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TUTRODUCTION 

Puman decompression sickness (DCS) results from a series of mechanis~8 

suffic:f.ently unknown a8 to prevent effective prediction of its occurrence. 

"Safe decompression" procedures are calculated by various means, but a final 

testing phase is always required. Typically, the first calculations produce 

an unsafe set of procedures, and revision and re-testing is the historic norm. 

Any information to increase the accuracy of predicti.on would save people and 

resources. 

To calculate an acceptahle der.ompression, numerous assumptions are made. 

With a single recent exception (Thalmann, 1984), a standard assumption is that 

ouly the inert gas needs to be consi~ered. All inspired oxygen is ignored. A 

frequent application of this assumption is the Equivalent Air Depth (EAD) 

calculation used to consider any dive on a N2-o2 mixture as equivalent for 

decompression purposes to an air dive with the same inspired N2 partial 

pressure. This assumption may be incorrect and unsafe, because there is no 

chemical reason why o2 cannot be a component of a bubble in tissue (Forest and 

Ward, 1977). On the other hand, the assumption may be incorrect and safe, 

because higher levels of oxygen decrease the blood flow, and thus the rate of 

inert gas uptake, in at least some tissue beds (Carrier et al. 1964). Neither 

line of reasoning can be pursued much further, because the actual composition 

(and in fact the occurrence) of bubbles is unknown, as are the identification 

and characteristics of the tissue beds responsible for DCS. 

Some experimental approaches to address this assumption have been 

reported. Donald <1955) demonstrated that animals can suffer a form of DCS 

when only o2 is breathed. Berghage fl979) accumulated evidence that o2 can 

add to DCS risk, but not in a simple ~~y. Yount and Lally (1980) 

reinterpreted Rerghage's data with allowance for direct solubility and 
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hemoglobin binding. A recent study of Lillo (1986) indicated a suhstantial 

contribution of o2 to DCS risk in near-fatal DCS in small animals. The only 

direct study with humans appeared to show a slight contribution of o2, but was 

terminated short of statistically signifi~ant results <Logan, 1960). An 

indirect implication of o2 involvement in the decompression process is the 

failure of extrapolation from air to mixed N2-o2 decompression tables in a 

recent EDU experimental series (Thalmann, 1984). 

This report describes a trial of 477 human exposures intended to 

establish the magnitude of any 0~ contribution to DCS risk under conrlitions of .. 
N2-o2 diving with immediate return to the surface ("no-decompression dives"). 

The trial was sequential in design, with the diving depths established by 

recent history of the trial rather than in advance. The raw data were then to 

be in the form of DCS dose-response observations that could be analyzed by 

appropriate models using maximum likelihood estimation (Weathersby, 1984). 

Statistical models of DCS incidence depend on dose-response formulations, and 

this trial was expected to provide an excellent opportunity to estimate the 

shape of the dose-response function. 

METHODS 

Experimental design 

The experiment was intended to simulate operational diving with respect 

to conditions of water immersion, cold, exercise, and breathing gear; but to 

closely control gas composition, depth and time. Dives were divided into 6 

"series" which specified a bottom time (30, 60, 240 min), and a gas mixture 

(high or low o2) (Table 1). The starting depth for each series was chosen to 

be about 81. shallower and presumably safer than the U.R. Navy Diving Manual 

no-decompression limits on compressed air (U.S. Navy, 1985), when the 

assumption of no o2 influence is applied. The entry of F.AD (Equival ent Air 
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TABLE 1 

Bottom Time Depth Equivalent Air po 
Series (min) 02 (fsw) Depth (fsw) (ATi, 

1 30 10% 66- 91 80-108 .30 - .38 

2 30 30% 95-130 80-111 1.16 - 1.48 

3 60 10% 43- 59 53- 72 .23 - .28 

4 60 35% 72- 96 53- 73 1.11 - 1.37 

5 240 12% 25- 38 32- 46 .21 - .26 

6 240 40% 50- 74 30- 48 1.01 - 1.30 



Depth) in Table 1 gives the depth equivalent for the same pN with compressed 

air. For example, the Series 1 gas mi xture at a dept h of 6b i:;w has the same 

nitrogen partial pressure as air at a dep t h of 80 f sw. The u.~. avy 

no-decompression air limits are 90 f6w f or 30 min, 60 f sw f or 60 min, and 35 

few for 310 min. The oxygen fraction was selected t o maintain ~t l eas t 

normoxia (po2 > 0.21 ATA) f or Ser i es 1, 3 ,5 and to be below substantial ri sk of 

o
2 

toxicity for Series 2,4,6. 

Rules for depth change within each Series were as fol l ows: 

1. No DCS cases in 10 exposures at this depth, ad d 47, in pressu re 

2. 1 DCS case in 20 exposures at this depth, add 4% in pressure 

3. 2 DCS cases in any number of exposures, or 1 seri ous case, subtract 2% i n 

pressure. 

Each subject was limited to 2 exposures in each series, for a total of up t o 

12 exposures. This limitation was a compromise between extensively studying a 

few people, and trying to get a very large population to have a few exposures 

each. In the only large controlled population study of decompression, Gray 

et al. (1947) found that DCS tended to be more random than reproducible in the 

same individual. The order of dives (i.e., which series next) followed a 

table of random numbers that was stratified to achieve equal numbers of 

exposures in each series at multiples of 72 exposures. 

Subjects 

A total of 61 active duty U.S. Navy divers volunteered after the study 

was approved by the local Committee for Protection of Human Sub jects . Wit h 3 

exceptions, all were stationed at this command. Subjects participated in l to 

12 successful exposures, with an average of 8 exposures per subject. Physica l 

attributes of the subjects are included in Appendix I. Volunteers for the 

trial were solicited from all male di vers under age 40. Prospective subjects 
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were briefed individually and in groups on the purpose and design of the study 

before informed consent was elicited. Approximately 85% of those who were 

eligible volunteered. For acceptance as a subject, no chronic or 

acute medical condition that would cloud the diagnosis of DCS was allowed. No 

other blanket disqualifications were instituted in order to approach a 

representative sample of the total Navy diving population. Medical problems 

noted in subjects accepted into the study included: gas pockets in the pelvis 

(Subject 61) (Hart et al., 1986), recent arthroscopic knee surgery (Subject 

23), twice ruptured tympamic membrane (Sub j ect 17), history of fracture with 

internal fixation ~Subjects 37 and 50), and history of low back pain (Subjects 

15, 36, and 41). These conditions did not result in permanent 

disqualification from diving, and in fact, none of these problems recurred 

following any experimental dive. 

Qualification standards for a particular scheduled dive were more severe. 

To avoid mistaking muscle strain with DCS, a subject was temporarily excused 

if he had participated in physical exercise on the scheduled day unless it was 

much less than his daily regimen. He was also excused if he had taken any 

systemic drug other than antibiotics. Aspirin and oral decongestants were not 

permitted. Divers were also excused for respiratory illnesses with 

significant sinus or joint involvement, less than average sleep the night 

before, or consumption of over 2 oz. of alcohol during the preceding 24 h. No 

diver was scheduled if he had been exposed to increased atmospheric pressure 

for any reason in the preceding 7 days. This last requirement attempted to 

avoid any acclimatization effect that is demonstrable in some pressure 

exposures (Golding et al. 1960) and suspected in others <Thalmann, 19~5). Jf 

a diver suffered DCS, he was disqualified for 2 weeks in cases of simple 
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pain-only symptoms, and for 4 weeks after more serious cases. Only 1 sub~ect 

declined to re-enter the trial after suffering ncs. 

Fad lities 

The NMRI chamber with wet-pot was used for all exposures. ~Tater was kept 

between 69 and 72 °F, except for the long dives when a rise to 76 °F was 

allowed for divers with significant susceptibility to cold. nivers were 

clothed in 1/4 i nch wet suits, but some used an additional partial wet sui t if 

they expected to be very cold. A target of less than 1 °C cot ~ t emperature 

drop was establisheu , The low risk of severe hypothermia was insuf ficient to 

justify the discomfort of continuous temperature monitoring. However all 

subjects in 4 h dives had a rectal temperature measurement immediately before 

and after the dive. Most measurements showed a drop of a few tenths of a 

degree, but more than 10 subjects actually had a temperature rise, and in 7 

cases a drop of 1.0-1.5 °C was found. All subjects used the U.S. Navy Mk-1 

Diver's Mask for gas supply and communications (U.S. Navy, 1985). 

