






































BIOPHYSICAL ASPECTS OF DECOMPRESSION

tissue upon decompression is presumed to be as
random as found in tissues of known identity and
in the multi-phase systems investigated in vitro,
both in decompression threshold and in spacial
distribution.

3. The relevant sites to be considered in estimat-
ing the imminence of decompression sickness are
taken as the ‘worst possible’. These are the few
micro-regions, or may be only one in many million
possibilities, where caviatation has occurred
(a) soon after equilibrium conditions have been
exceeded, and (b) in such profusion that any local
supersaturation is soon dissipated by virtue of the
short diffusion paths for the excess gas in reaching
the nearest nucleus, i.e. excess gas is ‘dumped’.

These conditions define the ‘worst possible’
since they represent not only the maximum
volume of gas separating from solution per unit
volume of tissue (v in equation 2), but the mini-
mum driving force for its elimination via the cir-
culation once formed (equation 6).

4. The phase equilibration (growth of gas
phase) of these profusely nucleated micro-regions
is comsidered to occur within a few minutes of a
change of pressure. Fortunately this avoids the
insuperable mathematical complexity introduced
by superimposing slow growth of nuclei upon
their pattern of random distribution,

5. This gas separated from solution will then
tend to coalesce, or to congregate by other means,
until its local displacement of tissue bends or
otherwise distorts a nerve ending beyond its pain-
provoking threshold. Physically, this can be re-
garded as a concentration of mechanical stress (8)
until it exceeds the critical value (§') as expressed
by equation (1).

6. When the gaseous phase has formed, the
driving force for its elimination via the circulation
is provided by the inkerent unsaturation alone
(equation 6).

Quantitative description of general case
The bends-provoking stress (8) is difficult to
measure but, fortunately, it can be eliminated
from equation (1) and (2) to give the critical condi-
tion for bends as:
v> 8K Y (9)

where the total volume of all separated gases per
unit volume of tissue (v) can be related to the
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nitrogen separated from solution in the gaseous
phase from a simple balance for this gas in tissue
as:

vP'Ny = 8(Po— P,)Fiys + G, — G, — SP'N, (10)

(separ- (initial) (uptake) (elimi- (remaining
ated) nated) in solution)

where § is the solubility of nitrogen, Fiy, is its
inspired fraction and @, is the nitrogen eliminated
during gradual decompression, while the nitrogen
taken up at the ‘bottom’ pressure (P,) is given by
the time function, ®(t), such that:

Gy = S(P,— Po)Fiy,. O(7)
where = is the ‘bottom’ time.
Elimination of &, P'N, and » from equations
(3), (9) and (10) gives the general condition for
the occurrence of a imb bend as:
[Po—Py+(Py— Po). O(1)] Fing — (G,/S)— P—c
(P+c)

(11)

Sn’
> %5 = I (@2)
where f is the critical volume fraction and, if
pressures are given in units of atmospheres, S is
then the Bunsen coefficient for nitrogen. ¢ is given
by equation (4).

Assessment

In qualitative terms, this comprehensive ex-
pression (equation 13) can be seen to predict a
greater likelihood of bends for a greater ‘bottom’
pressure (P,4 ), greater decompression (P ), a
longer exposure time (4 ), more nitrogen in the
0,:N, breathing mixture (FIys4 ), less decom-
pression time (6, J, ), a more soluble inert gas (S 1)
or a less compliant critical tissue (K 1 ).

Quantitatively, this expression can offer a
reason why a decompression ratio would appear to
hold—at least, for the particular conditions of the
experiments (Boycott & Damant 1908) which led
to the introduction of this concept by Haldane,
viz. saturation exposure, ®(7)=1, followed by no-
stop decompression (@,=o0), when equation (12)
gives:

P, = P(f+1)F1y,+¢' (13)

Where f is a constant for a particular individual
and ¢” is a small constant (relative to diving values
for P,), given hy:

¢ = o(f+1)/Fiys+ P, (14)
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Fi1a. 20.7. Data from Hempleman (1957) for the outcome of the decompression
of goats from an effective steady state at P, to a lower absolute pressure (F5). It
can be seen that the broken line (equation 13), based upon the total volume of
separated gas offers a slightly better separation of ‘bends’ from ‘no bends’ points
than a simple ratio as depicted by the full line

Thus equation (13) represents a linear relation-
ship between P, and P offering a slightly better
correlation than the ratio for experimental data
(Hempleman 1957) extending the test to higher
pressures (Fig. 20.7 where P;=7P, and P,=DP).
For these higher exposure pressures (P,), ¢” be-
comes negligible, when its omission from equation
(13) gives an apparent ratio of (f41)/F1y,.

