












































MECHANISMS AND RISKS OF DECOMPRESSION / 39
1000
900~ 130 fsw
FIGURE 4-15. Respiratory nitro- wpl, e
gen elimination curves taken at sea Sublactia
level from a resting subject after 700 - E
10 min dives to 130 fsw. The sub- e
ject exercised at depth during 600 — P
dives with elimination curves N2 p
b g : vOL 500~ . i
marked “exercise” (dashed lines). (ml) £ e e
During dives with elimination 200 — / ’,,4”,/
curves marked “rest” (solid lines), l," P
the subject rested at depth. (From 00/ i
Dick AP, Vann RD, Mebane GY, e
and Feezor MD: Decompression 2001~ 7
induced nitrogen elimination. Un- 100 _f;’,f:'
dersea Biomed Res 11(4):369-380,
1984.) 0 B o I 1 1 1 l I J
10 20 30 40 50 60 70 80 90
TIME (min)
exposures required only 40 min of decompres-  time before the surface can be safely ap-

sion. In wet trials during which the divers
exercised at depth and rested during de-
compression, both decompression sickness in-
cidence and decompression time increased.
After light exercise, 90 min of decompression
were required, while 115 min were needed
after moderate exercise. The 115-min schedule
was insufficient to prevent decompression sick-
ness after heavy exercise. Thus, a wet dive with
heavy exercise at depth and resting decompres-
sion can require more than three times the
decompression time of a dry, resting dive.

The safety of a decompression schedule is
determined not only by the total stop time but
also by the distribution of this time over depth.
Stops too deep or too long are ineffective in
eliminating excess inert gas and may cause
additional gas uptake. Stops too shallow or too
short can promote extensive bubble growth,
which must be reduced by extra decompression

FIGURE 4-16. The effect of exercise at depth
on decompression time and the incidence of
decompression sickness. For a given workload

proached.

Exercise After Decompression

In the early days of decompression diving,
U.S. Navy and Royal Navy divers routinely
exercised during decompression as it was be-
lieved that exercise would accelerate inert gas
elimination and increase decompression
safety.® ® When subsequent altitude and diving
experiments showed that exercise increased the
severity and incidence and reduced the onset
time of decompression sickness, Van Der Aue
recommended that exercise during or after de-
compression be avoided.®" %

Van Der Aue applied his prohibition to both
kinds of exercise, despite the fact that the early
studies only investigated exercise after de-
compression, because the two forms of exercise
were thought to have the same effects. Exercise
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after decompression, however, causes increased
bubble formation when the body is supersatu-
rated with inert gas as a result of tribonuclea-
tion. These bubbles are eliminated slowly since
gas in the bubbles is isolated from the
circulation.

This effect is illustrated in Figure 4-17 in
which the rate of krypton elimination from a
subject’s hand increased upon recompression
from an altitude of 38,000 feet to sea level.®
Thus, exercise after decompression should be
avoided.

Exercise During Decompression

If extensive supersaturation and bubble for-
mation do not occur during decompression, it
is reasonable to suppose that exercise would
accelerate inert gas elimination. Balke provided
evidence to this effect in showing that exercise
during oxygen breathing prior to altitude ex-
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FIGURE 4-17. The effect of altitude decompression on
the rate of krypton elimination from a subject’s hand. The
elimination rate increased upon recompression to sea level.
(From Tobias CA, Jones HB, Lawrence JH, Hamilton JG:
The uptake and elimination of krypton and other inert
gases by the human body. J Clin Invest 28:1375-1385,
1949. Reproduced from the Journal of Clinical Investiga-
tion by copyright permission of the American Society for
Clinical Investigation.)

posure delayed the onset of altitude decompres-
sion sickness.®®

The hypothesis that exercise during de-
compression could improve decompression
safety and reduce decompression time was
tested during dives to 100 and 150 fsw in which
divers breathed 0.7 atm oxygen in nitrogen and
performed light exercise for 60 min at depth
and either rested or continued exercise during
decompression.® Exercise during decompres-
sion reduced the incidence of decompression
sickness and allowed shorter decompression
stops. After the 100-fsw dive, one-third less
stop time was needed with light exercise instead
of rest during decompression. After the 150-fsw
dive, stops were unreasonably long with resting
decompression but were practical with exercise.