While at depth, subjects exercised using a locally built sled ergometer 

(Moritz and Mints, 1972), that allowed a standard work rate in a sitting 

position. The sled had a set of spring loaded pedals for each foot that was 

extended by the subject from a length of 28 to 44 inches (spring tension from 

6.6 to 13.5 pounds) between 2 sets ~• f magnetic switches. A timing light was 

placed near each subject to help him remain at 50 repetitions (each leg 

through a full extension-relaxation cycle) per minute. The work was performe, 

on a schedule of 5-min work, 3-min rest, with an additional 10 min rest after 

each hour on the long dives. Tn preliminary measurements on 2 subjects, the 

exercise was found to produce an oxygen consumption of l - 1.5 1/mi n. 

Gas mixtures were prepared from pure o2 and N2. Mixtures were made in 

large batches (60-180 cu.ft. at 4000 psig) and the analysis of each batch fell 
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within 0.2% o2 of the target value by both paramagnetic oxygen analysis and 

mass spectrometry. Composition of the breathing gas was also verified before 

and during each dive with a parama@netic oxygen analyzer . 

Procedure 

After equipment check-out, diver-subjects de~cended 9 ft into the wet pot 

while breathing compressed air from the Mk-1 emergency gas supply. Then the 

chamber above was compressed with air at a specified rate of 75 ft/min. 

Compression was stopped fer 10 sec at 30 fsw for hreathing gas to be switched 

to the experinP.ntal mixture, then compression resumed. If divers had 

difficulty in equalizing pressure in ears or sinuses, compreAsion was slowed 

or reversed. Actual total descent times fo r each dive are included in the 

chronological record, Appendix 2 . If the fine.l pressure could not be reached 

within 7. min of the scheduled descent time (or 1 min :in the case of 30 min 

dives), the dive was aborted. Time at depth was spent in the exercise 

described above. 

Control of the depth was tight. Depth was defined as the air pressure in 

the chamber above the wet pot plus the water depth at a Mid-chest level on the 

diver. A high precision differential digits] pressure gau~e (Mensor Corp, San 

Marcos TX, Serial 2137 with overall accuracy specification of 0.041-) was used 

to control depth via manually operated supply and exhaust valves. Variations 

in barometric pressure were ignored. ~ pen plotter was attached to the gauge 

auxiliary output and monitorec through the dive. Deviation of 1 fsw for 30 

sec, or any other cumu]ative combination of pressure excursions adding up to 

that value was reason to abort the dive. At the end of the dive (30, 60, or 

240 min after the diver firr.t left the surface), a large valve was opened for 

a target rate of 60 f t/min. Actual rates were within 10~ of the target rate 

except for shallow depths. Travel from 10 ft to the surface took 18-20 
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~ec, as measured on a separate recorder used on every dive. Again, a 10 

sec hold at JO f sw was used to switch the diver's ~as back to compressed air. 

The Series 5 djves, being shallow, had the change of gas occur at the full 

dive depth; otherwise the procedures were identical. 

After l eaving the chamher, the divers were interviewed briefly by a 

nedical officer, and examined in more detail 2 h after the dive. Subjects 

"e r e stron~dy encouragecl to report a) 1. symptoms of any kind for 18 h, and were 

genera lly interviewed by a medicaJ officer the following morning. From the 

list of symptoms elicited fAppendiY 3) , and from numerous remarks made by the 

F.ub~ects, the record keeping appears more extensive than in most other 

decompressi~n studies. 

For about 2/3 of the exposures, a noppler ultrasonic device was used. 

Tope recordings were made of pre-dive, 15 min, 1 h, and 2 h post-dive sounds 

in the precordial and left and right subclavian positions (Eatock and Nishi, 

1986). The recordings were made with only a numerical identification of the 

actual dive, and neithe~ the subject nor the attending medical officer heard 

the tape on the day of the dive. Analysis of the doppler data will be 

reported separately. 

RESULTS 

~oms 

A total of 677 exposures were completed according to all specifications. 

Another 47 exposures were aborted during the dive for violation of the 

protocoJ. The most frequent reason to abort was the inability of a diver to 

clear his ears fast enough to reach hottom depth within the short alJowable 

tirre. A chronological record of all successful dives is provided in 

Appendix 2. 

Diagnostic outcome did not fall into the clean categories of ncs or no 
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ncs. The spectrum of symptoms were forced into final categories of definite 

DCS, no DCS, and marginal symptoms. Some 54 exposures were followed by a 

report of symptoms of one kind or another. Appendix 3 presents a brief report 

of each case, indentified by numbers in parenthesis in Appendix 2. Of the 54 

j_ncidents, 13 were treated on a U.S. Navy hyperbaric oxygen treatment table. 

As seen in the Appendix 3, most symptoms were rather mild and gradual in 

onset, and relief was prompt with recompression. No subject had any 

measurable or subjective symptom persisting for as long as a week after the 

dive. Four cases had no prompt relief of the ambiguous presenting symptom and 

were concluded on that basis to not represent DCS. Two of these unresponding 

cD ses treated within 4 h of the dive (cases 54 and 55 in Appendix 3) were then 

considered as interrupted post-dive observations and not included with the 477 

exposures in Appendix 2 as final data. The rationale is that the unwarranted 

treatment masked any actual ncs that might have occurred later. The other 2 

unresponsive cases (cases 24 and 47) were treated 18-20 h post-dive (assumed 

long enough to develop any sympton) and were declared to be acceptable 

uneventful exposures. 

Upon reviewing the records after the entire experiment, a diagnosis of 

DCS was made in an additional 3 cases (13,20,38) based on the symptoms 

reported orally more than a day after a dive, but not treated with 

recompression. At the time of the review, another 18 cases were declared as 

having marginal decompression symptoms (frequently called "niggles") that did 

not warrant treatment. This category was defined as mild joint pain or 

discomfort that laAted for 2-60 min, or for a shorter period but on more than 

1 occas ion that day , or occurred in more than 1 site. These cases were not 

treated because the symptoms did not persist for long enough to better 

evaluate or to observe a possible improvement with treatment. The marginal 
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TABI.F 2 

Summary of Outcome 

Series 1 (10% 02) - 30 min - Series 2 (30% 02) 

Depth Dives DCS Marginal Depth flives flCS Marginal 
66 2 0 0 95 10 () 0 
67 10 0 0 100 10 0 0 
71 21 1 2 105 10 0 1 
75 9 0 1 110 10 0 0 
79 10 0 0 115 10 0 0 
83 11 0 0 120 10 0 0 
87 10 0 0 125 11 1 0 
91 3 0 0 130 7 ] 0 

Series 3 (10% o2) - 60 min - Series 4 (35% o2) 

Depth Dives DCS Marginal Depth flives DCS Marginal 
43 10 0 0 72 12 0 1 
44 10 0 0 76 10 0 0 
46 10 2 0 80 10 0 2 
47 11 0 0 84 10 0 0 
50 10 0 0 88 19 1 1 
53 10 0 0 92 9 0 0 
56 10 0 1 96 12 1 0 
59 8 0 1 

Series 5 (12% o2) - 240 min - Series 6 (40% o2) 

Depth Dives DCS Marginal nepth Dives DCS Marginal 
25 10 0 0 50 20 1 0 
27 10 0 0 54 10 0 0 
29 10 1 0 58 10 0 1 
31 10 0 0 62 10 0 0 
33 11 1 0 66 10 0 0 
34 10 0 2 70 10 0 1 
35 7 1 1 74 11 0 2 
36 11 0 1 
38 2 0 0 

4 77 Total Dives 
11 Total DCS (2.3%) 
18 Total Marginal (3.8%) 



cases also include 4 cases of simple "skin bends" that presented as a mottled 

rash on the trunk. 

A summary of outcome by exposure condition is presented in Table 2. Most 

series covered a 30% span in absolute pressure. The data within each series 

are striking in their variability; no clear increase in DCS incidence with 

exposure depth is evident. That observation clearly contradicts the connnon 

view that a threshold exists beyond which safe divi.ng suddenly becomes 

ha1.ardous. The variability is also evident across series: no oxygen or tiMe 

grouping has a predominance of the symptoms. 

Variability was evident in the response of individuals as well. No 

subject had DCS twice with the same exposure. In the 4 instances where 

subjects had 2 dives in a series, one of which resulted in DCS, his other 

dive was uneventful. In 3 of these 4 cases, the other exposure was to the 

same or greater depth as the problem dive. 

Although not specifically part of the experimental design, questions of 

individual risk factors can be asked. Su~jects covered the range expected of 

a healthy military population which omits the large differences found in a 

more general group. Two frequently cited variables concern the diver's age 

and physique. In the study population, average age was 29.4 years; avera~e 

height was 70.4 inches; average weight was 17A.2 pounds. Palf of the sub j ects 

were measured for body fat by hydrostatic weighing, and they averaged 1~7. fat. 

Table 3 compares the DCS outcome by age, weight, and% body fat for the lower 

and upper half of the group by each measure. Columns labelled "F.xpected" used 

the overall incidence of DCS, or DCS + marginal, symptoms fo r the entire 

study, consistent with the null hypothesis that all exposures had equal risk. 