This omission cannot be made for aerial decom-
pression when ¢ is now appreciable relative to the
absolute pressure. Equation (13) can now be used
to correlate aerial data with underwater to give
the same values of f for pilots and divers of corre-
sponding sensitivity to decompression, taking
¢=T4 mm Hg and =200 mm Hg (Hills 1969a).
This includes a comparison of helium and nitrogen
data for which the critical values of f are found to
lie in the ratio of their solubilities (8) as predicted
by equation (12).

General analysis

The test of this expression has been extended
from these special yet important cases to an ana-
lysis of the bends incidence in 10 sets of expo-

sures, each followed by a conventional decompres-
sion. It has offered a better prediction (Hills 1966)
than the supersaturation ratio concept on which
those trials were designed. This analysis departed
markedly from Haldanian traditions by recogniz-
ing the presence of the gas phase following the
typical long initial “pull’ to the surface and, more-
over, refuting any connection between the gas
elimination (G,) and the uptake function ®(¢).
Rather, G, was taken as increasing linearly with
ambient pressure (P) on the basis of the inherent
unsaturation. (G, cc APN, in equation 6).

However, before extending the thermodynamic
approach from a general analysis of dives irre-
spective of their design to decompression optimiza-
tion, it is first necessary to consider the transport
model in more detail.

The transport model

Most approaches are synthetic in so far as they
select one or more time functions for gas uptake,
each with suitably chosen constants, and then use
the same function to describe elimination. Others
modify those constants empirically to allow for
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some degree of asymmetry of gas transfer between
exposure and decompression.

A different approach is the analytical one. This
avoids uncertainties in mathematical symmetry
by considering no-stop decompressions only
(G,=0) and then invoking the comprehensive
(equation 12) to derive the true uptake function,
®(t). This has been done (Hills 1969b) and effec-
tively assumes that the critical tissue contains the
same quantity of gas at the start of decompression
from all exposures described by the bounce dive
curve. The analytical uptake function can then be
compared with those derived by mathematical ex-
pressions describing blood perfusion limitation,
diffusion into a flat slab and radial diffusion from
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a eylindrical capillary. It can be seen in Fig. 20.8
that no equation fits exactly, indicating that gas
transfer is probably limited by both diffusion and
the circulation as discussed earlier. However, by
far the closest fit is afforded by a model represent-
ing radial diffusion from a capillary of radius (@)

and intercapillary distance (2b), when:
4
*0 =1~ Gap=1

e_“nth

o e e ey )

where D is the diffusion coefficient and e, is the
nth root, real and positive, of the equation:

Jolaay). Yy(bay) = Yolae,).J;(bey)

*50
EXPERIMENTAL DATA - NITRO
45
‘ © maximum bends-free exposure
% minimum exposure for bends
40+
.35.
by
.30.
‘calibration” point
for
25/ equations
\ = exp(-qDt) \
o) = 1- 01483 Y
=\ba{(11eq) 452901 1))
«207
)
15
o 15 20 23035 40 45 50
TIME (1) in min

Fr1c. 20.8. A comparison of the uptake function for nitrogen, ®(t), determined by
applying equation (12) to the comprehensive bounce dive data of Albano (1962),
with various theoretical functions. In descending order, those represent blood per-
fusion, radial bulk diffusion and linear diffusion, with one point being sacrificed
as a ‘calibration’ to determine the one constant required by each model (after

Hills 1969b)
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J and Y represent Bessel and Neumann functions
as defined by Watson (1944).

The above expression for @(t) can easily be de-
rived from equations given in standard mathe-
matical texts describing the inert gas tension (p)
at a radial location (r) at time (#) following a sud-
den change from O to P; within the capillary
(r<a) as:

p
'-P-; = 1-—77
z & [Jolren) ¥ olae,) — ¥o(r “n)Jo(““n)] 0~ Dt
[/ olctet) [ 1 (bezy) ] —

(16)

Optimization

‘Whatever model or approach one adopts, opti-
mization of a decompression profile amounts to
selecting the pressure at each moment at which
the driving force for inert gas elimination is a
maximum. If the gas phase is not present, then
this is the lowest pressure before it forms (equa-
tion 8) while, if it is present, then the optimal is
the highest pressure at which the gas phase exists
(equation 6). These coincide with each other only
at the position of thermodynamic equilibrium
on the ‘Zero Supersaturation’ approach and thus
represent the ideal situation to try to follow.

