



































DECOMPRESSION THEORY: AMERICAN PRACTICE

dw

5 = Kln—AP—Po,—x)

= —K(AP+ Po,)

Thus, when a constant Po, and a constant AP
are specified for a given theoretical half-time
tissue, it follows that the driving force for gas
exchange (P —) is also constant. In this case the
ascent function must be linear. The ascent rate
must be such that 1 ft of inert gas will desaturate
from the 240-min half-time tissue during the time
required to decrease ambient pressure by 1 ft.

dmr 0-693 . _ 11-6 min
@ = “zaog P0H10) = — ¢

0693 = In 2, K = 0-693/t,,5, AP = 20 ft sea-
water, Po, = 0-3 ATA = 10 ft seawater. There-
fore, about 12 min are required to ascend 1 ft of
seawater depth when the 240-min half-time tissue
controls the helium elimination at a permissible
supersaturation (AP) of 20 ft seawater pressure
of helium.

A series of 24-hour exposures dives at 200 ft
(7 ATA), 300 £t (10 ATA) and 400 ft (13 ATA)
with subjects breathing a helium—oxygen atmos-
phere in a dry chamber, with Po, maintained at
0-5 ATA, was made to determine subject per-
formance and adequacy of decompression. It was
assumed initially that a limiting 180-min half-
time tissue would provide conservative decom-
pression and that a 150-min half-time might be the
slowest to be considered. Three subjects were
decompressed without symptoms following a
12-day exposure at 200 ft (7 ATA) at a constant
rate of 8-25 min/ft seawater depth.

During the decompression from the first
exposure of two subjects to 300 ft (10 ATA) for
24 hours, one diver noted onset of pain in one knee
at 75 ft (3-28 ATA) with use of the 8:25 min/ft
ascent rate. Recompression was effective in
resolving symptoms and he was brought to the sur-
face safely at the twice slower rate of 16-5 min/ft.

It was now considered necessary to control
half-time tissues as slow as 240 min, since the
180-min half-time control proved unsafe for this
subject. With a constant Po, of 0-5 ATA main-
tained in the helium-oxygen atmosphere and a
AP supersaturation of 20 ft (0-6 ATA), the con-
stant rate of ascent required would be 11 min/ft,
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Another pair of divers completed a similar
exposure to 300 ft (10 ATA) and were decom-
pressed without incident at this rate. A third pair
of divers were exposed for 24 hours to a pressure
of 400 ft (13 ATA) and similarly decompressed
without incident (Bornmann 1967).

The method of continuous ascent at a constant
rate was used to decompress four divers in Sealab
I following a 12-day exposure at 193 ft (6-9 ATA)
without incident. In the Sealab II operation at

- 204 ft (7-2 ATA), 28 successful decompressions

were made at a constant rate of 10 min/ft of ascent.
The length of the dives was 2 weeks, except for
one subject who stayed at depth for 4 weeks. One
diver who celebrated his fiftieth birthday during
the dive developed knee pain at 35 ft (2-1 ATA)
which was treated successfully by recompression,
oxygen breathing and slower ascent to the surface.

In preparatory dives for Sealab IIT at the
Experimental Diving Unit, teams of 4 men on
each dive have been exposed up to 72 hours at
depths to 450 ft (14-6 ATA), during which they
have completed excursion dives from 450 ft (14-6
ATA) to 600 ft (19-2 ATA) to perform useful work
for 1 hour, with direct return to 450 ft (14-6 ATA)
without incident. These simulated dives in the
wet—dry pressure complex have demonstrated
the feasibility of divers working down to the
depth of the continental shelf limits from an
underwater station at 450 ft (14-6 ATA).

During these deeper saturation dives with rapid
compression to depth, joint pain hag been noticed
in all subjects within several hours after reaching
maximum depth of 200 ft (7 ATA) or more.
Linear compression at a rate of 15 min/ft was
instituted to permit hydrostatic pressure distribu-
tion in semi-rigid tissues such as cartilage, in
which it has been hypothesized that shearing
forces were developed by rapid compression, and
maintained for sufficient time to induce tissue
injury in painful joints. By this means symptoms
incidental to compression have been largely
avoided. This avoidance of tissue injury is felt
to be important to provide safe decompression
for these divers.

In these dives, a Po, of 0-3 ATS has been
maintained in the chamber atmosphere to reduce
risk of pulmonary oxygen effects and of com-
bustion hazard. Therefore, it was necessary to
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reduce the ascent rate to 12-5 min/ft depth
decrease. As this rate did not provide freedom
from symptoms in some subjects, a rate of 15
min/ft and stages of 4 hours at depth changes of
100 ft (3 ATA) up to 150 ft (5-55 ATA) and at 50-ft
stages to the surface were instituted. This was an
attempt to interrupt the excess supersaturation
time-dependent probability function in bubble
formation. It is apparent that supersaturation of
tissues with inert gas is maintained for much
longer periods of time during ascent from deeper
dives.