For example, the 236 dives performed hymen under age 30, when multiplied by 

the overal l incidence of 29 DCS + mar~inal in 477 dives, would be expected to 
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B E 3 

Age and Physique Effects on Outcome 

Total Expected Observed 

Oivers Dives DCS DCS + Marginal DCS DCS + Marginal 

ACE 20--29 31 236 5.4 14.3 5 13 

AGE 30-4() 30 241 5.6 14.7 6 16 

WEIGHT <178 31 240 5. 5 14.6 5 12 

HEIGHT 179+ 30 237 5.5 14.4 6 17 

FAT < 171. 15 160 3.7 9.7 1 5 

FAT 1 n: + 15 140 3.2 11. 7 5 13 



result in 14.3 total dives with any symptom. The low total incidence produces 

fairly weak test statistics, and no effect of age, weight or body fat are 

visible. (Chi-square tests on the results are all consistent with no effect, 

though the % fat comparison shows a possible difference at 0.10 < p <0 .05). 

Analysis 

Several questions need to be addressed by analysis: what is the shape of 

the decompression dose-response function? What effect does oxygen have? Row 

do these results compare to other work? 

Inspection of the raw data in Table 2 suggests that the dose-response 

function is not very steep, that is, a few feet deeper in the dive depth does 

not convert a very safe dive to one that is very hazardous. One indication of 

how "softly" the DCS risk increased with depth is an overall comparison of 

dives to the current U.~. Navy no-decompression limits using the F.AD 

assumption . Dives allowed by present rules had 2.1% DCS and 5.4% DCS + 

marginals out of 1A6 exposures. On the 391 dives beyond the limit, there was 

a 2.4% incidence of DCS and 6.5% rate of DCS + Marginals . The "limits" 

clearly do not separate regions of Rreatly different DCS risk. 

To better define the dose-1:esponse and oxygen effect a specific 

probabilistic model is needed. A number of models capable of dealing with 

fairly complex dive profiles were examined in a recent report (Weathersby et 

al., 1985), but the simple design of the present data allows simpler models. 

First, we define the probability of DCS to depend on an empirical risk model: 

P (DCS) • 1.0 - exp ( - R) r11 

The R in F.qn. 1 is the decompression risk that results from a particular 

depth, time, and gas mixture. Note that a small value of R leads to only a 

small chance of DCS while a large value of R makes the probability of bends 

approach 1.0 (i.e., 1001,). In principal, R could also include measures of 
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individual susceptibility (e.g.,% body fat) were such measures available. 

For now we use only the following expression where R is "physiologically" 

formulated with a "tissue supersaturation": 

n 
R • rkl (pN2 + k02 • po2 - 1 ATA)] [ 2] 

The pN2 and po2 are computed nitrogen and oxygen partial pressures in tissue 

immediately before decompression, which when decreased by the post-

ecompress ion ambient pressure of 1 ATA represent the calculated ~as 

supersaturat i on. The parameter k02 allows for oxygen to have less (or more) 

of an i mpact on risk compared to nitrogen; parameter n allows for greater or 

l esser s teepness of the dose-response curve compared to a sim~le exponential 

(with la rge n's producing sharper sigmoid curves); and parameter kl has units 

- 1 
of ATA to establish the pressure-probability f:cale conversion. 

It is still necessary to calculate the tissue tensions of nitro~en and 

oxygen. nxygen is assumed to achieve a tissue steady state value very quickly 

in comparison to the experimental time (30 min or more). Tissue levels of 

oxygen are subject to different metabolic and solubility effects than 

nitrogen, but for simplicity in the present analysis we will use inspired po2. 

Tissue nitrogen to a first approximation is assumed to respond exponentially 

to a change in ambient ~ressure. 

pN2 • .79 ATA + (pIN2B - .79) • fl.O - exp (-T/TC)] (3] 

Fqn . 3 states that some area of the body has been equilibrated with 

atmospheric N2 (79% of 1 ATA) then increases over the dive bottom time, T, 

towards the bottom depth inspired nitrogen pressure, pTN2B, with a 

char acteris tic time constant, TC. 

The unknown parameters in Eqn . 1-3 which must be estimated by the data 

ar e k l, k02, n, and TC. The optimizing procedure of maximum likel ihood was 

us ed to obta i n the parameters . For that procedure the likelihood function 
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(Weathersby et al., 1984), which is the product over all dives of the 

probability of the event actually happening, is maximized. The probability is 

determined by the model, such as Eqns. 1-3, which relate details of the dive 

to p(DCS) if symptoms were observed, or to p(no DCS) c J.O-p(DCS) is the dive 

was uneventful. Estimation was performed by a nonlinear least-RquareR 

Marquardt algorithm modified for maximum likelihood as previously deRcrihed 

(Weathersby et al., 1984). The large number of rnar~inal cases has a 

significant impact on the data structure. As before (Weathersby et al., 

1984), we have run parallel analyses on 3 possible interpretations of marginal 

cases: all considered as DCS, none considered as DCS, and each marginal 

considered as 1/2 case of DCS and 1/2 safe exposure. 

Results of the estimation from all 477 exposures are presented in Table 4 

for the 3 diagnostic possibilities. Numbers in parentheses are approximate 1 

standard error (SE) uncertainties in estimated parameters. 

For each set of entries in Table 4, the first entry is a "null model" 

which denies any effect of pressure or time and considers each dive to have 

equal chance of DCS. The maximum loR li.kelihood, LL, for this model can be 

considered a lower bound for more realistic models. The second entry in each 

section uses Eqns. 1-3 with mono-exponential gas exchange kinetics, no oY.ygen 

effect, and the dose-response exponent, n, fixed at 1.0. In each case, the 

fit to data is slightly better than the null model, but not outside the 

improvement (increase in likelihood) that may occur simply by chance with the 

additional parameter. The time constants are in the ran~e of 75 to 95 min. 

Entries are not listed in Table 4 for the effect of varying exponent, n. 

Jt proved difficult by normal estimation procedures to deal with this 

parameter. However the allowable range covered 1/4 to 4.0 in all cases 

without achieving a statistically significant difference in maximum LL from 



TABLE 4 

Probabilistic Model Analysis of Data 

Models and Parameters 

DCS Cases only 

None - null model, P(DCS) • 0.02306 

TC• 74.7f57), k01 • O.OF, n al.OF, kl• 3.84(2.3)xl0-2 

TC• 56.7(52), k02 • -.1(.3), n • l.OF, kl• 3.95(2.0)xl0-2 

NMRI Report 85-16, Model 5, Parameters ABCD 

DCS Cases+ 1/2 ~arginal Cases 

None - null model, P(DCS) • 0.0419 

TC• 88.5(54), 

TC• 67.7(53), 

-2 
k02 • O.OF, n • l.OF, kl• 8.0(4.3)x10 

-2 
k02 a -.09(.25), n • l.OF, kl• 8.3(3.6)x10 

mIRI Report 85-16, Model 5, Parameters ABCD 

DCS + All Marginal Cases 

None - null model, P(DCS) • 0.0608 

TC• 94.0(40), k02 • O.OF, n • l.OF, kl• .123(.05) 

TC• 69.6(40), k01 s -.09(.17), n • l.OF, kl• .124<.04) 

NMRI Report 85-16, Model 5, Parameters ABCD 

LL 

-52. 338 

-52.150 

-52.090 

-61.852 

-83.010 

-82 .114 

-82.031 

-89.632 

-109.306 

-107.641 

-107.526 

-117 .413 

Note: entries with F indicate parameter fixed at that value and not estimated 
by data. 



the entry in Table 4. Thus the data under all diagnostic categories do not 

allow a precise estimate to be reached about this exponent. Remember, 

however, that the effect of the exponent is most sharply seen in the mid-dose 

range of the dose-response curve (near 50% DCS). In fact all curves have a 

similar shape in the <10% range exhibited in the data. 

The third entry in each section of Table 4 presents the best estimate of 

how strongly oxygen affects DCS risk, k02. In all cases the effect is small, 

that is k02 is much less than 1, and actually may be zero in each case. The 

uncertainty in the estimates of k02 is such that we can only conclude that o7 

has less than 50% of the impact of N? in generating risk of DCS. Examination 

cf the 95% confidence limits on k02 allows rejection of the high values of k02 

(approximately 0.8) that would be consistent with recent animal decompression 

experiments (Lillo, 1986). The negative estimate of ko2 means that additional 

oxygen seems to decrease the risk of DCS. 