Even though a subject may have reached a
steady state condition after prolonged exposure to
pressure, he must always be significantly under-
saturated for the reasons given earlier. He can
thus be rapidly decompressed by his inkerent un-
saturation before any point in his critical tissue
need be saturated in the true thermodynamic
sense. Upon reaching this new ambient pressure,
the unsaturation will re-establish itself in capillary
blood in accordance with this new value of P in
equation (6) and more inert gas will tend to be
eliminated under the newly established gradient.
This will decrease the peak gas tension and change
its location, both of which can then be calculated
to determine the next pressure to which the system
can be moved to re-establish a point of phase
equilibrium,

If the computation is correct, then no gas phase
should have formed, so that the same time func-
tion can be used to describe inert gas elimination
as uptake, i.e. successive steps described by equa-
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tion (16) can be superposed to obtain the distribu-
tion of inert gas at any time.

In superposing the effects of successive changes
of pressure, these are only additive for linear time
functions, such as the simple exponential as used
in the Haldane approach. In the above case of
radial diffusion Hennessy has derived the expres-
gion (17) to describe the tension (p) at a general
location (r) after a switch to a capillary tension
(P,) following any previous history resulting in a
general distribution A(r) at zero time.

% Z [Jolre,). Yolac,)— Y()('ran) Jolae,)] e~ e
T {{J o(@ay) 1 (ber, )12 — 1}

b
% J- 5 -@n22[(e) = P1]
X [Jo(m‘xn) L Yo(a%) = YO(xan) 5 Jo(a“n)] dﬂ'} (17)

This integral has offered no problem when com-
puted by J. Moore at the Texas A & M Computing
Center, using Legendre quadrature,

The computation routine therefore consists of
the following steps:

1. Very rapid decompression from the exposure
pressure by the inherent unsaturation at P,
(equation 6).

2. Determination of the radial distribution of
gas.

3. Find the location and then the height of the
peak (equation 16).

4. Adjust the absolute pressure to coincide with
this peak (see Fig. 20.10d).

5. Calculate the blood gas tension and repeat
steps 2 to 4.

6. Continue this routine until a pressure is
reached at which one can surface directly and
purposely form the gas phase, but to just below
the pain-provoking dimensions.

This type of computation is very tedious since
a new term is superposed with each change of
pressure, 1-min intervals proving convenient on a
digital computer. However this complexity has
been avoided until recently by the use of an
analogue.

Decompression analogues

The exact similarity in mathematical descrip-
tions of diffusion and thermal conduction has led
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Fre. 20.9. The optimal deployment of decompression time as indicated by a
thermal analogue based upon the zero supersaturation concept. Total decompres-
sion times indicated were those found by experimental ‘titration’ of large goats

to a thermal analogue to simulate the radial diffu-
sion model (Hills 1967b). This has given the format
shown in Fig. 20.9 which, when tested upon goats,
showed an appreciable saving in total decompres-
sion time compared with the similar titration of
the same animals upon the corresponding US
Navy profiles.

It is particularly interesting to see the resem-
blance between this type of format and the purely
empirical decompressions devised at the expense
of many lives by Okinawan pearl divers operating
in Australian coastal waters (LeMessurier & Hills
1965). These men also show substantial savings in
total decompression time and feature both the
same propensity for deep stops at the start of de-
compression and immediate surfacing upon reach-
ing 22 to 35 feet. In terms of numbers of dives, the
experience of these pearl divers must far outweigh
that of all the navies combined.

However, the thermal analogue has the great
disadvantage that it cannot, allow for formation of
the gaseous phase in tissue, a shortcoming also
common to meters based upon the principle of
critical supersaturation. These include the single
air chamber fitted with a porous resistance plug

made by S8.0.8. (Italian patent 624174), the
Canadian multi-chamber/orifice meter (Stubbs &
Kidd 1965), the recent chamber/membrane meter
(Borom & Johnson 1973) and several electrical
analogues (Wittenborn 1963). All of these are
essentially based upon equation (7) with no
mechanism for reverting to equation (6) if the gas
phase forms. Moreover, even if each were correct
in the condition imposed for determining separa-
tion of the gas phase from solution, then any un-
heeded violation would cause the meter to register
less gas remaining in the tissue and hence indicate
even faster decompression—so exacerbating the
initial error.