EXCURSION DIVING FROM
SATURATION EXPOSURES AT
DEPTH

Through wuse of submersible decompression
chambers (SDC), it has become possible for the
diver to be placed at the underwater site to carry
out productive work for a period of hours, and
then be returned to a deck decompression cham-
ber (DDC) for final decompression. Series of
work dives may be carried out by teams of divers
from a saturation depth in the DDC, being
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transferred to and from the work site by the
SDC. Decompression is then required only upon
completion of the work period. The development
of saturation diving techniques has naturally
led to a consideration of the advantage of ‘excur-
sion diving’ from these deeper platforms. It is not
a completely new concept, however, since normal
diving from sea level has also been excursion
diving from a saturation exposure to nitrogen-
oxygen at a pressure of one atmosphere. If one
calculates decompression by the method used in
the US Navy (Workman 1965) it can be shown
(Figs 17.2 and 17.3) that the allowable inert gas
oversaturation, which is the limiting element for
these excursions, becomes greater as depth in-
creases., Therefore, the magnitude of dives
permitted from a saturation exposure at depth
becomes greater and greater compared to excur-
sion dives from the surface. This was first demon-
strated (Larsen & Mazzone 1967) in a study prior
to Sealab II to establish safe depth-time limits for
air excursions from an air saturation dive at 35 ft
(2:1 ATA). Other work using helium-oxygen
mixtures soon followed (Krasberg 1966; Hamilton,
Fructus & Fructus 1968; Schreiner & Kelley 1970).

Allowable nitrogen oversaturation (feet of seawater)
N
(=]

|
50 60 70 80 90 100

Depth (feet of seawater)

Fr1g. 17.2, Allowable nitrogen oversaturation related to depth in feet of seawater
for half-time tissues (h) from 5 through 240 min,
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Allowable helium oversaturation (feet of seawater)
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200 & 240h i i

20

50 60 70 80 90 100

Depth (feet of seawater)

F1e. 17.3. Allowable helium oversat

uration related to depth in feet of sea-

water for half-time tissues (k) from 5 through 240 min.

TABLE 17.7

No-decomp_ression limit table, repetitive group designation table, and repetitive excursion timetable for
excursions from a saturation exposure at a, depth between 150 ft and 300 ft of seawater gauge depth

Depth of excursion from
saturation exposure

No-decompression
limits (min)

Repetitive group designation

A B c¢ D E F

Plus 25 feet

50 270
75 150
100 G0

60 150 300 600
30 60 100 150 210 270
20 40 65 90 120 150

10 20 30 40 50 60

In 1969 the US Navy carried out a year-long
test of tables for no-decompression helium—
oxygen excursions from helium-oxygen saturation
dives (Bornmann 1970). In the program at the
Experimental Diving Unit 1126 individual repetit-
ive dives were made without incident and three
tables (Tables 17.7, 17.8 and 17.9) were approved
for service use in accordance with the instructions
given in Appendix I of that report. The tables are
similar in format and use to the other repetitive
diving tables of the US Navy.

Basic calculations in the design of these tables
were made in accordance with the method of
Workman. These are summarized in Fig. 174,
where it can be seen that the limiting elements
were considered to be the 20- and 40- as well as the
200-min half-time tissue. The surprising absence
of any difficulty with the excursions during the
testing period does suggest that some safety and
conservatism was embodied in the limits chosen.
The criterion for adequacy was the absence of
symptoms of decompression sickness during the
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TasLE 17.8

No-decompression limit table,

repetitive group designation table, and repetitive execursion timetable for

exeursions from a saturation exposure at a depth between 300 ft and 600 ft of seawater gauge depth

Depth of excursion from
saturation exposure

No-decompression
limits (min)

Repetitive group designation

A B C D E F
Plus 25 feet — 60 150 300 600

50 270 30 60 100 150 210 270

75 150 20 40 65 90 120 150

100 100 15 30 45 60 80 100

125 75 10 20 30 45 60 75

150 60 10 20 30 40 50 60
TaBLE 17.9

Habitat interval credit table for saturation exposure at a depth between 150 ft and 600 £t of
seawater gauge depth

Repetitive group at the
beginning of the habitat
interval (from previous

Repetitive group at the end of the habitat inlerval

(before repetitive excursion)

excursion) I E D c B A
F to 1:00 2:30 4:00 6:30 12:00 24:00
E 1:30 3:00 5:30 10:00  24:00
D 2:00 4:00 8:00 24:00
C 2:30 6:30 24:00
B 4:00 24:00
A 24.:00

24-hour period following the excursion. Some
difficulty was encountered in subsequent decom-
pression from the saturation exposure, as will be
described later, and it is possible that this was
related to the earlier situation of repetitive
excursion diving. Barnard (1971) in an un-
published investigation at the Royal Naval
Physiological Laboratory at Alverstoke studied a
profile of decompression from helium-oxygen
saturation dives which utilized a combination of
24.-hour stage stops and fairly rapid intervening
ascents. It is interesting to note that initial
ascents of considerable magnitude could be made
without incident, but these did seem to be
associated with difficulty following other ascents
later in the decompression. Still, a relatively
minor adjustment of the M values permitted at
depth would allow for a 509, increase of excursion
time in the American tables, and a follow-on

program of testing was planned by the Experi-
mental Diving Unit for the spring of 1974 to
investigate this possibility. That experience will
be analysed and the results inserted, as corrections
if necessary, into the M value matrix.

