Chapter 9

Thermodynamic Decompression

It is one matter to describe the many aspects
of decompression sickness and their theoretical
implications but quite another to rationalize
the deductions into a fundamental model from
which to formulate practical decompression
schedules. This process of synthesis is not
aided by the need to recruit the whole spectrum
of scientific disciplines from theoretical and
mathematical physics to clinical diagnosis and
blood chemistry in covering the multitude
of facets of decompression for which explana-
tions are needed. The foregoing chapters have
shown that there is no obvious model or, at
least, none which would gain universal approval
in the field at this time. However, while there
are still a few major issues the outcome of
which is not yet certain, there is an adequate
volume of data on which to make qualified
deductions. Having synthesized such a universal
model, it then needs rigorous analysis to test
its viability.

To demonstrate the type of scrutiny to
which any such model must be subjected, the
‘thermodynamic’ approach has been selected
as a convenient example. This choice is based
not only upon this writer’s opinion that it still
offers the most fundamental set of explana-
tions but it was presented with the most
attention paid to the type of detail which needs
to be covered and yet is all too often omitted
in the many calculation methods produced
as short cuts to diving tables.

The Model

At the start of Chapter 3 a number of funda-
mental questions were listed and then discussed
in the light of the factual evidence (Chapter 2)

to produce varying degrees of conclusion which
can be synthesized into a model.

An opinion

These discussions lead this writer to the opinion
that

(1) the primary event and the critical insult in
producing symptoms of decompression sickness
do not coincide (p. 75).

(2) The primary event is the activation of one
or more of a ‘reservoir of nuclei’ normal-
ly present in tissue into growth and hence
the inception of a stable gaseous phase. On the
other hand, limb bends are determined by the
local pressure differential tending to bend or
otherwise distort a nerve ending beyond its
pain-provoking threshold and hence their onset
is more dependent upon the volume of gas
separated from solution (p. 57).

(3) No more than one anatomical tissue type
needs to be invoked in marginal cases of limb
bends (p. 191). This is probably tendon or
some other well-innervated connective tissue
of minimal compliance (p. 60).

(4) For all except very rapid decompression,
the gas separates from solution in extravascular
sites (p. 147) and in any static blood when it
can be regarded as effectively extravascular
for computational purposes, deriving its gas
from extravascular tissue.

(5) The much larger volumes of gas thus
deposited in fatty tissues can be released into
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the venous system as bubbles which remain
asymptomatic unless they fail to be trapped by
the lungs or are present in such numbers that
they stimulate J-receptors in the pulmonary
bed to invoke ‘the chokes’ (p. 68). Although
a single decompression which deposits more
gas in a fatty tissue is also more likely to
deposit more gas in the critical tissue, any
coincidence between the appearance of venous
bubbles (e.g. as detected by Doppler) and the
volume of gas ‘dumped’ in the critical tissue
by a complex pressure history is likely to be
largely fortuitous, i.e. the appearance of venous
bubbles is not particularly relevant to limb
bends (p. 146).

(6) Cerebral symptoms (p. 63) are caused by
arterial bubbles which have permeated the
lung under certain unusual conditions or can
be formed by decompressions so rapid as to
supersaturate arterial blood in its passage from
lungs to brain, e.g. in submarine escape. How-
ever, in diving, they will not normally occur
unless there is something unusual such as an
extensive recompression or a pathological state
in the lung impairing its bubble filtering action,
e.g. after excessive exposure to oxygen (p. 68).

(7) Spinal ‘hits’ are less likely to be the result
of arterial gas emboli (p. 64) and require
rather more gas to be deposited in cortex than
cause limb bends when ‘dumped’ in connective
tissue. Hence it is probably safe to work on the
basis that decompressions which avoid marginal
‘limb bends’ are unlikely to provoke any
serious spinal injury and no further tissue needs
to be invoked in calculations.

(8) However, another tissue does need to be
considered to account for vestibular symptoms
(category III, p. 70), particularly if diving
deeper than 300—400 fsw or switching inert
gases (p. 71). Symptoms are still determined
by the local pressure differential analogous
to limb bends (Equation 7) but any inert gas
gradient between blood and the middle-ear
cavity, or any counter-gradient of two gases,
can contribute to this differential.

(9) This additional local differential pressure
(6,) can be contributed by counterdiffusion,
counterperfusion and gas-induced osmosis
(Chapter 8) with no certainty at this time as to
which, if any, predominates. This additional
differential may also be a minor factor in limb
bends but only from dives where there is a
large amount of gas dissolved ‘deep’ in tissue

(p. 58).

(10) Although haemoconcentration may impair
the circulation, the primary cause of blood
degradation in diving is intravascular bubbles.
Thus blood factors need not influence decom-
pression formulation provided the primary
event is genuinely avoided in the critical tissue
for limb bends. Preventing any gas separation
in this tissue may not prevent it forming in
fatty tissues but the volume should not be
enough to cause the disruption of those tissues
leading to lipid emboli and venous bubbles
(p. 147) and hence haematological problems.

(11) The inception of the gaseous phase in
any decompressed gas solution is a random
process (Chapter 4) to which the critical tissue
type for marginal limb bends is no exception.

(12) Limb bends are determined by the ‘worst
possible case’—the particular micro-region of
the critical tissue where the activation of nuclei
into a stable gas phase is so profuse that the
tissue can only withstand minimal supersatura-
tion before ‘dumping’ gas in excess of thermo-
dynamic equilibrium into the gaseous phase
(p. 100).

(13) In this densely nucleated zone, diffusion
distances of any gas molecule to the nearest
gas phase are so short that, when phase separa-
tion occurs, it is effectively complete within a
few minutes of the decompression. Tissue
regions other than this ‘worst possible case’
may retain their supersaturation or have a
few nuclei which slowly grow into bubbles as
they ‘drain’ the surrounding tissue of its
dissolved gas in excess of saturation. Thus
the behaviour of the vast majority which



determine overall gas elimination from a tissue
is believed to be largely irrelevant.

(14) The onset of bends is delayed until the
‘dumped’ gas, which is finely dispersed, can
coalesce or otherwise congregate within the
extravascular tissue to produce a local pressure
differential (mechanical stress) adequate to
bend, or otherwise distort, a nerve ending
beyond its pain-provoking threshold (p. 58).

(15) The gas dumped in the ‘worst possible
case’ contains all gases present in tissue, the
volumes contributed being proportional to
their respective tissue tensions gfter separation.
Thus water vapour is present at its vapour
pressure, while the metabolic gases are contribu-
ted at their venous tensions or less (p. 102).
Inert gas provides the difference between the
total hydrostatic pressure and the total partial
pressure of oxygen, carbon dioxide and water
vapour needed to satisfy the thermodynamic
criteria for local phase equilibration.

(16) The uptake of inert gas is limited by both
blood perfusion and diffusion into the bulk of
the cytoplasm (Chapter 7). The transport model
envisaged is thus one of a fully stirred ‘extended
vascular’ zone from which venous blood leaves
in equilibrium with respect to all gases, while
arterial blood either dilutes or replenishes the
gases in that ‘tank’ as the case might be. From
this effectively fully stirred ‘extended vascular’
zone the gases then diffuse into the ‘cellular’
zone by bulk diffusion, i.e. into a bulk of uniform
permeability with no specific resistance offered
by any particular membrane (fig. 65). F A¥2

(17) Decompression should be optimized by
preventing gas phase inception anywhere within
that bulk, i.e. within the ‘cellular’ zone. This
means applying the principle of phase equili-
brium to each point in the tissue and hence
involves determining the peak rather than the
mean tissue tension (p. 125).

(18) If decompression proceeds to the point
where the total pressure of gas in the nucleus
is less than the total tension of all gases dissolved
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at the peak then, in the ‘worst possible case’,
gasis dumped until they are equal and allowance
must be made for the corresponding fall in the
driving force for inert gas elimination to blood

(p. 138).

It is doubtful whether all of these points
ultimately prove to be correct but they do
represent a particularly comprehensive model
which differs from others in one major respect.
I't details not only how to optimize a decompres-
sion for a particular exposure but how to
predict quantitatively the course of events if
the decompression were not optimal by these
criteria. This writer takes the view that whereas
you may disagree with the way the other fellow
formulates his decompression, it is still necessary
to predict by your model the result of the
trials of his rables.

General criticism

The thermodynamic approach received quite
hostile comments from some quarters when
it was first introduced, since its net effect was
to advocate much deeper stops and an overall
deeper redistribution of decompression time.
Moreover, it was introduced at a time when M
values had reached a popularity peak and the
U.S. Navy were decompressing as far as possible
on their first long ‘pull’ in the belief that they
were obtaining the greatest driving force for
inert gas elimination in so doing. That is, they
were exploiting to the maximum their belief
that the greatest bends-free decompression
(PL)) resulted in the greatest driving force
(APy,*1) in Equation 51. Thus they were
placing the maximum dependence upon their
assumption that the critical tissue(s) of the
bends-free diver were bubble-free, so that the
‘thermodynamic’ approach presented one of
the first comprehensive challenges to most of
their axioms of decompression formulation.
Their formal assessment of this ‘provocative’
model (Hester, 1970) produced only one real
criticism; that a dual set of equations were
being employed throughout the quantitative
analysis. Two sets of equations were indeed
developed in the original publication of the
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‘thermodynamic’ approach (Hills, 1966). How-
ever, what these critics had not appreciated
was that this model clearly separates the
primary event (gas phase inception) from the
critical level of insult (local pressure differential)
needed to provoke bends. Hence one set of
equations refers to conditions which describes
a critical volume of separated gas and hence
stable bubbles (radius r,), while the second
refers to the tissue before the nucleus (radius
r,) is activated into growth. The net difference
on a thermodynamic basis is minimal, actually
amounting to a differential of about 2 fsw in
the constant representing the ‘mechanical’
contribution to the total gas pressure.

To avoid any similar misunderstanding in
this text, the mechanical contribution to hydro-
static pressure is designated B in the marginal
bends-provoking bubble and B’ in the nucleus
(see fig. 29; also depicted in figs. 26 and 31).
Hester (1970, 1971) also went on to point
out several basic similarities in the decom-
pression format produced by the ‘thermo-
dynamic’ model and those produced essentially
by empirical deduction by Biihlmann (p. 118).

F AoA, 92

Summary

The model can thus be summarized as a single
tissue type (an avascular connective tissue)
in which inert gas uptake is limited partly by
the blood perfusion rate and partly by diffusion
into the bulk of the cellular material of
effectively uniform permeability (fig. 64(a)).
Gaseous cavitation in this extravascular tissue
is both temporally and spatially random but
the imminence of limb bends is determined by
events only in the ‘worst possible case’. This
may be only one in many million possible
micro-regions but one where nuclei are activated
for minimal degrees of supersaturation and
where these are so profuse that any gas in
supersaturated solution is rapidly ‘dumped’
into the gaseous phase. However, this gas
separated from solution in extravascular sites
will only produce limb bends after it has had
time to coalesce and if, with any fluid accumula-
tion, the total displacement can produce a
local pressure differential which can bend, or

otherwise distort, a nerve ending beyond its
pain-provoking threshold.

On the other hand, if the gas phase is not
allowed to form, let alone reach its pain-
provoking volume, then the volume of gas in
separated fatty tissues should not become so
large as to rupture fatty tissues and so produce
a blood—gas interface causing all manner of
haematological disorders. Moreover, preven-
tion of the critical insult in this one critical
connective tissue should also avoid spinal
symptoms, while it is only after deeper exposures
or for mixed inert gases that the ‘vestibular
tissue’ can take over as rate-controlling.

This ‘thermodynamic’ model is not strictly
‘zero-supersaturation’ (Hills ez ai., 1976) nor
‘nil-supersaturation’ (Bennett and Vann, 1975),
since a minimal degree overpressure or addi-
tional gas tension is needed to balance the
equation for phase equilibrium (Equation 21

Joand fig. 26). Thus the mechanical forces

contributed by the curvature of the nucleus
(2y/r,) and tissue compliance (§,) can be
regarded as a minimal degree of tolerable
supersaturation before gas starts to separate
from solution. This underscores the two vital
axioms on which the whole model is based:
(a) it is really the local pressure differential
and hence the volume of gas which can be
‘dumped’ which largely determines the im-
minence of limb bends;
(b) since this volume of ‘dumped’ gas is
only a maximum when the tissue and gas
phases come to equilibrium, is there really
any driving force then left for eliminating
gas from tissue?

Test of the basic axioms

Prior to the ‘thermodynamic’ approach, many
proponents of models and calculation methods
had discussed the volume of gas separating
from solution but only Nims and Bateman
(p. 126) had actually incorporated this para-
meter into equations for predicting the im-
minence of clinical symptoms of decompression
sickness. However, although the ‘volume’
concept was contrary to popular formulation,
it is really fairly obvious. The passing ‘niggles’
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on moving to a shallower stop of a conventional
decompression table and the minimum recom-
pression needed to relieve most bends pains
bear witness to this. Moreover, relief is usually
instantaneous and, for marginal cases, can
be effective if applied to the site itself, such as
by an inflatable cuff or by simply immersing
the limb in water. Deductions made from
these simple observations are fully compatible
with the abundant evidence for ‘silent’ bubbles
within the body as a whole as shown by direct
detection devices (e.g. ultrasonic, radiographic
and conductometric techniques). Furthermore,
experiments designed specifically to indicate
asymptomatic gas separating from solution
in the critical tissue leave little doubt that this
is no exception.

While it does not prove that gas ‘dumping’
goes as far as establishing phase equilibrium,
this point is so close on the decompression scale
to those at which X-rays and conductance
measurements show a phase change (p. 142)
that it is highly likely that one out of the many
million possible sites in each tissue will conform
to this ‘worst possible case’. Moreover, measure-
ments of the mode of volume change on decom-
pression of excised tissue indicates that the
distribution of bubbles is so varied that at
least one micro-region of the critical tissue
is likely to come very close to this state on
most decompressions exceeding equilibrium.
This is the ‘worst possible’ because not only
does it represent the maximum number of gas
molecules separating from solution but there
is then the minimum driving force for their
elimination from the tissue.

The Inherent Unsaturation

The real test of the ‘thermodynamic’ approach
arises when it comes to the second axiom.
How can a gas phase in apparent local equili-
brium with tissue eventually dissolve and
disappear without any further change of pres-
sure or of composition of the breathing mix;
what driving force can there be? Such a driving
force has been derived theoretically as APy, in
 Equation 52—a concept termed the ‘inherent
unsaturation’ by Hills (1966) and the ‘oxygen
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window’ by Behnke (1967) in their independent
approaches to prevention and treatment. The
Buffalo group (Van Liew et al., 1965) also
deduced a similar expression from their observa-
tion of subcutaneous gas pockets which they
did not name and suprisingly, perhaps, did not
apply to the prevention of decompression
sickness; although treatment was mentioned
in their discussions. The significance of this
driving force has recently been rediscovered
by the U.S. Navy who term it the ‘partial
pressure vacancy’ (Sass, 1976). However, the
inherent unsaturation is such a vital factor in
‘volume’ approaches for quantifying the im-
minence of clinical symptoms that it really
needs direct experimental verification in vivo.
Moreover, the absence of such a driving force
in his ‘volume’ model caused Bateman to
abandon his approach (p. 126), while Nims

‘would have been forced to do the same if he

had followed Bateman’s lead in attempting to
formulate diving tables as opposed to predicting
aerial bends.

Deduction of unsaturation

The inherent unsaturation has been largely
implied from analyses of subcutaneous gas
pockets in studies which have raised sporadic
interest over many years. Campbell (1924)
found that 500-1000 cc of air injected into
rabbits changed in composition with time, the
carbon dioxide rising to a steady 50 mm Hg
within minutes while the oxygen fell from 150
to 50 mm Hg in 10 hours, reaching 20-30 mm
Hg after 11—3 days. The nitrogen then provided
the additional partial pressure needed to
compensate for the fall in (Py, + Pgo,). These
results were largely confirmed by Coryllos
and Birnbaum (1932) using dogs and were
in close agreement with values of 50 mm Hg
(carbon dioxide) and 20 mm Hg (oxygen)
recorded by Van Liew (1962) from the analysis
of injected gas ‘equilibrated’ with rat liver.

The manner in which the nitrogen partial
pressure in the cavity increases to accommodate
the difference between the fall in oxygen (150
to 20 mm Hg) and rise in carbon dioxide
(0 to 50 mm Hg) has been demonstrated by
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Asknes and Rahn (1957) whose analyses show
907, nitrogen in resting dogs. This agrees well
with a theoretically predicted dry-gas fraction
of 100(760 — 20 — 50 — 47) /(760 — 47) = 90-2%;
nitrogen. Moreover, for exercise, where P,
values should be lower, some of the early
studies of bubbles in guinea pigs revealed
959 nitrogen (Harris et al., 1945b). Van Liew
et al. (1965) went on to point out how the
nitrogen fraction could be estimated by using
venous values for Py, and Pgo, in the type of
summation equation for Dalton’s Law expres-
sed by Equation 3 and depicted graphically
in figs. 26 and 31. They then went on to deduce
theoretically that this inferred an unsaturation
in the tissue adjacent to the gas pocket.
Reaching the same conclusion quite indepen-
dently of this study, the group in Adelaide

had considered that the inherent unsaturation
was such a vital link in the ‘thermodynamic’
approach that it needed to be demonstrated
directly (Hills, 1966; Hills and LeMessurier,
1969). They reasoned that the inherent un-
saturation is basically a pressure difference
and therefore needs to be demonstrated as
such. This eliminates the use of gas pockets
of the type studied by Campbell and later
workers since these are essentially constant-
pressure cavities.

