r a t i o n  d a t a  a r e  not  combinable under Model 5. 

The ques t ion  of whether these  subse t s  were combinable under o t h e r  models was 



n o t  examined. I n  o the r  words, t h e  add i t ion  of s h o r t  a i r  d iv ing  d a t a  decreased 

t h e  a b i l i t y  of Model 5 t o  desc r ibe  t h e  s a t u r a t i o n  d a t a ,  and was t h e r e f o r e  n o t  

a good candidate  a s  a model f o r  t h e  combination of t h e  two s e t s .  

MODELS OF ALL DIVES 

A new model was sought t o  desc r ibe  t h e  combination of t h e  s h o r t  a i r  

decompression and s a t u r a t i o n  da ta .  Four new models (numbered 7-10) were 

developed i n  a fash ion  s i m i l a r  t o  t h e  development of t h e  f i r s t  6 models. A s  

i n  previous models, only p o s i t i v e  o r  zero  va lues  of ins tan taneous  r i s k  were 

allowed i n  each " t i s s u e  ." 
Model 3 was extended t o  inc lude  " three  t i s sues"  i n  p a r a l l e l  r a t h e r  than 

t h e  "two t i s s u e s "  previous ly  described.  No DCS i s  t h e  j o i n t  p r o b a b i l i t y  of no 

DCS i n  a l l  t h r e e  t i s s u e s .  The new model i s  expressed by: 

Model 7: r7 = r7A + r7B + r7C, where 

r = AA (Pt isA - Pamb) / Pamb 
7 A  

Pt isA by monoexponential; time cons tant  = TA 

r = AR (Pt isB - Pamb) / Pamb 
7 B  

PtisR by monoexponential; time cons tant  = TB 

r = AC (Pt isC - Pamb) / Pamb 
7C 

Pt i sC by monoexponential; time cons tant  = TC 

6 parameters: AA, TA, AB, TB, A C y  TC 

Once again ,  a threshold  parameter can be  added: 

Model 8: r8 = rgA + rgB + rgC, where 

r = AA (Pt isA - Pamb - PTHR.) / Pamb 
8A 

Pt i sA by monoexponential; t ime cons tant  = TA 

r = AR (Pt isB - Pamb - PTHR) / Pamb 
83 

Pt isB by monoexponential; t ime cons tant  = TB 

r = AC (Pt isC - Pamb - PTHR) / Pamb 8B 



PtisC by monoexponential; time constant = TC 

7 parameters: AA, TA, AB, TB, AC, TC, PTHR 

Model 5 was extended by creating a "two tissue" model, each tissue having 

the more complex rtf gas exchange kinetics: 

Model 9: rg = rgA + r where 
9B' 1101 

r = AA (PtisA - Pamb) / Pamb 9A 

PtisA by 2 exponentials; time constants = T1A and T2A 

Fraction of rtf by T1A is WlA; 

Fraction of rtf by T2A is I. - W1A; 
r = AB (Ptis - Pamb) / Pamb 
9B 

PtisB by 2 exponentials; time constants = T1B and T2B 

Fraction of rtf by TlB is W1B; 

Fraction of rtf by T2B is 1 - W1B; 
8 parameters: AA, TlA, TZA, VIA, AB, TlB, TZB, W1B 

Adding a threshold parameter yields: 

Model 10: r10 = r l ~ ~  + '10~' where r11.I 

r 10A = AB (PtisA - Pamb - PTHR) / Pamb 

PtisA by 2 exponentials; time constants = T1A and T2A 

Fraction of rtf by T1A is WlA; 

Fraction of rtf by T2A is 1 - FJlA; 
r 10B = AB (PtisR - Pamb - PTHR) / Pamb 

PtisB by 2 exponentials; time constants = T1B and T2B 

Fraction of rtf by T1B is W1A + W1B; 

Fraction of rtf by T2B is 1 - WlB; 
9 parameters: AA, TlA, T2A, WlA, AB, TlB, TZB, WlB, PTHR 

A comparison of the parameters and likelihood values for each model as 

applied to the combination of the shorter air dives and the saturation data is 

given in Table 3. Models 1 and 2 did worse than the null model, which ignores 



TABLE 3 

Resu l t s  of F i t t i n g  Models T o  A i r  Sa tu ra t ion  and Subsaturat ion Data 

Model 

0. constant  p 

1. 1-exp, no th resh  

2. 1-exp, thresh  

3. 2-exp, no thresh  

4. 2-exp, thresh  

5. 2-exp, r t f ,  no th resh  

6. 2-exp, r t f ,  t h resh  

7. 3-exp, no thresh  

8. 3-exp, th resh  

Parameter (1 SE) Log Likel ihood 

T = 371 (9) ,  -52.5.860 
A = 3.17 (0.38) . low3,  
PTHR = 0.00 (0.17) 

TA = 4.23 (2.20), 
AA = 2.71 (1.29) 
TB = 436 (16),  
AB = 2.85 (0.49) lom3, 
PTHR = 0.07 (-58) 

T1  = 1.26 (.51), 
T2 = 351 14) , 
W 1  = 0955 (.020), 
A = 4.21 (0.40) 
PTHR = 0.00 (.09) 

TA = 6.42 (1.77), 
AA = 3.46 (1.24) loo3, 
TB = 229 (25),  
AB = 7.87 (2.85) . 
TC = 702 (60),  
AC = 3.16 (1.04) . log3, 
PTHR = 6.27 (1.10) 



TARTJE 3 
(continued) 

Resul t s  of F i t t i n g  Models To A i r  Sa tu ra t ion  and Subsaturat ion Data 

Model Parameter (1  SE) Log Likelihood 

9. 4-exp, r t f  , no th resh  T1A = 0.07 (0.02), -355.822 
T2A = 409 (50),  
W1A = .99994 (.00@02.), 
AA = 1.41 (1.21) 
T1B = 154 (42), 
T2B = 704 (1261, 
W1B = .805 ( .07) ,  
AB = 3.35 (0.45) log3, 