Thermal Effects

Exercise during decompression may exert
part of its effect by warming a diver and pre-
venting the decreased perfusion that accompa-
nies hypothermia.” This would reduce de-
compression risk and stop time because warm
divers eliminate nitrogen more rapidly than
cold divers.®

As with exercise, however, the phase of the
dive determines the effect that the thermal state
will have upon decompression. A diver who is
cold during decompression will eliminate less
nitrogen while a diver who is cold at depth will
absorhb less nitrogen. Divers who were cold at
depth during no-decompression diving were
shown to have fewer intravascular bubbles than
warm divers.® A diver who absorbs additional
nitrogen at depth because he is warm will have
an increased risk of decompression sickness.
Divers in hot water suits are more likely to
develop decompression sickness than colder
divers in wet suits.* In trials of surface de-
compression with the divers in the water at
depth and in a dry chamber during decompres-
sion, the incidence of decompression sickness
was greater in warm water than in cold water.*
Divers who are cold during or after decompres-
sion have a greater incidence of decompression
sickness than warm divers because they elimi-
nate nitrogen less effectively.% %

Individual Susceptibility

Much of the wvariability of decompression
sickness is a result of differences in individual
susceptibility. Fryer, for example, found that of
2199 subjects exposed twice at an altitude of
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28,000 feet, 95.2 per cent had no problems,

while 4.3 per cent developed decompression

sickness once and 0.5 per cent twice.™ Paton

and Walder followed 376 compressed-air work-

ers during 40,000 exposures in which the mean
incidence of decompression sickness was 0.87

per cent.” Fifty-five per cent of this population

liad an incidence of below the mean, 11 per

cent had an incidence equal to the mean, 6 per.
cent had twice the mean incidence, and 10 per.
cent had five times the mean incidence. The

remaining 18 per cent had an incidence 28

times the mean, but as these workers quit after

only a few exposures, their incidence is not

reliable.

Susceptibility to decompression sickness is
known to increase with age and obesity. Gray
estimated that a 28-year-old man was twice as
susceptible to altitude decompression as an 18-
year-old, and a 70-inch-tall, 196-1b man was
twice as susceptible as a 126-1b man of the same
height.?® Gray found that the best correlation
with susceptibility occurred when both age and
body type were considered together. Dembert
observed that Navy divers who had the greatest
skinfold thickness developed decompression
sickness nine times more often than thinner
divers.”

“The effect of obesity on decompression risk
is readily explained by the high nitrogen solu-
bility in fat which causes increased nitrogen
absorption and bubble growth. This was pointed
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out by Haldane® and has been demonstrated
frequently in later years. The increased de-
compression risk with age is probably related
to a more frequent occurrence of the vacuum
phenomenon which accompanies the degener-
ation of aging joints.”® Indeed, the vacuum
phenomenon is more likely whenever joint sur-
faces are of eccentric fit,*! and an eccentric joint
configuration might predispose an individual to
decompression sickness regardless of age.

RISK AND SAFETY IN
DECOMPRESSION

No-Decompression Diving

Decompression risk has become easier to
assess since introduction of the method of max-
imum likelihood.'® This statistical technique
can be applied to binary data, such as the
presence or absence of decompression sickness,
and has, for the first time, allowed objective

analysis of decompression experience.
Maximum likelibood was applied to 1998 air

and nitrogen-oxygen no-decompression dives in
which there were 136 cases of decompression
sickness for an overall incidence of 6.8 per
cent.’®! These dives are shown in Figure 4-18
in which the x-axis is bottom time in min, and
the y-axis is depth in fsw. The crosses represent
at least one decompression incident, and the
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FIGURE 4-18. The results of 1998 air or nitrogen-oxygen no-decompression dives.'”! An “X” represents at least one
incident of decompression sickness and an “O” at least one safe dive. The solid line is the U.S. Navy no-decompression

exposure limit.'®
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circles represent at least one safe dive. The
solid line defines the U.S. Navy no-decompres-
sion exposure limits.' All dives were included
in the analysis whether wet, dry, warm, cold,
Working, or resting, and no consideration was
given to whether the divers had exercised be-
fore, during, or after diving or were adapted to
decompression by frequent diving.