This reasoning led to the use of constant-
volume cavities in which a rigid membrane per-
meable to all gases and water vapour is used to
restrain the tissue mechanically. Thus all gases
will reach a true equilibrium between the ad-
jacent tissue and the cavity in which the partial
pressure of each will attain the tension of the
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Fig. 81 (2) Depicting how a rigid cavity with a wall permeable to all gases reaches
a steady state in which the total pressure of all gases (P.Fpy, + nr) is less than
the ambient absolute pressure (P), the difference (or inherent unsaturation) being
manifest as a partial vacuum. (b) Showing how this unsaturation becomes a
driving force for eliminating nitrogen from the cavity if the rigid wall is removed
and the tissue is allowed to compress the contained gas. B is an additional yet
minor contribution arising from tissue compliance and surface curvature



same gas in tissue (fig. 81a). Hence the total
tissue gas tension will now equal the sum of the
partial pressures in the constant-volume cavity
which, by Dalton’s law, must equal the absolute
pressure of gas in that cavity. Thus any inherent
unsaturation in the tissue is manifest as a deficit
in the cavity pressure relative to ambient, i.e.
as the amount of vacuum developed in the
probe after equilibrium has been established
(fig. 81(a)). Rigid membranes not only provide
a direct measurement of the inherent unsatura-
tion but they provide a direct gas measurement
divorced from mechanical uncertainties related
to tissue compliance (p. 58), any negative
hydrostatic pressure in tissue (Guyton, 1963),
the curvature of a direct tissue-gas interface
(p. 85) and any fluid influx (p. 57), all of which
complicate any deductions made from constant-
pressure cavities.

While these experiments on constant-volume
cavities were in progress in Adelaide, Lategola
(1964) published his findings using a cylindrical
capsule with silicone-rubber membranes held
rigid across the ends. However, his measured
unsaturation of 41-48 mm Hg is open to
alternative interpretation in view of his state-
ment that the membranes had ‘relatively negli-
gible permeability to water vapour’. This
implies that he could have been simply measur-
ing the vapour pressure of water at body
temperature-—47 mm Hg!

The vital experiment

The Adelaide group implanted rigid PVC tubes
subcutaneously in rabbits, having first proven
that the walls of these probes were permeable to
oxygen, carbon dioxide, nitrogen and water
vapour. A partial vacuum was found to develop
in these constant-volume cavities over 12 hours
and not to change significantly over the next 24
hours. Moreover, the magnitude for air breath-
ing at normal atmospheric pressures lay within
the range 80-94 mm Hg (Hills, 1966; Hills
and LeMessurier, 1969). This corresponds very
closely to the failure of carbon dioxide (0 —
50 mm Hg) to replace oxygen (150 — 20 mm Hg)
in gas pockets as measured by Campbell and
later workers, i.e. inherent unsaturation =
150 — 20 — 50 = 80 mm Hg.
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This inherent unsaturation, as directly dis-
played by the partial vacuum, was interpreted
as arising from two sources:

(1) the fact that the solubility of carbon dioxide
is some 25-fold greater than that of oxygen,
so that metabolism is converting a less soluble
gas (oxygen) into a comparable number of
molecules, or slightly fewer (RQ ~0-8), of a
more soluble gas (carbon dioxide) so that the
total tension of local tissue oxygen + carbon
dioxide tends to be reduced. Note that it is
total gas tension and not concentration which
determines the imminence of phase separation;

(2) the shape of the oxyhaemoglobin dissocia-
tion curve where large elevations in arterial
P,, may result in little change in venous
P, and hence in tissue oxygen levels. Compare
the difference (P,q, — P,o,) for elevated oxygen
with (P, — P,o,) for normal levels in fig. 10. F

Varying pressure and composition

While such numerical agreement is reassuring,
the most significant findings of the Adelaide
group came when they varied the composition
of the breathing mixture and the pressure. They
then found that the inherent unsaturation

(a) increases linearly with absolute pressure

for an inspired mix of constant composition

(fig. 82(a));

(b) decreases linearly with mole fraction of

inert gas in the inspired mix (fig. 82(b)).

This is in direct agreement with Equation 52
and, moreover, the gradients of the slopes found
experimentally (figs. 82(2) and (b)) agree with
those predicted in this expression. However, as
it stands, the inherent unsaturation has been
directly measured as a pressure difference,
while Equation 52 refers to a driving force for
nitrogen elimination (APy,); so what is the
connection ?

Implications of the inherent unsaturation

It has been established experimentally that the
ambient hydrostatic pressure will exceed the
absolute pressure of all gases within a constant-
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volume cavity formed by a rigid membrane
after the system has come to equilibrium.
Thus the membrane is restraining the compliant
tissue surrounding it by exerting a force equal
to the developed vacuum, i.e. equal to the
inherent unsaturation. If that rigid membrane is
now removed, the gas is compressed by this
amount. Thus the total partial pressure of all
the enclosed gases will rise and exceed the total
of the tensions which each strives to attain
under those same steady-state conditions. Hence
the equilibrium is destroyed and the degree
of compression in letting the walls move

(fig. 81(b)) until cavity pressure is elevated to
ambient now becomes a driving force for the
walls to absorb the gas in what is now a constant-
pressure cavity. The inherent unsaturation thus
becomes the driving force for absorbing all
gases previously equilibrated within the
permeable rigid membrane. However, since
carbon dioxide, oxygen and water vapour
equilibrate so much faster than nitrogen as
Campbell (1924) and later workers have shown,
nitrogen is the gas controlling the rate of
resolution of the gas phase in tissue and hence
virtually the whole of the inherent unsaturation



becomes a driving force for nitrogen resolution.
There will be an additional contribution to
this compression provided by tissue compliance
(6,) and a direct tissue—gas interface (2y/r,)
formed by removing the rigid membrane.
Together these contribute a mechanical term

(B) to the driving force for nitrogen elimination /™

A

(AP, in Equation 52 and depicted in fig. 40). T¢

While it is convenient to start from a rigid
cavity and then remove the rigid permeable
walls in understanding how the driving force
arises for resolving the compliant cavity remain-
ing, the same APy, applies whatever means
was used to create it—including decompression.
Hence it is particularly significant that there is
direct experimental evidence to support Equa-
tion 52, not only from the linear relationship
between APy, and both P and Fjy, and the value
of the constant () but from cases of constant-
pressure cavities (bubbles) induced by decom-
pression (Chapter 6).

Significance

The inherent unsaturation is important not only
for determining the driving force for inert gas
elimination once a stable gas phase is established
but for setting the point of phase equilibrium.
In other words, it also determines both the point
of inception of gas separation (fig. 29) and the
volume ‘dumped’ if this is exceeded (fig. 31).

The concept that the driving force (APy,)
increases with absolute pressure when the
gas phase is present (Equation 52) was used as
major evidence in Chapter 6 that conventional
diving schedules—and U.S.N. tables in parti-
cular—were really treatment tables for an
asymptomatic gas phase produced during their
first long ‘pull’ towards the surface. Hence
direct experimental justification of Equation 52
was essential before such a serious criticism of
standard practice could be made.

The concept of the inherent unsaturation
implies that the term ‘saturation diving’ is
really a misnomer, since no diver can ‘saturate’
with gases in the true thermodynamic sense
however long he may stay at one depth. He
would need to have either zero metabolism
or to breathe 100% inert gas—neither state to
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be recommended. On the other hand, his
inert gas would equilibrate at depth and so
a more appropriate term might be ‘steady-
state’ diving.

If a diver starts his ascent to the surface from
a steady-state condition, then his whole decom-
pression will be determined by the inherent
unsaturation if phase equilibration dictates
the state of the critical tissue. This is particularly
compatible with the observation of many
such exposures on men where the safe rate of
ascent was found to be hyper-dependent on
the inspired P, and, at the tissue level, reflects
more than simply the substitution of inert gas
by oxygen (Vorosmarti et al., 1975).

The final implication of the inherent unsatura-
tion concerns oxygen breathing. Whereas it
is obviously ideal for increasing APy, in
Equation 52 and hence superb for bends
treatment (p. 232), oxygen is effective because it
does not replace inert gas at the tissue level in
the way that it does at the alveolar level
However, this vacancy which it leaves would
not be welcome by the physician who may try
to use hyperbaric oxygen to oxygenate peri-
pheral tissues in certain disease conditions
(see p. 19).

Quantitative Description

The model invokes two tissues; a relatively
avascular connective tissue which determines
limb bends and a ‘vestibular’ tissue needed for
very great depths or when switching inert
gases at an appreciable pressure. However,
for normal diving, just one tissue and hence
one equation is needed to describe the level of
insult and hence the imminence of decom-
pression sickness. By the same token, just one
equation is needed to describe the primary
event—the inception of a stable gas phase.

This leads to two basic equations which are
needed.

(1) An expression for the condition that gas
can separate from solution anywhere within the
critical tissue, this event being random but
possible whenever gas tensions have exceeded
the point of thermodynamic equilibrium as



244 ?: gﬂ; / /ﬁiﬁ

depicted in figs. 26 and 29. This equation for
avoiding the primary event is particularly
relevant to optimization when, if correctly
formulated, it should also avoid haematological
complications and those associated with other
forms of decompression sickness—at least,
unless the ‘vestibular tissue’ takes over as
rate-determining.

(2) An expression for the imminence of symp-
toms and hence for the level of insult and its
proximity to the pain threshold in the critical
tissue. This is relevant to any decompression
however it was formulated and applies where
the condition for gas phase inception described
by (1) has been far exceeded. Hence it is more
relevant to the analysis of data and in checking
the model rather than in optimizing a decom-
pression.

If such an analysis is applied to a long history
of gas phase presence, then ignoring
haematological factors could introduce an
error but, for the purpose of model testing, there
are plenty of other cases where this should
have been avoided. However, before the condi-
tions described in (1) and (2) can be expressed
comprehensively, it is necessary to know how
to describe the distribution of gases before any
inception of the gaseous phase.

Metabolic gases

Consider each of the gases likely to be present
in the critical tissue and hence in any bubble.
Water vapour will be present in any cavity at
its vapour pressure for body temperature
(P,,=47 mm Hg) and will evaporate or con-
dense on the surrounding tissue to maintain
that value. Thus it will always contribute P,
towards the total tension tending to induce
cavitation (fig. 29), or to grow a bubble.

The preceding discussion of the inherent
unsaturation (pp. 239-243) leaves little doubt
that oxygen and carbon dioxide are present
at their venous tensions or, at least, the sum
(Po, + Pgo,) does not exceed (P,o,+ Pyco,)
and may be less. However, since this venous
sum is small relative to diving pressures,

little error can be introduced by taking this
value which, if anything, would err on the safe
side. Thus, it is safe to say that

m= Py + Poo, + P, <117 mm Hg = 51 fsw
(80)

Moreover, direct measurement of the inherent
unsaturation indicates that this holds over wide
ranges of arterial Py, (fig. 82).

Inert gas distribution

From a calculation standpoint, it is most
unfortunate that the evidence on the perfusion
versus diffusion controversy does not allow
either to be ignored, since any hybrid model is
far more difficult to describe mathematically
than if one or other were to predominate.
Moreover, resistance to gas transfer imparted
by diffusion is not restricted to a simple mem-
brane barrier but is imposed by the bulk of
the ‘cellular’ phase as a whole. Thus the final
model, although so simple to depict schemati-
cally (fig. 64), is most difficult to describe
analytically. p . “{€¢

This can be redrawn (fig. 83) to enable
distance co-ordinates (r) to be assigned, when
the effectively fully stirred ‘extended vascular’
zone has boundaries (0 <r<a) and the bulk
‘cellular’ phase has a <r<b. The ‘extended
vascular’ zone comprises the intravascular
plus that part of the interstitial space in motion
or which is so permeable relative to cellular
diffusivities (D,) that it is also at the same
tension as the efferent fluid (venous blood plus
lymph). This is therefore effectively fully stirred
and has a uniform venous tension (p,).

The less permeable ‘cellular’ zone is assumed
uniform but at first sight it cannot be determined
whether it is spherical, cylindrical, flat, annular
or even whether gas diffusion paths will
converge or diverge. Thus the mode of
curvature, if any, is unknown let alone the
magnitude as expressed by the radius of a
boundary (a or b in fig. 83). However, this has
been circumvented by the use of a dimension-
less ‘shape factor’ Hills (1969c) for the cell
which must have a volume (V), surface area
(4) and mean radius (b — @), when
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Fig. 83 The tissue model illustrated as a bulk ‘cellular’ zone of uniform permeability
in which all transfer occurs by diffusion of gas supplied from the ‘extended vascular’
zone. This is depicted as the stirred tank in which arterial blood immediately mixes
with the contents as it enters, while venous blood is effectively the overflow leaving
in equilibrium with those contents in which there are no concentration gradients.
The inset graph depicts the spatial distribution of gases through both zones for
an arbitrary decompression, C; being the inert gas content and p; its tension. Where
phase equilibrium has been exceeded, the excess gas has been ‘dumped’ in accordance
with the ‘thermodynamic’ principle and the inert gas tension cut off at P+B—m
rather than following the contour of (C;/S;) as though it had remained in solution

shape factor (u) = A(b—a)/V 81)

where u=1-0 for a flat slab, 2:0 for a long
cylinder, 3-0 for a sphere, etc. Taking the
sphere as an example, 4=4n(b—a)’> and
V =4n (b — a)®/3, when substitution in Equa-
tion 81 gives u =30

Moreover, it was pointed out (Hills, 1969¢)

that, for all but cylindrical systems (u=20),
the Fick—Fourier equation (19) for bulk dif-
fusion of an inert gas (M = 0) in a static phase
(Q =0) can be expressed in the general form
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where p is the inert gas tension at any general
location (r) and time (¢). Moreover, all of the
solutions possible for particular values of
u,e.g.u=3,2, 1and < 1, can also be expressed
in a general form. Thus if a step change in
extracellular tension (p,) is imposed defined by

p=0fort<O0and0<r<bto
p,=P,fort>0and0<r<a,
then

p= Pu{l - fR,,.e-"’n"cf} (83)

where o, are the roots of the auxiliary equation
for the particular values of u, a and b, while
R, values also depend upon the location (r)
of the point in question.

The same expression (Equation 83) can be
applied to determine the inert gas tension (p)
at a general point following a complex history
of p, versus 1. The total gas taken up per unit
volume by the ‘cellular’ zone during such an
operation (g) can be estimated either by inte-
grating the distribution of p versus r between
a and b or by applying Fick’s law to the
boundary when

44,095 A’(fj—p) (84)

where S, is the solubility of the inert gas in the
‘cellular’ phase and A4’ is now the surface arca
per unit volume.

For a single step in p,, the solution for ¢
is exactly similar to Equation 83, where the
roots (a,) are the same but coefficients (R;) are
different.

The great advantage of the shape factor lies
in the fact that o, and R, values lie on smooth
curves when plotted against the values of p,
i.e. 30, 20, 1:0 and < 10, for which mathe-
matical solutions to Equation 82 are feasible
(Hills, 1967b, 1974a). The shape factor is by
no means comprehensive, nor offers a unique
value for a particular cell, but it does give some
‘handle’ on the particularly difficult mathe-
matics posed by the irregular nature of tissue
‘geometry’ and avoids the need to postulate
ideal shapes.

Having related both p and (dg/d?) to the

p, versus ¢ history, it is now feasible to relate
p, to the environmental history by a mass
balance for the inert gas in the ‘extended
vascular’ zone (blood + interstitium), when

BOS,(,—p,) = (dg/dD) + S,(dp,/d?) (85)

where Q is the blood perfusion rate and f§ is
the fraction of the ‘extended vascular’ region.
Although p, and ¢ cannot be eliminated by
simple substitution in Equations 83-85, for
a complex history, this poses little difficulty
when a digital computer is used to determine
p by ‘number crunching’ (p. 257). An analytical
solution is possible but very difficult to handle.

Gas phase prediction

Having a means of determining the inert gas
tension (p) at any time and any point within
the ‘cellular’ zone, it is now feasible to predict
whether the primary event is likely to occur.
According to the simple thermodynamic cri-

terion expressed by Equation 14 and depicted ¢ s
in fig. 29, no inception of the gas phase canAp/

occur if the total hydrostatic pressure of the
gas in the nucleus (P + B’) exceeds the total gas
tension which is less than (p + m). Hence no
stable gas phase is formed provided

P>p+m—B=p—c (86)

at all points within the tissue, where cis (B — m).

Imminence of bends

While Equation 86 describes the primary event,
the gas phase must grow considerably before
it can cause the level of insult to reach its
threshold for symptoms. The imminence of
limb bends depends upon the local pressure
differential to bend a nerve ending which, in
turn, is largely determined by the maximum
volume of gas (v) which can separate from solu-
tion in unit volume of tissue (V'=1), i.e. the
‘worst possible’ case. Substituting for v accord-
ing to Equation 9, Equation 31 gives the
condition that bends can occur if for one gas (i)

C,—S(P+c).  S.—9d,
(P+c¢) K

@7



where C, is the total inert gas content per unit
unit volume and S, is its solubility, so that if
there had been no significant phase separation
before decompression to P then before violating
Equation 86

- C=8p (88)

where p can be estimated as described earlier
(pp. 244-246). However, once the gas phase
is established, then any loss of inert gas must
be estimated from the driving force described
by Equation 52. It can be seen in fig. 83 how
the actual gas tension (p) deviates from C,/S,
wherever the gas phase has formed since, in
those regions, C; includes both gas in solution
and that deposited by decompression.

The ‘worst possible’ case

The major assumption in the expression for
estimating the imminence of decompression
sickness (Equation 87) concerns the case consi-
dered the ‘worst possible’; but is it really likely
to occur ? While the ‘Haldane’ rationale assumes
that the state of supersaturation does not break
down in any region until the ‘trigger point’
has been reached, the ‘thermodynamic’
approach assumes that at least one region will
break down completely if saturation is exceeded.
Thus one depicts the ‘best possible’ occurrence
and the other the ‘worst possible’ while some-
thing in between may be more appropriate
but much more difficult to describe mathe-
matically.