10. 4-exp, r t f  , t h resh  T1A = 0 ,07 (0.02), 
T2A = 409 (51) , 
VIA = .99993 (.00004) 
AA = 1.28 (1.35) 
T1B = 153 ( 4 3 ,  
T2B = 719 (153), 
W1B = .814 (.09),  
AB = 3.56 (0.82) log3, 
PTHR = 0.15 (0.55) 

T (TA, TI ,  e t c . )  a r e  i n  min; A (AA, A l ,  e t c . )  a r e  i n  min-1; PTHR i s  i n  fsw; W 1  
and C a r e  dimensionless,  



d e t a i l s  of t h e  dive.  Yodel 7 did no b e t t e r  than Models 3 o r  4 ,  and Models 5 

and 6 were much worse, a s  predic ted  by l ike l ihood  r a t i o  t e s t  of t h e  previous 

sec t ion .  Models 8,  9 and 10 a l l  performed we l l .  The threshold va lue  was 

found t o  h e  d i f f e r e n t  from zero only i n  Model 8. It should be  noted t h a t  the 

same parameters (W1 and TI)  c o r r e l a t e d  h ighly  i n  Models 9 and 10 z s  in model 5 

when f i t t i n g  t o  t h e  s a t u r a t i o n  d a t a  alone.  Powever, t hese  problems c?id not  

produce d i f f i c u l t y  i n  determining upper and lower bounds f o r  t h e  p red ic t ions  

of p (DCS) . 
The paraneter  va lues  f o r  Model 9 appear t o  b e  d i f f e r e n t  frcm t h e  va lues  

f o r  o the r  models. T1A has a va lue  of .07 min, o r  about 4 s e c ,  whereas T3.A has 

a va lue  of 154 min. I n  on1.y a few cases  were t h e  o r i g i n a l  d a t a  en tered  t o  a 

g r e a t e r  p r e c i s i o n  than t h e  nea res t  minute, so  i t  seems unusual t h a t  t he  model 

would chose such a small  va lue  f o r  one of t h e  time cons tants .  However, t h e  

model does produce a b e t t e r  l ike l ihood va lue  wi th  t h i s  i nc red ib ly  small  value 

than wi th  a seemingly more reasonable va lue ,  such a s  1 n in .  The s e l e c t i o n  of 

t hese  parameters means t h a t  we have one " t i ssue"  t h a t  responds quickly t o  a 

change i n  p res su re  by way of t h e  .07 time cons tant ,  bu t  s t i l l  t akes  a 

r e l a t i v e l y  long time t o  completely d i s s i p a t e ,  a s  can b e  seen from t h e  410 min 

T2A. The o t h e r  " t i ssue"  responds very slowly t o  pressure  changes wi th  T I P  

equal  t o  154 min, and r e q u i r e s  an extremely long time t o  d i s s i p a t e  wi th  T?F 

equal  t o  704 min. Upon examining ind iv idua l  d ives ,  we found t h a t  t he  t i s s u e  

with the 4 sec time cons tant  p lays  an important r o l e  i n  r i s k  accumulation f o r  

d ives  wi th  quick pressure  drops, such a s  t h e  AIRSAT 5 s e r i e s .  

Both Models 8 and 9 wi th  t h e  parameters of Table 3 do a very good job of 

descr ib ing  s a t u r a t i o n  d a t a  alone. ?he log  l ike l ihood por t ion  f o r  Model 8 on 

the  s a t u r a t i o n  d a t a  i s  -113.916, and Model P h a s  a log  l i ke l ihood  of -116.234. 

These a r e  comparable t o  f i t s  of s impler  models t o  t h a t  d a t a  a lone ,  Table 2. 

Models 8 and 9 a l s o  desc r ibe  t h e  more than 1700 s h o r t  d ives  wel l .  Model f?'s 



TABLE 4 

Comparison of Ifode1 P r e d i c t  fons  

Legend: OBS# - observa t ion  number of t h e  f i r s t  d ive  of each s e t ;  DTPES - 
number of d ives  i n  t h a t  s e t ;  BENDS - number of cases  of DCS; 
DEPTH - depth of d ive  i n  f s w ;  TTm - t o t a l  decompression t i m e  i n  
min; M2a - p r e d i c t i o n s  of model 2 us ing  s a t u r a t i o n  d a t a  only; M 4 a  
- p r e d i c t i o n s  of model 4 us ing  s a t u r a t f o n  da ta  o d y ;  M 5 a  - 
p r e d i c t i o n s  of model 5 using s a t u r a t i o n  d a t a  only; H8b - 
p r e d i c t i o n s  of model 8 us ing  combined d a t a ;  M9b - pred ic t ions  of 
model 9 us ing  combined data. 

* Dives t runcated  a t  last depth be fo re  recompression. 



l i ke l ihood  f o r  t h e  s h o r t e r  exposures i s  -242.568, whereas Model 9 h a s  a 

l i ke l ihood  of -239.591. It i s  i n t e r e s t i n g  t h a t  t h e  l i ke l ihood  i n  Report I f o r  

Model 5 i n  f l t t i n g  t h e  a i r  subsa tu ra t ion  d a t a  was -246.873, and s o  Model 9 is  

a s i g n i f i c a n t  (p < 0.05) improvement i n  f i t  t o  t h e  previous a i r  subsa tu ra t ion  

da ta .  