How do these results compare to other studies? In general, other studies 

have used so few exposures that no result can be rejected as outside inherent 

binomial error of the data. The largest data set available is a combined set 

of over 1700 air dives combined from several sources (Weathersby et al., 

1985). Excellent agreement with data was reported for several of the models 

in that study. A final model and parameter set for ncs incidence from that 

analysis (labelled Model 5, parameter set ABCD in that report) was applied to 

the present study in a purely predictive sense. That is, the previous model 

calculated a p(DCS) for each dive using its inherent assumption that oxygen 

has no effect. Adding predictions for each of the 477 dives, the present 

study was predicted to result in 22.6 cases of DCS. That disagrees with the 

actual results of 11 DCS cases, and is outside the 951 binomial confidence 

limits on the overall outcome. Examining the predictions more closely, most 

17 



of the discrepancy occurs on the 240 min dives, where the previous model 

predicts that 17.4 cases should have occurred (also outside the q51. confidence 

limits on the data). The discrepancy persists even if the limited precision 

of the predictions are accounted for. That is, use of all 95% lower 

confidence limits on the predictions for the 240 min dives only reduces the 

expected number of DCS cases from about 17 to about 13 cases which is far f rom 

the 3 cases recorded. 

If one includes all marginal cases as actual DCS then the disparity 

between predictions and outcome disappears. However, we believe that such a 

diagnostic grouping is not comparable to the air data examined in the previous 

report. In reviewing old reports of DCS trials, one is struck by the severity 

of symptoms needed for a diagnosis of DCS. Not only would our marginal cases 

not have been s~ored as DCS by the original investigators; many cases that we 

diagnosed and treated in the present series would have been ignored. 

Another statistical means to compare these data to the 1700 previous 

dives is by the likelihood function. Using the model previously shown to well 

describe the 1700 air dives, the likelihood function for the 3 treatments of 

data are the final entries in Table 4. For each diagnostic possibility the 

likelihoods are several units lower <less negative) than the null model. Thus 

regardless of how the marginal cases are considered, the previously successful 

model is a poorer descriptor of the present study than is a model which denies 

that the type of exposure matters at all! The data therefore shows much 

greater ~afety than expected. 

A more extensive review of other recorded no-decompression dives is 

presented in Appendix 4. The results are not very helpful in explaining the 

present data. 
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DISCUSSION 

This study was intended to obtain quantitative answers on the effect of 

oxygen in human decompression sickness, and on the steepness of the DCS 

dose-response curve. Despite the study length and the unusua l ly strict 

quality control the results are frankly disappointing. 

Historically, the focus in seeking to prevent DCS ha~ been the inert gas. 

Donald (1955) reviewed scattered evidence that oxygen adds to decompression 

stress and presented a qualitative demonstration in goats. Subsequent work in 

England extended to quantitative studies in both goats (Eaton and Hempleman, 

1973) and rats (Rashbass and F.aton, 1957). The latter study concluded that 

1/4 to 1/3 of the oxygen adds to nitrogen. More recent intensive work, also 

in rats, estimates that oxygen is 40-80% as potent as is nitrogen in causing 

DCS (Lillo 1986). The animal studies have the usual problem of interspecies 

extrapolation and the further problem of using much more than the 1.3 ATA of 

o2 that can cause oxygen toxicity in humans. One direct attempt at human 

measurement was inconclusive due to the small number of total exposures (Logan 

1960). Nevertheless, the present basis of computing allowable decompression 

procedures ignores oxygen (Dwyer, 1955). 

There is also literature on the physiology of blood flow dependence on 

oxygen. Gas uptake rates in tissues depend on flow, and DCS risk depends on 

the extent of uptake. Classic studies in skeletal muscle (Carrier et al., 

1955) suggest a decrease in flow as inspired oxygen increases through the same 

range used in the present studies. Flow in other tissue beds may not have 

such a dependence (Hordnes and Tyssebotn, 1985), and of course the tissue beds 

important to DCS remain an ob~ect of speculation. Even more complex oxygen 

ef fects may occur in possib ly relevant spaces such as synovium (Richman et 

al., 1982). 
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Consideration of human decompression sickness as a population dose­

response problem has a fairly recent origin (Berghage and McCracken, 1979). 

Current decompression procedures are formulated as a boundary-avoidance 

problem and the most cot11D1on perception is that the imminence of DCS suddenly 

increases at this boundary. Animal experiments have shown the inapplicability 

of this view. With the application of probabilistic models to animal 

(Weathersby et al. , 1984; Lillo et al. , 1985) and human (Weathersby et al. , 

1984, 1985) DCS, the need for proper dose-response formulations has come to 

the foreground. Human helium-oxygen saturation-excursion diving was found to 

be fit by several different response curves (Weathersby et al., 1984) while 

animal response data has much better defined shapes. Again, the question of 

extrapolating the curve shape from rats to man occurs and should be verified 

in some way. 

The study was designed to provide the most complete data ever for both 

questions of dose-response and oxygen effects. The total study size was 

relatively large and control of the experiments was unusually precise. 

Conditions of water immersion, temperature, breathing apparatus, and exercise 

were consciously chosen to simulate the operational and acceptance testing 

environments under which most information on human DCS has been obtained. 

Care was taken to minimi~e the human subjective element in participants and 

observers. The pressure-time profiles were more carefully c~ntrolled than in 

any other human decompression study of which we are aware. 

The major surprise in this study was the low overall incidence of DCS. 

Even as the trial was extended longer than originally planned, the 

feared numerous severe cases never materialized. The challenge now is to 

explain the unexp,~cted level of safety. The only aspect of the trial that is 

clearly dif feren~ from previous work is the tight pressure control. 

70 



Regardless of the reason(s), the low DCS incidence makes conclusions 

difficult: inferences on the cause of DCS are weak if DCS is rarely caused. 

Some numerical bounds can be established from the study. The 

dose-response function is flat with the fractional increase in ~(nCS) 

appearing to be less than the fractional increase in pressure. Oxygen does 

not increase ncs to the same extent as nitrogen; o2 is less than 501. as potent 

and may actually protect against some of the N2 risk. 

Satisfactory answers to the original ~uestions require additional work. 

Modeling could be improved, for example by exploring a functional dependence 

of N2 exchange rate on 01 , and by including details on control of tissue 

oxygen content. The main problem however is the paucity of data. Because the 

present study is unlikely to be repeated or extended, other human trials will 

need to examined and combined with these results. 
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APPENDIX 1 

SUBJECT nATA 

Age Ht. Wt, Fat 
Diver number (yrs) (in.) Oh.) % Dives DCS Harginal 

1. 40 67 177. 3 
2. 27 70 188 11 
3. 34 70 19?. 22 4 
4. 32 70 176 2 
5. 34 72 l.75 3 
6. 26 69 179 12 
7. 32 f.8 185 25 12 1 
8. 31 68 155 3 
9. 29 70 193 16 4 

10. 26 70 178 2 1 
11. 25 68 165 3 
t 2. 30 74 190 22 4 
13. 30 70 177 17 11 
14. 24 72 195 5 
15. 26 74 195 2 
16. 30 69 174 2 
17. 38 71 190 26 12 2 1 
18. 31 75 190 1 
19. 37 67 156 15 12 
20. 40 70 185 4 
21. 28 69 180 2 
22. 27 74 209 2 
23. 33 75 204 15 12 
24. 24 72 187 12 12 
25. 32 69 162 6 
26. 3~ 70 176 22 12 1 
77. 33 72 165 12 1 
28. 27 71 188 12 
29. 27 67 158 5 2 
30. 31 73 175 12 
31. 35 67 145 5 1 
32. 23 73 167 09 12 
33. 24 73 187 15 12 
34. 30 71 209 12 11 
35. 35 64 152 12 ) 

36. 34 70 193 25 12 1 
37. 30 71 178 15 12 2 
38. 23 6C\ 175 16 12 
3Q, 77 71 185 1 ,, 3 .... 
40. 32 72 193 ?.3 ) 2 l. 
41. 23 71 165 14 1?. 
4 'l. 28 72 190 16 12 l 
43. 29 72 190 21 12 ) 

44. 34 74 ?. ?.2 n~ 8 1 1 
45. 26 67 157 12 
46. 26 69 180 16 6 1 



Subject data (continued' 

Age Ht. \!t. Fat 
Diver number (yrs) <in.) <lb.) a/ Dives ncs Marginal le 

··--

47. 32 68 160 15 12 
48. 33 71 159 17 1 :.' 
49. 23 66 132 12 12 
so. 35 67 168 12 7 
51. 25 72 173 7 
57. 29 68 162 17 10 l 

53. 28 74 195 21 9 1 

54. 30 72 UH 8 I 

55. 'J.4 68 197 23 3 
56. 20 73 200 23 6 
57. 28 70 165 4 
58. 38 70 165 2 
59. 21 71 )63 5 1 
60. 20 68 174 3 
61. 26 73 180 2 



ArPFNnTX 2 

Cl-lRONCLOf.ICAT, RF.CC'PJ) OF EXPOSUF.FS 

Dept ti Descent ~uhject Number 
Date Series (fsw) Timefmin) ( incident number' 