To test the probability that the ‘worst
possible’ is likely to occur, this writer has
performed an experiment based on the following
argument. It can be measured or predicted
mathematically how a single bubble will
grow as it drains the dissolved gas from a
large volume of tissue which has been decom-
pressed. Two bubbles far apart will give twice
the volume change but otherwise follow the
same profile. However, when two bubbles
are near to each other, they will start by follow-
ing the same profile but the rate of growth will
reach a plateau sooner as they both start to
drain gas dissolved in the same tissue zone.
Thus the shape of the volume-versus-time
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curve for tissue gives an indication of the
distribution of bubbles with respect to the
tissue volume per bubble, i.e. to the volume of
tissue ‘dumping’ into the nearest bubble.
Measurement of volume changes in excised
skeletal rabbit muscle indicates that the distri-
bution is very wide, some areas having no
more than one bubble in several cubic milli-
metres while, in others, they are most profuse
with maximum diffusion distances for dumped
gases of no more than a few micrometers.
Hence the ‘worst possible’ does appear to be
a likely case. Moreover, comprehensive histo-
logical studies of terminal nerve distributions
in the knee joint of the cat (Gardner, 1944;
Freeman and Wyke, 1967) and the general
innervation of fendon in primates (Stilwell,
1957) indicate that very localized stimulation
can provoke pain.

Constants

Aesthetically, the beauty of the ‘thermodynamic’
model lies in the manner in which each of the
constants needed for describing the occurrence
of the primary event (Equation 86), the im-
minence of decompression sickness (Equation
87) and the various transfer processes and
driving forces are all related to some physical
dimension or other tangible entity. Surveying
Equations 80-88, these include D_, S, §;, 4,
A, p, B, B,ma,b,d, d, and K. Some of these
are known without a doubt, such as S, =S, =
solubility of the inert gas in water at body
temperature, while other constants which can-
not be assigned values without positive identifi-
cation of the critical tissue can be grouped.
Thus the final list of constants reduces to

(1) (D,/a?) with dimensions of (time) ™ 1.

(2) p—the dimensionless shape factor.

(3) b/a—dimensionless (unnecessary for

p=1).

(4) O—with dimensions of (time) ™.

(5) 6,—9,)/K—index of pain sensitivity

(Z)—(volume) (pressure) ™! (unless d , varies).

(6) ¢ or ¢ related to mechanical factors

(B or B’) and the total venous tensions (m),

while the other constants can be related to

each other as
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A=BA'|V=PBu/(b—a) (89)
and

B = (a/b)" (90)

thus reducing the effective number of cons-
tants to only six. Moreover, if a particular
anatomical tissue is selected, then the geo-
metric and perfusion terms are fixed to
reduce the number of degrees of freedom in
selecting constants to only two.

Having described the model quantitatively
it is now feasible to assess its viability, not only
in qualitative terms but to ensure that the
equations are compatible with the words since
only the equations are ultimately used to
optimize a decompression.

Qualitative Assessment of the Model

Before any model is used to optimize the decom-
pression procedure, it should first be tested for
compatibility with the many general qualitative
facts and then with basic quantitative data.
Moreover, the derivation of certain fundamental
constants from these quantitative analyses and
any agreement with known physiological values
offers the final test of fundamental adequacy.

From a quantitative standpoint, the compre-
hensive expression describing the imminence
of decompression sickness (Equation 87) is
essentially a comparison of two terms, the
left-hand side describing the level of insult
to the tissue, while the right-hand side relates
the critical threshold to individual factors.

Level of insult

It can be seen that the condition for bends is
more likely to occur if the total inert gas
content of the tissue (C) is higher. This is
compatible with the fact that longer and deeper
exposures (p. 36) or those with a greater
fraction of inert gas in the breathing mixture
(p. 37) are more likely to produce bends—all
for the same decompression.

A more soluble inert gas (S) is more
likely to violate the condition expressed by
Equation 87 such as nitrogen tending to
produce lower minimum bends depths than

helium for the same decompression and fraction
of the breathing mix (p. 38). On the other
hand, a faster diffusing gas (DI in Equations
82-84) will increase the content of inert gas
(C,) before it asymptotes, so that air can take
over from heliox as superior for deep ‘bounce’
dives (p. 188).

The comprehensive expression (Equation 87)
shows that the critical condition for bends is
more likely to be violated if there is greater
decompression per se (P}). Moreover, the
equation expresses the concept of a threshold,
where reversal of the insult by elevating P
(i.e. recompression) can reverse the development
of symptoms (p. 41).

So far only the factors related to the degree
of insult as expressed by the left-hand side of
Equation 87 have been discussed—all equally
well explained by other theories.

Individual factors

The right-hand side of Equation 87 refers more
to the threshold itself and is therefore more
closely related to individual factors. The distri-
bution in susceptibility is determined largely
by individual differences in threshold pressure
differential (6,) for bending or otherwise distort-
ing a nerve ending. Osmosis would act by
increasing 6, while potentiating factors such
as serotonin could decrease J, where the
threshold term is then more likely to be exceeded
by the insult—i.e. by the left-hand term in
Equation 86.

Obesity is reflected by an elevation of lipid
inclusion in the critical tissue, if it is tendon
(as observed in that tissue in guinea pigs—
p. 60) which, in turn, elevates the solubility
(S;) and hence the likelihood of symptoms
(p. 41).

Adaptation to decompression (p. 60) is
expressed by the decrease in the modulus (K| )
with successive exposures, thus elevating the
threshold so that the same insult is less likely
to exceed it. Similarly the increased suscepti-
bility with age (p. 60) can be explained by the
critical tissue becoming less compliant (XT),
thus increasing the likelihood of exceeding the
threshold.



Fluid shifts

Individuals with a higher natural fluid turnover
rate are likely to have a lower tissue fluid
pressure (6,1) and hence higher (8,—9,)
to explain their marginally lower susceptibility
(p. 43). By the same token, the reduction of
extravascular fluid pressure (| ) which should
result from administering low molecular weight
dextran is likely to decrease the threshold
and even reverse a marginal bend—as observed
clinically (p. 232).

Haematological disorders leading to trauma
or oedema and a general exodus of fluid from
the vascular system will elevate extravascular
fluid pressure (6,1), thus reducing the level
of insult needed to exceed the bends condition
(Equation 87). However, no claim is made in
its presentation that the model can accom-
modate blood disorders, since this writer, at
least, can find no simple means of quantifying
them in terms of environmental history and
hence relating them to J,.

On the other hand, it is an easier task to
relate the fluid shift caused by any gas-induced
osmosis to environmental parameters. Parti-
cularly during a ‘saturation’ decompression,
where there is a large reservoir of inert gas
deep in tissue, this gas could exert a significant
osmotic pressure tending to ‘pull’ water out of
blood and so increase &,. Hyperoxia would
tend to augment this process (p. 222), as
would a switch of inert gas, quite apart from
any effect which this might have on the volume
of any bubbles present. Since the shifting of
fluid is a slow process, it is possible to spend
too long decompressing when &, reduces the
threshold (right-hand) term in Equation 87
to a level at which a minimal gas-mediated
insult (left-hand term) is all that is needed to
provoke symptoms. This could explain the
low bends incidence (Biihlmann, 1969) in some
short (8-day) decompressions from 1000 fsw
compared with 21 days used by the U.S. Navy
(Workman, 1969). However, these are excep-
tional exposures during which any one of a
host of physiological factors could become
critical.
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The “vestibular’ tissue

For such long deep exposures, a second tissue
with a high inherent threshold (:) could take
over as symptom-presenting if the combination
of distensibility (1/K) and fluid shift (5,)
were to reduce the threshold level for the critical
insult (6, — 6,)/K to a value lower than needed
to provoke marginal limb bends in the aqueous
connective tissue. Moreover, d, is likely to
be greatest if shifts due to a switch from helium
to nitrogen as the inert gas are superimposed
upon pre-existing pressure differentials. Thus
the rate of fluid shift would be directly propor-
tional to the osmotic driving force ¢S, (p; — P,;)
i.e. 0;cca8;(p;— P,) where P, is the arterial
inert gas partial pressure. If, therefore, the
proportionality constant is (K”), then for decom-
pression from a steady state at an absolute
pressure at P, to P, breathing the same mix
(inert gas fraction F)):

P,=P,+(5,/KcS,F) 1)

Thus, on a plot of P, versus P,, such a tissue
would have a lower gradient (1-0) yet an
appreciably higher intercept (6,/K o S, F)) than
the connective tissue for limb bends. A physio-
logical system particularly sensitive to internal
fluid shift is the vestibular apparatus. Hence
it is very interesting that Equation 91
gives a straight line which would intersect

the limb bends line (Equation 27) in just about » 723

the same manner as found for P, versus P,
plots for ‘vestibular’ and ‘limb’ bends in

practice (fig. 20). Moreover, the gradient of

unity is particularly compatible with the critical
insult arising from an incompressible fluid—
as seen in Equation 91.

If this explanation is correct, then it is
tempting to speculate on the use of osmotic
agents and mild diuretics during decompression.
In fact, this could be a factor contributing to
the successful prescription of alcohol to his
divers by Krasberg (1976), particularly when
given at the start of decompression from 1000
fsw and therefore most effective over the
deeper stages where vestibular problems are
more likely.

> 1o
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Kinetic factors

To return to normal exposure pressures, there
are a number of features of the model not
expressed mathematically yet which need ap-
praisal. Most of these involve time.

The first is the random occurrence of symp-
toms (p. 32). For this to occur there must be
a random physical or physiological mecha-
nism—and what could be more appropriate
than the random nature of nucleation (Chapter
4), particularly of the gas phase by decompres-
sion (p. 84). This is expressed quantitatively
in Equations 86 and 87 that no gas phase or no
bends will occur if the respective thresholds for
nucleation or pain are not exceeded but this
does not state that the converse need apply.
If the right-hand sides of Equations 86 and
87 exceed the respective left-hand sides, then
there are only certain probabilities that a nucleus
will be activated into growth or that nucleation
will be so profuse that the ‘worst possible case’
will actually occur on that occasion.

The random onset times of symptoms (p. 33)
are highly compatible with the concept that
the induction period represents the time needed
for separated gas to coalesce until the combined
mechanical stress of the congregated gas exceeds
the local pain threshold. Moreover, exercise
hastens onset (p. 45) and can be envisaged
as the ideal motion for coalescing gas deposited
in the sheaths of any connective tissue. Also,
the more that the decompression exceeds
marginal limits, the more gas separates and
hence less coalescence is needed for the increas-
ing level of insult to exceed the threshold. Thus
the model can explain why severe cases have
shorter onset times (p. 34).

Another action likely to promote coalescence
s alternate expansion and contraction of
bubbles. Hence the lower bends altitude found
on repetitive aerial exposures (p. 39) can be
xplained by the need for less gas to separate
from solution in the first instance, when the
congregating mechanism is more effective.
Similar arguments can explain apparent
anomalies in decompression needed for repeti-
tive dives (p. 162).

Coalescence can also explain why a delay in

recompressing a bends case can unduly prolong
the treatment needed, while it also offers a
simple explanation for the change in the X-ray
of the subject’s soft tissues. Postulated as the
process delaying the onset of symptoms, coales-
cence could also be the factor rendering surface
decompression/decanting feasible. The earlier
appearance of symptoms on helium diving
can be attributed to congregation by the faster
rate at which the larger of two adjacent bubbles
grows at the expense of the smaller (p. 96).
A minor criticism of the model concerns the
virtually instant ‘dumping’ of gas on decompres-
sion assumed for the sake of mathematical
simplicity. It is quite likely that growth will
prove to be a rate-contributing factor but
probably not as important as coalescence
(p. 96). However, the introduction of growth
terms immensely complicates Equation 87 and
has yet to be justified, since it is much more
important to predict whether bends will occur
rather than when.

Exercise and temperature

Exercise ‘on the bottom’ must increase the blood
perfusion rate (Q) and hence the gas taken up
by the ‘cellular’ zone (g) and, in turn, C; in
Equation 87; so that bends become more
likely on subsequent decompression.

Moreover, the increased gas uptake reflected
by the decrease from 35 to 25 min in safe
‘bottom’ time at 150 fsw for no-stop air decom-
pression (p. 46) is just about what would be
expected from the increased perfusion and vaso-
dilation of the tendon to which the exercising
muscle is connected. The effect is much less
than any anticipated for muscle itself. When it
occurs, the bends pain is felt around the joint
selectively exercised (p. 33) and in sites where
there are tendons, among other connective
tissues. Similarly, exercise during any pre-oxyge-
nation will tend to accelerate nitrogen wash-out,
reducing C,; and so tending to protect aviators
against decompression sickness (p. 46).

By conventional reasoning, one might expect
exercise during decompression to hasten inert
gas wash-out and so reduce the likelihood
of symptoms but the reverse is found to hold



in practice (p. 46)—at least using U.S. Navy
tables. By the ‘thermodynamic’ approach exer-
cise during decompression would act in two
opposing ways: firstly to coalesce gas already
separated from solution into a pain-provoking
bubble; secondly, to increase blood flow (01
in Equation 85) and vasodilation (4’T in
Equation 84) tending to eliminate what has
remained in solution. This writer therefore
contends that the outcome of the race between
these processes will depend upon how much
gas is ‘dumped’ and how much remains in
solution. Thus a U.S. Navy profile with its
characteristic long first ‘pull’ is likely to precipi-
tate most of the tissue gas allowing coalescence
to predominate in hastening eventual symptoms.
On the other hand, during a decompression with
more time spent deeper and hence more
gas remaining in solution, increased wash-out
of this gas should win and exercise should
prove advantageous—as observed in caisson
workers before the ‘Haldane’ rationale was
introduced (p. 46).

Increasing the metabolic rate without the
mechanical action of coalescence should
decrease tissue P, more than it elevates the
Py, thus decreasing the value for m (Equation
86) and hence ¢ in Equation 87. The small
change in ¢ with time of day is only likely to be
significant relative to low values of P, when it
can explain the small diurnal effect noticed
in aerial decompressions (p. 44).

Temperature is as well explained by
the ‘thermodynamic’ as by any other model.
Apart from the obvious thermal effects on
vasoconstriction and hence gas exchange in
the peripheral tissues, there is the increased
solubility of gases at lower temperatures.
Thus at high pressures, where the thermal
capacity of the inspired gas is significant relative
to the pulmonary circulation, there could be
slight cooling of blood in the lung resulting
in a higher gas uptake. This could lead to a
small amount of supersaturation as arterial
blood returns to core temperature. This, in turn,
would have the net effect of increasing the
tissue inert gas content (C; in Equation 87)
and hence the likelihood of decompression
sickness. This line of reasoning adds further
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justification for warming the breathing mix
at greater depths.

Critical features

So far, the ‘thermodynamic’ approach has
been assessed in the light of practical experience
(Chapter 2) rather than on the results of
experiments specifically designed to test certain
facets of the model. These have already been
described in detail in Chapters 3, 6 and 7 and
their compatibility requires no further dis-
cussion, since the same conclusions were used
in deriving the model originally.

Many of these critical tests centred around
the inherent unsaturation and its ability to
provide a driving force for inert gas elimination.
One of the more practical cases which the model
can interpret is the lesser advantage to be
gained by undertaking pre-oxygenation at alti-
tudes which can precipitate sub-symptomatic
bubbles (p. 37). It also explains the great
advantage gained by the use of oxygen and
high pressure (PT) in treatments (AR, TT as
F, -0 or PT in Equation 52). (D- AP

Quantitative Assessment

In addition to offering explanations for some
basic facts, the qualitative assessment has
indicated how the analytical description of the
model is also compatible. In other words, the
equations predict changes in the right direction.
However, the next step is to determine whether
those correctly predicted changes are of the
right magnitude. Perhaps the simplest order
for undertaking this more rigorous appraisal
is to look first at the relationships between
the key variables, then to see what agreement
there is between various values derived for
the constants and, finally, to compare the values
which the decompression data would indicate
for basic tissue parameters with known values.

Apparent decompression ratio

The first characteristic to explain is why a
constant decompression ratio (P,/P,) appears
to hold for simple air diving up to 300 fsw or,
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rather, a linear relationship between P, and
P, (fig. 35). Just such a linear relationship
was derived on p. 120 (Equation 43) on the
basis that a constant volume fraction of
separated gas (v in Equation 28) is responsible
for marginal limb bends. This same equation
(28) forms the basis for the comprehensive
expression for the imminence of bends (Equa-
tion 87) after relating v to the critical pain
threshold (d,). Moreover, the constants in
these equations are compatible if the tissue
is predominantly aqueous or, at least, contains
up to 3% lipid (p. 194).

The derivation of these constants leads to
the second set of data needing correlation by
any comprehensive expression for the im-
minence of limb bends; the comparison of the
minimum bends depth for air, the same for
helium : oxygen and the minimum bends alti-
tude for aerial decompression. It was shown on
p. 193 how these can be correlated exactly if
the volume fraction of separated gas (v = 0-0045)
and the constant (c) has a value of 5-1 fsw for
the marginal onset of bends. Thus, from Equa-
tions 64 and 80, a value for the combined
mechanical contribution (B) of interfacial
tension and tissue compliance can be derived:

B <102 fsw 92)

This value will be related to more fundamental
constants later (p. 253).

The third basic feature of decompression
data concerns the remarkable adherence of
bounce dives to the /(f) relationship (p. 122).
Thus, for a single exposure, C;oc./(f) in
Equation 87. It was discussed earlier (p. 189)
how uptake by diffusion into a bulk of almost
any reasonable shape follows the J (¢) relation-
ship for small values of . This is compatible
with the predominantly bulk diffusion aspect
of the ‘thermodynamic’ model.