O f  t h e  models which f i t  t h e  e n t i r e  d a t a  sets w e l l ,  which ones have 

s i m i l a r  p r e d i c t i o n s  of i n d i v i d u a l  d ives?  A comparison of t h e  p r e d i c t i o n s  of 

Models 2 ,  4 and 5 est imated from t h e  s a t u r a t i o n  d a t a  alone,  and Models 8 and 9 

est imated from t h e  combined d a t a  i s  given i n  Table 4 f o r  a l l  t h e  s a t u r a t i o n  

d ives .  Most of t h e  p r e d i c t i o n s  of ~ ( D c S )  f o r  each model f e l l  w e l l  w i th in  t h e  

95% confidence l i m i t s  f o r  t h e  raw da ta .  P red ic t ions  t h a t  did no t  f a l l  w i th in  

these  l i m i t s  were those of Models 2 ,  5 and 9 on observa t ions  10-54, Model 2 on 

observa t ions  246-248, and a l l  models on observa t ions  276-279. Model 

p red ic t ions  appear t o  d i f f e r  g r e a t l y  on a l l  of t h e  AIRSAT 5 d ives ,  w i th  

p r e d i c t i o n s  ranging from 15-40% on AIRSAT 5 A  (observat ions 236-238) and from 

26082% on AIRSAT 5E (observat ions 246-248). However, t h e  95% confidence 

l e v e l s  on t h e  raw d a t a  f o r  t hese  d ives  a r e  0071% and 29-100X, r e spec t ive ly .  

On many of t h e  o the r  d ives  t h e  p red ic t ions  of P ~ D C S )  made by t h e  models a r e  

almost i d e n t i c a l .  Model 4a tended t o  be  more p e s s i m i s t i c  about s a f e t y  of the 

deeper dives.  Also no te  t h a t  observa t ions  55-79 and 80-98 have e s s e n t i a l l y  

t h e  same insp i r ed  n i t rogen  s o  p r e d i c t i o n s  f o r  bo th  groups a r e  nea r ly  

i d e n t i c a l .  

The way i n  which Models 8 and 9 sepa ra t e  t h e  d ives  according t o  groupings 

of DCS hazard i s  displayed i n  Fig. 3. A l l  exposures were grouped i n t o  fou r  

ca t egor i e s  based on t h e  models' p red ic t ion  of DCS probab i l i t y :  0-2%, 2-52, 

5- lo%,  and > 10%. Reference t o  binomial sampling confidence l i m i t s  provide 

e r r o r  b a r s  t o  show t h e  95% confidence l i m i t  f o r  t h e  raw da ta .  These e r r o r  

b a r s  a r e  smal le r  than those  i n  Fig. 2, because t h e  d a t a  s e t  i s  now seven times 

21 



OBSERVED vs. PREDICTED MCIDIENCE 

COMBINEB AIR AND SATURATION DATA 

model 8 
model 9 

0 5 10 15 20 25 

PREDICTED % DCS 

Fig.  3. Bar graph for prediction and outcome for combined short duration and 
saturation diving, total 1992 dives. Categories were < 2%, 2-57, 5-lo%, and 
> 10%. 



OBSERVED vs. PREDICTED INCIDENCE 

-- SATURATKM DATA 

0 5 10 15 20 25 30 35 40 45 50 

PREDICTED % DCS 

F i g .  4 .  Bar graph of same analyses as  Fig. 3 ,  but with categories of < 5 X ,  
5-15%, 15-25%, and > 25%. 



DEPTH 
(FSW 

30 
35 
40 
50 
60 
70 
80 
90 

100 

TABLE 5 

Decompression From Air Saturation Dives For 1% Incfdence of DCS 
Continuous Decompression, 10 ft intervals 

UNTESTED 

AIR 
DECOMPRESSION STOPS (FSW) TOTAL 

TIME TO STOP (MIMI ASCFET 
TIrn 

90 80 70 60 50 40 30 20 10 0 (M:S) 

DEPTH 
(FSW) 

30 
35 
40 
50 
60 
70 
80 
90 

PO2 = 0.30,  CHANGE GAS TO ATR AT 14 FSW 
DECOMPRESSION STOPS (FSW) 

TIME TO STOP (MTN) 
TOTAL 
ASCENT 
TTME 
(M: S) 

GAS 
CHANGE 
TIME 
(M:S) 

PO2 = 0.40,  CHANGE GAS TO AIR AT 30 FSW 
DEPTH DECOMPRESSION STOPS (FSW) TOTAL GAS 
(FSW) TIME TO STOP ( MIN) ASCENT CHANGE 

TIME TIME 
90 80 70  60 50 40 30 20 10 0 (M:S) (M:S) 

Decompression stops are depths at which rate of ascent is changed. 
NER-1-86-5 1 



DEPTH 
(FSW) 

Decomprees ion  From A i r  S a t u r a t i o n  D i v e s  F o r  1 %  1nc i . dence  of  DCS 
C o n t i n u o u s  Decompres s ion ,  5 f t  i n t e r v a l s  

UNTESTED 

A i r  
DECOMPRESSIOA STOPS (PSW) TOTAL 

TIME TO STOP(M1.N) ASCENT 
TIME 

9 0  85 80  7 5  7 0  6 5  6 0  5 5  SO 4 5  4 0  3 5  3 0  25 2 0  15  1 0  5 0  (M:s) 

3 9  1 9 1  2 4 4  229  703:OO 
1 157  186  276 2 3 2  852:OO 

1 4 2  203 199  283  259 1086:OO 
29 1 6 8  143  196  235 297 264  1332:OO 

1 1 0 4  1 1 9  1 4 9  1 8 2  2 1 4  246 3 1 5  229  1559:OO 
2 5  1 5 4  9 9  143 1 6 9  195  222 250 3 0 2  2 6 9  1828:OO 

1 1 0 4  8 8  1 1 5  1 3 5  1 5 8  1 8 0  202  226 2 5 1  3 1 2  244  2016:OO 
2 1  1 4 6  7 2  1 1 1  1 2 9  1 4 8  166 185  2 0 5  227 252 3 0 1  2 7 4  2237:OO 