General analogue

An attempt to overcome these shortcomings has
been made (Hills 1967c) by permitting each
chamber of a 27-compartment pneumatic analogue
to expand wherever the simulated total gas ten-
sion exceeds the absolute pressure (P+5). Thus
the driving force is reduced in accordance with
equation (6) (Fig. 20.10) while the total expansion
must be proportional to the volume of tissue gas
since Boyle’s Law is applied automatically
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F1c. 20.10. Radial tension and separated gas distributions illustrated for
phase equilibration at various stages of decompression and recompression.
The inherent unsaturation (AP) is shown as the driving force for diffusion

(1) —+—+— before decompression, and (2)

decompression to pressure, P?

(Fig. 20.11). While this very large analogue
(Fig. 20.12) has correlated the incidence of bends
from decompressions based upon very different
approaches, it has now been reduced to a small
liquid-filled 6-chamber version for use as a meter
(Hills 1973a) for optimizing on the zero super-
saturation principle and capable of rescheduling
following a diver mistake and gas phase formation.

OTHER BIOPHYSICAL ASPECTS

There are a number of interesting biophysical
phenomena which have been reported recently.

immediately after

These include several facets of dysbaric osteo-
necrosis, gas-induced osmosis, collision fission of
microbubbles and counter-diffusion supersatura-
tion. The latter is an ingenious concept (Graves
et al. 1973) which is described in another chapter
(21) and could well explain hyperbaric urticaria
(no-decompression skin bends), as observed by
Blenkarn et al. (1971).

Collision fission of bubbles

Recent experiments in the author’s laboratory
have shown that microbubbles formed by air in-
jection (Fig. 20.13) into human plasma in vitro



BIOPHYSICAL ASPECTS OF DECOMPRESSION

385

=
8
g =
ell E £
o o
5| 8 total
el = 7%
%—’ oil displacement
L
in the analogue
177722
capillary A % —— |Tension distribution
i ga/’ ===—= |Total gas distribution
= ;"5 | 7 ///’ ———~— |Equivalent histogram
g £ /separated fromZzZa, . _
2| E v 7 /////
wl = y solution in|tissue
o H / LA /
I Y |
EE P+200;
gasfremaining E\
«(P-46) +126 .§-§§ T T S
in true physical solution 0
L e
0 a -1 b

Radial location (r)

Fie. 20.11. Each radial segment around a cylindrical capillary is represented by a
chamber of fixed minimum volume (see Fig. 20.12) but sealed by a moveable piston to
ensure that its internal pressure does not exceed ambient. This simulates the ‘cut-off’ in
driving force for gas elimination imposed by phase separation, limiting it to the inherent
unsaturation (equation 6). Since Boyle’s Law is applied to chamber gas, the piston dis-
placements represent a histogram of the volume distribution of separated gas illustrated

in Fig. 20.10

burst into many small bubbles upon collision. It is
gurprising that this only occurs if the diameter of
the progenitors is less than 200 to 250 pm, while
their size seems to have a negligible effect upon
that of the progeny (about 40 to 50 pm diameter).
This phenomenon could represent a protective
mechanism of the body in minimizing the patho-
logical effects of air emboli by reducing their size,
although increasing their number.

It was found that the progeny of collisions
would dissolve, even in air-saturated fluids, so
supersaturating plasmal!

Gas-induced osmosis
It has been demonstrated, by a transient tech-

nique, that nitrous oxide can induce osmosis across
a synthetic membrane specifically formulated to
be impermeable to that gas relative to water
(Kylstra, Longmuir & Grace 1968). Moreover, it
has now been shown that the phenomenon applies
to biological membranes, since several gases have
been shown to induce osmosis across various ex-
cised tissue sections under steady state conditions
and in vivo (Hills 1971a). More significant to div-
ing, perhaps, is the observation that nitrogen can
‘pull” water away from helium if high pressure is
used to emphasize the physical differences in these
gases (Hills 1971b).