Constants

Another check of the analytical description
of the model is provided by the point of incep-
tion of the gas phase in tissue. Mathematically,
this is described by Equation 86 which gives the
absolute pressure for aerial phase separation

as 0-8(760 —47)— B'+m. When compared
with altitudes of 10,000-12,500 feet (P =474—
533 mm Hg) for the first changes in the X-rays
or in cerebrospinal fluid volumes, this gives
B’ >202 mm Hg (8-8 fsw), a result compatible
with the earlier estimate of B from minimum
bends depths as 234 mm Hg (10-2 fsw).

Yet another crude estimate of B can be
obtained from the analysis of bubbles formed
by decompression (Harris ef al., 1945b). In
exercising animals (Py, =0; Pgo, 50 mm
Hg) these contained 95% nitrogen on a dry
gas basis at normal pressure:

(nitrogen) (760 + B — 50 — 47)
(total gas) (760 + B—47)

=095 (93)

which gives the mechanical ‘overpressure’ of
the bubble (B) as 287 mm Hg. This estimate is
crude, since a resting value of Py, =46 mm
Hg gives B =207 mm Hg but the range encom-
passes the earlier estimate of B.

Relation to fundamental parameters

It could be argued that B (or B’ before a nucleus
is activated) is simply part of a ‘fiddle factor’,
¢, needed to make the data fit the comprehensive
expression for the imminence of symptoms
(Equation 87) and its forerunners (Equations
26 and 28). Of the two terms m and B contribut-
ing to ¢, there can be little argument that 5-1
fsw (117 mm Hg) is a reasonable maximum
value for total gas tensions of the metabolic
gases (m in Equation 80). However, this leaves
B for which the most comprehensive analysis
(p. 194) gives ¢=35-1 fsw (117 mm Hg) and
hence B = 234 mm Hg. If B has the fundamental
significance claimed, then it should give reason-
able values for the fundamental physiological
parameters J, and 2y/r, as defined in Equation
14. Taking o, as 11-26 mm Hg for no fluid
shift (6, = 0 in Equation 7), this gives a value of
208-223 mm Hg for 2y/r,. Taking 50 dyne
cm™! for plasma as the value for y, this gives
a bubble radius (r,) of 3-5 um, i.e. a diameter of
7-0 yum, which would seem eminently reasonable
by comparison with capillary diameters of
8-0 um and intercapillary distances of the order
of 20—40 pym.



Other mechanical factors

The next question in assessing whether the
numbers are fundamentally consistent with the
model concerns the stress which such a bubble
would create. For no fluid shift (6,=0) and
a pain-provoking stress of 11-26 mm Hg
(Equation 7), together with a critical bends
volume fraction of separated gas of v = 0-0048,
Equation 9 gives a bulk modulus for tissue
distension (K) of 3-7 x 10* dyne ecm™2. This
should not be compared with Young’s modulus
for unidirectional stress in tendon, nor with
values for compression which is largely measur-
ing the compressibility of water but with those
for bulk displacement. This is compatible with
values of 2-11 x 10* dyne cm™2 found for
connective tissue (Harkness and Harkness,
1965).

Diving data

So far the quantitative analysis has not involved
time. Hence, in analysing data for practical
dives which have actually been performed,
it is necessary to select values for (D/a® and
(b/a). The computations are too lengthy to
repeat here but thirteen sets of naval dives have
been analysed by the ‘thermodynamic’ approach
(Hills, 1966), to predict the bends cases out
of hundreds of exposures involving at least
fifty different decompression profiles. Most
were formulated by conventional calculation
methods (e.g. the data of Crocker, 1957).
The constants which enabled such a successful
analysis to be made were (D,/a?) = 0-129 min !
and b/a=1529 for rest to 4-73 for exercise—
all for an annular model (u = 0-47). The value
of (D,/a?) agrees well with values for other
‘transient’ determinations (Table 12) while,
taking 8-0 um as the capillary diameter (2a),
the (b/a) ratios give a fibre diameter 2(b — a)
of the order 32 um, well within the range for
tendon of 10-40 pm in skin (Bear, 1952;
Gustavson, 1956) and sometimes up to 300
pum (Bear, 1952; Verzar, 1957).

Allowing the ratio (b/a) to vary provides a
convenient mathematical means of accounting
for vasodilatation and hence exercise.

As for shape factors, the geometric configura-
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tion used in the foregoing analyses gave u = 0-47
but the first bulk diffusion model of Hempleman
(p. 122) was planar (u = 1-0), while wash-out
analysis from a different tissue (skeletal muscle)
gave u=1-55 (Hills, 1967b). This corresponds
to roughly cylindrical fibres in which about
22% of their surface is in contact with their
neighbours. Unfortunately this is about the
only study which has paid much attention to
the mode of curvature, if any, of the boundary
between the ‘cellular’ and vascular or ‘extended
vascular’ zones. However, if this value of 1-55
is applied to the resting and working ratios
(5°29 and 4-73) in accordance with Equation 90,
it gives a volume fraction for the ‘extended
vascular’ zone (ff) of 7-99%,. This value coincides
with 8-09%, for the blood volume of man as a
whole but because tendon is a relatively
avascular tissue, it is greater than blood volume
and indicates that ‘extended vascular’ is an
appropriate term for the effectively fully-
stirred zone.

Derivations such as these may be dull and
arduous but the sensible values which they
produce for the various physical and physio-
logical parameters enhances confidence in the
fundamental adequacy of the model. It is
now feasible to contemplate using this model
to optimize a decompression and to ‘graduate’
from testing its viability on data which often
included decompressions whose formulation
would appear far from optimal by ‘thermo-
dynamic’ reasoning. However, although
tedious, this is much more cost-effective than
jumping straight into formulating a new book of
tables only to discover any major errors at
great expense in the field—a practice all too
common.

Decompression Optimization

Perspective

Whatever model or calculation method one
may adopt for optimizing decompression, the
designer attempts to select the depth at which
the rate of inert gas elimination from the critical
area is a maximum at each particular time.
It is inefficient to proceed towards the surface
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0o slowly and yet if one attempts to ‘beat
the system’, then there is a penalty to be paid
ater. By conventional ‘supersaturation’ ap-
proaches, this penalty is simply that bends will
occur if one violates a ‘trigger point’ for bubble
formation. However, if the ‘thermodynamic’
model is correct and the primary event does
not coincide with the critical level of insult
then, simply by waiting for bends to occur,
the designer can be fooled into paying the
penalty of over-decompression without realizing
it. Hence the U.S. Navy, among others, (Chapter
5) probably far exceed the conditions for
initiating the primary event (Equation 86)
and yet do not appreciate the fall in gas elimina-
tion rate from the critical area unless they
exceed it by such a margin that the volume of
separated gas reaches the pain threshold (Equa-
tion 87). Once again, there is no point in
measuring overall gas elimination rates, even
from one tissue, since these reflect the behaviour
of the statistical mean and not the ‘worst
possible’ case.

It is all too easy to criticize other approaches
but how can the expressions for predicting the
primary event (Equation 86) and for estimating
the level of insult (Equation 87) be used for
optimization, assuming them to be correct?

Sequence of gas elimination and ‘dumping’

The no-stop decompression limits leave no
doubt that, on return to the surface, man
can tolerate a gas content of his critical tissue
well in excess of normal and yet not experience
symptoms of decompression sickness. More-
over, much of the gas taken up at depth can
be ‘dumped’ into the gaseous phase and yet
remain asymptomatic under normobaric condi-
tions. Hence the gas assimilated at depth which
exceeds the quantity which can be tolerated
at the surface needs to be removed over the
depth range affording the greatest driving force
for its elimination. In this way part of the
total pressure change in returning to the surface
is used for ‘dumping’ gas and part for eliminat-
ing it by gradual decompression. This leads
to three alternatives:
(a) ‘dump’ and then eliminate;

(b) eliminate and then ‘dump’ the rest;

(c) do both simultaneously.

The last of these is simply a compromise
between the first two and will not be considered
in the basic argument. Taking the first approach,
a long first ‘pull’ towards the surface will
‘dump’ much gas initially and then bring about
the position of needing to use Equation 52
(appropriate to a gaseous phase) to estimate
the subsequent elimination over the remainder
of the decompression at the graded rate.
However, this equation (52) indicates that the
driving force is greater at greater pressure
(AP, as PT). Therefore it has always been
the contention of this writer (Hills, 1966)
that it is better to reverse the conventional
procedure (1) and eliminate the excess gas at
the greater depths, where there is more driving
force, followed by a rapid decompression over
the last 20-30 fsw to ‘dump’ the remainder.
This procedure (2) still forms a gaseous phase
but to an extent just below the dimensions
predicted to give pain (Equation 87). According
to ‘thermodynamic’ reasoning, the U.S.N.
tables represent an extreme form of sequence
(1) since, in molecular terms, they initially
‘dump’ more gas than could be tolerated at the
surface. Hence much of the gas to be eliminated
must be derived from the gas ‘dump’ and
therefore needs to be first resorbed from the
gaseous phase, thus adding a further potential
resistance to the kinetics in addition to reducing
the driving force. This becomes more acute
if coalescence has occurred between ‘dumping’
and resorption.

Hence, by ‘thermodynamic’ criteria, it is
better to follow sequence (2). However, in
advocating deeper stops for the pressure range
for gradual decompression, just how deep
should these start?

Criterion for optimum

Consider a subject making an arbitrary first
‘pull’ towards the surface following completion
of his exposure on the bottom. If he is decom-
pressed so far as to form the gaseous phase, then
the appropriate expression (Equation 52) reveals
that he would have achieved a better elimination

D 438

\



5. A3F

rate at the first stop if he had made that stop
rather deeper (APy,T as P). On the other
hand, if he decompresses only a short distance
and does not form the gaseous phase, then the
expression appropriate to this case (Equation
51) reveals that a better driving force would
have been achieved by coming up further
(AP,,T as P|).

By repeating this exercise for successively
deeper first stops with the gas phase forming
and successively shallower first stops without
it forming, the two come together to give a
maximum APy for the unique point where
the gaseous phase is just on the brink of incep-
tion. Thus the optimal condition is expressed
by Equation 86 describing the primary event.
Hence the diver rapidly decompresses by the
inherent unsaturation plus the mechanical
factors (B"), compressing gas in the unactivated
nucleus (fig. 31). He then continues to follow
the critical condition for initiating the primary
event (i.e. gas inception) as this gradient conti-
nues to provide the maximum driving force
for eliminating the excess gas, all of it just
remaining in solution if the calculations are
correct.

Since the particular transport model consider-
ed relevant to the kinetics of the critical tissue
involves a bulk ‘cellular’ phase, this optimum
condition (Equation 86) needs to be applied
at all points. Thus it is first necessary to deter-
mine the point of maximum gas content and
then ensure that this peak does not exceed
the critical condition for initiating the primary
event. For a single exposure other than steady
state, the highest total tension of all will be
located in the ‘extended vascular’ pool and
the immediately adjacent wall. Thus the first
stop is based on venous gas tensions only.
However, as gradual decompression proceeds,
the peak will gradually recede from this wall
deeper into the tissue. If the overall gas content
has not been reduced to a level at which it is
safe to jump to the surface sooner, then the
peak will recede to the ‘back wall’ and stay
there. This is the point at which the decom-
pressions for short exposures (‘bounce’ dives)
join the universal profile found for starting with
a steady-state condition (the ‘saturation’ curve).
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Procedure

This line of reasoning has led to the following
procedure for decompression optimization ac-
cording to the ‘thermodynamic’ approach.

(1) Calculate the pressure (P,) to which the
diver could be rapidly decompressed from his
bottom pressure (P,) without precipitating the
primary event in venous blood and hence
in the ‘extended vascular’ zone. Applying
Equation 86 to this case:

P tm—B=FP —¢ (94)

where ¢= B —m’' =B —m+ F,P, (Equations
27 and 64).
Ae2 e il

(2) Start the decompression at a rate of 20
fswmin~*! from P, to the value of P, calculated
in Equation 93 or to the next deepest 10 fsw
depth interval if (P, —33) does not prove to
be a whole number of tens of feet. Call the
pressure corresponding to this depth P}.

(3) At one-minute intervals from the start of
decompression, calculate the total gas tension
(p + m) in venous blood and at each of twelve
points in the bulk ‘cellular’ phase equally
spaced between the interface (r=a) and the
back-wall (r =5), using the kinetic equations
(81-85) for the model (fig. 84). The input is
the arterial inert gas tension (p, in Equation 85)
which will vary with the continuously decreasing
absolute pressure according to Equation 2.

(4) At each of these one-minute intervals,
determine which of these points has the highest
inert gas tension (p_, )

(5) Apply the critical gas inception equation
(86) to this peak value, i.e. putting p=p,_,, to
determine the new absolute pressure P to
which it is safe to decompress (fig. 84).

(6) If this new value of P is greater than
(P, —10) by the time the diver reaches P/,
then he must stop at P} and steps (3) to (5)
must be repeated at one-minute intervals until

the peak (p_,,) has subsided to the extent that
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Fig. 84 Depicting the condition for optimal decompression according to the

‘thermodynamic’ method. At any instant the absolute pressure is selected

which causes the peak gas tension to coincide with the point of phase equil-

ibrium, i.e. just keeping all gas in true physical solution. It is convenient to

work in terms of inert gas when other gases and mechanical factors can be

‘lumped’ into one minor constant (¢), where c= B —m’ = o E@yr) =P, —
P, o, — (1 — Fp,)P,,. Redrawn from Hills (1966)

this value enables Equation 94 to be satisfied
for P= P — 10. The diver is then moved 10 fsw
closer to the surface—or a greater number
of 10-foot intervals, provided the peak has
subsided sufficiently for the new absolute
pressure (P) not to violate Equation 94.

(7) The change in arterial inert gas tension (p,)
resulting from this change in absolute pressure
is fed into the ‘kinetic’ component of the
computation via Equation 85.

(8) If P, is greater than the (Pp,, — 10) value
calculated from the peak by the time the diver
reaches P, then he need not stop at P but
can continue decompressing at the same rate
until recalculations of the peak, in the light
of his continuing change in arterial gas tension,

show that he would violate Equation 94.

(9) When his depth becomes 40 fsw or less,
then the same distribution data computed on

the whole dive history to estimate the peak is
also used to calculate the imminence of decom-
pression sickness as though that diver had
been decompressed from that depth to the
surface, i.e. Equation 87 is used for P=33
fsw.

(10) Continue the gradual decompression by
repeating steps (3) to (7) using Equation 94
as the criterion until an absolute pressure
(P,) is reached at which (9) shows that Equation
87 would not be violated if the diver decompres-
sed from P, to 33 fsw.

(11) When this occurs, decompress from this
surfacing pressure (P;) to the surface at 20
fsw min~ 1.

Variations

Many variations on this theme are possible.
One-minute intervals are used for updating



the computation because this is approxi-
mately the circulation time of blood in the
body. The decompression rate of 20 fsw
min ! is selected for the two rapid phases of
decompression ((2) and (11)) to avoid super-
saturating arterial blood (see p. 65).

Since P, usually lies in the region of 53—63
fsw (20-30 feet depth), it is convenient to put
in stops at 35 feet and 25 feet to improve
efficiency. This does not add any inconvenience
because the very shallow stops at 10 and
20 feet found in conventional tables are now
omitted.

Computer programs

The expressions describing gas transfer in the
‘thermodynamic’ model (Equation 82), together
with the difficulty of eliminating such variables
as g by simple substitution, must leave the
initial impression of great complexity in any
calculation involving them. Their usage would
certainly be tedious if it were not for the ease
with which they can be programmed for the
digital computers so readily available today.
Hence much of the old fear of the mathematics
in invoking any transport system more complex
than a simple ‘Haldane tissue’ is no longer
justified. ;

However, it must still be remembered that
no profile is better than the program fed into
the computer and extreme care must be taken
to ensure that the program is completely
‘debugged’. In preparing this, the sequence of
calculation steps ((1) to (11)) listed in the
preceding section provides a convenient outline
for the underlying logic diagram. There are
basically two approaches to programming this
model: the analytical approach and numerical
methods involving finite difference techniques
commonly used in solving many engineering
problems concerned with heat transfer.

This technique has enabled the thermo-
dynamic model to be simulated by a number
of compartments in series, the first representing
the ‘extended vascular’ zone and the remainder
depicting segments of the bulk ‘cellular” phase.
Thus the first of the ‘nodes’, or boundaries
between these ‘tanks’, is at arterial gas tension,
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while the last represents the ‘back wall’. By
the finite difference method, the rate of transfer
between any two compartments is directly
proportional to the tension difference between
them. The proportionality constant of the
first is chosen to reflect the blood perfusion
rate while the rest are determined by the shape
of the ‘cellular’ zone. Each compartment is
also assigned a capacity proportional to its
ability to store dissolved gas. This program
is therefore somewhat flexible in allowing the
designer to select his blood perfusion rate (Q),
fraction of the ‘extended vascular’ zone (f),
the mode of curvature (u) and relative dimen-
sions (b/a) of the bulk ‘cellular’ phase.

Confidence in the technique was gained from
the agreement between the profiles produced
by this program and one devised by an analyti-
cal method using Legendre quadrature to
describe the particular case of a purely diffusion-
limited radial system (Hills er al, 1976).
Although the finite-difference approach is parti-
cularly versatile, great care must be exercised
in selecting the coarseness of the elements to
prevent the programme from ‘going critical’.
This also applies to time intervals. However,
the agreement between the profiles generated
by this technique and those produced by a
thermal analogue (fig. 85) and another by the
analytical approach certainly allayed the in-
herent suspicions which this writer, at least,
had of computers and their programmers.

Profiles

The type of profile which the ‘thermodynamic’
procedure produces is shown in fig. 85, where
it is compared with a U.S. Navy air table in
which total decompression time has been
similarly titrated on both to give an equal
bends incidence on large goats (Hills, 1966).
The two major differences are the ‘drop out’
from 25 feet and the much deeper initial stops,
together with an overall shift of time towards
the deeper end of the decompression. Hence
the calculation procedure is actually producing
the type of format anticipated from the thermo-
dynamic model, viz.