18APRR3 1 67 l.Cl 13 10 
19APR83 5 25 o.s 23 5 
?. ()f.PR83 4 7? 1. 7 3 19 
21APR~3 6 50 1.4 22 4 
06JUN83 6 50 l.3 21 14 
07 Jut 83 1 67 1.2 2 l? 
08JU1J83 5 25 0.4 18 n 
09JUN83 1 67 1.0 16 13 
09Jl1N83 3 43 1.0 20 9 
20JUN83 6 50 1.1 12 2 
21JUN83 4 7'J. 1.5 1 16 
21JUN83 3 43 0.7 20 14 
22JUN83 6 50 0.9 10 ( 1) 4 
30JUN83 3 43 1.1 13 5 
30JtTN83 3 43 1.1 s 2 
?1 SEP83 2 95 2 .o 14 7 
22SEP83 3 43 1.() 19 13 
22SEP83 3 46 1.0 ~ 3 
7.6SEP83 5 25 0.4 15 21 
27SEP83 2 95 1.5 1 9 
29SEP83 2 95 2.1 17 14 
030CT83 6 50 1.4 5 7 
040CT83 2 95 1.3 3 15 
040CT83 2 95 1.4 10 19 
050CT83 6 50 1.1 1 9 
110CT83 ] 67 1.0 3 23 
l 10CT83 2 100 1.9 8 20 
1:?0CT83 5 25 0.3 14 12 
130CT83 4 72 1.1 13 9 
27NOV84 4 71. 1.3 39( 2) 33 
28}10V84 1 66 1.5 35 2 
03DEC84 4 71 1.2 19 37 
05DEC84 l 67 1.7 n 35 
06DF.C84 5 25 1.2 28 ?. 
07DF.C84 1 71 1.] 37 30 
10DEC84 5 27 0.4 13 37 
l 3DF.C84 6 50 0.9 19 27 
14DEC84 4 72 1.4 2 33 
l 7DEC84 2 100 1.5 37 35 
181'EC84 3 46 0.8 7 ( 3) 37 
07JAN85 2 100 1. 7 33 13 
07TAN85 4 76 1. 7 35 17 
10JAN85 1 71 1.1 19 32 
22JAN85 6 50 0.9 13 37 
22JAN85 1 71 1.8 17 7 
23JAN85 2 100 1.9 35 39 
29JAN85 f, 50 0.8 17 7 



Chronological record of exposures (continued) 

Depth Descent Subject Number 
Date Series (fsw) Time(min) (incident number) 

30JAN85 5 27 0.3 33 32 
04FF.B85 5 27 0.4 19( 4) 13 
04FEB85 2 100 1.6 36 26 
06FEB85 2 105 1.8 39( 5) 32 
11FER85 3 46 1.1 2 33 
12FEB85 3 46 0.8 2 6 7 
13FEB85 4 76 0.7 39 32 
19FEB85 3 46 0.7 1 7 ( 6) 33 
20FEB85 5 27 0.7 7 28 
20FEB85 4 76 2.3 32 26 
21FEB85 4 76 I. 2 13 35 
27FEB85 1 71 l. l 7 39 
28FEB85 5 27 0.5 32( 7) 2 
05MAR85 6 so 1.9 13 27 
06MAR85 1 71 1.1 36( 8) 26 ( 9) 
06MAR85 6 54 0.9 33 39 
07MAR85 5 29 0.4 7 19 
12MAR85 3 44 0.8 32 27 
13MAR85 5 29 0,7 39 33 
13MAR85 1 71 1. 3 37 (10) 26 (11) 
14MAR85 1 71 1. 2 40 19 
14MAR85 4 76 2.9 28 6 
14MAR85 2 105 1.6 13 24 
19MAR85 4 80 1.4 7 27(12) 
19MAR85 6 54 0.8 2 32 
20MAR85 3 44 1.4 36 39 
20MAR85 5 29 1.1 26 35 (13) 
21MAR85 6 54 1.0 11 6 
21MAR85 3 44 0.8 40 28 
21MAR85 2 105 1.8 33 31 
26MAR85 2 105 1. 7 1 9 2 
?.6MAR85 3 44 I.I 32 37 
28MAR85 1 71 1. 4 6 
28MAR85 6 54 1. 1 28 33 
28MAR85 1 71 I . 3 31 40 
03APR85 5 29 0.6 24 3 q 

03APR85 4 80 1.5 2 26 
04APR85 6 54 l. 2 32 10 

04APR85 5 29 I. 1 1 1 31 
09APR85 6 58 1.0 37 40 
10APR85 1 71 I. 2 33 24 
10APR85 ?. 105 1. 7 36 7 
l()APR85 3 44 0.9 25(14) ?6 
11APR85 6 58 1. 2 6 l l 
16APR85 1 71 2. 0 31 27 
16APR85 2 110 1. 7 40 (I 5) 17 
17APR85 6 58 0.9 36 24 



Chronological record. of exposures (continued' 

Depth Descent Sub_1ect Number 
Date Series (fsw) Time(min) (incident number) 

17 APR85 4 80 1. 2 26 7 
17APR85 2 110 1. 7 2 25 
18APR85 5 31 1. 2 35 34 
23APR85 4 80 1. 3 31 (16) 40 
23APR85 1 75 1. 4 37(17) 33 
24APR85 4 80 2.0 28 36 
24APR85 5 31 2.3 41 24 
24APR85 2 l lO 2.0 (-, 26 
25 APR8 5 3 47 1.0 35 19 
25APR85 l 75 1. 3 39 
30APR85 5 31 0.9 27 37 
01MAY85 4 84 1. 7 36 'J 4 
01MAY85 4 84 1. 3 41 (18) 23 
02MAY85 3 47 1. 1 28 25 
02~AY85 3 47 1. 2 35 39 
02MAY85 2 110 2. 1 29 34 
07MAY85 5 31 0,7 26 30 
07MAY85 4 84 1. 7 37 27 
08MAY85 4 84 1. 9 23 41 
08MAY85 3 47 0.9 24 36 
09MAY85 6 58 1.4 40 39 <19) 
09MAY85 3 47 1. l 34 
14MAY85 3 47 1.0 27 30 
14MAY85 1 75 1.6 28 25 
15MAY85 5 31 o.s 23 36 
15MAY85 3 so 0.9 24 41 
16MAY85 6 58 l. 2 35 42 
16MAY85 3 so 2.3 34 29 
21MAY85 5 33 o.s 43 25 
21MAY85 4 84 2.9 30 40 
22MAY85 5 33 o.s 46 41 
22MAY85 l 75 1.4 24 23 
23MAY85 5 33 0.9 34 29(20) 
23MAY85 2 110 2.0 37 42 
29MAY85 4 88 1.8 30 43 
29MAY85 3 so 0.9 40 23 
30MAY85 4 88 1.6 24 46 
30MAY85 l 75 1.5 42 41 
30MAY85 4 88 1.5 34 29(21) 
04JUN85 2 115 'l. 3 27(22) 28 
04JllN85 6 62 1. 2 26(23) 45 
OSJUN85 5 33 o.s 36 (24) 
OSJUN85 2 115 2.2 23 43 
18JUN85 2 115 2.3 24 28 
18JUN85 l 79 1. 3 34 
20JUN85 6 62 1.5 36 35 
25JUN85 1 79 l. 3 28 42 



Chronological record of exposures <continued) 

Depth nescent Sub j ect Number 
Date Series ( f E-W) Time<min) ( incident number) 

25JUN85 2 115 1.9 38 43 
26JUN85 3 50 0.9 46 6 
26JUN85 6 61 1. 2 24 45 
27JUN85 1 79 1.4 36 
27JUN85 2 115 2.1 34 25 
02JUL85 1 79 1. 7 41 30 
02JUL85 6 62 1.1 38 28 
03JUL85 3 so 1.1 23 6 
03JUL85 6 62 1.8 46(25) 29 
09JUL85 1 79 1.3 47 45 
09JllL85 6 66 1.1 41 (26) 30 
10JUL85 3 53 1.1 42 38 
10JUL85 6 66 2.0 :>3 34 
11 JUL85 1 7(} 1.8 43 48 
16JUL85 3 53 1.0 47 45(27) 
16JUL85 6 66 1.1 41 30 
17JUL85 4 88 1.4 42 38 
17JUL85 5 33 0.8 27 
18JUL85 4 88 0.7 46(28) 43 
18JUL85 5 33 0.6 48 
23JUL85 6 66 2. 1 47 23 
23JUL85 s 33 1.2 45 6 
')l,JUI.85 6 66 1.1 42 38 
24JUL85 3 53 0.9 41 30 
24JUL85 ') 120 1.7 27 40 
30JUL85 s 35 1.0 6 45 
30JUT,85 'l. 120 2.5 ?.3 47 
30JUL85 'l. 120 1.2 48 49 
31JUL85 5 35 0.7 40(29) 42(30) 
31JUL85 5 35 1.0 38 30 
01AUG85 1 83 1. 7 17(31) 43 
01AUC85 5 35 1.6 46(32) 
06AUC85 4 88 1.3 47 49 
07AUG85 5 34 0.6 42(33) 40 
07AUG85 2 120 2. 1 41 30 
08AUG85 4 88 1.6 17 (34) 
08AUG85 4 88 1.5 6 45 
13AUG85 1 83 1.6 38 47 
13AUG85 2 120 2.1 49 48 
14AUG85 3 53 1.1 43 42 
1SAUG85 l 83 1.6 45 6 
15AUG85 3 53 0.9 17 (35) 
04SEP85 4 88 2.5 4'J 34 
04SEP85 1 83 1.0 38 48 
05SEP85 5 34 1.5 so 17'36) 
OSSF.P85 2 125 2.2 41 30 
05SF.P85 3 53 1. 2 45 