In any hyperbaric exposure this phenome-
non has two potential components: a transient
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F1e. 20.12. A pneumatic analogue capable of simulating radial diffusion and
the phase change indicated in Figs 20.9 and 20.10. The instrument has been
used to analyse data irrespective of the rationale underlying the decompres-
sion design

contributed by the inert gas until it equilibrates
throughout the tissue (see Fig. 20.14) and a change
in the steady state effect of the permanent
gradients of the metabolic gases, O, and CO,. The
former offers a convenient explanation for the
time-dependent aspects of hyperbaric arthralgia,
the high pressure nervous syndrome, minor
changes in narcosis, vestibular problems, ete.

The steady state contributions suggest a possible
involvement of osmosis in neurological oxygen
toxicity (Hills 1972¢) while it has implications in
pulmonary O, poisoning, i.e. the effect of Lorraine
Smith [1902]. This is based upon the observation
that a lung selectively ventilated with 809, N,0
+209%, O, accumulates more extravascular fluid
than a control ventilated with air in the same
animal (Hills 1972a).

Longmuir and Grace (1969) have shown
transient changes in the volume of red cells when
suddenly exposed to nitrous oxide solutions, the
effect indicating an osmotic mechanism. The sub-
ject of gas-induced osmosis has been recently re-
viewed (Hills 1972b) with the conclusion that
the osmotic potency of gases is simply an ex-
trapolation from those of non-volatile solutes
(Fig. 20.15).

Dysbaric osteonecrosis

The thermodynamic approach to decompression
sickness would seem particularly compatible with
the clinical data which shows no correlation be-
tween the incidence of bends and bone lesions in
non-experimental divers and caisson workers, in
so far as its calculation method predicts the for-
mation of the gaseous phase, and hence ‘silent
bubbles’, in the bends-free diver. It should thus be
possible to avoid these ‘silent bubbles’ to which
bone lesions are widely attributed (James 1945;
McCallum & Walder 1966) by continuing the
gradual ascent to the surface without the ‘drop
out’ from 25 £t (1-7 ATA) now advocated. Support
for this approach was provided by Doppler moni-
toring (Vann et al. 1973) when it was found that
intravascular bubbles were not detected upon
‘thermodynamic’ profiles until the ‘drop out’
(Fig. 20.16).

However, if silent bubbles, thrombi or fat em-
boli were responsible for dysbaric osteonecrosis,
one could expect a much shorter time course for
the disease than the clinical evidence seems to in-
dicate. This is discussed in detail in another
chapter (27) but, if these doubts are well founded,
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Frc. 20.13. The disintegration of successive com-
plexes, each formed by the collision of two micro-
bubbles of less than 200 ym diameter in plasma
(from Hills 1974)

then it would appear that a much more subtle
form of ingult to the bone oceurs upon hyperbaric
exposure, to become manifest much later as the
ischemia leading to necrosis. A process which
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Fic. 20.15. The osmotic potency of a gas (nitrous
oxide) is shown to be roughly predictable from an
extrapolation of data for non-volatile solutes on the
basis of the reflexion coefficient (¢). This is propor-
tional to the number of solute molecules which are
reflected rather than transmitted upon collision with
the membrane.

could continue slowly with no further exposure is
the deposition of bone mineral in unwanted sites
due to the known permanent supersaturation of
hydroxyapatite in body fluids. This has led to two
mechanisms to be proposed for dysbaric osteo-
necrosis based upon uncontrolled mineral pre-
cipation, Sobell (1971) has shown changes in colla-
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F1a. 20.16. Two decompressions optimized on the ‘thermodynamic’ principle,
showing that bubbles were not detected by a Doppler ultrasonic meter until after
the final ‘drop out’ from about 25 ft (1-7 ATA) (after Vann et al. 1973)

gen following quite small increases in inspired
oxygen partial pressure, implicating that these
sites of chemical cross-linking could be more in-
ducive to mineral precipitation. Hills (1970a;
1972b) has shown that bones are good osmometers
and that articular cartilage is an effective osmotic
membrane for gases. Thus, if the ions do not move

as easily as the water, there could be further local
supersaturation resulting in spontaneous forma-
tion of nuclei, whose growth to sizes of clinical
significance could take months or years. This
hypothesis (Hills 1970a) would implicate any
rapid change of pressure—either rapid decom-
pression to the first stop or compression!
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