A considerable amount of work, sponsored
chiefly by the US Navy and the National Oceanic
and Atmospheric Administration (NOAA), has
been conducted to study excursions from satura-
tion dives between 30 and 100 ft (1-9 and 4-0
ATA) using compressed air or nitrogen-oxygen
atmosphere (Hamilton et al. 1973; Adams 1974).
Due to the complexity and cost of maintaining a
closed-chamber environment of helium-oxygen
mixture, shallow saturation diving using a
gaseous atmosphere obtained from air could be
accomplished considerably more easily and more
cheaply. It has been postulated also that in
caisson operations to depths greater than 75 feet
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F1a, 17.4, Use of display of M values in relation to depth as a means of estimating
the shallowest saturation exposure possible for certain no-decompression excursions

(33 ATA) there is considerable advantage in
economy as well as in safety to the use of a satura-
tion-excursion technique. An increasing amount
of evidence indicates that the incidence of aseptic
bone necrosis of compressed air work is related
more to the adequacy and frequency of decom-
pressions than to any other factor. A short, safe
ascent from the pressure of the working face to an
air saturation exposure at 35 to 50 feet (2-1 to
2:5 ATA) would permit more working time per
shift, The major decompression from that level
to the surface might require several days to
complete but would need to be undergone only
once or twice per month. If the frequency of
aseptic bone necrosis in the workers was reduced
by this technique, that factor alone would
compensate for the increased capital investment
required.

Evidence from one NOAA-sponsored study
(Hamilton et al. 1973) indicates that nitrogen
narcosis in an air excursion dive from a nitrogen
saturation base at 100 ft (4 ATA) is not as

incapacitating as in deep air dives to the equiva-
lent depth from the surface. That project and a
related Navy one (Adams 1974) tested limits also
for ‘negative’ excursion dives, i.e. excursions
upward in depth to pressures less than that of the
saturation exposure.

The statement has been made that dives to
depths greater than 1000 {t (31 ATA) can be more
easily reached as excursions from helium satura-
tion exposures near 800 ft (25:2 ATA) as a base
depth. However, where the main focus of the
intermediate depth studies mentioned has been to
delineate the limits for decompression under the
conditions tested, much more understanding is
required of the effect of pressure per se and
pressure rate changes at great depths on the
cerebrospinal and cardiovascular responses of
the human diver before such deep excursion
operations can be routinely and safely executed.

Contrary to expectations, the saturation de-
compression procedures developed for the Sealab
program did not work as well as had been hoped
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in the Experimental Diving Unit program of
saturation-excursion table testing. It was not
certain that the prior period of extensive excur-
sion pressure changes was the cause of the diffi-
culties encountered, most of which appeared
between 50 ft (2:5 ATA) and the surface. How-
ever, it was felt that further slowing of the rate of
ascent throughout the entire decompression was
not the optimum correction. A continuous, long-
term exposure to sustained inert gas over-
pressures within the body seems to be qualita-
tively different from the usual situation in stage
decompression where tissue gas levels are raised
initially and then fall off over the period of the
stop. A uniform daily schedule was tested in which
the rate of ascent is determined by the depth,
with slowing as the diver approaches the surface,
but the ascent itself is done in a continuous fashion
in two separate 8-hour periods separated by a
2-hour stage stop in the afternoon and a 6-hour
overnight ‘sleep’ stop. Although the new method
did not completely eliminate decompression
sickness in this Navy series, it sharply decreased
its incidence and the few cases seen were ‘pain
only bends’, easily treated by a short return to
higher pressure. More study is required to compare
the results of European methods of saturation
decompression which bring the diver out in
roughly one half of the time used in American
practice.

DEEPER WORKING DIVES WITH
HELIUM-OXYGEN

Working dives with 15 min actual time ab
depth have been completed successfully for
depths from 300 ft (10 ATA) to 600 ft (19-2 ATA)
in the Experimental Diving Unit wet-dry
pressure facilities using helium—oxygen breathing
mixtures at depth and nitrogen—oxygen or helium—
nitrogen-oxygen mixtures for decompression
(Fig. 17.5). Both stage and linear ascent decom-
pression at a varying rate have been used success-
fully (Workman 1967).

It was decided that working dives of 1 and 2
hours would be needed to accomplish work which
would require a considerable number of shorter
dives to complete. The considerable amount of
inert gas taken up in slowly equilibrating tissues
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during such long pressure exposures obligates a
prolonged decompression which is only possible
through use of the SDC-DDC technique to remove
the diver from the water.

For simplicity, an air atmosphere has been used
in the decompression chamber, with divers
continuing to breathe a helium-oxygen mixture
supplied by demand regulators and masks in the
chamber until a depth of 100 ft (4 ATA) is
reached. Air breathing is then begun to aid
helium elimination, supplemented by intermittent
oxygen breathing at depths less than 40 ft (2:2
ATA) to increase elimination of both nitrogen
and helium from body tissues.

Working dives of 2 hours’ duration have been
accomplished by this technique to depths through
300 ft (10 ATA) (Figs. 17.3 and 17.6) and for
1 hour to 450 ft (14:6 ATA). While 15 hours’
ascent time is required after 2-hour working
dives at 300 ft (10 ATA) and 22 hours’ after 1
hour at 450 ft (14-6 ATA) it is considered that the
ratio of productive work to decompression time
is more favourable for such dives than those with
shorter bottom time.