Analysis of these data by maximum likelihood
allows the decompression risk to be estimated
for any no-decompression dive. Dives with es-
timated risks of 1 and 5 per cent are shown as
curves in Figure 4-19. Each point on these
curves represents the depth and bottom time
of a no-decompression dive, which has a pre-
dicted risk of 1 or 5 per cent. A 100-min dive
to 50 fsw, for example, has a predicted risk of
1 per cent. The Navy no-decompression expo-
sure limits and shorter limits proposed by Hug-
gins are also shown.!® For dives from 190 to
130 feet, the Navy limits had risks of between
0.5 and 2 per cent. For dives from 120 to 30
feet, the risks fell between 2 and 3 per cent,
and for shallower dives, the risks were between
5 and 7 per cent. Huggins™ shorter limits re-
duced the risks to between 0.2 and 2 per cent.

Table 4-5 shows the estimated bottom times
for no-decompression dives at 50 and 100 fsw
at risks of 1, 2, and 3 per cent. At 50 feet,
increasing the risk from 1 to 2 per cent adds 21
min to the allowable bottom time. A 3 per cent
risk allows an additional 15 min. At 100 feet,

1%5%

TABLE 4-5. The Effect of Bottom Time on
Decompression Risk for No-Decompression
Dives

Bottom Times at Indicated
Decompression Risk (%)

Depth 1% 2% 3%
50 fsw 69 min 90 min 105 min
100 fsw 16 min 21 min 25 min

From Vann RD: DCS risk and no-stop air diving. Undersea
Biomed Res 12(Suppl 1):30, 1985.

increasing the risk from 1 to 2 per cent adds 5
min, and to 3 per cent, another 4 min. These
and other risk estimates'® apply to the mean
behavior of a relatively large diver population
and assume that all divers are equally likely to
develop decompression sickness. In reality, the
risk to a given diver on a specific day depends
upon his individual susceptibility and cannot be
predicted with certainty.

Closely related to no-decompression diving,
particularly in sport diving, are repetitive and
multilevel dives. Several sets of tables exist for
these forms of diving, and more are under
development, but little information is available
on their effectiveness. Limited studies con-
ducted by Thalmann at the Navy Experimental
Diving Unit indicate that the Navy repetitive
dive tables are overly conservative for some no-
decompression dives but not conservative
enough for some decompression dives.'®

200
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FIGURE 4-19. Predicted risks of decompression sickness for no-decompression air diving.’” The curves represent 1 per
cent and 5 per cent decompression risks. The U.S. Navy no-decompression exposure limits'® and Huggins shorter

exposure limits'® are also shown.
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Decompression Computers

The ultimate solution for multilevel, repeti-
tive diving is the diver-worn decompression
computer. This concept is nearly 40 years old,
and a number of working models have been
manufactured or evaluated,'®'® but not until
recently has the hardware been available to
build reasonably reliable instruments.'*""
These instruments incorporate a mathematical
model of the decompression process which must
be safe over a wide range of dive profiles. Such
a model has not been easy to develop. A de-
compression computer should be tested under
controlled conditions over its expected range of
use before it is sold, but just as tests of a new
drug cannot cover all possibilities, even de-
compression trials cannot ensure infallibility.

Because there are no published records doc-
umenting the use of decompression computers,
it is difficult to draw firm conclusions concern-
ing their safety. Some divers use them exten-
sively and report significant safe increases in
repetitive dive bottom times. There have been
a few decompression incidents involving com-
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puters, however, as would be expected in the
wide employment of any decompression pro-
cedure. Eight of these cases reported to the
Divers Alert Network!'® are presented in Table
4-6. All divers were male, and the computers
used appeared to function properly and to have
been employed correctly. Table 4-6 shows that
six cases involved decompression dives (the 40-
year-old diver made cautionary stops), seven
involved repetitive dives, seven involved divers
older than 30, and eight involved dives to 100
fsw or deeper. If Table 4-6 has a message, it is
that divers over the age of 30 who make repet-
itive decompression dives deeper than 100 fsw
are the most likely to develop decompression
sickness when decompression computers are
used.