(a) more time spent deeper to avoid gas
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phase inception and hence giving a greater

driving force to remove the excess gas,

followed by

(b) a ‘drop out’ from 20-30 fsw to ‘dump’

the remainder of the gas as a sub-symptomatic

gas phase.

It is over this last stage that the diver on a
‘thermodynamic’ profile overtakes those follow-
ing more conventional calculation methods
to result in a table more economical in overall
decompression time for the same apparent
safety. However, before discussing the success
or otherwise found by using this method in
practice, nothing has been said of the breathing
mix to use. P

Dual optimization

At each time in a decompression, there are
two parameters for which the designer is free
to chose values, i.e. there are two degrees of
freedom. These are the depth and the composi-
tion of the breathing mix—the fraction of

1y

oxygen in particular. Consequently, to perform
a simultaneous optimization of both depth
and composition against time, two constraints
are needed and these are provided by decom-
pression sickness and oxygen toxicity. Thus
the diver returning from the optimal decom-
pression would be within known, yet safe,
margins of both developing the bends and
displaying the effects of oxygen poisoning.

If there is the facility to maintain a constant
inspired Py, during the dive, then the highest
value should be selected from the oxygen
dose—time curve consistent with a reasonable
margin of safety, e.g. using the U.S. Navy
limits as shown in fig. 76. Normally this is
not possible and it is seldom feasible to use

more than four gas mixes during the entire
exposure. However, it is quite practicable to
alternate between any two mixes by filling the
chamber with one and telling the diver when to
breathe the other on BIBS. Thus in a dive to
500 fsw, the diver could breathe 7% oxygen

mixed with predominantly helium on the




bottom, 14% oxygen from 300-350 fsw to
120140 fsw, air to 40—60 fsw and then alternate
between air and pure oxygen up to the drop-
out depth.

In a particularly long dive, any sign of chronic
oxygen toxicity should be used to switch to a
subtoxic mixture. However, in shorter dives,
the advantages to be gained from a significantly
higher inspired P, could result in convulsions
arising too suddenly to prevent by evasive
action. Hence the cumulative oxygen toxicity
index (COTi on p. 226) has been programmed
for continuous updating along with the total
UPTDs on a separate computer program
(Hills et al., 1976).

This programme is used to compute the
COTi for the thermodynamic program and
at the same one-minute intervals. It is also
used to compute another index: CO(T + 10)i.
This is the index for the same history but ahead
by 10 min, as though the diver were breathing
the next more toxic mix for the whole of that
period at that pressure. This continually up-
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dated CO(T + 10)i is used as a ‘trigger’ for
the decompression program. It has no effect
until its value falls below 1-0, which is the signal
that it would be safe for the subject to switch
to the mix with the next highest oxygen fraction
for the next 10 min. In doing so, the new
fraction of inert gas is fed into the decompres-
sion program. Upon return to the less toxic
mix, the process is repeated so that the two
programs, one for bends and the other acute
oxygen toxicity, are effectively integrated. The
interval ‘on’ the more toxic mix can be varied,
but an arbitrary value of 10 min has been
selected as a convenient time for the diver to
be on BIBS without the annoyance of switching
too often.

However plausible these optimizations may
sound academically, are they doing what is
intended?

Animal trials

Many trials on goats and kangaroo rats of the
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Fig. 86 Results of using the Doppler meter to monitor goats during decompressions

following two thermodynamic profiles. Bubbles were never detected before surfacing

while, on the U.S. Navy schedules for the same air exposures, asymptomatic bubbles were
detected as early as the 40-foot stop. Data from Vann et al. (1973)
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form shown in fig. 86 have shown that the
‘thermodynamic’ approach offers shorter de-
compression times; but is the body really
conforming to the model? It is particularly
difficult to detect bubbles in vivo for the reasons
already outlined but if venous bubbles detected
by the Doppler technique are at all meaningful,
then it is interesting that none were detected
in goats using a profile computed by Vann and
Hills (Vann et al., 1973) until after the drop-out
(fig. 86). Moreover, those detected on the surface
were asymptomatic, while U.S. Navy tables
tested on the same animals did produce bubbles
at depth.

Human experience

The greatest difference between thermodynami-
cally and conventionally computed tables is
seen in short, deep dives. Hence the first trials to
test this method used tables computed on this
model by Dr. Walter Starck and used by him
and his crew for short deep air dives of up to
300 fsw off the Bahamas. In almost 200 dives
they had no bends and on average, divers
surfaced in two-thirds of the time advocated
by the corresponding U.S.N. table. Elevating
the mean inspired P,,, they reduced this
fraction to one-half but, unfortunately, no
actual depth recordings were taken of their in-
the-water stops.

The Royal Navy introduced the concept
of deeper stops very cautiously by adding the
time spent at their 10-foot stop to their 20-foot
stop with direct surfacing from that depth to
complete decompression in the same overall
time. Their experience over the last few years
has shown this change to be ‘highly successful’
according to Hempleman (1975).

Vann has used a linear-diffusion version
(p=1-0) of the thermodynamic model to
improve later stops of a conventionally calcu-
lated profile by Bennett to produce a profile
for a dive of 30 min at 500 fsw (p. 118)
which proved bends-free in an extensive series
of human chamber trials at Duke University
(Bennett and Vann, 1975). However, by far
the most extensive series in the ocean must be

those of Krasberg (comment at 6th Symposium, _

Underwater Physiology) who, in over 800
dives for up to one hour and down to 600
feet, recorded only four bends (three Type I)
of which several could be attributed to diver
error. Moreover, using a linear-diffusion version
of the model, his outstanding record of success
has now been extended to exposures of up to
800 feet (Krasberg, 1976). Unfortunately, his
final tables remain proprietary information.

Pearl divers

Returning to lesser depths and air diving,
which is still the major part of the industry,
by far the greatest experience of human ex-
posure over the years must have been accumu-
lated by the pearling fleets operating in the
deep tidal waters off the northern coast of
Australia. They employ many Okinawans who
regularly dive to depths of up to 300 feet on
air for as long as one hour, usually ‘making
two such dives per day, worklng six_days per
week and ten months per year. They have
been fishing in these waters for about a century
and, at the time when most quality buttons were
made of pearl shell, there were as many as nine
hundred luggers working out of Broome alone—
each with two divers. Hence these people
have accumulated great experience and without
any preconceived ideas or scientific knowledge
have, over the years, undertaken a truly
empirical optimization of the decompression
process, suffering many casualties in the early
days. Because these divers were paid by the
quantity of shell recovered, the incentive to
minimize decompression time was very great,
so that the evolution of their decompression
format, at a cost of maybe 2,000 lives, represents
one fantastic experiment which could never
be repeated. Fortunately the Adelaide group
were just in time to put this on record
(LeMessurier and Hills, 1965) before pearl
fishing became extinct in that part of the world.
Recorders carried by the divers showed that
they had bends only when the tides were running
strongly and their simple use of the length
of lifeline as their sole depth indication was
badly in error. This brought the diver appre-
ciably closer to the surface than intended
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when dives such as numbers 5 to 7 in fig. 87
resulted in bends. However, at all times when
the instruments indicated that the divers were
actually following the profiles intended, they
surfaced bends-free—such as in dives numbers
1 to 4 in fig. 87. These were particularly signi-
ficant since the pearl divers were decompressing
in roughly two-thirds of the time which a
U.S. Navy diver would take even assuming
that he used the table appropriate to his ex-
posure. Moreover, in all of these successful
dives, they were using deeper stops with much
more time spent deeper overall, followed by
direct surfacing from 25-30 fsw. Thus, although
many of the profiles differ in detail, the
experience of millions of man-dives embodied
in the Okinawan format are highly compatible
with the ‘thermodynamic’ model (compare
figs. 85 to 87).

To put events in their true perspective, it
was the total inability of conventional calcula-
tion methods and theory to explain these
records that led this writer to look further
into the basis of the standard tables and then
to offer the ‘thermodynamic’ model as a more
compatible alternative (Hills, 1966). Its greatest
advantage, perhaps, is the facility to follow
the outcome of a decompression if it is not
optimal by this model or if the optimal state
has been violated when continued calculation
does not become redundant as it does in most
other methods. Moreover, if one does not
possess the necessary mathematical expertise,
the computation is very easily handled by a
mechanical analogue designed to allow for
phase separation—such as the decompression
meter shown in fig. 38. ;7 132

The future

Even if the ‘thermodynamic’ model were fully

accepted today, it could change the standard
air tables appreciably but would not greatly
affect the gas tables for deep dives, since much
trial and error over the last few years has led
many commercial enterprises to introduce much
deeper stops. These organizations have tended
to modify their calculation methods, whereas
the Okinawans made their empirical changes
directly. However the ‘thermodynamic’ model
can provide a fundamental rationale behind
the changes made and hopefully can avoid
undue empiricism in the future.

This writer envisages more interest developing
in vestibular problems with the possible impli-
cation that it is desirable to maintain the
same gas in the middle ear as the diver is
breathing (p. 74). Thus he could compress
so far on one gas before switching to others in
order to attain the optimal mixture in the
natural body cavities to minimize problems
during decompression.

The other major area of concern so far
omitted in this chapter is dysbaric osteonecrosis.
If the general belief is correct that this disease
is caused by non-bends-provoking bubbles
(p- 200), then it might be prevented by conti-
nuing the gradual phase of the ‘thermodynamic’
decompression right up to the surface and
not dropping out from 25-30 fsw as shown
in fig. 85. This might add 20-25% in overall
time but would be a small price to pay for
avoiding this insidious disease, while it would
result in about the same overall time as advocat-
ed in conventional schedules, Whether the
‘thermodynamic’ model ultimately proves to
be correct or not, it has stimulated thought
on the basic issues and, in any case, it is hoped
that this book has brought to light much
fundamental work which has remained obscure
to those who design tables to prevent and treat
decompression sickness.
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dimensions for, 184
perfusion of, 189
adrenal cortex, 142, 146
aerial incidence, pre-oxygenation
on, 38
aerobic fat catabolism, 107
aeroembolism, 54
age, 41, 42, 197
agglutination, 49, 50, 51, 145, 201
agitation, 30
air bottles, 6
air columns in vessels, 99
aircraft, cabin pressure, 17, 18
air cyst, 66
air embolism, 233
burst lung, 14
coronary, 62
mortality rate, 62
open-heart surgery, 61
air/gas emboli, 54, 60
arterial, 61
circulating, 54, 55
iatrogenic, 61
air pumps, 4

Index

air supply
continuous, 6
from surface, 6
albumin, 56
alcohol/alcoholism, 72, 197, 199,
203, 207, 220, 249
aldosterone, 56
alkaline phosphatase, 56
alternating patency, 190
altitude
adaptation to, 15
early record attempts, 17
means of ascent, 15
threshold for bends, see also
minimum bends altitude, 35
alveolar—arterial difference, 28
alveolar gas, 213
alveolar walls, swelling of, 220
amateur divers, number of, 1
amnesia, 204
anaerobic metabolic capacity, 107
anaesthetic gases, 200, 204, 208
wash-out of, 176
anaesthetics, pressure effect, 208
uptake kinetics, 169
analgesics, 58, 234
analogue—digital conversion, 133
analogue systems, 128
geometric similarity of, 128
hydraulic, 128
temporal similarity of, 128
analytical time function, 189
anatomical tissues, 191
animal models, 141
annular model, 253
anoxia, relief by HBO, 15
anoxic pain, 38
anticoagulants, 56, 134
antithrombin III, 56
anxiety, 219
aphasia, 30
aplysia, 217
apnoea, 62
aqua-lung, 6
aqueous tissue, 121
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as critical, 149
versus lipid tissue, 192—194
arcella, 140
armaghs, diving, 1, 3
armour-plated suits, 107
arterial blood, supersaturation of,
65
arterial emboli, 38, 67, 99, 200
after surgery, 65
circulating, 64, 65, 66
steady-stage, 213
arterial occlusion, 65
arteries
blood velocities in, 22
sizes of, 22
arterio-venous differences,
172, 217
arthritis, 196, 199, 206
articular cartilage, 216
atrial-ventricular septal defects, 67
aseptic necrosis of bone, 195-204
after kidney transplant, 199, 203
idiopathic, 199, 203
in alcoholics, 197, 199, 200, 203
surgery, 32
with Gaucher’s disease, 199
with gout, 199
with pancreatitis, 199
with sickle-cell anaemia, 199
see also dysbaric osteonecrosis
aspartate aminotransferase, 56
asymptomatic bubbles, 146, 236,
259
see also silent bubbles
asymptotes for wash-out, 176
astronauts, 18
atelectasis, 66
attenuation of ultrasound, 143
autochthonous bubble, 75
automatic optimization, 127
A—V anastomoses, 177
aviators, 41
bone lesions in, 199
onset time in, 33
symptoms in, 33

170-
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Avogadro’s law, 104
azobacters, 27
azygos system, 66

back-peak technique, 143
back wall, 255, 257
backward projection, 175
bacteria, diffusion in, 187
balloon ascents, 15
barotrauma, 69, 206—207
pulmonary, 61
Batson plexus, 67
bends
at depth, 232
bends pain, 55
criterion for, 142
effect of massage, 60
mechanism of, 52
models, tail-biting, 141
origin of word, 12
bends rates, reporting of, 116
bends thresholds, in animals, 141,
142
benzene, 82
BIBS, 9, 219, 221, 258, 259
bicarbonate, 26, 47, 217
bifurcations, 67, 98
biochemical parameters, general,
56
bladder, 31
blindness, 219
blood
as convection medium, 24
bubble inception in, 139
bubble interface, 126
cortisol in, 56
degradation of, 50, 55, 229
denaturation of, 58
enzymes, 44
factors, 236
Hb content, 56
kinetics of O, uptake, 21, 26
lipids, 55, 192, 198
overall description, 24
oxygen uptake by, 24
pigments, 24, 25
pressures, 22, 56, 62, 65-66,
143
residence time, 171, 172
saturation of, 28
sedimentation rate, 56
specific gravity of, 56
velocity in vessels, 22
viscosity of, 234
volume of, 56, 253
blood—air barrier, 209, 213
blood flow
direct measurement of, 171, 172

diversion of, 106, 107
extracoporeal control of, 178
velocity, 144
blood—gas diagrams, 26
blood perfusion, see perfusion
blood :tissue exchange, 169—181
blubber, role of, 106—107
body fat, 60
body orientation, 99
body temperature, 41
see also temperature
body weight, 56
Bohr effect, 26, 221
bolus of air-
fracture of, 99
injection of, 62

bone
aseptic necrosis of, see also
dysbaric osteonecrosis,
195-204

lesions, see also dysbaric os-
teonecrosis, 3i, 55
marrow, 146
marrow, half-time for, 174
mineral deposition, 196, 202,
203
mineralization process, 201, 202
physiology of, 195, 198, 199
prostheses, 196
vessel walls in, 200
X-rays of, 195, 201
‘bone rot’, 31
bottom time
effect of, 36
influence of exercise, 46
bounce dives, 248, 252, 255
no-stop limits for, 36, 37, 39,
122, 123, 124, 125, 176, 189,
193
N, versus He, 188
significance of, 109
bounce recompression, 230
boundary conditions, 93, 94
boundary layer, 91, 92
Boyle’s law, 127
bradykinin, 135
brain, 62, 177
effect of temperature, 222
frontal areas, 63
grey matter, 64
half-time for, 174
higher centres, 97
parietal areas, 63
pathology, 63
perfusion rate, 186
uptake by, 171, 172, 173
white matter, 64
breath-hold diving, 1-3, 23
breath-hold excursions, 4

breath-hold limits, 3
breathing apparatus, ancient, 7
breathing mix, 9
computer for, 133
heating of, 10, 251
optimum composition, 108, 134,
223-228, 258
breathing underwater, mechanics
of, 4
broncho-constriction, 135
bronchodilators, 134
bubble amplifier, 151, 152
bubble composition
analysis of, 252
variability, 190
bubble detection
by conductivity, 149, 150
indirect methods, 151-166
non-invasive, 65
ultrasonically, 143-146
bubble inception, 8§1-90
activation energy, 78
in lungs, 213
interfacial factors, 89
mechanical factors, 87
radius at, 86
trigger point to, 77
see also trigger points
bubble regression factor, 121, 123
bubbles, see also silent bubbles
analysis of, 252
in animals, 126
circulating, 50
collision of, 96
critical radius, 252
dimensions, 93
direct detection of, 139151
distribution of, 247
early implication, 108
extravascular, 65
filtration of, 67
fracture of, 67, 100
heat transfer in, 91
in juxtaposition, 96, 98
in small animals, 140
mass transfer to, 91
mechanical ‘overpressure’, 252
metabolic gases in, 102
origin of, 54
overload of lung, 67
pain-provoking, 93, 250
‘popping’ together of, 99
pressure in, 126
resonance in, 145
resorption of, 254
sub-symptomatic, 137, 139, 157,
162
target organ for, 62
Biihlmann approach, 110