DECOMPRESSION WITH
HELIUM-NITROGEN-OXYGEN
MIXTURES WITH CONSTANT

Po, MIXED GAS SCUBA

In addition to work with deeper diving systems,
a considerable number of dives have been made
to evaluate a closed circuit constant Po, mixed
gas scuba. Working dives of a range from 300 ft
(10 ATA) for 20 min to 70 ft (3-12 ATA) for 220
min have been made to demonstrate depth and
duration capabilities. Separate inert gas supply
for helium and nitrogen permit switching of the
inert gas fraction of the mixture during the dive
and decompression.

A series of minimal decompression dives, and
those of duration permitted by 15-min decom-
pression time, using helium-nitrogen inert gas
mixture with Po, of 1-3 to 1-6 ATS have been
evaluated at the Experimental Diving Unit.
Significant extension of dive duration has been
observed with this procedure over that possible
with helium—oxygen used in semi-closed mixed
gas scuba (Workman 1967) (Table 17.10). The
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300 foot - 20 minute dive r 400 foot - 20 minute dive
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Fra. 17.5. Helium-oxygen dive schedules with continuous
ascent decompression for 20-min exposure at 300 and 400 ft
seawater depth

Breathing mixtures at 300 ft: (1) 809, helium, 209, oxygen; (2) 609,
nitrogen, 409, oxygen; (3) 100% oxygen; and at 400 ft: (1) 379, nitrogen,
37% helium; 269, oxygen; (2) 8569 helium, 156% oxygen; (3) 30%
nitrogen, 309, helium, 409, oxygen; (4) 100% oxygen.
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Frc. 17.6. 300-ft, 2-hour helinm-oxygen dive with decompression on air
and oxygen

Breathing mixtures: (1) 809, helium, 209, oxygen; (2) 90%, helium, 10%,
oxygen; (3) air; (4) 1009, oxygen. (A) Wet chamber; (B) dry chamber.
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TasLe 17.10
Comparigon of dives on He-O5 and N,-He-0, with
no decompression and with 15 minutes’ decompres-
sion

Depth  Bottom time (min) Bottom time (min)
(ft) 75-25%, helium— Nitrogen—helivm—
oxygen oxygen

(4) (B) (©) (D) (2 ()
70 85 100 115 240 — —
80 60 70 80 140 _— —
90 45 60 70 70 ‘\1:'[,33 130 —
100 35 45 50 50 pg, 100 —
110 30 40 50 40 ¢ 70 9 —
120 25 35 40 35 ) 60 —

130 20 30 35 30 16 45
140 15 25 30 25 po. 40 —
150 15 25 25 20 40

160 10 15 20 15 — 30
170 10 12 20 12 — 25
180 5 10 15 10 — 20
190 — 10 10 9 — 17
200 = 8 = 8 — 15
(A) No decompression. (B) 15 min decompression. (C) 15

min oxygen decompression. (D) No decompression—1-3 to

1.6 ATS Po,. (E) 15 min decompression—I1-3 ATS Po,.
(¥) 15 min decompression—1:6 ATS Po.

mechanism to explain this difference may relate
to varying inert gas distribution in body tissues
in accordance with solubilities of the gases, as
described by Bjurstedt and Severin (1948), and
nucleation and bubble growth characteristics
differing with tensions of several inert gases in
golution in body tissues.

RATIONALE FOR MODIFICATIONS
MADE TO THE HALDANE METHOD
OF DECOMPRESSION
CALCULATION IN THE US NAVY

Subsequent experiments on uptake and elimina-
tion of nitrogen and helium by Shaw et al. (1935)
and Behnke, Thomson and Shaw (1935) have
yielded quantitative data to validate the gas
exchange processes indicated by Boycott, Damant
and Haldane (1908). From data obtained in a
series of studies on dogs and human subjects they
concluded that nitrogen absorption is propor-
tional to the partial pressure of nitrogen in the
lungs, that with the same pressure gradient the
rate of nitrogen absorption is equal to the rate of
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elimination, and that the time for complete nitro-
gen elimination, and percentage rate of nitrogen
elimination for corresponding periods of time, are
the same irrespective of the quantity of nitrogen
absorbed by the body.

Forster (1964) concluded on the basis of theor-
etical calculation that nitrogen in the alveolus
would achieve 99%, equilibration with alveolar
capillary blood in 0-01 sec, and thus have plenty
of time to equilibrate completely in transit time
through the capillary. He also concluded from a
mathematical evaluation of inert gas transport
in resting muscle by radial diffusion from a
capillary that the half-time for equilibration would
be 54-7 sec. Thus, an inert gas will only equilibrate
between capillary blood and the surrounding
tissue in one transit time in tissues with a high
capillary density, but it appears likely that
equilibration will not occur in tissues with a
lower capillary density. The time constant (K)
for exchange of inert gas in the tissue is equal to
the volume of blood flow per minute per volume
of tissue multiplied by the ratio of solubility of
the inert gas in blood to the solubility in tissue.
This is the same rate constant for inert gas ex-
change derived by Jones (1950) in elimination
studies of gases with molecular weight varying
from helium through xenon. Forster (1964) further
states that lack of equilibration between venous
blood and tissue would produce an apparent
change in the rate constant, which could not be
distinguished from a real change in volume of
blood per volume of tissue or the ratio of blood
to tissue solubilities without additional informa-
tion not presently available for inert gases.