Chronological record of exposures (continued) 

Depth De scent Subject Number 
Date Series (fsw) Tirne(min) (incident number ) 

l 1SEP85 3 56 1. 6 43(37) 51 
11SEP85 3 56 1.5 38 47 
17SEP85 2 125 2.4 53 45 
I 2SF.P85 2 125 2.0 42 
12SEP85 6 70 l. 3 34 52 
OIOCT85 2 125 l. 9 38 l 7( 38) 
020CT85 3 56 2.9 50 44 
080CT85 ) 83 0.9 53 
080CT8 5 6 70 2.9 52 (39) 51 
090CT85 l 83 l.fl 49 50(40) 
090CT85 6 70 l. 2 47 1H41) 
IOOCT8 5 3 56 l. 2 48 44 
100CT85 5 34 0.5 38 43 
l50CT85 3 56 1.0 53 52 
150CT85 1 87 2.0 51 
160CT85 2 125 2.0 47 45 
170CT85 3 59 1.0 48 54(4 2) 
170CT85 6 70 I. 9 43 44 
220CT85 2 125 2.2 52 17(43) 
220CT85 6 70 1.6 53 51 
230CT85 4 88 l. 2 38 47 
230CT85 4 92 1.6 45 
240CT85 1 87 2.0 44 49(44) 
240CT85 4 92 1.9 48 54 
290CT85 6 74 1.4 53 
290CT85 1 87 1.6 52 
310CT85 1 87 2.0 44 54 
310CT85 4 92 2.1 49 48 
310CT85 5 34 (\,5 17 47 
05N0V85 1 87 1.6 so 55 
06N0V85 5 34 0.7 56 52 
07N0V85 5 36 0,6 47 49(45) 
12N0V85 4 92 1.8 54 57 
12NOV85 1 87 1. 7 53 55 
12N0V85 5 36 1. 9 48 50(46) 
13NOV85 4 92 2.2 51 59 
13N0V85 4 96 2.6 56 52 ( 4 7) 
14N0V85 2 130 2 .1 61 6 
14N0V85 4 96 1.7 44 ( 48) 60 
14N0V85 3 59 1.0 49 
19N0V85 3 59 1.0 54 
19N0V85 6 74 1.7 48 (49) 43 
20N0V85 4 96 2. 2 51 56 
20N0V85 6 74 2,g 58 59 
21N0V85 1 91 l.5 52 (50) 60 
21N0V85 4 96 1.8 53 
21N0V85 6 74 1. 7 50 49 



Chronological record of exposureB (continued) 

Depth Descent £ubject Number 
Date Series (fsw) Time(min) (incident number' 

26NOV85 4 96 3.0 61 
26NOV85 5 36 0.8 54 
27NOV85 4 96 3.2 59 58 
27NOV85 5 3£- 1.1 51 56 
03DEC85 1 Cj 1 ]. 7 57 
03DEC85 5 36 0.7 53(5}) 60 
04DEC85 3 5q 1.3 52 44 
04DEC85 5 36 0.8 54 5q 
Cl5DEC85 4 96 1. 7 so 
OSDF.f.85 5 38 1. ,. 49 56 
10DEC85 3 59 1.? 57 
l lrEC85 2 130 2.4 59(52) 54 
12DEC85 3 59 1.1 49 
17DEC85 6 74 1.8 48 56 
17DEC85 2 130 1. 7 55 57 
17DEC~5 4 96 1.4 53 
18DF.C85 2 130 2.? 52 
19DF.C85 6 74 1.2 44(53) 49 



APPENJH'X 3 

SYMPTOMS REPORTED ALL DIVES 

1. Subject 10. 2, June 83. Reported pressure on mid-back from seat during 
the dive. No symptoms for 2 1/2 hours after surfacing. After dinner that 
evening comp l ained of mid-back pain and rash, left posterior flank pain, and 
f atigue. Exam showed erythema over TS spinous process and ove~ left anterior 
i nf racos tal area, also hypoesthe s ia in left anterior infracostal area. 
Standard TT6 brought subAtantial relie f within 1-2 minutes. All symptoms 
resolved i n 20-30 min except for pinpoint tenderness over spinous process of 
T8. Thi s local tenderness resolved over the next several days. Dx: DCS. 

2. Sub j ec t 39 . 77 Nov 84. Reported to have had "skin bends" about 4 hours 
af t er surfacing . Descrited as 6 cm round, raised, red lesion over right side 
of wai s t , s li ghtly pruritic. No treatment. F.xam was nonna] 2 hrs after 
surfac i ng . Dx : skin bends, not DCS 

3 . Sub j ect 7. 18 Dec 84. Normal exam 2 hours after surfacing, although 
sub j ect noted a "full" feeling. Awoke the next day with intermittent sharp 
pain in r i ght thigh above the right knee. Found to have mildly decreased 
strength in right lower extremity, decreased right ankle reflex, decreased 
position sense in the right big toe, crossed abductor response on left, focal 
tenderness to touch on the right medial thigh, and tenderness in a 6--8 cm area 
in a T1 2 di t ribution on the left posterior ribs. TT6 brought relief of all 
symptoms and signs except for the right thi~h tenderness within 20 min. The 
right thigh pain persisted several days and was felt to be due to mechanical 
injury, Dx: DCS. 

4. Sub j ect 19. 4 Feb 85. Seen about 20 min after surfacing for light-headed 
feeling itmnediately after a transient lower abdominal pain. Pale appearance, 
symptoms, and vital signs (P 60, BP 100/60) consistent with vasovagal reflex. 
Neurologic exam normal. nx: not DCS. 

5. Subject 39. 6 Feb 85. Blotchy, dusky, patchy skin rash over anterior 
chest and upper abdomen and near left axilla about two hours after surfacing. 
Not itchy or pai nful. Reported very transient (less than one min) ache in 
right shoulder. Rash spread, then faded over the following hour. Normal 
neurologic exam. Dx: ski n bends, not DCS. 

6. Subj~ct 17. 19 Feb 85. Noted pain in left distal forearm 1 h 45 min 
after surf acing. Exam showed tenderness to palpation over wrist and ulnar 
head anterior l y on left, pain aggravated on grasping or pulling, and mild 
decrease in pinprick sensation over medial aspect of hand. Remainder of exam 
normal. Standard TT6, with normal sensation in 20 min and complete relief of 
all symptoms in an hour. Ox: OCS. 

7 . Sub j ect 32. 28 Feb 85. Noted right knee pain on forced extension after 
dive, Had same pain during dive and in past with exercise. Exam 
unremarkable. Ox: not DCS. 

8. Subject 36. ~ Mar 85. Dull left upper arm pain beginning about 4 hours 
after surfacing. Tender to palpation, otherwise exam normal. Standard TT6 
brought 507. relief in five minutes , complete relief within an hour. Ox: DCS. 

33 



Sympton1s reported all dives (continued) 

9. Subject 26. 6 Mar 85. Rrief (half minute) ache in left forearm at two 
hours after surfacing, 2-3 min pein in left elbow at 3 1/7. hours. Normal 
exam. No treatment. Dx: niggles. 

10. Subject 37. 13 Mar 8,. Four episodes of transient (5-10 min each) aches 
in right shoulder and elbow and left knee over a 3 hr period the evening after 
diving. Normal exam the following day. Dx: niggles. 

11. Subject 26. 13 Mar 85. Two or three episodes of aching j oints the 
evening after rliving, each lasting 1-2 min. Had similar transient aches 
several days during the week prior to the dive. Normal exam the following day 
with no pains. Dx: not DCS. 

12. Subject 77. JQ Mar 85. Brief ache in left heel about 20 min after 
surfacing. Dull ache in left knee lasting about l min, onset about 2 hr after 
surfacing. Normal exam on both occasions. Dx: niggles. 