1 1 0 8  6 4  93  107 123  1 3 9  155  1 7 1  1 8 8  206 2 2 8  252  313  2.43 2391:OO 

DEPTE 
(FSW) 

PO2 = 0 . 3  ATA, CHANGE GAS TO A I R  AT 1 4  FSW 
DECOMPRESSION STOPS (Fsw) 

TIME TO STOP(MIA) 
TOTAL 
ASCENT 
TIME 
(M:S) 

GAS 
CHARGE 

TIME 
(M:S) 

PO2 = 0 . 4  ATA, CHANGE GAS TO A I R  AT 3 0  FSW 
DEPTH DECOMPRESSION STOPS (FSW) TOTAL GAS 

(Psw) TIME TO STOP(MIN) ASCENT CHANGE 
TIME TIME 

9 0  85 80  7 5  7 0  6 5  6 0  55 50 45 4 0  3 5  3 0  25 2 0  1 5  1 0  5 0  (M:s)  (M:s)  - 

Decomprees ion  s t o p s  a r e  d e p t h s  a t  wh ich  r a t e  of  a e c e n t  i e  changed .  



TABLE 7 

DEPTH 
(FSW) 

Decompression From Air Saturation Dives For 1% Incidence of DCS 
Step Decompression, 10 ft stops 

UNTESTED 

Air 
'I'M TO DECOMPRESSION STOPS (FSW) TOTAL 
FIRST STOP TIMES (MIN) ASCl!WT 
STOP TIME 
!M:S) 90 80 70 60 50 40 30 20 10 (M:S) 

m TO 
FIRST 
STOP 
(M: S) 

0: 10 
0:05 
0:lO 
0: 10 
0:lO 
0: 10 
0:lO 
0: 10 
0: 10 

PO2 = 0.30, CHANGE TO AIR AT 14.0 FEET 
DECOMPRESSION STOPS (FSW) TOTAL 

STOP TIMES (MIN) ASCENT 
TIME 

90 80 70 60 50 40 30 20 10 (M:S) 

885 1280 2165:30 
480 1125 1394 2999:35 
888 1157 1413 3458:40 

915 1131 1225 1522 4793:50 
933 1139 1187 1281 1613 6155:OO 

948 1144 1186 1333 1329 1692 7533:lO 
959 1149 1185 1225 1274 1370 1762 8925:20 

957 1153 1184 1220 1261 1310 1407 1825 10326:30 
975 1156 1184 1215 1251 1293 1343 1441 1881 11740:40 

GAS 
CHANGE 
TIME 
(M: S) 

PO2 = 0.40, CFLANGE TO A I R  AT 30.0 FEET 
DEPTH TM TO DECOMPRESSION STOPS (FSW) TOTAL GAS 
(FSW) FIRST STOP TIMES (MIN) ASCENT CHANGE 

STOP TIME TIME 
(M:S) 90 80 70 60 50 40 30 20 10 04:s) (M: S) 

35 0:05 85 767 1178 2030:30 0:05 
40 0: 10 335 845 1168 2348:40 0:lO 
50 0: 10 312 589 904 1204 3009:50 312:20 
60 0:lO 410 558 634 926 1249 3678:OO 866330 
70 0: 10 304 549 599 639 934 1266 4292:lO 1542:40 
80 0:lO 300 544 593 607 642 944 1293 4924:?0 2044:50 
90 0: 10 298 539 588 600 611 644 954 1318 5553:30 2637:OO 

100 0:lO 295 536 584 596 604 614 646 963 1343 6182:40 3230:lO 

Rate between stops = 60 feet/minute. 
ITMRT-86-5 1 



TABLE 8 

D e c o m p r e s s i o n  From A i r  S a t u r a t i o n  D i v e s  F o r  1% I n c i d e n c e  o f  DCS 
S t e p  D e c o m p r e s e i o n ,  5  f t  s t o p s  

UNTESTED 

A i r  
DECOMPRESSION STOPS (Fsw)  

TIME TO STOP(MIN) 
DEPTH 
( F s w )  

TM TO 
FIRST 
STOP 
(M:S) - 

0  : 1 0  
0 : l O  
0 : 1 5  
0 : 1 5  
0 :20  
0 : 2 0  
0 : 2 0  
0  : 25 
0 : 2 5  

TOTAL 
ASCENT 
TIME 
(M:S) 

PO2 = 0 . 3 0  ATA, CHANGE GAS TO AIR AT 
DECOMPRESSION STOPS (Fsw)  

TIME TO STOP(MIR) 
DEPTH 
(PSW) 

TM TO 
FIRST 
STOP 
(M:S) - 

0 : l O  
0 : 1 0  
0  : 1 0  
0 : l O  
0  : 1 0  
0 : l O  
0 : l O  
0  : 1 0  
0 : l O  

TOTAL 
ASCENT 
TIME 
( M : S )  

GAS 
CHANGE 

TIME 
(M:S) 

PO2 = 0 . 4 0 ,  CHANGE GAS TO AIR AT 3 0  FSW 
DECOMPRESSION STOPS (Fsw) 

TIME TO STOP(MIN) 
TM TO 
FIRST 
STOP 
(M:S) 

DEPTR 
( F S W )  

TOTAL 
ASCENT 
TIME 
(M:S) 

GAS 
CHANGE 

TIME 
(M:s) 

Rate b e t w e e n  s t o p s  = 6 0  f e e t t m i n u t e .  



larger, Both lcodels seem to predict well for all intervals. The dotted line in 

Fig. 3 represents a "perfect" prediction, i.e., the points at which predicted 

probability and observed probability agree. Figure 4 shows how these models 

separate risk for,the saturation data alone. Intervals of 0-5%, 5-15%, 15-25Zand 

> 25% were chosen; the same as those chosen for Fig. 2. Figure 4 illustrates that 

both predict well for the saturation data. 