Decompression Diving

Even when the number of decompression
incidents is known, the decompression risk can-
not be estimated without knowledge of how
many dives were made. Indeed, risk estimates
are difficult to obtain for any decompression

TABLE 4-6. Decompression Incidents Reported to the Divers Alert Network (DAN) After
Dives with Decompression Computers

DIVE PROFILE
Bot. Dec. Surf.
Depth  Time  Time Int. SYMEEOMS
Age (fsw) (min) (min) (min) Onset Description TREATMENT COMMENT
34 136 29 30 180 In water Arm and None Decomp. dives
133 19 9 — shoulder pain previous 2
days
23 120 25 21 180 15 min post  Arm and Table 6A: Minor —
96 22 11 —_ dive shoulder pain residual
stiffness
33 174 27 60 240 In water Headache, limb Table 5: Full Untreated
174 18 77 — pain, and relief symptoms 2
fatigue days ago
59 96 23 ND 145 45 min post Neck and None: Resolved —
90-50 22 ND — dive shoulder— after 1 hr
pain and
numbness
36 108 48 17 95 5 minpost  Arm pain and Table 5: Mild Hard work on
70 30 ND — dive tingling; lost residual 2nd dive
dexterity stiffness
40 105 18 5 53 22 hrs post  Foot, hand, and None: Resolved 1 to 2 ND dives/
40 55 3 161 dive in cheek—cold after 24 hrs day previous 6
30 60 3 — plane and numb days
39 140 5 ND 30 5 minpost  Shoulder pain  Table 6 —
140 b ND 30 dive
120 30 28 60
100 5 ND 25
120 5 ND -
37 224 — In water Apnea, paralysis, Multiple HBO:  No problems on
and severe Residual similar dives
Unknown pain paralysis
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TABLE 4-7. Estimated Decompression Risks and Safe Decompression Times for U.S. Navy
Standard Air Decompression Schedules

USN Est. Safe

Depth Bottom Time Dec. Time'® Est. Risk' Decomp. Time'®
(fsw) (min) (min) (%) (min)

1. 60 100 15 24

2. 80 70 24 3 —

3. 100 40 17 0.5 —

4. 60 180 57 11-16 171

5. 80 120 74 10-14 222

6. 150 40 60 5 120

7 190 30 63 5 60

8. 150 60 113 12-15 >339

9. 190 40 103 9-11 >309

procedure. The U.S. Navy standard air de-
compression tables'? are widely quoted, for
example, but little information has been avail-
able on their safety until the recent tests by
Thalmann!® and the maximum likelihood anal-
ysis by Weathersby.™* Navy schedules with
decompression times ranging from 10 to 30 min
have estimated decompression risks of 1 to 3
per cent as shown in Table 4-7. Long dives,
such as 180 min at 60 fsw or 120 min at 80 fsw,
have estimated risks of 10 to 16 per cent and
require triple the decompression time specified
by the Standard Air Tables. Deeper and shorter
dives, such as 40 min at 150 fsw or 30 min at
190 fsw, have estimated risks of 5 per cent and
require double the standard decompression
time. Longer dives, such as 60 min at 150 fsw
or 40 min at 190 fsw, have estimated risks of 9
to 15 per cent and are not safe even with triple
the standard decompression time.

Tables requiring longer decompressions than

the U.S. Navy Standard air decompression ta-
bles have been published in recent years. The
Royal Navy Physiological Laboratory (RNPL)
air diving tables,** 1% developed from the con-
servative Blackpool compressed air tables,'?! are
very long and have a good reputation for
safety,'** although the results of their use are
not readily available. The new Canadian Armed
Forces tables'™ are shorter than the RNPL
tables and were developed in a careful series of
laboratory trials'*'*" but have not yet been
field tested.