Biihlmann calculation method,
118, 238
bulk diffusion, 123—124, 125, 168,
176, 252
equations for, 245, 246
models for, 125
simulation of, 128, 129
thermal simulation, 131
bulk modulus, 58, 143, 248
bullfrogs, 141, 142
buoyancy, 3, 6
burns, 15
burst lung, 13
bursts of elimination, 190

cabin pressure, 17, 18
caissons, 10
caisson workers, 195, 196, 197
selection of, 41
symptoms in, 33, 108—119
calculation methods, 52, 126
air, 136
justification for, 108, 119
calculator for oxygen exposure,
133
Canadian pneumatic meter, 129,
184
capillaries
alternating patency of, 94, 190
density of, 184
capillary wall, 179, 213
diffusion in, 169
permeability of, 178
surface area of, 184
carbonate, 26
carbon dioxide, 241, 242
circulation control, 23
diffusion of, 209
from diggings, 47
in dysbaric osteonecrosis, 202,
203
effect on incidence, 46—47
effect on lung, 68
effect on vestibular DCS, 72, 74
in gas pockets, 239
in liquid breathing, 106
in narcosis, 204
in tunnels, 11
on oxygen poisoning, 220, 221
osmotic potency, 217
retainers of, 39, 206
role in agglutination, 49, 51
role in respiration, 206
scrubber for, 8, 13
supersaturation by, 84
transport of, 26
vestibular symptoms, 69
carbon monoxide
carbon monoxide poisoning, 14

effect on vestibular DCS, 72, 74
cardiac stimulants, 134
cardioid valve, 5
cardio-respiratory system, 20, 47
carotid air injections, 63
catecholamines, 56
cats, bubbles in, 142
caucasians, 43
cavitation, 49
at will, 140
in blood, 65
potential, 84
see also gaseous cavitation
cell
convection in, 168
diameter of, 183
environment around, 19
membrane, 183, 213
sap in trees, 82
shrinkage of, 63
wall, permeability of, 185
water, 186
cellular diffusion, 169, 180
coefficient for, 183—184, 188
cellular phase, 244, 245, 246, 258,
255, 256, 257
permeability for O,, 187
permeability of, 180
cellular zone, 237, 253
cerebellar cortex, 71
cerebellum, 31
dimensions for, 184
cerebral air embolism, 61, 62, 71,
99
cerebral arteries, bubbles in, 63
cerebral blood flow, 61, 62, 172
cerebral circulation, 98
cerebral compensation, 71
cerebral cortex, dimensions for,
184
cerebral symptoms, 31, 68, 75,
191, 192, 236
cerebral vasoconstriction, 221, 222
cerebration, 204
cercbrospinal fluid, 64, 146
volume of, 143, 252
chemical affinity, 92
for gas, 24
chemical reaction in blood, 22
chemoreceptors, 23, 205, 206
chloride, 217
chokes, the, 30, 32, 68, 146, 236
cholesterol, 56
cholinesterase activity, 55
Circle of Willis, 63
circulation
control of, 22
details of, 22
evolution of the, 19
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restitution of, 57
circulation-limited uptake, 122
see also perfusion-controlling
transfer
civil engineering
projects, 198
use of compressed air, 10, 12
classification of symptoms, 31
‘classical’ theory of nucleation, 80,
85
clathrates, 204
clearance
definition of, 178, 179
versus blood perfusion, 179
closed-circuit rebreathing, 8
closed circuit SCUBA, 219
clouds, supercooled, 77
Clyde Tunnel, 198
CNS, 64, 65, 69, 106, 206, 207,
213, 227
depressants, 134
involvement, 33, 36
mechanism of, 60—68
oxygen exposure limits, 218
oxygen on the, 221
relief of, 229
symptoms, 31, 71, 97, 193, 234
tissue for, 192
treatment of, 230231
coagulation, 51, 57
coalescence, 54, 79, 95-100, 161,
188, 237, 238, 250, 251
by muscular action, 142
coarseness of elements, 94
coarse tremors, 207
cocaine, 208
cochlear mechanism, 31, 70-71
cochlear membrane, 69
cold, 50
collagen
biosynthesis of, 203
oxidation of, 201, 202
collapse, 30, 31, 32
collateral circulation, 65
collision fission, 100
colloid osmotic pressure, 216, 234
coma, 14
commercial calculation methods,
116
comparison of inert gases,
193-194
compartmental analysis, 183
competing gas pathways, 97
compliance, tissue, 91, 238, 243,
248
composition and the inherent un-
saturation, 241
composition of critical tissues,
191-194
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compressed-air workers, registry
ofst]2
compressible fluids, flow of, 128,
129
compression, 106
rate of, 203, 207
computer for oxygen history, 228
computer programs, 116, 257
condensation, theory of, 81
confusion, 219
congregating mechanism, 250
connective tissues, 57, 97, 235,
238, 250, 253
consecutive exposures, 153—154
constant-pressure cavities, 240,
241
constants
evaluation of, 247
in analysis, 252
constant-volume vacities, 240, 241
contact angle, 66, 83, 209
container walls, 88
continental shelf, 208
controlled blood flow, 178, 179
convection, 91
convective currents, 168
convective gas transfer, 19
convulsions, 13, 30, 62, 208, 217,
219-220, 225, 226, 227, 228
corporeal density, 42
cortex, 236
cortical atrophy, 63
cortical passages, 55
corticosteroid therapy, 197, 199
cosmic radiation, 85
COTi, 134, 223, 225-228, 259
coughing, 32
counterdiffusion, 92, 236
counterdiffusion  supersaturation,
71, 75, 210212, 215, 217
counter-gradient of gases, 236
counterperfusion, 236
countérperfusion supersaturation,
725 75, 212, 214
cranial window, 230
cranial window preparation, 98
creatinine phosphokinase, 55, 56
criterion for bubble inception, 125
criterion for optimum, 254, 256
critical inception pressure, 83
critical insult, 48, 5254, 124
critical level of insult, 53, 125, 134
critical size of nucleus, 85, 127
critical stress for bends, 253
critical supersaturation, 101, 150,
152,:153,162; 165
critical tissue(s), 191-194
aqueous versus fatty, 189, 252
identity of, 60

lipid content, 194
crushing, in promoting bubbles,
142
crush injuries, treatment of, 15
crystallites, diffusion in, 186
crystallization, 77, 79-80, 202
cuffs, 239
cumulative effect of O,, 223-228
cumulative incidence, 34, 45
cumulative oxygen toxicity index,
134, 223, 225-228, 259
curvature of interface, 86
curve fitting, 109
cutaneous vasodilatation, 31
cuttlefish, 105
cyanide poisoning, 15
cyanosis, 220
cylinder, 245
cylindrical interaction, 184
cyproheptadine, 135
cytoplasm, 88
consistency of, 208
diffusion in, 168, 237
diffusion coefficient, 185
nature of water in, 186
0, diffusion, 222
see also cellular phase

Dalton’s law, 23, 27, 28, 86,
100-101, 210, 241
Dartford Tunnel, 198
DDC, 9, 220
transfer to, 70, 213
deactivation of superoxide radicals,
221
deafness, 30, 31
death, 29, 31, 220, 230
from oxygen, 220
decanting, 11, 161, 162, 250
decompression formulation, 109—
127, 253-260
basic philosophy of, 97
Haldane’s philosophy, 112
decompression meters, 127—133
Decompression Panel (MRC), 31
decompression per se, 30, 35, 49,
221, 248
effect on elimination, 155157
decompression ratio, 84, 89,
109-119, 125
and Doppler sounds, 192
apparent value, 251
depth dependent, 117-119
for caissons, 117
simulation of, 128
spectrum of, 122
validity of, 113—114, 119-122
variable, 117
versus bubbles, 140

volume basis for, 104
deeper stops, 159, 160, 165, 254,
257-258
deformation of tissue, 54, 58
degree of insult, see level of insult
degrees of freedom, 116, 123, 124,
126, 258
dehydration, 217
delayed symptoms, 34
delays imposed by lungs, 167
demand regular, 6
density measurements, 142
denucleated solutions, 88
deuterated water, uptake of, 117
dextran, 55, 58, 134, 228, 234, 249
differential fluid pressure, local, 74
differential pressure in tissue, 58,
237, 249
diffusion
distances, 184, 236, 247
in muscle fibres, 183
interbubble, 96
non-gaseous solutes, 185
of oxygen, 186-187
diffusion coefficient, 110, 123, 124,
128, 174
cellular, 182, 185
for CO,, 209 2
Krogh values, 181-184
steady-state, 212, 213
values for, 184
diffusion-controlling, 110, 237, 238
models for, 168
diffusion in crystallites, 186
diffusion times, 181-187
diffusion versus blood perfusion,
167-187
digital computer, 246
digital decompression calculator,
130
dilatation of arteries, 99
dilatometry, 126, 180
dimethothiazine, 135
dipole moment, 186
direct ascent, 36, 37
direct microscopic analysis, 177
dislocations, as nuclei, 78
diuretics, 249
diurnal effect, 44, 251
dive history, assimilation of, 127
divers, selection of, 41
diversity of symptoms, 31
diving
analysis of data, 7
breath-hold, 1
closed-suit, 6
half-suit, 6
oxygen reserve/availability, 2, 3
surface supply, 4



diving bells, 3, 4, 107
ancient, 3
modern, 9
transfer from, 70
use of, 10
diving helmet, 6
diving insects, 3
diving mammals, 3, 106107
diving reptiles, 106
diving suits, normobaric, 14
diving tables, format for, 107, 108
dizziness, 61, 72, 207, 219
dogs as a model, 141
dolphins, 106
Doppler meter, 69, 144, 236
Doppler meter, monitoring posi-
tion, 20
Doppler monitoring,
259, 260
Doppler sounds and decompres-
sion ratio, 192
dose—time curves for O,, 219
downward excursions, 39
driving force
for gas elimination, 24, 111, 113,
121, 124, 125, 126, 130, 132,
137, 139. 155, 162,:165,
230-232, 237-239, 241, 242,
243, 247, 249, 251, 254, 255
with O,, 219
droplet formation, 77, 78
drop-out depth, 125, 256, 257,
260, 262
drowning, 6
drugs, 234
for O, poisoning, 221
dual optimization, 258
dumping of gas, 236, 250, 254
significance of, 138—139, 157
simulation of, 133
see also gas separation
‘dumps’ of gas, wash-out from, 157
duodenum, dimensions for, 184
dysbaric osteonecrosis, 30, 31, 52,
75,137
aetiology of, 47, 49
age, 197
bilateral occurrence, 198
bilateral symmetry, 197, 200,
203, 217
blood clots, role of, 200, 201
carbon dioxide role of, 202, 203
case histories, 196
comparison with bends,
199, 203
compression rate, 203
delayed onset, 196, 201
diving fisherman, 198
in experimental diving, 199

192-193,

198,

exposure pressure, 197
exposure time, 197
extravascular gas, role of, 200
fat emboli, role of, 200
features of, 196

gas emboli in, 200

gas-induced osmosis in, 202

in aviators, 199, 203

in submarine escape, 197, 203
incidence of, 196, 197, 199
increased blood viscosity, 201
infarction mechanisms for, 198
lung disorders, 202
management of, 196
mechanisms, 199—203
oxidation of collagen, 201
pathogenesis of, 195, 199, 200
radiography, 195-197, 199
sites of, 197

sludging, role of, 201

statistical analysis, 199
surveys for, 196
symptomatology, 195196
thrombi, role of, 200-201

time course of, 201

with hypercortisonism, 197, 199
see also aseptic necrosis of bone

ECG/EKG, 150

EEG, 62

egg albumin, 88

eighth nerve syndrome, 70

elastic factors, 88, 91

elastic forces, 85

elastic modulus, 59, 60

elastomers, 86—87

electrical conductance, 149, 150,
239

electrical conduction

analogue, 128
pressure on, 208

electrical simulations, 130, 131

electrocution, 15

electrolyte shifts, 55

electromagnetic blood flow meter,
145

electronic meters, 131

electron microscopy, 148

electro-physiological measuring,
217

elimination, see gas elimination

emotional stability, 204

empirical functions for uptake, 189

empirical optimization, 260—262

end-artery type circulation, 71

end-expired air, 28

endocrine system, 222

endolymph, 72, 73

endoplasmic reticulum, 183
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endothelial cells, 55, 59, 148
endothelial wall, 22, 66, 147
energy threshold, 151
enumeraticn of time constants,
175, 176
environmental parameters, 34, 77
eosinophil, 56
epidural vertebral venous system,
64
epileptic seizures, 219
epinephrine, 56
epiphyseal-metaphyseal plate, 198
epithelium, 211
equilibration times, 35
equi-narcotic partial pressures, 204
enzymes, membrane-associated,
221
erythrocytes, diffusion in, 21, 26
erythrocytes, swelling by gases,
215
ether, 82
euglobulin lysis time, 56
euphoria, 204
Eustachian tube, 206
excessive decompression, simula-
tion of, 131-133
excised films, 181
excised skeletal muscle, 180
exercise, 45—47, 60, 250
during decompression, 250, 251
effect on calculation, 117
effect on pre-oxygenation, 38
effect on wash-out, 176, 177
in ‘dry’ runs, 41
mathematical allowance for, 253
oxygen poisoning, 220
vestibular symptoms, 70
expansion ratio, 79
explosive decompression, 65, 66,

exponential function, 122
derivation of, 111

exposure pressure, effect of, 36

exposure time, effect of, 36

extended vascular zone, 237, 244,
245, 246, 253, 255, 256, 257,
258

extensive parameters, 128

extracellular medium, permeability
of, 180

extraction of time constants, 175,
176

extrapolation, limitations of, 109

extravascular bubbles, 147, 165,
229

extravascular cell, bursting of,
148-149

extravascular fluid, pressure, 249
extravascular gas, 200
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xtravascular sites, 234, 235
xtravascular tissue, 237

cilitated diffusion, 92, 209
of oxygen, 187
actor 5, 56
actor 8, 56
intness, 61
ascia, 57, 59
ascial planes, 150
at, cavitation in, 89
1t emboli, see lipid emboli
atigue, 32, 219
atty acids, 52
fatty inclusions, 192
intracellular, 146
atty tissues, 147, 193, 235, 238
bubbles in, 59
see also adipose tissue
>mur, 197, 199, 200, 201
bre diameter, 253
brin-fibrinogen, 56
brinolysis, 55, 56
bula, 199
'ick—Fourier equation, 93, 245
ick’s law, 93, 182, 183, 210, 212,
246
Iter for venous bubbles, 66
impaired in lung, 192"
limits by lungs, 67
Itration by capillary wall, 169
Itration of microspheres, 177
nger, perfusion rate of, 186
rst ‘pull’, 165, 251, 254
sh, 105
xed charges, 186
xed AP, 117, 120, 123
at slab, 245 .
ickering of capillaries, 94, 190
ow of gases, 127
uid accumulations, 238
uid cuffs, 200
uid dynamics, 91
uid flow analogue, 128
uid homeostasis, 179
uid loss, 55
uid pressure, 57
uid shifts, 51, 57-58, 59, 120,
213-217, 234, 241, 249
uorescein, 63
uorocarbons, 209
ycal signs, 61
setal blood-flow detector, 144
orced descents/recompressions,
34, 44, 46
ee fatty acids, 56
-ee radicals, 221
rench G.E.R.S,, 116
equency shift in ultrasound, 144

frictional heating, 83

frog sartorius muscle, 183

fully-stirred concept, 126, 168,
169, 170, 177, 212, 237, 244,
245, 253

fundamental parameters, 252

ganglionic blockers, 134
gas balance in tissue, 169
gas content, effect on cavitation, 83
gas density, effect on ventilation,
205
gas elimination, 113, 156, 241, 254
atfixed P, , 156157
at surface, 160, 161
delay due to lungs, 167
driving force for, see also driving
force, 111
during decompression, 154—157
exercise on, 250, 251
implications, 159
in surface interval, 164
whole body, 175-177, 237
gas emboli, see also air/gas emboli
de novo, 53
gaseous anaesthesia, 51
gaseous cavitation, 52, 83—84, 139,
146
mechanism of, 61
gas-induced osmosis, 51, 52, 58,
72, 75, 201, 202, 203, 205,
207, 213-217, 249
by oxygen, 222
gas nuclei, 54
gas pockets, 102, 230
subcutaneous, 94
gas separation, see separation from
solution
gas solutions, expansion of, 126
gastrocnemius muscle, 178
Gaucher’s disease, 199
gelatin, 92, 99
solutions of, 86, 87, 88
gels, 87, 90
geometric models, 94
geometric similarity, 128
Gibbs f.:e energy, 78
gill, 209
membrane of, 105
glasses, nucleation in, 77
glass walls, bubbles on, 88
globulin, 56
glottis, closure of, 13, 61
glucose, 56
glycogen-based fermentation, 107
goats
as a model, 141
CSF of, 143
susceptibility of, 35

gout, 57, 199
gradual decompression, 29
Graham’s law, 169, 174, 175
Grecian bend, 2, 12
growth, 80, 90-94, 97, 161, 188,
238, 244

conditions for, 100

definition of, 76

models based upon, 126, 127
guinea pigs as a model, 141

haematocrit, 56
haematological disorders, 238, 249
haematological factors, 56, 244
haematologic problems, 236
haematology, 25
haemoconcentration, 51, 55, 56,
201, 234, 236
haemodynamic studies, 139
haemoglobin, 24
dissociation curve, 241
facilitating diffusion, 92
heat of oxidation, 222
in O, poisoning, 221
haemoptysis, 30, 220
haemorrhage, 71
acute perivascular, 63
bubble-induced, 147, 148
Haldane approach/rationale, 79,
80, 95, 104, 110-119, 124,
125, 137, 138, 146, 151, 152,
159, 160, 161, 163, 164, 165,
166, 247, 251
simulation of, 128—130
Haldane effect, 26, 221
Haldane gas samples, 28
Haldane philosophy, 125
Haldane tissues, 111-117,
173, 177, 180, 189, 257
half-saturation times, 111,
186
effect of exercise, 176
spectrum of, 191
hamster cheek pouch, 144, 147
hand, perfusion of, 186
hand pumps, 5
hard-hat diver, 5
HBO, 12, 13, 14, 15
physiological aspects, 15
headache, 30, 31
head injuries, 15
head-tent, use of with O,, 13
hearing disorders, 69
heart, 59, 142
blood pressures in, 22
perfusion rate of, 186
pictorial, 20
rate, 56
sounds, 139