EQUAL RISK DECOMPRESSION TABLES 

Tables of predicted equal risk decompressions were calculated for 

saturation dives of 30 to 100 fsw for continuous and step-wise decompressions. 

Three sets are presented, for breathing mixtures air and constant PO of 0.3 and 
2 

0.4 ATA. Each schedule was chosen by a computer search designed to find 

decompression schedules wherein the total decompression time is minimized. The 

algorithm of Appendix 2 in Report I1 and the parameters estimated for Model 9 were 

used for obtaining staged decompression schedules (Tables 7 and 8). For the 

continuous decompression tables (Tables 5 and 6), the algorithm was modified for a 

maximum (continuous) decompression rate between specified depths instead of the 

minimum time at each decompression stop. Both 10 ft and 5 ft intervals are used in 

Tables 5 through 8 for a target 1% incidence of DCS. As expected, use of constant 

controlled p02 of .4, or especially . 3  ATA, increases the total decompression tjme 

substantially since more nitrogen is inspired than with air at the same total 

pressure, 

If 5 ft intervals (Table 6) are used between changes in rate for a continuous 

decompression instead of 10 ft intervals (Table 5), total decompression time can be 

decreased by as much as two hours. The decrease in total decompression time using 

5 ft intervals rather than 10 ft intervals is greater for shallower dives. 

However, for a step-wise or stage decompression, 10 ft stops seem to be inadaquate 

to achieve decompression from saturation in a reasonable amount of time. Tn many 

cases, the total decompression time for a step decompression with 10 ft stops 

7.8 



(Table 7)  i s  more than twice a s  long a s  t h e  t i m e  needed t o  decompress us ing  5 

f t  s tops  (Table 8 ) .  A step-wise decompression i s  somewhat longer  than a 

continuous decompression from t h e  same depth. For example, a decompression from 

a 60 f t  a i r  s a t u r a t i o n  wi th  1% incidence of DCS can be accomplished, us ing  

Table 6 ,  by t r a v e l i n g  t o  40 f t  i n  1 min !a r a t e  of -05 m i n / f t ) ,  t o  35 f t  i n  104 

min (20.8 m i n / f t ) ,  t o  30 f t  i n  1.19 min (23.8 m i n / f t ) ,  t o  25 f t  i n  149 min (39.8 

min l f t ) ,  and so  f o r t h ,  tak ing  a t o t a l  of 25 h and 59 min t o  decompress. 

However, i f  a step-wise decompression i s  necess i t a t ed  due t o  ope ra t iona l  

c o n s t r a i n t s ,  t h e  decompression would t ake  almost 31 h wi th  10 f o o t  s tops .  

EVALUATION OF CURRENT PRACTICE 

Model 9 was appl ied  t o  t h e  decompression schemes c u r r e n t l y  advocated by 

NOAA (NOAA Diving Manual, second e d i t i o n ,  December, 1979, Table 12-10) , UEG 

(Hennessy e t  a l ,  1985) and t o  t h e  USN Treatment Table 7 (US Navy Diving 

Manual, 1985). The USN Treatment Table 7 ,  which i s  used f o r  a i r  decompressions 

from 60 f t  and inc ludes  36 h of decompression time, i s  pred-icted t o  be  extremely 

s a f e  ( r i s k  < 0.1%). The UEC t a b l e s ,  a l s o  wi th  r i s k  < 0.1%, seem t o  be  q u i t e  

conservat ive,  r equ i r ing  46 h t o  decompress from 60 f t ,  b rea th ing  a .5 ATA PO2 from 

60 t o  50 f t .  Resul t s  from t h e  a n a l y s i s  of NOAA Table 12-10 a r e  given i n  Table 9. 

necompression from shallow depths i s  predic ted  t o  be  f a i r l y  s a f e  f o r  

t h e  FOAA t a b l e ,  but  r i s k  inc reases  t o  > 15% a s  s a t u r a t i o n  depth approaches 50 

f t .  A graph showing how Model 9 p r e d i c t s  r i s k  f o r  a NOAA Table 12-10 

decompression from 50 f t  i s  given i n  Fig. 5. Our a n a l y s i s  i n d i c a t e s  t h a t  t h e  

NOAA r a t e  i s  too  slow a t  deeper depths and too  f a s t  near  t h e  sur face .  I n  long 

f i e l d  use of t h e  NOAA h a b i t a t  a t  42 f t ,  s e v e r a l  hours  of O2 brea th ing  a r e  added 

t o  Table 12-10 and a DCS ra te  of approximately 2% i s  a t t a i n e d  (Shane, 1985). I n  

comparing NOAA Table 12-10 t o  t h e  decompression schedules given i n  Tables 5 and 

6 ,  i t  should b e  noted t h a t  Model 9 p r e d i c t s  t h a t  about 6 h of w e l l  chosen 

a d d i t i o n a l  decompression time i s  necessary t o  acheive a r i s k  l e v e l  of 1%. 



TABLE 9 

PredPcted p!dcs) f ~ r  N O M  Table (12-10) for air decompression 
from air saturation to depths up to 50 fsw 

TOTAL 
DEPTH DECOMPRESSION 

ESTIMATED 
ERROR ON D (DCS) 



MODEL 9, ESTIMATION OF NOAA AIR DECOMPRESSION SCHEDULE 

p (DCS) = 0.1 59 , HIGH = 0.186 , LOW = 0.136 

: .ambient  pressure 
8 

8 
8 --- --p (DCSI 

8 
8 --- 
I tissue pressure 1 
I 
I I "' tissue pressure 2 

Fig. 5. Evaluation of NOAA decompression from 50 foot air saturation. Ambient 
pressure never exceeded calculated nitrogen pressure in Tissue 2, but the 
nitrogen pressure in Tissue 1 exceeded during the interval of 230 to 1210 min 
after starting decompression. Integrating the risk over this period predicts a 
16% chance of DCS. 