13. Subject 35. 1.0 Mar 85. Reported 8 hr after surfacing that both 
shoulders had dull, poorly localized ache for the previous hour, which then 
subsided. Normal exam. Dx: DCS, not requiring treatment. 

14. Subject 25. 10 Apr RS. Normal exam 2 hr after surfacing. Mild soreness 
developed in left groin that evenfog. Exam the following day showed mild 
tenderness to palpation. Stiffness decreased with activi.ty. Dx: Muscle 
strain, not DCS. 

15. Subject 40. 16 Apr 85. Very mild dull ache in left midscapula 1 hr 45 
min after surfacing. No vari.ation with movement. Normal neurologic exam. 
Lasted about 15 min. Subsequently noted identical pain several days l Lt er 
following the same mechanical movement which had preceded pain on 16 April. 
Dx: not nr.s. 

16. Subject 31. 23 Apr 85. 
evening following the dive. 

Mild left elbow ache lasting about 5 min the 
Normal exam. Dx: ni~gles. 

17. Subject 37. 7.3 Apr 85. Beginning about one hour after surfacing, had 
four episodes of dull aches in right knee, right shoulder, and left elbow, 
lasting about three minutes each. Last episode ended about four hours 
postdive. F.xam normal. Dx: niggles. 

18. Subject 41. 1 May 85. Reported ache in right ribs about one hour after 
surfacing, lasting about 5-10 minutes. Normal exam. Dx: not DCS. 

19. Subject 39. 9 May 85. Developed skin itch just before 2 hr doppler, 
accompanied by erythema on trunk. Sub~ect heard recording. Neuro exam normal 
except for generally increased muscle tone, including 3+ DTR's and 1-2 beat 
nonsustained cJonus in both ankles. Pulse 108, BP 164/100. No nausea, 
dizziness, or dyspnea. Blotchy rash on trunk gradually shifted and became 
bluish and raised, but never tender. Pulse and blood pressure returned to 
normal ,.,ithin t /2 hr, and subject became less anxious. At four hours 
postdive, sub j ect was normal except for mild itchin~. Close examination 
throughout this period showed no neurologic abnormalities. Dx: Skin bends 
and nonspecific findings suggesting catecholamine release. Not DCS. 
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~ymptoms Reported After All Dive s (continued ) 

20 . Subject 29. 23 May RS. Reported dull, deep ache in right shoulder the 
nj gh t af ter the dive. Pain gone the next morning. not reported until the 
following week. nx: nr.s, not treated. 

Zl. ~uh ject 29. 30 May RS. Right shoulder pain he~inning three hours after 
sur faci ng, gradual increase in intensity . Full reso l ution on standard 
Treatment Table 5. Dx : ncs. 

?.2 . Subject ?7. 4 Jun 85. Very mild dull ache in right trapezius and right 
arm 4 hrs postdive, noted about 10 min after lifting a heavy at : _ct. t-'o 
tenderness to pa] pa ti.on. Normal exam. nx: Mechanical in_iury, not ncs. 

23 . Sub ject 26. 4 Jun 85. Several very brief ffew seconds duration) 
episodes of wrist, shoulder, an~ foot pain the. evening after the dive. Normal 
exam the following day. Dx: not ncs. 

24. Sub j ect 36. 5 Jun 85. No problems the day of the dive, Sharp medial 
left knee pain the following morning. Localized to a spot medial to the left 
patella, tender on palpation, aggravated on weight bearing and rotating foot 
laterally , Normal neurologic exam. Clinically diaF,nosed as mild medial 
collateral ligament strain, TT5 conducted with no change. Dx: not DCS. 

25. Sub ject 46. 3 Jul 85. Reported two hours postdive that he was "very, 
very tired," No aches or other symptoms, normal exam. Felt fine the next day. 
Dx: not DC<". 

26. Subject 41. 9 Jul 85. Mild tenderness of left knee reported the 
following day. RecalJs hitting knee, T.ocalized tendernes~ of anterior tibial 
tuberosity on exam, no other abnornalities. nx: Mechanical injury, not PCS. 

27. Sub j ect 45. 16 Jul 85. Fatigued after dive, felt tired all evening. 
Normal exam two hours postdive, Also noted "pins and needles", while he was 
sitting that evening, e~tending from lateral right midc~lf down through 
lateral aspect of foot, which disappeered upon walking. Felt fine the next 
day. Dx: not DCS. 

28. Subject 46. 18 !ul 85. Several transient pains, each lasting 1-1 min: 
moderate pain in right ankle 20 min postdive, tingling of right foot 10 min 
later, moderate pain of right knee 15 min later. Exam normal. Also reported 
crepitance in left temporomandibular ~oint postdive. Dx: niggles. (TMJ 
symptoms probably mechanical, from mask). 

29. Subject 40. 31 Jul 85. Several episodes of 3-4 min aches in right hip, 
aukle, and scapular region in the first hour postdive. Normal neuroJogic 
exam. Dx: niggles. 

30. Subject 47. 31 Jul 85. Two brief (less than 5 sec each), sharp, 
stabbin~ pains in abdomen about 45 min after surfacing. Examined immediately, 
normal exam. Reported passing gas both before and after the dive. Ox: not 
DCS. 
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Symptoms reported all dive s (continued) 

31 . Subject 17. l Aug 85. Reported a 5-10 sec pain in left elbow after 
dive. Normal exam. Dx: not res . 

32. Subject 46. Aug 85 ; Fleetin~, 10-15 second pain over the Jeft side of 

neck about l hour afte r sur fa cing, followed within a few ~inutes hy left 
shoulder pain. Pain was describecl as c.eep-seated ache. Left upper extremity 

s lightly weake r th an right in wrist ex l ns ion and elbow flexion. DTR's 
symmetr ic, censation intact, reneinder of neurologic exam normal. 
Recornpres sed t o 60 FS~. Pain and weakne ss relieved within first 20 min of 

trea tment. Treated with TT6 extended once at 30 FSW, and ~udged by medi~al 

officer to have had complete re lief . Examined by neurologic consultant the 

following day and found to have slight weakness in left finger and wrist 
ex tensor s . !!o improvement with repeat TT6. Neurologic examination one week 
l ater, including EMC., completely normal. D>: : PCS. 

33 . Sub~ect 42 . 7 Aug 85 . Du]] ache for about 5 min in right shoulder, 
occurring over two hour s postdive, and dull pain for less than one minute in 

right f oot the evening foll owing the dive. Normal exam the next day. nx: 

niggle s . 

34. Subject 17. 8 Aug 85. ~o symptoms for 24 hrs after surfacing. Flew on 

commercial airline the following day and had moderate, sharply localized pain 

in right wrist about 1 hour after landing. ~ubsided in 1-2 hrs. Dx: No DCS 

from the xperimental dive, but niggles precipitated by further decompression 

of flight. 

35. Suh~ect 17. 15 Aug 85. Fleeting pain in right elbow and left fingers 

several hours after surfacing. No further symptoms; normal exam. nx: not 

ncs. 

36 . Subject 17. 5 Sep 85. ~-5 episodes of brief (less than one minute) 
right shoulder pain. Normal exam. Dx: niggles. 

37 . Subject 43. 11 Sep 85. Two nearly identical episodes of dull rip.ht 
s~praclavicular pai n occurring at about 5 and 6 1/2 hrs after surfacing. rain 

~escribed as moderate, dull, not aggravated hy ~ovement, nontender, lasting 

about 5 min each time. Exam the following day normal. Ox: niggles. 

38 . Subject 17 . l Oct 85. Normal exam two hours after surfacing. About 

=~ur hours pos tdive, experienced marked fatigue and fleeting dull pains (less 

r r~n one minute duration) in lef t wrist, both elbows, both shoulders, and a 

sha rp pain in the sternoclavicular joint. Felt normal within cihout 45 min. 

F.xam the neYt day normal. Dx: DC. S, no treatment. 

39 . Subj ec t 52 . 8 Oct 85. Mild left shoulder ache about two hours after 

surfa cing , a s t ed about 3 min, unaffected by movement. Normal exam. Dx: 
niggles . 

bO. Sub ject 50. 9 Oc t 85. Very brief (few seconds) pain in right hand, 

neck . No rma l exam. Dx: not DCS. 
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Symptoms reported all dives (continued) 

41. Subject 17. 9 Oct 85. At one hour after surfacing, subject experienced 
sudden "flusl-.ed" feeling, followed by mild fatigue. No ·pains or other 
complaints, and exam was normal. Fatigued feeling lasted about 1/2 hr. Dx: 
nonspeci f ic symptoms, not OCS. 