170,

174,



heat loss from diver, 10
height. 42
heliox, onset time, 33
heliox diving, 7
helium versus nitrogen, 39
helium window, 152
hemiplegia, 30
Henry’s law, 23, 24, 27, 76, 133
heparin, 56, 134, 232
heterogeneous nucleation, 78, 81,
105, 181
in bone, 202
heterogeneous perfusion, 113, 174,
177
heterogeneous systems, 88
histamine, 148
HMS Poseidon, 197, 202
homeostatic forces, 74, 215, 216
homogeneous nucleation, 77-80,
202
Hook’s law, 133
HPNS, 29, 204, 206, 207, 208, 217
humerus, 197, 199, 200
humoral factor, 52, 55, 58
controlling breathing, 4
evidence for, 135
hydration, 134
hydrodynamic flow, 169, 216
hydrogen, 39
hydrophobic surface, 90, 105
hydrostatic pressure, 86
effect on elimination, 155—-157
negative, 83
hydrostatic pressure per se, 84
hydroxyapatite, 201
hyperbaric arthralgia, 29, 204,
2062017, 216
hyperbaric hotel, 13
hyperbaric oxygen, on joints, 207
hyperbaric phenomena, 208-217
hyperbaric radiotherapy, 15
hyperbaric therapy, 12, 13, 14, 15
hyperbaric urticaria, 211
hypercapnia, 2, 7, 202, 203, 206,
209
hyperconfidence, 204
hyperexcitability, 207
hyperoxia, 57, 157, 204, 249
hyperoxia per se, 38
hyperthermia, 222
surgical, 61
hyperventilation, 206
hypobaric chambers, 15
hypothetical tissues, 111-117, 164
number of, 153—155
hypoxia, 2, 8, 17, 22, 38, 55, 57,
67,68, 143,204, 206, 220
altitude, 15
limitations of, 3

iceberg formation, 204
ice nuclei, 77
identity of bends tissue, 151
identity of critical tissues, 191
illegal abortion, treatment of, 14
imbibed fluid, 43
immersion, 41
imminence of DCS, 53, 126, 134,
246-247, 248
effect of exercise, 45
imperfections, effect on diffusion,
186
inadequate decompression, 30
incidence
binomial distribution, 44—45
nature of inert gas, 152
incoordination, 30
indirect detection of bubbles,
151-166
individual factors, 248
individual variability, O, poisoning,
228
indomethacin blockade, 52
inductive conductivity, 150
inert gas
balance, 102
distribution, 244, 245
kinetic versus solubility, 39
molecular weight, 174
narcosis, 29, 204—205, 206, 207,
217
nature of, 38-39
selection of, 38
simultaneous uptake of, 174
solubility considerations, 188
wash-out of, see also wash-out
of inert gas, 211
infarction, 54
inherent susceptibility, 35
index of, 45
inherent unsaturation, 23, 102,
103, 105, 127, 150, 154, 211,
232, 239-243, 244, 251, 254,
255
initial staging/stops, 125
injection pressure, 57
injury, 41
innear ear, 31, 37, 71
inspiratory effort, 4
inspired volume, 8
intensity of pain, 34
intensive parameters, 128
intercapillary distance, 124, 183,
184, 252
interface, 90, 211
artificial, 149
blood-—air, 55, 238
bubble formation at, 78
tissue—gas, 241, 243
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interfacial factor, 86, 252
intermittent oxygen breathing, 224,
259
interstitium, 168, 169, 244, 246
inter-tissue diffusion, 176
intestinal pain, 30
intestine, perfusion rate of, 186
intoxication, 204, 220
intracapillary bubbles, 147
intracellular gas, 99
intramedullary pressure, 198, 200
intravascular bubbles, 165, 230
coalescence of, 98
origin of, 147148
relevance of, 146—147
steady-state, 213
velocity of, 99
wash-out as, 156
ion-exchange block, 205
ionogram of vestibular fluids, 73
ions as nuclei, 78
irregular boundaries, 180
irregular exposures, 137
irritability, 30
irritant level for prolonged O,, 223
irritant receptors, 68
ischaemia, 49, 54, 67, 230
pain of, 50
ischaemic cell damage, 63
ischaemic episode in osteonecrosis,
200-203
ischaemic insult versus mechanical,
64
isobaric decompression sickness,
69, 213
isoenzymes, 55
isolated muscle fibres, 183
isometric compression, 29
isotopes
clearance of, 62, 99
nucleation by, 85
studies of, 172—-174
itching, 30, 31

jet engine, impact of, 17
JIM, 14, 107
joints
capsule of, 57
gas in, 142, 143
pains in, 29, 207
Jones’s data, 175177
J-receptors, 68, 236
jugular venous blood, 174
juxta-articular lesions, 32, 196

kangaroo rat, 141
Kety and Schmidt’s experiment,
171, 173
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kidney, 135

perfusion rate of, 186

transplant of, 199
kinetic approach to nucleation, 85
kinetics of coalescence, 96—97
kinetics of gas separation, 94
kinins, 51
Knudsen flow range, 129
krypton clearance, 172, 175, 181,

204

labile solutions, 79
labyrinthine system, 71-74
lack of coordination, 219
larynx, 68
last-stop, titration of, 158, 162
LDH, 56
Legendre quadrature, 257
lethal air dose, 62
level/degree of insult, 52, 109, 244,
248, 254
level of recompression, 229, 230
ligament, 57, 59
limb appearance in bends, 41
limb bends, 235, 248, 249, 252,
253
description of, 31, 32
effect of cuffs, 58
effect of injury, 41
imminence of, 256
incidence of, 30
mechanism of, 54-60, 75, 147,
236
onset time, 33
potentiating agents, 134
propagation of, 33
random nature of, 33
relief of, 229
site of, 58—59
tissue type, 191
versus vestibular, 70-71
limb pain, 32, 199
incidence of, see also limb bends,
32
intensity of, 32
limited supersaturation, 104
linear density, 42
linear diffusion, 95, 184, 260
linear interaction, 184
linear relationship for decompres-
sion, 119-121, 252
lipid—aqueous interface, 89, 211
lipid emboli, 64, 65, 148, 236
in bone, 200, 203
lipid inclusions, 90, 248
see also fatty inclusions
lipid layer, 89, 210, 211
lipid peroxides, 221
lipids

coalesced, 145
content of critical tissue, 194
lipid tissue, 121
lip-twitching, 219
liquid breathing, 21, 90, 106,
209-210
liquid—liquid interface, 78
liquid—liquid systems, 89
liquids, fracture of, 81
liver, 59, 142, 146, 177
half-time for, 174
0, diffusion in, 187
localized pain, 30
local reactions, 31
lock
horizontal, 11
medical, 9, 10, 12
locomotor system, 32, 60, 97
long bones, 31
surveys of, 195
loquacity, 204
Lorraine Smith effect, 220
lucite calvarium, 142
lumbar puncture, 64
lunar modules, 18
lungs
active secretion by, 140
as bubble trap/filter, 20, 47, 54,
66—67, 192, 211
airway branching, 20
blood—air barrier, 19
blood shunt in, 21, 26
bubble inception in, 213
bubbles trapped by, 236
centre of pressure in, 4, 5, 6
dead space of, 4
delay to elimination, 167
diaphragm of, 5
diffusion barrier in, 209
disorders and bone lesions, 202
filtration limits, 67
fluid accumulation in, 201
gas-induced osmosis in, 217
honeycomb concept, 22
hydration of, 217, 220
hypothermia in, 251
mixing in, 4
‘overload’ of filter, 67, 68
receptors in, 68
residual volume of, 107
resistances to gas transfer, 21
respiratory zone of, 4
surfactant in, 66, 98
terminal airways of, 107
tidal volume of, 4
upper airways of, 107
vasomotor tone of, 67
lymph, 169
lymphatic occlusion, 30, 31

lymphatic system, 22, 146
lymphatic vessels, 55
lymphocytes, 56

mangrove tree, 83, 84
marrow pressure, 198
mask-off effect, 221
mass balance, 169, 171, 172
mass spectrometer, 155
mathematical function, 109
mathematical models, 108,
122127
for diffusion, 184
of tissue slab, 180
mathematical symmetry, 113—114,
121, 153—-157
mathematics, allowance for silent
bubbles, 125
maximum voluntary ventilation,
205
mean tissue gas tension, 170, 171
measurement of blood flow, 171,
172
mechanical analogue, 262
mechanical approaches, 57—58, 75
mechanical balance, 100
mechanical contribution, 252
mechanical factors, 238, 247, 253,
256
mechanical injury, 107
mechanical insult versus ischaemia,
64
mechanical simulation, 127
mechanical stimulation, 68
mechanical stress, 54, 142, 237
mechanisms for DCS, 142
bubble-free, 49
for O, poisoning, 221
infarction-based, 49
rheological approach, 50
medical lock, 10, 12
melts, supercooled, 77
membranes
compression of, 205
flow across, 216
oxygenator, 51
permeability of, 221
memory for hydrostatic pressure,
84, 87, 89
Meniére-type complex, 69
meningeal veins, 63
mental function, 204
mesentery, 52, 229
metabolic gases, 122, 150, 207,
217, 240, 244, 252
assimilation of, 93
contribution of, 102
osmotic effects, 215, 217
production of, 93



metabolic heat, 222
metabolic nitrogen, 27
metabolic pathway, 221
metabolic rate, 44, 220, 251
metabolism, 187, 241, 243
metastable limit, 79, 80, 89, 114,
123, 139, 151, 152
metastable state, 77, 86
metastable zone, 8081
meters
effect of temperature, 133
electrical design, 127
mechanical design, 127
miniaturization, 131
mice as a model, 141
microbubbles, 68
venous infusion of, 62
micro-cavities, natural, 139
micro-circulation, 57, 147, 229
bubbles in, 65
Zweifach concept, 177178
micro-disseminated coagulation,
31,55
microscopic examination, 99, 139,
140
microthrombi, 201, 203
middle ear, 29, 71, 236
gas in, 262
ideal gas mix for, 74
liquid fill, 106
mineral oil, 82
minerals, salting out, 203
minimum bends altitude, 35, 36,
39, 45, 162, 193, 252
distribution of, 45
minimum bends depth, 36, 39, 43,
49, 120, 151, 188
He versus N,, 193
distribution of, 44
effect of oxygen, 37
mitochondria, 63
mixed efferent blood, 174
mixed inert gases, 152, 208,
210-213
versus single, 153
models
aim of, 136
based upon growth, 126, 127
computer programming, 183
for gas transfer, 168
fundamental adequacy, 248-253
mixed perfusion : diffusion, 125
parallel-faced slab, 126
planar, 253
quantitative assessment, 251
radial diffusion, 126
sodium diffusion, 183
synthesis of, 167
tests of, 123

thermodynamic, 235
tissue slab, 122, 123

mode of curvature, 257

mode of diffusion, 183

molecular radius, 215

monitoring by ultrasound, 143—
146

mountaineering, 15

moving boundary, 94

moving bubbles, 91, 146

MRC, 195, 196, 197, 198, 201,
203

multiple inert gases, 92, 103, 116,
118, 152

muscular action, 142

muscular twitching, 30

muscular weakness, 30

mutual diffusion coefficient, 92

M values, 109-119, 122, 139, 142,
144, 146, 151, 152, 158, 159,
161, 163, 164, 165, 166

myelin sheath, 65, 142

myocardial infarction, treatment
of, 15

myocardium, 67

myoglobin, 187

narcosis, 29
see also inert gas
narcotic potency
of oxygen, 221
of various gases, 39, 204, 205
natural gas cavities, 29
nausea, 30, 31, 37, 69, 70, 72, 207,
219
negative pressure, 100
negroes, 43
neon, 39
nerve endings, 54, 58, 192, 235,
237, 238, 248
preponderance of, 59, 148, 149
nerve fibres, examination of, 142
fenestration of, 58
nervous system, effect of gases,
217
neurologic oxygen toxicity,
219-220
neurone firing, osmolality on, 222
neutrophils, 56
newts, 205
nicotinic acid, 52
niggles, 161, 238
nil-supersaturation concept, 238
nitrogen
metabolic consumption, 27
metabolic production, 27
narcosis, 220
resolution of, 243
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nitrogen elimination, effect of CO,,
47
nitrogen wash-out, and space flight,
18
nitrous oxide, osmosis induced by,
215
nodes, 55
non-invasive probes, 144, 145
non-linear gas resistor, 184
non-polar, 186, 187
normobaric diving suits, 107
no-stop decompression limits, 36,
39, 122, 160
see also bounce dives
nucleation, 7681
by isotope decay, 85
definition of, 76
in gels, 87
kinetics of, 80
mechanical means of, 81
probability of, 80
rate of, 77
statistical approaches, 81
statistical mechanics of, 8081
thresholds for, 95
volume change on, 80
nuclei
activation into growth, 86
critical radius of, 86
varying size of, 127
number of critical tissues, 153, 191
numb fingers, 219
numbness, 30
nutrients, depletion by vasocon-
striction, 222
nystagmus, 30, 31, 70, 74

obese animals, 135
obesity, 41-43, 49, 192
occupations, pressure-related, 1
effect on symptoms, 33
ocean trials, 41
oedema in lungs, 220
Okinawans, 260—262
omental vessels, 50
onset of symptoms
hastening of, 34
prediction of, 126
random nature of, 95-97
reason for delay, 96
times of, 33, 46, 52, 237, 250,
251
opacities in X-rays, 143
optimal elimination, 163
optimal mix, 258
optimization procedure, ther-
modynamic, 253, 255, 256
orange-peel appearance, 31
organic skin, 86
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orientation, 99
effect on respiration, 5
stable, 6
orifices, flow through, 129, 130
osteocytes, 203
death of, 198
osteomyelitis, 15
osmolality, effect on neurones, 222
osmosis by gases in vivo, 215
osmotic potency, 207, 216
osmotic pressure, 214
osmotic selectivity, 72, 74
otologic disorders, 31, 69—74
overload of lung, 67, 68
oxidation of enzymes, 221
oxidative metabolism, 19, 221
oxygen, 241
active secretion of, 28
analogue, 133
as a narcotic, 221
breathing, 37, 39
capacity of blood, 24
chemical equilibrium, 13
computer, 228
conduction line for, 21, 26
debt, 177
diffusion of, 186—187
drugs, 134, 221
‘dump’ system, 13
effect on coalescence, 99
effect on vestibular DCS, 72, 74
exposure, optimization of, 219
exposure limits, 222227
hazards of using, 13
history, assimilation of, 223-228
ignition potential, 13
increase of bottom time, 37
infusion of, 68
in gas pockets, 239
mask, 13
mask-off effect, 69, 72
metabolic usage, 25, 49
programming, 259
storage, 107
substitution of, 38, 152
supply, electronic control, 8
therapy, 12, 13, 14
treatment, 231
uptake by bubble, 92
oxygenation, 66
in lungs, 20
of peripheral tissues, 243
oxygenators, 51, 55, 61
oxygen bends, 37, 64
oxygen toxicity, 134, 204, 217—
228, 258
effect of decompression, 69
pulmonary, 213
simulation, 133

oxygen window, 239
oxyhaemoglobin, 24, 25

pain
effect of compression, 58
gas volume for, 125
intensity of, 34
mechanism of, 54
referred, 58, 60
threshold for, 58, 235, 237, 248,
250
pancreas, dimensions for, 184
pancreatitis, 199
papillary muscle, dimensions for,
184
paraffin surface, 89
parallel-sided slab, muscle, 180
paralysis, 30, 31, 208, 230
parenchymal cell, 18, 19
paresthesia, 30
partial pressure vacancy, 239
partition coefficient, 23, 113, 172
passive relaxation, 60
pathological studies, 59, 62—-63
peak fluid shift, 216, 217
peak gas tension, 237, 255, 256
steady-state, 211, 212
peak of insult, 53
pearl divers, 6, 34, 43, 44, 108,
229, 260-262
pedal ganglion, 217
pelvic veins, 67
perfusion
impaired by emboli, 72
model for, 95
perfusion-controlling transfer, 110,
113, 237, 238
model for, 168
simulation of, 128, 130
perfusion : diffusion
confusion, 94, 124, 167—187
controversy, 137, 153, 155, 244
parallel interpretations, 173
perfusion rates, 93, 257
allowance for, 168—170
clinical significance of, 170
effect of, 246, 251
of fat, 189
spectrum of, 117
values for, 186
periarticular tissue, gas in, 143
pericapillary filtrate, 22, 169
perilymph, 71-72, 73
permanent disablement, 29
permeability
homogeneous, 168
of cell wall, 185
of tissue, 182184
personality changes, 30

personnel transfer capsule, 9
personnel transfer lock, 9, 12
phantom limb, 59
pharmacological approaches, 134
phase equilibration, 85, 95,
100-104, 125, 137-166, 236,
237, 238, 239, 243, 245
phase interface, 90
phase separation
critical limit for, 136
simulation of, 131, 132
thermodynamic criteria, 131
thermodynamics of, 77, 78, 80,
86, 90
wash-out after, 157
philosophy of decompression for-
mulation, 97
phospholipid, 56
phosphorus, transitions in, 77
physical fitness, 43
physically dissolved O,, 24
physical systems simulating
transfer, 128
physiological changes, 62
physiological conditions, 180
physiological parameters, general,
56

physiological state, 168
pial arteries, 63
piezoelectric crystals, 144
plasma
colloids, 25
diffusion in, 21, 26
expanders, 134, 234
lactate, 56
lipids, 56
loss of, 51, 52
osmotic pressure of, 56
proteins, denaturation of, 51, 55
total, 56
plastron respiration, 3
platelet
aggregates, 51, 145
count, 55, 56
role in healing, 25
pneumatic meters, 128—130
pneumatic simulation, 127
pneumatic systems, sources of
error, 133
polymorphic forms, 77
ponderal index, 42
popliteal fossa, bubbles in, 143
popping joints, 57, 206
pores in membranes, 214
porous plugs, 129, 130
positive-pressure suits, 17, 18
post-fracture avascular necrosis,
198, 201
post-mortem findings, 99



posture, 99
PPCH, 135
precordial position, 20
pregnancy, 43
pre-oxygenation, 38, 126, 251
effect of altitude, 37, 162
effect of exercise, 37
with exercise, 46
pressure
antagonistic action of, 205
on the unsaturation, 241
pressure memory of solutions,
84, 87, 89
pressure per se, 13, 204, 203, 207,
208-209
pressurized cabins, 17
pretreatment for Type II DCS,
230-231
prevention, pharmacological ap-
proaches, 134
primary ecvent, 48-54, 95, 124,
125, 134, 135, 136, 235, 236,
244, 254-255
primary insult, physical versus
chemical, 134
primitive organisms, 139, 140
principle of superposition, 224,
225, 2219
probability
distribution of cavitation, 83
of nucleation, 86, 89, 90
professional divers, number of, 1
programming, 108
stability for, 257
prostaglandins, 51, 52
prothrombin, 56
protozoa, 140
pruritus, 30, 31, 41
psychological stress, 43, 44
psychosomatic disturbances, 32
psychosomatic effects, 41, 44
pulmonary capillary bed, 67
pulmonary circulation, 20, 22
pulmonary gas embolism, 69, 211,
213
pulmonary haemorrhage, from the
squeeze, 14
pulmonary membrane, 14, 19, 21,
217
rupture of, 66
pulmonary oxygen exposure limits,
218
pulmonary oxygen toxicity, 220
pulmonary toxicity dose, 223225,
227, 228
pulse-echo techniques, 144
pulse pressure, 62
pulse rate, 56, 176
pumping, cavitation in, 84