COMPARlSON OF DIFFERENT DECOMPRESSION SCHEMES 

FROM A STORAGE DEPTH OF 60 FSW 

1 

Fig. 6.  Comparison of DCS r i sk  f o r  several proposed decompression schedules  
from 60 feet .  Sources of proposed t a b l e s  are given i n  the text. 



p (DCS) vs. DECOMPRESSION TIME 

60 FSW AIR SATURATION DIVE 

Fig. 7 .  Decompression dose response curve o f ter  saturstion a t  60 f e e t  
breathing a i r .  The t o t a l  decompression time plotted assumes the most e f f i c f e n t  
use of variable ascent rates  a s  described i n  the t e x t .  Dashed l ines  show 
possible target r isks  of 20%, 551 and 1%. Nearly a f u l l  day i s  required t o  
achieve a DCS r i sk  of 5%. 



A graph demonstrating t h e  d i f f e r e n c e s  between t h e  decompression schemes 

proposed by t h i s  r e p o r t  and those  previous ly  mentioned i s  given i n  Fig. 6 .  

Although NOAA does not  advocate a i r  s a t u r a t i o n  d iv ing  deeper than 50 f t ,  t h e  

decompression schedule shown i s  i n  keeping wi th  t h e  s t y l e  of Table 12-10, and 

i s  provided h e r e  only f o r  comparison. It i s  i n t e r e s t i n g  t h a t  t he  r a t e  of 

ascent  from 40 f t  t o  t h e  su r face  seems s i m i l a r  i n  a l l  bu t  t h e  NOAA schedule, 

bu t  t he  r a t e s  from 60 t o  40 f t  a r e  very d i f f e r e n t .  The schedule proposed i n  

t h i s  r epor t  has  by f a r  t h e  f a s t e s t  ascent  r a t e  i n  t h a t  range. 

CONCLUSION 

The decompression t a b l e s  presented h e r e  a r e  t h e  f i r s t  s a t u r a t i o n  

decompression t a b l e s  ca l cu la t ed  i n  which t h e  r i s k  of DCS i s  e x p l i c i t l y  used. 

They s u f f e r  from t h e  same problems a s  those  i n  Report IT, namely t h a t  they a r e  

nonmechanistic and a r e  s u b s t a n t i a l  ex t r apo la t ions .  They a r e  a l s o  charac ter ized  

by lengthy decompressions. A dose-response curve f o r  r i s k  of DCS ver sus  an 

optimized continuous decompression schedule from 60 f t  f o r  a given amount of 

decompression time i s  given i n  Fig.  7 .  T t  can be  seen from t h i s  graph t h a t  a 

20% DCS r a t e  i s  p red ic t ed  a f t e r  15 hours  of decompression, whereas 5% takes  22 

h and 1% takes  26 h. 

We have presented a s i n g l e  model (Model 9) t h a t  desc r ibes  an extremely 

wide range of d ives ,  w i th  exposures from l e s s  than one minute t o  more than a 

week. Care was taken so  t h a t  t he  d a t a  was appropr i a t e  t o  t h e  models a t  t h i s  

s t age  of development. Dives were en tered  a s  they a c t u a l l y  occurred,  no t  a s  

planned, and d i v e r s  who were t r e a t e d  bu t  showed no symptoms of DCS were no t  

counted a s  completing t h e  d ive  successfu l ly .  The t a b l e s  a r e  not  " f ina l , "  a s  

a d d i t i o n a l  d a t a  would change p r e d i c t i o n s ,  even i f  only t o  a smal l  degree. 

Fur ther ,  s u b s t a n t i a l  t e s t i n g  i s  necessary be fo re  these  t a b l e s  should be  pu t  



into widespread use. One feature of these tables is that they attempt to 

minimize total decompression time while attaining a specified predicted risk of 

DCS. This is in contrast to USN Treatment Table 7 and the UEC tables which, 

although very safe, require tremendous amounts of decompression time. 

Treatment Table 7 may be cautious by design since it is intended for use in 

returning patients from very difficult recompression treatments. Further, the 

models developed here could be used to design decompression schemes when less 

than the time required for safe decompression is available. We subnit that 

these tables are currently the most promising of any known tables, because they 

are based on the most complete analysis of known data. 
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Appendix 1 
& 

Study: Hamilton, RW, e l  a l .  
SHAD-NTSAT 
NSMRL Report 985, August 1982 

Pressure  exposure Pre-SEND 
Time a t  depth 2 days 
Time from l a s t  excursion t o  decompression 

depth & dura t ion  of l a s t  excursion 
Fottom dep th  50 fsw 
Ascent r a t e  574 min decompression 

Pressure  exposure SPAP T 
Time a t  depth 29.5 days 
Time from l a s t  excursion t o  decompression 

depth & dura t ion  of l a s t  excursion 
Bottom depth 50 fsw 
Ascent r a t e  810 min decompression 

Pressure  exposure SHAD I1 
Tine a t  depth 26 days 
Time from l a s t  excursion t o  decompression 

depth & dura t ion  of l a s t  excursion 
Bottom depth 6(! fsw 
Ascent r a t e  1690 min decompression 

Pressure  exposure NISAT I 
Time a t  depth 7 days 
Time from l a s t  excursion t o  decompression 

depth R dura t ion  of 1-ast excursi.on 
Bottom depth 198 f s w  
Ascent r a t e  9703 min decompression 

Gas breathed 

Other f a c t o r s  
exe rc i se  

subj  ec  t background 

no excursions 

41 h r  
200 fsw, 26 rnin 

57 h r  
200 fsw, 37 rnin 

no excursions 

a i r  f o r  SHAD d ives ,  
0.3 ATA oxygen f ~ r  M S A T  J 

T.?p t o  20 rnin on some days on a 
Co l l in s  ergometer 
17s navy d i v e r s  

Resul t s  
incidence of bends 2 of 2 on pre-SHAD, no o t h e r s  

(2 on SHAD I ,  2 on SVAD 11, and 
3 on MTSAT I ok) 

d i s t r i b u t i o n  of symptoms l e f t  knee, r i g h t  t i b i a  and ankle  

Comments: Skins bends and i o i n t  pa in  occurred early i n  SHAD TI during 
excursions,  none t r e a t e d .  Mild shoulder tenderness during 1 2  fsw 
s top  of SHAD I1 which disappeared overnight ,  no t  scored a s  a bend. 