It is recognized that inert gas uptake in body
tissues during exercise will be far greater than
during rest due to increased cardiac output, tissue
perfusion and decreased intercapillary diffusion
distance. For resting muscle, capillary blood flow
may vary by a factor of 25 from the exercise state.
Tissues with even less vascularity, as connective
tissue and cartilage, may have even less blood
perfusion and limit greatly the inert gas exchange
rate, though inert gas solubility in these tissues
is less than for body fat.

Determination of safe supersaturation limits for
working dives with direct return to 1 ATA does
provide, in some measure, for the difference in
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inert gas exchange between exercise and rest.
However, as the depth of the dive increases, the
inert gas exchange gradient between blood and
tissues becomes greater than for the minimal
decompression dives for which surfacing super-
saturation limits are derived, to magnify the
error in predicted inert gas uptake. It appears
that for dives in excess of 200 ft (7 ATA) some
factor must be multiplied by the time interval
of exposure to provide for the additional inert
gas uptake with exercise. A factor of 1-5 provides
well for many dives tested, though a factor of 2-0
was used in calculation of helium-oxygen
schedules in the present US Navy Diving Manual.
Further studies will be required to define this
factor of difference to provide for safe decom-
pression.

Several studies of effects of oxygen breathing at
increased pressure have demonstrated a reduction
in the volume of blood perfusing organs and
extremities, This effect is both Po, and time
dependent. Blood flow reduction of 259, has been
shown in the lower extremity of men breathing
oxygen at 2 ATA Po, (Bird & Telfer 1965). Time
for equivalent tissue perfusion of blood for inert
gas elimination would be increased 1339%,. This,
however, does not allow for increase in inter-
capillary diffusion distances, as discussed earlier,
in slowing gas exchange in all body tissues. Use of
intermittent air and oxygen breathing during
decompression may take advantage of increased
perfusion of tissues with reduction of the inspired
Po,. In any event, the efficiency of inert gas
elimination during oxygen breathing is diminished
to less than predicted on the basis of the gradient
between the inert gas tension in arterial blood
and tissue as a result of decreased tissue perfusion.

The necessity to consider larger values of tissue
half-time to calculate decompression for both
helium and nitrogen dives has been discussed
previously. The inadequacy of methods used to
study inert gas elimination has also been described.
Recent studies by Groom and Farhi (1967) in
which nitrogen elimination from large dogs
surrounded by an oxygen atmosphere permitted
precise definition of rate constants of the slowest
tissue components, reported half-times as slow as
190 min. Thus, the range of half-time tissues
considered appropriate for man in decompression
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calculations for air dives relates well to these
studies on animals of lesser body mass.

The depth and half-time dependence of the
supersaturation criteria have been discussed
earlier in some detail as this varies from the
original theory of Haldane. Further definition
of the mechanism of pressure and time-concen-
tration dependence of nucleation and bubble
growth is required in living animal preparations
to extend the information available to permit
calculation of more efficient, safe decompression.

APPENDIX: COMPUTATIONS FOR
DECOMPRESSION

The conventional Haldane method of decompres-
sion rests on the assumption that the time-rate of
change (dP/dz) of the inert gas tissue tension (P) is
proportional to the difference between the inspired
partial pressure of the inert gas (P;) and the
instantaneous value of P.

Thus

%?- = K(P;—P) (1)
If P; is constant from time zero (¢ = 0), and if P; is
the inert gas tension at ¢ = 0, then the inert gas
tissue tension (P) at time ¢ can be determined as a
function of Pp, P, and ¢. Upon separation of the
variables of equation (1) and the insertion of limits,

P 4P 5
— = | KEd
LD(PI—P) fo

The solution of this equation is

i
In (P;—P)

Po

= — Kt (2)

or
Pi—P = (P;—Py) e *

Subtraction of P, from both sides and rearrangement
of terms lead to the desired expression

P = Py+(P;— Pg)(l—e~K) (3)

During decompression, P; is reduced in steps at
intervals intended to effect rapid but safe elimination
of the inert gas absorbed in the tissues (P). The time
for (P;— P) to decrease to one half its value imme-
diately after a reduction of P; is called the half-
time (£;;5). This time is characteristic of the partic-
ular tissue and inert gas involved, but it is inde-
pendent of the actual values of P; and P within
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the range of pressures for which equation (1) is
valid. Then from equation (2)

M‘z‘ = h'l.'}r = —I{t”g

In .- P, %

and
In2

In2 0693

lyjz tiy2

(4)

Then the exponent in equation (3) can be expressed
as

_ 0-693¢
b2

The acceptance of equation (1) requires the further
assumption that inert gas is uniformly distributed
throughout the tissue represented by #,5 at all times.
Jones (1950) used radioactive tracers to examine the
distribution of inert gas in tissues. Roughton (1952)
examined the relationship among the tissue half-
times, the coaxial diffusion eylinder of the capillary,
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throughout the tissues. Two concepts are presently
employed in determining critical supersaturation
values. The supersaturation ratio is the sum of
dissolved gas tension (3 P;) to ambient or hydro-
static pressure (Hp):