42. Sub j ect 54 . 17 Oct 85. Blotchy, pruritic rash on anterior trunk about 
two hours after surfacing. Faded over 5-6 hrs. Normal exam. Dx: skin bends. 

43. Sub j ect 17. 22 Oct 85. Sharp pain in left shoulder of only a few 
seconds duration twice af ter surfacing. Normal exa~. Dx: not DCS . 

44. Sub j ect 49. 24 Oct 85. Sharp pain in right shoulder of only a few 
seconds duration about 1 1/2 hr after surfacing. Also had low back pain the 
evening a f ter the dive, identical to pain which has occurred before following 
exercise. Normal exam. nx: not DCS. 

45. Sub j ect 49. 7 Nov 85. Brief lightheaded feeling about 5 min after 
surfacing, after r emoving tight wetsuit. Normal examination. Dx: not DCS. 

46. Subject 50. 12 Nov 85. Very brief sharp pain in right elbow and left 
ankl e late the night of the dive. Normal exam. Dx: not DCS. 

47. Subject 52. 13 Nov 85. Noticed mild pain in third finger the evening of 
the dive. Although subject did not recall trauma, skin was scraped. Normal 
neurologic exam. No change with TT5 started the next morning. Dx: 
mechanical inj ury, not DCS. 

48. Subject 44. 14 Nov 85. Mild pain superior and lateral to left eye about 
twenty minutes after surfacing, worse upon gaze to the right. Tender to 
palpation. Neurologic exam, including visual acuity, visual fields, 
extraocular movement, corneal reflex, and blink reflex, was normal. No change 
in symptoms for an hour, until recompression initiated. Symptoms resolved 
soon after treatment started, with full resolution on standard TT6. Dx: DCS. 

49. Subject 48. 19 Nov 85. Three episodes of strong, throbbing pain the 
evening after surfacing, each lasting "only a minute or two": left wrist 
twice and left medial arm near shoulder. Normal exam. Dx: niggles. 

50. Sub j ect 52. 21 Nov 85. Dull pain posterior to right ear about 30 min 
after sur f ac i ng, lasting less than one minute. Dull pain in left trapezius 
about one hour after surfacing, lasted less than one minute. Normal exam. 
Dx: not DCS. 

51. Sub j ect 53. 3 Dec 85. Dull ache in right knee ahout 2 1/2 hours after 
surfadng, lasting 2-3 minutes. t-Tormal exam. Dx: niggles. 

52. Subject 59. 11 Dec 85. Dull, deep, right hip pain 3-4 min after 
surfacing from dive, felt as if pen~t r ating through the hip. Not radiating in 
a dennatomal pattern, and no evidence of any neurologic involvement. 
Immediately recompressed, and pain di sappeared within 10 fsw. Full relief on 
TT6A. Dx: DCS. 
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Symptoms reported all dives (continued) 

53. Subject 44. 19 Dec 85. Well until 3 1/ 2 hours after surfacing, when he 
noted itching i n right periumbical region. Pruritis progre ssed to a 
circumferential erythematous lesion which b lanched on pressure. Examined 
about 6 hr s after surfacing, found to have two well-demarcated, purple skin 
lesions, periumbilical and over ri~ht ribs 9-Jl posteriorly. Mild tenderness 
to palpation in abdomen. No neuro logic abnormalities. Rash improved the 
foll owing morning, but abdominal tenderness to deep palpation had changed in 
location. No symptoms or other signs to explain abdominal pain. Patient 
recompressed to 60 fsw, and abdominal tenderness improved within an hour. 
Treated on TT6 with an extension at 30 fsw, with full resolution of abdomina l 
tenderness. Etiology of abdominal tenderne ss uncertain, but not felt to 
represent DCS. Rash also resolved with treatment. Dx: skin bends. 

Note: the following two cases were excluded from the data because a treatment 
was instituted for other than ncs. 

54. Subject 25. 18 Jun 85. Series 1, 79 fsw. Onset of dull, right upper 
chest ache about three hours af ter surfacing, aggravated by arm movement. 
Tender to palpation. Normal neurologic examination. Had lifted weights the 
day before diving and was stiff predive. No response to abbreviated TT6. Dx: 
not DCS. 

55. Sub ject 53. 10 Dec 85. Series 2 , 130 fsw. Mild, dull ache in left 
trapezius, with no tenderness to palpation, no history of trauma, and normal 
strength and sensation. Treated with TT6, with only slight improvement slowly 
over the duration of the treatment. Lack of response with prompt 
recompress ion felt incompatible with DCS. Dx : not DCS. 

Note : "Niggle s" in the above refers to mild musculoskeletal symptoms which 
appeared related to the dive but resolved without treatment over a short time. 
Joint symptoms were considered niggles if they lasted more than two minutes, 
recurred in the same location, or involved several locations. 
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APPFNDIX 4 

CO'MHF.N'l'S 0~ OTHER REPORTED NO-DEf.OMPRESSION DIVF.S 

The previous report coDbined data from a numher of sources into a data 

set of 1713 &ir dives (Weathersby et al, 1985). Though there seemed to be 

incompatibilities within parts of those data, the combination of a very wide 

range of exposures was pursued so that predictions of safety would interpolate 

within conditions found in the large data set rather than extrapolate far from 

known exposures . 

No subset of the previously examined data closely matches the new 

experimental conditions. All of the previous data used 21% oxygen (i.e. air). 

One segment of the old data (set B) had exposures of 90 to 360 min, but 1.5 to 

12 hours were spent in decompression. Another segment (set C) had 

no-decompression dives, but they were deep and very short - most under 3 

min. Segment n of the old data included many different decompression 

profiles, but none had an average decompression rate as fast as 10 ft/min 

(the current study used 60 feet per minute). The fastest overall 

decompression in set D had 7 min at decompression stops. Only segment A 

(Dwyer 1956) had some nearly equivalent exposures. A total of 56 dives were 

done with no decompression or 2 min or less in decompression stops. All but 8 

of these had a bottom time of 20 min or less. Using the same prediction 

applied in the text, a total of 0.07 cases of DCS would be expected for the 56 

dives and zero were reported. This constitutes a weak agreement of prediction 

and outcome. 

Several other studies were briefly examined in our previous report but 

not included in the large consolidated data file. One British report 

presented the results of 87 no-decompression dives (Crocker and Taylor 1952). 

(Called set Hin the earlier report). These dives varied from 50 feet for 90 
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min to 150 ft for 11 min, apparently somewhat more hazardous dives than the 

present study. Usin~ the prediction method described, 0.5 cases of ncs were 

expected and none were observed. This ~ives us another weak reconciliation of 

safe no-decompression dives. 

Two reports had significant ncs cases. In the first, Van der Aue and 

colleagues (1949) reported 141 no-decompression exposures with 42 cases of 

DCS. The number fell short of their avowed goal of 50% DCS. The longest was 

100 ft for 60 min: predicted incidence of 6.6i, outcome of 7 cases in 20 

exposure~. In 30 min exposures, they had 16 cases in 32 exposures from 150 

ft. Prior modeling predicted only 4.3 cases total. To confound 

interpretation, the men were dry and sedentary during the pressure exposure 

but half exercised vigorously after decompression. Thus in very ambitious 

experiments, men can develop many cases of DCS, even more than pred~~ted by 

the analysis of 1713 other dives. 

The other old report was by Van der Aue and colleagues in 1951. In a 

major study of surface decompression, some 143 no-decompression exposures were 

performed. Rottom times ranged from 5 to 205 min but averaged only 35 min. 

With a single depth of 94 ft, 24 exposures of 32 to 48 min were performed and 

resulted in 5 DCS cases. The 94 ft dives are predicted to result in 0.1 cases 

of DCS, and only 1.3 cases are predicted overall. The total outcome of o 

cases in 143 trials is much greater than predicted. Again, an instance is 

found where DCS can be produced by no-decompression dives of high enough 

severity that extensive modeling underestimates the octual risk. 

The f i nal data are too new to be published (Thalmann, 1985, unpublished). 

Some 130 exposures were performed with no-decompression from dives of less 

than 66 min duration. All exceeded the current U.S. Navy limit, but none 

re su lted in DCS. 
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No single theme unifies these observations. No-decompression diving can 

indeed produce DCS, but it has usually been cited only in dives much more 

severe than the present experim~nts. In the several hundred supportin~ dives 

for this experiment (training and tender breathing air) three clea~ cases of 

DCS developed when DCS stress should be low, e.g. 60 fsw for 30 min. Perhaps 

the underlying dose-response relationship has been poorly estimated; perhaps 

current practice and a modest region beyond is relatively safe, but exposures 

much beyon~ turn suddenly disasterous. Perhaps short dives of nearly any kind 

are relatively safe, and only the present 4 h dives are anomalous. No 

equivalent data for 4 hour shallow exposures has been located for comparison; 

clearly more analysis is needed. 
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