Appendix 1 

Study: R e l l ,  PY, p r i v a t e  communication 
ISLANDER 

Pres su re  exposure 
Time at  depth 48 h r s  
Time from l a s t  excurs ion  t o  decompression no excurs ions  

depth & d u r a t i o n  of las t  excurs ion  none 
Bottom depth 1.7 and 1.8 b a r  (1 .3  8 1 . 4  b a r  R2) 
Ascent r a t e  "3-3 min period" 

Gas breathed 

Other f a c t o r s  
exercf  se 
subi e c t  background 

0 .4  b a r  0 2 ,  remainder V2 
30 d i v e s  (15 of each) had 3% 0 7 .  

ve ry  l i t t l e  a c t i v i t y  
R.N submariners 

Results 
inc idence  of bends 4 (2!, al.1 i n  1.8 b a r  grcup, out  of 

70--45(15) 1.7 bar ,25(15)  1.8 b a r  
(number i n  pa ren theses  f o r  27 C N ?  

group) 
distribution of symptoms all knee bends 

Comments: Ascent assumed t o  be  2.5 min 



Appendix 1 

Study: Eckenhoff, RG, SF Osborne, .nJ Parker ,  and KR Bond. 
D i rec t  ascent  from shallow a i r  s a t u r a t i o n  exposures. 
Undersea Biome6ical Research 13:305-310, 1986. 
WIN1 SAT 

Pressure  exposure 
Tire a t  depth 4E hrs 
Time from l a s t  excursion t o  decompression nc excursions 

d e p t h  & d u r a t i m  of l a s t  excursion no excursions 
Bottom d e ~ t h  25.5  and 29.5 FSW 
Ascent r a t e  "ahout 2 minutes" 

Gas breathed a i r  

Other f a c t o r s  
exe rc i se  
sub! e c t  background 

Resul t s  
incidence of bends 

d i s t r i b u t i o n  

none 
ITS Pavy d i v e r s  o r  chamber personnef 

4 ( a t  29.5 FSW) out  of 3b 
(19 at- 25.5 FSW, 15 a t  29.5 FSC:) 
8 ques t ionable  cases  
Knee and ankle. 
Ques t ionable  cases  included 
f a t i g u e ,  headache, mal-aise. 

Comments: (1) Questionable cases  of DCS were scored a s  0.5 i n  d a t a  set 
(2 )  Time of ascent  en tered  i n  da ta  s e t  a s  one minute; subsequent 

manuscript i n d i c a t e s  "about 3. minutes". 



Appendix 1 

Study: Thalmann, ED, p r i v a t e  communication 
t r i a l s  leading  t o  ITSN Treatment Table 7 

Yressure exposure 
Time a t  depth from 45 t o  over 90 h r s  
Time from l a s t  excursion t o  decompression over 44 h r s  

depth & dura t ion  of l a s t  excursion 165 fsw f o r  45 o r  60 
min f o r  20 d i v e r s ,  r e s t  

Sottom depth 
Ascent r a t e  

made no excursions 
60 fsw 
decompression time ranged from 
1260 t o  2162 min 

Gas breathed a i r  f o r  most, 18% oxygen during 
decompression of t h r e e  d ives  

Other f a c t o r s  
exe rc i se  none 
sub! e c t  background US Favy d i v e r s  

Resul t s  
incidence of bends 11 out  of 75 d i v e r s  

One ques t ionable  case.  
d i s t r i b u t i o n  of symptoms Knee, shoulder ,  ankle ,  elbow 

Comments: (I . )  Ouestionable cases  of PCS were scored a s  0.5 i n  da ta  s e t .  
( 2 )  16 addi t ional  d i v e r s  were recompressed be fo re  t h e  outcome of 

t h e i r  d ive  was determined. They a r e  not  included i n  t h e  da ta  
s e t .  One d i v e r  was recompressed f o r  onse t  of symptoms be fo re  
reaching su r face ,  snd h i s  d ive  was included i n  t h e  da ta  s e t  a s  
i f  i t  had ended a t  t h e  f i n a l  p re s su re  be fo re  recompression. 
See d i scuss ion  i n  t e x t  under Data. 



Appendix 1 

Study: Eckenhoff, RG, and RD Vann. 
Air and nitrox saturation decompression: a report of 4 schedules 
and 77 subjects. 
Dndersea Biomedical. Research 12:41, 1985. 

Pressure exposure 
Time st depth over a week 
Time from last excursion to decompression +44 8. 47 hr 

Cepth h duration of last excursion 50CT (8 : l5) ,  150' (4:+40! 
Rotton depth 60 FSI' 
Ascent rate 1200 min decompression 

Cas breathed air 

Other factors 
exercise 

sub j ect background 

Results 
incidence of bends 
distribution of symptoms 

30 minutes on hicvcle ergometer 
during excursions. 

1JS Navy divers. 