3 s ey,

The supersaturation gradient (AP) is the difference
between the sum of the dissolved gas tissue tension
(3 P,) and the hydrostatic pressure:

AP =5 B Fi—
i=0

where n is the number of gases with significant partial
pressures within the tissue of concern (#;;5). AP may
vary as a function of the rate constant (K) and with
water depth (D).
That is

AP = f(DATA, K)

AP = AP.tgD

where g = rate of change of P as function of depth,
and P; = P at surface (1 ATA).

and the diffusion coefficients of inert gases in
tissues. It was concluded from this study that the
inert gas diffuses immediately and uniformly

REFERENCES

Apawms, G. M. (1974) Shallow Habitat Air Dive: 1-30 Days at a Simulated Depth of 50 Feet of Seawater with Excursions
between 5 and 235 Feet. NMSMRL Report No. 775, US Naval Submarine Medical Research Laboratory.

ALEKSANDROV, A. I. & BrEsTEIN, A. P. (1965) The permissible supersaturation coefficients in human beings breathing
air and a helium—oxygen mixture. The Effects of the Gas Medium and Pressure on Body Functions. Ed. M. P.
Brestkin, pp. 5-9, Collection No. 3, NASA-TT-F-358, Washington, D.C.

BarwarD, E, E. P. (1971) Institute of Naval Medicine, Gosport, UK. Personal communication.

BATEMAN, J. B. (1951) Part 1. Review of data on value of pre-oxygenation in prevention of decompression sickness. In
Decompression Sickness. Ed. J. F, Fulton, pp. 242-321. Philadelphia: W. B. Saunders.

Bernkzr, A. R. (1947) A Review of Physiological and Clinical Data Pertaining to Decompression Sickness. Proj. X-443,
Report No. 4, Naval Medical Research Institute, Bethesda, Maryland.

BrerxkE, A. R. (1967) The isobaric (oxygen window) principle of decompression. Transactions of the Third Annual
Conference of the Marine Technology Society, pp. 218-228. Washington: Marine Technology Society.

BEHEKKE, A. R., THOMsON, R, M. & Smaw, L. A. (1935) The rate of elimination of dissolved nitrogen in man in relation
to the fat and water content of the body. Am. J. Physiol. 114, 137-146.

BEENEE, A. R. & Witrmon, T. L. (1939) USS Sgualus. Medical a.spects of the reseue and salvage operations and the
use of oxygen in deep-sea diving. Naw. med. Bull. 37, 629-640.

Beanke, A. R. & Witzvon, T. L. (1941) Cutaneous diffusion of helium in relation to peripheral blood flow and

absorption of atmospheric nitrogen through the skin. Am. J. Physiel. 131, 627-632.

BerNKE, A. R. & YARBROUGH, O. D. (1938) Physiologic studies of helium. Nav. med Bull. 36, 542—558

Bep, A. D. & TELFER, A. B. M. (1965) The effect of increased oxygen tension on pemphera.l blood flow. Hyperbaric
oxygenation. Proceedings of The Second International Congress. Ed. I. M. C. A. Ledingham. pp. 424-430. Edin-
burgh: Livingstone.

BiurstEDT, H. & SEVERIN, G. (1948) The prevention of decompression sickness and nitrogen narcosis by the use of
hydrogen as a substitute for nitrogen (the Arne Zetterstrom method for deep diving). Milit. Surg. 103, 107-116.

Boxp, G. F. (1963) A new under-sea capability. Navy Technical Forum NAVEXOS P-2193. Fall 1963, pp. 1-10
(Confidential).

Boxp, G. F. (1964) New developments in high pressure living. Archs envir. Hlth 9, 310-314.

BorxMANN, R. C. (1967) Decompression after saturation diving. In Proe. 3rd Symp. Underwater Physiology. Ed. C. J.
Lambertsen. pp. 109-121. Baltimore: Williams & Wilkins.

BorxManN, R. C. (1970) Decompression Schedule Development for Repetitive Saturation-excursion Helium—oxygen
Diving. Research Report 1-70, Deep Submergence Systems Project Office, Chevy Chase, Marylan d.

Bovycorr, A. 1., Damant, G. C. C. & HALDANE, J. 8. (1908) The prevention of compressed air illness. J. Hyg., Camb. 8,
342-443.

BresTrIN, A. P. (1965) Relationship between the supersaturation coefficient of gas-liquid systems and the tension of
dissolved gas. In The Effect of the Gas Medium and Pressure on Body Functions. Ed. M. P. Brestkin. pp. 10-17,
Collection No. 3, NASA-TT.F-358, Washington, D.C.



DECOMPRESSION THEORY:. AMERICAN PRACTICE 329

Brestkin, A. P., GrRaMeNITsk, P. M. & Siporov, N. Ya. (1965) Study of the safe supersaturation of the body with
indifferent gases at different pressures. In The Effect of the Gas Medium and Pressure on Body Functions. Ed.
M. P. Brestkin. pp. 18-27, Collection No. 3, NASA-TT-F-358, Washington, D.C.

Davis, R. H. (1962) Deep Diving and Submarine Operations, pp. 7-9. London: St. Catherine Press.