RQ, 241
race, 43
radial diffusion,
257, 284
model for, 95, 126
radio-rubidium, wash-out of, 179
radius of nucleus, 86
random bubble inception, 157,
236, 238
random incidence, 250
random nucleation/activation, 81,
83, 86, 89, 90, 95
random perfusion, 190
rapid compression, effect on
seizures, 222
rash, 31
rate-limiting process, 169
rats, bubbles in, 141, 142
Raynaud’s disease, 50
RBC count, 56
reactive gases, 92
reactive hyperaemia, 177, 178
rebreathing, closed-circuit, 8
recompression, 41, 52, 53, 54, 60,
228, 229-231, 236, 239, 248
effect on conductivity, 149
relevance of, 147
time of, 229, 231
vestibular response, 74
rectified diffusion, 83
rectum, 31
recurrence of symptoms, 147, 231
reflection coefficient, 214, 215
Reissner’s membrane, 72—73, 213
reliability physics, 45
relief of pain, 230
renal cortex, dimensions for, 184
renal medulla, dimensions for, 184
renewal theory, 45
repetitive aerial exposures, 250
repetitive decompression, 39
repetitive diving, 161, 162, 165
repetitive exposures, 160, 161
repetitive group, 162
repetitive tables, 162
reservoir of nuclei, 85-89, 100,
235
residual nitrogen time, 161, 162
residual symptoms, 229
resistances to gas transfer, 26
resolution of ‘dumped’ gas, 232
resonance in bubbles, 145
respiration, control of, 19, 205
respiratory fatigue, 5
resting potential, 208
restitution of circulation 229
restlessness, 30
reticulocytes, 56
retinal damage, 219

123 “128;=181,
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reversibility of insult, 53

reversible affinity for a gas, 92

Reynold’s cavitation, 83, 139

Reynold’s number, 91

rheological hypothesis, 51

rheological mechanism, 201, 203

rigid particles, filtration of, 67

round window, 69, 71, 72

Royal Navy/RNPL, 116, 123,
153, 159, 224, 260

Royal Navy tables, 122

rubbing facilitating cavitation, 83

Russian work, 116

saturation curve, 255
‘saturation’ decompression, 249
‘saturation’ diving, 103, 220, 243
‘saturation’ exposures, 35
‘saturation system’, 9
scotomata, 61
SCUBA, 1, 5, 6, 10
sea, gas concentration in, 106
sea-lion, 3
seals, 106
sea snakes, 106
second harmonic in ultrasound,
143
secretion of O,, 28
seeding
crystals, 202
of clouds, 77
supersaturated solutions, 81
seek the peak, 125, 126
seizures, hypoxia, 220
selectivity of membranes, 215
separated/dumped gas, see also
silent bubbles, 76, 95, 127,
150, 152, 158, 160, 161, 238
clearance of, 251
effect of elimination, 162
intracellular, 99
overall, 94
simulation of, 133
volume of 58
separation from solution/dumping,
see also dumping of gas, 49,
125
in bone, 203
in gels, 87—88
sequestration of bone mineral, 196
serotonin, 56, 134, 148, 248
serum, 88
serum ions, 56
serum phosphorus, 56
sex, 43
shape factor, 181, 244, 245, 246,
247, 248, 253
shear rate, 51
shrimp, bubbles in, 87, 140, 142
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shock, 32
shunts, 181
in dividing mammals, 106
in skeletal muscle, 177-179
morphological evidence for, 66,
177
total, 67
sickle cell anaemia, 15, 199
silent bubbles, 97, 121, 125, 133,
134, 137, 146, 150, 151, 152,
153, 155, 157, 160, 162
subjective evidence for, 161
siloxane membranes, 130
simulation of decompression,
127-133
by fluid flow, 128
by thermal conducticn, 128
electrical conduction, 128
simultaneous inert gases, 152
dumping of, 104
uptake of, 174
single-stop titration, 159
single-tissue model, 122
single-tissue wash-out, 177
sinus cavities, 29, 106
skeletal muscle, 59, 142, 181
dimensions for, 184
exercise of, 177
perfusion rate of, 186
wash-out from, 175, 179
skin, 106, 148, 156, 253
immersion of, 41
skin ‘bends’, 49, 69
description of, 31
incidence of, 30
no decompression, 213
skin contact, 41
skin-fold thickness, 42
skin grafts, 15
sludging, 49, 55, 57, 201
slugs of gas in vessels, 99
SMAF, 135
small animals, bubbles in, 140
smoking, blood CO, 14
smooth muscle
activity factor, 135
antagonists, 134
fibres, O, on, 221
stimulants, 135
snorkel, 4
sojourn of blood, 171, 172
sol—gel transitions, 208
solubility considerations, 193—194
solubility of gas
conductivity, 149
in lipid, 59
metabolic gases, 241
osmotic effect of, 214

solute transfer, analytical

approaches, 91
solutions
criterion for stability, 81
seeding of, 81
solvents for gases, 23, 88
somatotyping, 41
SOS meter, 128
sound, velocity of, 144
space docking, 18
space suits, 18
spasms, 208
spatial distribution of gas, 92-93
spectrum of activation energies,
100-101
spectrum of half-times, 111, 191
spectrum of M values, 117, 120,
122
spectrum of tissues, 113
speech, 8, 204, 205, 208
sphere, 245
sphincter control, 31
spikes, 217
spinal cord, 64, 65, 146
involvement of, 75
pathology of, 64—65
spinal DCS, 31, 39, 192, 236
incidence of, 30 3
symptoms of, 31
spino-vertebral veins, 67
spino-vestibular tract, 31
spleen, perfusion rate of, 186
sponge divers, 2, 34, 42, 43, 229
squeeze, the, 13
squid giant axon, 208
‘squishy’ joints, 216
stabilizing microbubbles, 86
staggers, the, 30, 31
stagnation flow, 97
stapes, 71
status epilepticus, 62
steady state, decompression from,
36, 103-104
steady-state decompression limits,
119, 120
steady-state methods for D,
181-183
steam generation, 91
steam nozzles, droplet formation
at, 77
step changes, superposition of,
225, 226
sterno-clavicular joint, 32
stimulation, promotion of bubbles,
140, 142
stirred fluids, 92
stirred-tank concept, 174
see also fully stirred concept
stochastic theory, 94, 190
stomach, perfusion rate of, 186

stretch receptors, 68
stroke, 15
structure of liquids, 82
subcutaneous emphysema, 30
subcutaneous gas pockets, 102,
239, 241, 242
submarines, 1, 4
escape, 62, 196—197, 236
escape training, 14, 65
submersible decompression
chamber, 8
submersibles, 1, 4
substernal pain, 220
sub-symptomatic decompression,
124
sub-symptomatic gas phase, 97,
158, 160, 161, 251, 258
see also silent bubbles
supercooling, 77, 81, 82
superoxide dismutase, 221
superposition, principle of, 224,
225, 227
supersaturation, 76—81
chemical generation of, 84
definition of, 76
Haldane’s conception of, 110
limit to, 77, 81, 89, 90, 95
metastable limit to, 79
of inspired water, 105
quantification of, 86
ratio, 77
threshold, 161
vessel size on, 81
without decompression,
213
supersonic aircraft, 18
superstition, 44
supply of nutrients, 169
suppressed transformation, 77, 78,
80, 81
surface coalescence, 99
surface decompression, 9, 161,

210—

162, 165, 250

surface interval, 11, 160, 161, 162,
163

surface tension, 85, 91, 96, 100,
252

surfacing

conditions for, 254

ratio for, 117
surfactant, 66, 98, 134
survival times on high O,, 222
susceptibility, 56

age, effect of, 4143

distribution of, 44

individual, 41

physical fitness on, 43

obesity, 42

of animals, 141



susceptibility (contd)
race, 43
sex, 43
water balance, 43
suspended transformation, 77, 124
suspended transitions
liquid-in-gas, 77
liquid :liquid, 77
solid-in-gas, 77
solid :liquid, 78
solid :solid, 77
Swedish Royal Navy, 116
swim-bladder mechanism, 140
switching blood flow, 180
switching gases, 116, 180
inert gases, 69, 74, 75, 92,
103-104, 151, 152, 206, 213,
222, 232
inert gas simulation, 130
on narcosis, 205
to air, 37
sympathetic stimulation, 178
symptomatology, 30
symptoms, simultaneous occur-
rence, 32
syncope, 30, 32
synthesis of a model, 235-237
systemic circulation, 20, 22
systemic embolization, 64—67
see also arterial emboli

tabulating dives, 162
tachypnoea, 32, 62
tadpole, 87, 208
narcosis in, 205
tail-biting, as bends model, 141
tap-water, supersaturation of, 106
target organ, 64, 72
temperament, 44
temperature, 41, 88, 214, 250, 251
effect on elimination, 157
of brain, 222
oral, 56
temporal similarity, 128
temporo-mandibular joint, 32
tendon, 57, 59, 60, 142, 149, 190,
192, 235, 247, 248, 253
tensile strength of liquids, 81-83
tension, versus partial pressure, 23
terminal airways, 21, 107
terminal rise velocity, 67
testicular damage, 220
Thebesian veins, 67
therapeutics, supplementary, 234
thermal analogue, 128, 131, 182,
257
thermal protection, 6
thermodynamic approach, 95,
124-126, 131-133, 235-262

criteria for, 254
human experience, 260-262
program for, 259
thermodynamics, 77, 78, 80, 86,
90, 113, 137, 151, 236, 237,
243
of coalescence, 96
thixotropic fluids, 87
threshold
current, 208
for bends, 53, 131
for bubble inception, 151
for pain, 57
insult, 134
potential, 208
thrombosed erythrocytes, 148
thrombosis, 49
thyroid, perfusion rate of, 186
tibia, 197, 199
tidal volume, 21
time constants, 111
enumeration of, 175, 176
extraction of, 175, 176
for bulk diffusion, 124
interpretation of, 113
time function, 111
by empirical deduction, 189
exponential derivation, 112
for blood perfusion, 113
time of day, 44
time of year, 44
tingling fingers, 219
tinnitus, 30, 31, 37, 69
tissue, statistical mean area, 254
tissue analogue, 120121
tissue analysis for gas, 174
tissue averaging of gas, 95
tissue compliance, 235
tissue type(s), 59, 151
‘Haldane’/hypothetical, 116
number of, 137, 153-154
tolerance
individual, 32, 36
to intravascular air, 61
topside computer, 127
tourniquet, 41
traffic-light indicator, 133
transcutaneous gas transfer, 106,
156, 157, 211
transfer sphere, 9
transient gas gradients, 215
transient methods for D, 181, 184
transition point in P; versus P,
191
transport processes, 18, 168
development of, 19
trapped bubbles, release of, 231
trauma, 58
treatment, 53, 228-234, 250
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delay in seeking, 97
liquid-breathing for, 106, 209,
210
lumbar puncture as, 64
of fish, 105
of underlying cause, 134
oxygen, effect of, 99
prescribing O,, 228
requests for, 34
tables for, 231, 233
use of O,, 219
trebeculae, dead, 196
trees, 83
J(t) relationship, 122, 123, 176,
190, 191, 252
trial-and-error methods, 108
tribonucleation, 57, 83
trigger points, 77, 81, 89, 90, 95,
117, 123, 124, 131, 134, 137,
139, 142, 151, 152, 163, 164,
247, 254
triglyceride, 56
trimix, 8, 207
tris-buffer (THAM), 209
true saturation, 125
true supersaturation, 152
tumours, oxygen tension in, 15
tunnel construction, 110
tunnel vision, 219
tunnel work, 10
air supply, 11
British regulations, 12
tunnel workers, 195, 196
adaptation of, 40
number of, 1
turbulent flow, 83, 139
turgor, 83
turtles, 106
two-phase concept, 178, 180, 186
model for, 181, 187
systems, 99
two-phase decompression meter,
132
Type 1 DCS, 31
see also limb bends
Type 11 DCS, 31
see also CNS symptoms

ulcers, 15
ulna, 199
ultrasonics
automatic decompression by,
144
detection of bubbles, 61, 81,
143-146
Doppler meter, 69
inducing cavitation by, 82, 143
irradiation with, 88, 151
umbilical supply, 8
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unconsciousness, 8, 30, 31, 61, 206
unicellular organisms, 19
unintentional decompression, 6,
107
unperfused areas, 190
unsaturated liquids, 29
upper airways, 107
uptake : elimination asymmetry,
153-157
uptake of inert gases
empirical functions for, 189
mixed perfusion/diffusion, 170
rate of, 113
UPTDs, 223-225, 227, 228
upward excursion, 39, 164, 192
urea, wash-out of, 179
urinary disturbances, 30
urine
catecholamines, 56
cations, 56
corticosteroids, 56
creatine, 56
phosphorus, 56
volume, 56
urticaria, 30, 31
USAF records, 42
U.S. Navy, 116, 220, 237, 239,
243, 249, 254, 257, 258, 259,
260, 262
U.S.N. tables, 39, 46, 97, 122, 130,
139, 158, 159, 161, 162, 163,
164, 165, 227, 228, 230, 231,
233, 251
history of, 114-116
oxygen exposure limits, 218

vacuoles, 140
valsalva manoeuvre, 74
vaporous cavitation, 81—82
vascular congestion, 147
vascular haemorrhage, 53
vascular occlusion, 54
in bone, 199
vasoconstriction, 251
effect on clearance, 180
effect on elimination, 156
vasodilatation, 250
mathematical allowance for, 253
veins
blood velocities in, 22
sizes of, 22
vena cava, 22

venous admixture, 67

venous blood, monitoring of, 146

venous sinuses, 63

venous tensions, significance of, 37

ventilation at pressure, 205-206
with liquid, 209, 210

ventilation/perfusion  inequalities,
21, 26, 66

ventricular tissue, dimensions for,
184

vertebral column, 32
vertigo, 30, 31, 37, 69, 70, 71
treatment of, 15
vessel rupture, 142
vessel size, on superheating, 82
vessel walls, 22
in bone, 200
vestibular DCS, 30, 31, 32, 37, 49,
120, 191, 232
effect of gas switch, 37
mechanism of, 69-71
no-decompression, 69, 71-72,
74, 213
potentiating factors, 69-71, 74
prevention of, 74-175
steady-state, 211
symptoms, 69, 72, 236
‘tissue’ the, 238, 243, 244, 249
vestibular limitations, 70, 75
vestibular membrane, 72-73
vestibulo-spinal tract, 71
viscosity
effect on nucleation, 83
pressure on, 208
viscosity of blood, 50, 51
visual disorders, 31
visual disturbances, 30
vital capacity, 56
0, on, 223, 224
vital issue, 137-166
volume of bubbles, 147
volume of separated/dumped gas,
100, 102—104, 113114, 120,
121, 124, 125, 126, 160, 230,
238, 239, 246
calculation of, 125
critical, 253
estimate of, 194
volume of solutions, 205
voluntary hyperventilation, 23, 217
vomiting, 30, 31, 37, 69, 207
vortex formation, 139

wash-out of inert gas
at altitude, 162
automatic integration of, 172
bursts of, 190
during decompression, 154—157
effect of exercise, 176
effect of sympathetic stimula-
tion, 178, 179
from a single tissue, 177
from excised tissue, 180
stopped blood flow, 178
whole body, 122
see also gas elimination
water L
clathrate structure of, 51
compressibility of, 253
displacement of gases, 216
tensile strength of, 81-82
water balance, 43
watershed zones, 63
water vapour, supercooling of,
77-19
WBC count, 56
Weibull distribution, 44, 45
weight, 42
West German approach, 116
West German NMI, 116
wet suits
effect of, 41
pulmonary effects of, 5
thermal protection by, 10
wet versus dry exposure, 41
wheal, 30, 31
white matter, dimensions for, 184
Wilson cloud chamber, 77, 78, 87
work of breathing, 4, 7, 205
worst possible case, 95, 101, 124,
237, 238, 239, 247, 250, 254
wound healing, 54, 56

xenon, clearance of, 172, 175, 204
X-rays, 54, 239, 250
interpretations of, 252
studies, 57, 142-143, 147, 149,
150

Young’s modulus, 253

zero-supersaturation, 90, 131, 238
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