Increasing the decompression time reduces,
but does not eliminate, the risk of decompres-
sion sickness. Figure 4-20 shows decompres-
sion schedules from seven sources for a 20-min
air dive to 200 fsw.5 102 119, 125-130 The Jongest of
these schedules, from the RNPL table, was
used after a dry chamber dive to 190 fsw.®
Decompression sickness occurred, despite the
schedule’s length, when a diver restricted the

200
150 1 2
Ecg’ ::__L*:":::;::::Aimﬁ“BLES FIGURE 4-20. Seven decompression sched-
Eg --------- ROYAL NAVY DIVING MANUAL (TABLE Il ules for a 20-min air dive at 200 fsw. An
- E% © 0 0 OO RUSSIAN DIVING MANUAL incident of decompression sickness occurred
= g ®99000 ADYALNAVY DIVING MANUAL (TABLE 12) on the longest of these schedules after a 190
T 1004 3 2 e fsw dive during which a diver restricted the
e 2 emncensee BOYCOTT ET AL 11908) . M F .
i ] circulation to his arm during a nap at the 20
o 22 fsw stop. (From Vann RD: Decompression
‘g" theory and application. In Bennett PB, Elliott
: DH: The Physiology of Diving and Com-
S0 pressed Air Work. 3rd ed. London, Bailliere
Tindall, 1982, pp 352-382.)
\
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FIGURE 4-21. The U.S. Navy method for surface decompression using oxygen. The diver is removed from the water
after his 30 fsw stop and is recompressed within 5 min to 40 fsw in a surface chamber where he breathes 100 per cent
oxygen. (From U.S. Navy Diving Manual, NAVSEA 0994-LP-001-9010, January 1979.)

circulation to one arm during a nap at the 20-
fsw stop. Once again, physiological factors, par-
ticularly when normal function is impaired,
significantly affect decompression risk.

Oxygen

Extended bottom times are sometimes nec-
essary in military, commercial, or scientific div-
ing or in compressed-air work’® but not in
recreational diving. This problem is best solved
by the careful use of oxygen. An elevated oxy-
gen partial pressure reduces nitrogen absorp-
tion at depth and accelerates bubble elimination
during decompression (see Oxygen Window
section). Both factors decrease the decompres-
sion time. Raising the oxygen partial pressure
from 0.7 to 1.4 atm reduces decompression
time from 90 to 20 min after a 60-min nitrogen-
oxygen dive to 100 fsw and from over 195 min
to 100 min after a 60-min dive to 150 fsw.%

Oxygen is also effective in surface decompres-
sion (Fig. 4-21) during which the diver is
removed from the water after his 30-fsw stop
and is recompressed to 40 fsw in a surface
chamber while breathing 100 per cent oxy-
gen.'” Bubbles that form during the brief sur-
face interval are eliminated by the large oxygen
window at 40 fsw in a manner similar to the 60-
fsw oxygen treatment tables (see Fig. 4-9).
Surface decompression and oxygen breathing,
however, introduced hazards not present in air
diving and should not be used without proper
training and equipment.

SUMMARY

Because of the many environmental and bi-
ological factors affecting bubble formation and
inert gas exchange, it should not be surprising
that decompression sickness is unpredictable
and that the safety of a dive is determined by
more than just depth and time. Unfortunately,
depth and time are the only parameters that
can be measured conveniently and must be
used to best advantage to estimate the limits of
diving safety.

Decompression and other diving hazards
make an occasional accident inevitable. While
such accidents may be statistically rare, they
must be anticipated because their consequences
can be both physically and financially devastat-
ing."® Communications should be available for
notifying an accident response system such as
the Divers Alert Network,'"® adequate ground
or water transportation should be pre-arranged,
oxygen should be on-hand for surface use, and
recompression facilities should be available
within a reasonable distance. Equally impor-
tant, initial diver training should teach that
there are no depth-time limits that confer im-
munity from decompression sickness or from
diving accidents in general. Only with these
precautions can the greatest diving safety be
assured.
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