2 out of 23 (one treated, one not) 
knee pain 



Study: P h i l p ,  R E ,  e t  a l .  
E f f e c t s  of  a s p i r i n  znd d ipyr idamole  on p l a t e l e t  f u n c t i m ,  
hematology, rind blood chemi-strg of s z t u r a t i o n  d ive r s .  
Vndersea P,ic?medica1 Eesearch  6:1?7, 1979. 

P r e s s u r e  exposure  
T ine  a t  d e p t h  31 h r  
Tjme from l a s t  e x c u r s i o n  t o  decompression no e x c ~ ~ r s i o n s  

dep th  & d u r a t i o n  of l a s t  e x c u r s i o n  no e x c u r s i o n s  
Fottom d e p t h  60 fsw 
Ascent r a t e  1015 rxin decompression 

Gas b r e a t h e d  afr 

Other  f a c t o r s  
e x e r c i s e  
sub: e c  t b a c k ~ r o u n d  

none r e p o r t e d  
c o l i e p e  s t u d e n t s  

R e s u l t s  
i n c i d e n c e  of bends  6 o u t  of 3 4  (one n o t  t r e a t e d )  
d i s t r i b u t i o n  of symptoms a l l  "Tvpe 1" 

Comments: ( 1 )  Numbers t o o  s m a l l  t o  d e c i d e  drug e f f e c t s .  

(2 )  The 31 hour  bot tom t ime  was t h e  s h o r t e s t  of any group of 
d i v e s  e v a l u a t e d .  



Appendix I 

Study: Parvey, CA,  p r i v a t e  communication 
Afrsa t  5 s e r i e s  

Pressure  exposure 
T i n e  a t  depth 48 h r s  
Time from l a s t  excursion t o  decompression no excursions 

depth & dura t jon  cf l a s t  excursion no excursions 
Rottom depth 111 fsw 
Ascent r a t e  r a p i d  ascent  t o  an in tern-edia te  depth 

(70, 60, o r  55 fsw),  fol lowed by a 12  h r  
hold ,  then a slow decompressicm t o  su r face  

r a s  hreathei! 0 . 4  ATA oxygen 

C t h e r  f a c t o r s  
exe rc i se  
sub: e c t  background 

none 
IJS Navy d i v e r s  

R-emlt s 
incidence of bends 8 of ?@ d i v e r s  
d i s t r i b u t i o n  of symptoms knee pa in ,  bl-urred v i s i o n  

Conments: Five d i v e r s  were recompressed along wi th  companions wi th  TYS; 
t h e i r  dives of unkmwn outcome a r e  not  inclcded i n  the  d a t a  s e t .  
T h e  d i v e r s  who were recompressed be fo re  reaching t h e  surface were 
included i n  t h e  da ta  s e t .  Their dives  a r e  entered a s  i f  they had 
ended a t  the l a s t  pressure  before recompression took p lace .  See 
discuss ion  i n  t e x t  under Data. 



Study: Withey, R and 3 Florio, private communication 
RISAT 82 

Pressure exposure 
Time at depth 6 days 
Time from last excursion to decompression 

depth & duration of last excursion 
Rottom depth 203 fsw 
Ascent rate 7860 min decompressi~n 

Gas breathed 0.4 ATA oxygen 

Other factors 
exercise 
sub j ect background 

Results 
incidence of bends 
distribution of symptoms 

ncne 

no excursions 
no excursions 

two subjects, no bends 
none 
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Appendix I 

Study: Fckenhoff,  RG, and RD Vann. 
Air and n l t r o x  satnrcation decompression: a r e p o r t  of 4 schedules  
and 77  sub jec t s .  
Undersea Riomedicsl  Research 1 2 : 4 1 ,  1985. 

P re s su re  exposure 
Time a t  depth 7.5 days 
Time from l a s t  excurs ion  t o  decompression no excurs ions  

depth & d u r a t i o n  of l a s t  excurs ion  no excurs ions  
Bottom depth 132 fsw 
Ascent r a t e  3908 min decompression 

Gas brea thed  

Other f a c t o r s  
e x e r c i s e  
sub j ec  t background 

0.3 ATA oxygen f o r  f i r s t  1 2  hours  a t ,  
dep th ,  a i r  f o r  the remaining time. 
0.5 ATA oxygen on decompression t o  
50 fsw, a i r  t h e r e a f t e r .  

none 
US Navy d i v e r s  

R e s u l t s  
inc idence  of bends 1 out  of 18 
d i s t r i b u t i o n  of symptoms b i l a t e r a l  knee p a i n  



Appendix 1 

Study: Barry, P ,  e t  a l .  
Decompression from a deep n i t r o p e n / o q ~ g e n  s a t u r a t i o n  d ive  - a case 
r epor t .  
Vndersea Biomedical Research l l :387 ,  1984. 

Yressure exposure 
Time a t  depth 4.5 days 
m .  line from l a s t  excursion t o  decompression 6 hours  

depth & dura t ion  of l a s t  excursion 200 f sw on a i r ,  
3. hours 

Bottom depth 165 fsw 
Ascent r a t e  3911 min decompression 

Cas breathed 0.5 ATA oxygen 

Other f a c t o r s  
exe rc i se  
sub! e c t  background 

none 
"experienced divers"  

Resul t s  
incidence of bends 4 out  of 4 
d i s t r i b u t i o n  of symptoms ankle ,  elbow, knee, and th igh  pa in  

Comments: Six d i v e r s  were recompressed along wi th  companions wi th  PCS; t h e i r  
d ives  of unknown outcome a r e  not  included i n  t h e  d a t a  s e t .  The 
d i v e r s  who were recompressed be fo re  reaching t h e  su r face  were 
included i n  t h e  d a t a  s e t .  Thei r  d ives  a r e  entered a s  i f  they had 
ended a t  t h e  l a s t  p re s su re  before  recompression took place.  See 
d iscuss ion  i n  t e x t  under Data. 