Drs Grancus, M. (1958) Standard Air Decompression Tables. Research report 5-57, US Navy Experimental Diving
Unit, Washington, D.C.

Drs Grances, M. (1957) Repetitive Diving Decompression Tables. Research report 6-57, US Navy Experimental
Diving Unit, Washington, D.C.

Dowr, R. E. (1965) Decompression Sickness among U.S, Navy Operational Divers: an Bstimate of Incidence using Air
Decompression Tables. Research report 4-64, US Navy Experimental Diving Unit, Washington, D.C.

DurrsER, G. J. & SNxipER, H. H. (1958) Effects of Baposing Men to Compressed Air and Helium—oxygen Mixtures for 12
Hours at Pressures 2-2-6 Atmospheres. Research report 1-59, US Navy Experimental Diving Unit, Washington,
D.C.

DurrNER, G. J., SNYDER, J. F. & Svrra, L. L. (1959) Adaptation of Helium—oxygen to Mived Gas Scuba. Research
report 3-59, US Navy Experimental Diving Unit, Washington, D.C.

DwyER, J. V. (1956) Calculation of Repetitive Diving Decompression Tables. Research report 1-57, US Navy Experi-
mental Diving Unit, Washington, D.C.

Exp, E. (1937) Rapid decompression following inhalation of helium-oxygen mixtures under pressure. Am. J. Physiol.
120, 712-718.

Farnr, L. E., Homua, T., Bercer, D. (1962) Tissue N, washout in the whole animal and in individual organs.
Physiologist 5(3), 138.

Forster, R. E. (1964) Diffusion of gases. Tn Handbool of Physiology, Sec. 3, Respiration: Vol. I. Ed. W. 0. Fenn &
H. Rahn. pp. 839-872. Washington: American Physiological Soc.

FrENcH, G. R. W. (1916) Diving operations in connection with the salvage of the USS F-4. Nav. med. Bull. 10, 74-91.

Groom, A. C. & Farmr, L. E. (1967) Cutaneous diffusion of atmospherie N, during N, washout in the dog. J. appl.
Physiol. 22, T740-745.

HALDANE, J. 8. & PrIEsTLEY, J. G. (1935) Respiration, 2nd edn. New Haven: Yale University Press.

Hamvron, R. W., Fructus, P. & Frucrus, X. R. (1968) Physiological Surveillance and Performance Tests During a
Seven Day Exposure at 9-5 Atmospheres. Presented to the 24th International Congress of Physiological Sciences,
Washington, D.C.

Hamiron, F. T., Bacow, R. H., HALDANE, J. 8. & LEss, E. (1907) Report to the Admiralty of the Deep-Water Diving
Commiitee. London: H.M. Stationery Office.

Hammwron, R. W., KExvox, D. J., FRErrAG, M. & ScHrEINER, H. R. (1973) NOAA OPS I and II; Formulation of
Hzcursion Procedures for Shallow Undersea Habitats. Technical Memorandum UCRI-731, Union Carbide Corpora-
tion, New York.

Hawgrws, J. A., Sminuiye, C. 8. & Haxsex, R, A. (1935) A suggested change in calculating decompression tables for
diving. Buil. 33, 327-338.

HewmprEMAN, H. V. (1967) Decompression procedures for deep, open sea operations. In Proc. 3rd Symp. Underwater
Physiology. Ed. C. J. Lambertsen. pp. 255-266. Baltimore: Williams & Wilkins.

Hicr, A, V. (1928) The diffusion of oxygen and lactic acid through tissues. Proc. R. Soc. Biol. 104, 39-96.

Joxus, H. B. (1950) Respiratory System: nitrogen elimination. Medical Physics, Vol. II. Ed. O. Glasser. pp. 855-871.
Chicago: Year Book Publishers.

Kixpwain, E. P. (1962) Metabolic rate and animal size correlated with decompression sickness. Am. J. Physiol. 203
(2), 385-388.

KrasBERG, A. R. (1966) Saturation diving techniques. In Proc. Fourth Int. Congress Biometeorology. Rutgers Univ.,
New Brunswick, New Jersey.

Lansex, R, T. & Mazzong, W. I. (1067) Excursion diving from saturation exposures at depth. In Proc. 3rd Symp.
Underwater Phystology. Ed. C. J. Lambertsen. pp. 241-254. Baltimore: Williams & Wilkins.

Morumpry, C. G. (1950a) Computation of Helium—oxygen Decompression Tables. Research report 7-50. US Navy
Experimental Diving Unit, Washington, D.C.

Morumery, C. G. (1950b) Evaluation of Newly Compuled Helium—oxygen Decompression Tables at Depths Greater than
Provided for in Published T'ables. Research report 9-50. US Navy Experimental Diving Unit, Washington, D.C.

MomsEeN, C. B. & WEELAND, K. R. (1939) Report on use of Helium—oxygen Mixtures for Diving. (Revised 1942). US
Navy Experimental Diving Unit, Washington, D.C.

P1ccArD, J. (1941) Aero-emphysema and the birth of gas bubbles. Proc. Mayo Clin. 16, 700-704.

Rasueass, C. (1955) Investigation into the Decompression Tables. Report. Medical Research Council, RN Personnel
Research Committee, U.P.S. 151, London.

ReEeves, E. & BEcxkMAN, E. L. (1966) T'he Incidence of Decompression Sickness in Dogs Following 7, 12, 18 and 24 hour
Saturation Dives with ‘ No-stop’ Decompression, Report No. 4, Naval Medical Research Institute, Bethesda,
Maryland.

Rorn, E. M. (1967) Space Cabin Atmospheres. Part I11. Physiological Factors of Inert Gases, NASA 8P-117, Washing-
ton: Office of Technology Utilization. Natl Aeron. Space Admin.

Rovucrrox, F. J. W. (1952) Diffusion and chemical reaction velocity in eylindrical and spherical systems of physio-
logical interest. Proc. R. Soc. B, 140, 203-229.

Savers, R. R. & Yant, W. P. (1926) The value of helium-oxygen atmosphere in diving and caisson operations.
Anesth. Analg. 5, 127-138.

Savesrs, R. R., Yant, W. P. & HiLDEBRAND, J. (1925) Possibilities in the Use of Helium—oxygen Mixtures as a
Mitigation of Caisson Disease. Report of Invest. No. 2670. US Dept. of Interior.

ScrrEINER, . R. & Keriey, P. L. (1967) Computation methods for decompression from deep dives. In Proe, 3rd
Symyp. Underwater Physiology. Ed. C. J. Lambertsen. pp. 277-299. Baltimore: Williams & Wilkins,



330 PHYSIOLOGY AND MEDICINE OF DIVING

ScHREINER, H. R. & KeLLEY, P. L. (1970) Decompression Schedules for Saturation-excursion Dives. Aerospace Med.
51, 491-494.

Swaw, L. A., BEankE, A. R., MessER, A. C., THoMsox, R. M. & Motrey, E. P. (1935) The equilibrium time of the
gaseous nitrogen in the dog’s body following changes of nitrogen tension in the lungs. Am. J. Physiol. 112, 545.

Srirson, G. D. (1915) Report on Deep Diving Tests. p. 2562, Bureau of Construction and Repair, Navy Dept. Wash-
ington, D.C.: US Gov. Printing Office.

TraoMsoN, E. (1927) Helium in deep diving. Science, N.¥. 65, 36-38.

US Navy Diving Manual (NAVSHIPS 0994-001-9010). (Revised 1974.) Navy Dept. Washington, D.C.: US Gov.
Printing Office.

Van DEr AvUg, 0. E., Brintox, E. 8. & Kerrar, R. J. (1945) Sunface Decompression, Derivation and Testing of De-
compression Tables with Safety Limits for Certain Depths and Ewxposures. Research project X-476, Research
report I. US Navy Experimental Diving Unit, Washington, D.C.

Vax DER Aug, O. E., Kerpar, R. J., Brintox, E. 8., Barron, G., Giriay, H. D. & Joxss, R. J. (1951) Caleulation
and Testing of Decompression Tables for Avwr Dives Employing the Procedure of Surface Decompression and the Use
of Oxygen. Research report 1. US Navy Experimental Diving Unit, Washington, D.C.

WorkwmaN, R. D. (1957) Calculations of Adir Saturation Decompression Tables. Research report 11-57. US Navy Experi-
mental Diving Unit, Washington, D.C.

WorkMAN, R. D. (1965) Calculation of Decompression Schedules for Nitrogen—oxygen and Helium—oxygen Dives.
Research report 6-65. US Navy Experimental Diving Unit, Washington, D.C.

WorkMAN, R. D. (1967) Underwater research interests of the US Navy. In Proc. 3rd Symp. Underwater Physiology,
Ed. C. J. Lambertsen. pp. 4-15. Baltimore: Williams & Wilkins.

WorkMAN, R. D. & Rey~NoLps, J. L. (1965) Adaptation of Helivm—oxygen to Mived Gus Scubu. Research report 1-63.
US Navy Experimental Diving Unit, Washington, D.C.

YarBrOUGH, Q. D. (1937) Calculation of Decompression Tables. Research report. US Naval Experimental Diving
Unit. Washington, D.C.

ZAr’TsMARN, (. L. & Zivov’eva, L. D. (1965) Comparative determinations of the permissible supersaturation value of
the human body with indifferent gases under different conditions. In The Effect of the Gus Mediwm and Pressure
on Body Functions. Ed. M. P. Brestkin, pp. 28-33. Collection No. 3, NASA-TT-F-358, Washington, D.C.



	Scan_20260425
	Scan_20260425 (2)
	Scan_20260425 (3)
	Scan_20260425 (4)
	Scan_20260425 (5)
	Scan_20260425 (6)
	Scan_20260425 (7)
	Scan_20260425 (8)
	Scan_20260425 (9)
	Scan_20260425 (10)
	Scan_20260425 (11)
	Scan_20260425 (12)
	Scan_20260425 (13)
	Scan_20260425 (14)
	Scan_20260425 (15)
	Scan_20260425 (16)
	Scan_20260425 (17)
	Scan_20260425 (18)
	Scan_20260425 (19)
	Scan_20260425 (20)
	Scan_20260425 (21)
	Scan_20260425 (22)
	Scan_20260425 (23)
	Scan_20260425 (24)

