























DECOMPRESSION THEORY: BRITISH PRACTICE

perhaps vortices in the heart. No decompression
can, therefore, be undertaken following a dive
according to this hypothesis without a gas phase
being present in the tissues or circulation.

2. There is a small pressure drop permissible
without gas formation due to the partial unsatura-
tion of tissues caused largely by the oxygen con-
tent of the gas being breathed. Thus, provided the
decompression is kept within certain limits it is
possible to avoid forming a gas phase in the body,
and this should lead to a much safer decompres-
sion,

3. There is a permissible decompression ratio.
Anything less than this permitted decompression
ratio has a vanishingly small risk of causing de-
compression sickness. Any greater ratio has a near
certainty of causing decompression sickness. Most
decompression schedules in use today depend upon
this idea.

Coupled with these three concepts are two major
dichotomies of view: namely that bubbles are in-
travascular or that bubbles are extravascular—
and there are sub-divisions of these opinions.

4. The relevant bubbles are intravascular.

(a) Theintravascular bubbles are first formed
in the arterial circulation.

(b) The intravascular bubbles are first formed
in the venous circulation.

5. The relevant bubbles are extravascular.

(a) The extravascular bubbles are formed in
interstitial fluid.

(b) The extravascular bubbles are formed in
intracellular material.

Added to these various aetiological pathways are
two other possibilities:

6. The rate of elimination of dissolved gas from
the relevant tissue is largely dependent upon the
circulation. '

7. The rate of elimination of the dissolved gas
from the relevant tissue is largely dependent upon
the rate of diffusion of the dissolved gas through
the tissue spaces.

There are several paths through the hypotheses
mentioned above and these represent only the
initial difficulties for anyone attempting a physical
picture of events leading to an attack of the bends.
Many divergent views are held by highly intelli-
gent and well-informed workers in this field. This
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serves to illustrate the fact that if anyone found
an accurate physicomathematical analysis, it
would be an astonishing piece of good fortune.
What has happened in the history of the develop-
ment of attempts to formulate a theoretical struc-
ture from which to calculate decompression pro-
cedures is that certain basic facts have been used
as a reasonable foundation for an approach, and
this approach has then been tested in areas of
diving not covered by the original observations.
The approach has been seen to be only partially
successful and has been modified in the light of the
new evidence and the cycle of refinement started
again. When firm theoretical concepts are eventu-
ally established by these methods it will be pos-
sible to re-examine the plethora of possibilities re-
garding the aetiology of decompression sickness.
Meantime, hopefully someone will develop a
technique, e.g. ultra-sound, which will unequivo-
cally establish where the symptomatic bubble is,
and then accurately monitor its growth and re-
solution, in a large variety of differing circum-
stances.

The point to be made is that a precise knowledge
of the aetiology of the bends is not a necessary
prerequisite for successful decompression table
calculations. The basic diving data must, of
course, be incorporated into any system of cal-
culation which is employed, but a knowledge of
the underlying physiology involved can largely be
ignored. The author would now like to advance
the following scheme for calculating decompres-
sion procedures which has met with considerable
success and is sufficiently versatile in overall con-
cept to allow further modifications with the ad-
vance of more reliable data. There are two prin-
cipal assumptions and the quantitative aspects of
these assumptions will first be described as they
relate to the caleulation of air decompression pro-
cedures. In the first assumption it is considered
that if after a long period at P; a man is to be de-
compressed rapidly to some lower pressure P,
then the permitted decompression ratio Py[Py=r
varies with P, in the following manner.

P, 27-5714

P, =" T P 12407

where the pressure is measured in bar (ATA
approx.).
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Thus as P, increases, the permissible pressure
ratio # decreases according to the above relation-
ship. This expression attempts to cover quantita-
tively the well-established observations described
previously. It predicts that after very long ex-
posures to compressed air at an absolute pressure
of 1:92 bar, rapid decompression to an absolute
pressure of 1 bar can be undertaken without any
ill effects. In the light of the latest evidence from
the Tektite exposures, this value of 1-92 may be
slightly too high. There must be diminution in the
permitted ratio as the pressure increases. For man
the problem is open to some doubt as to how much
diminution is necessary, because there is a lack of
appropriately controlled experimentation, but
with animals the matter is beyond dispute and a
cut-back in this ratio with increase of pressure is
easily and quantitatively demonstrable. It is esti-
mated by analogy from large animal experiments
that for man the permitted ratio will change
approximately from 1:9 to 1-6 over the range of
gauge pressures of 0-96 bar to 3-4 bar. Once again
it must be noted that this is just an estimate from
animal work and it may be necessary to consider
even more cut-back in the permitted decompres-
sion ratios as experience dictates. The second
agsumption concerns the observation that the
shape of the pressure time curve for the onset of
decompression sickness seems to be the same as
that of the curve for the uptake of nitrogen by the
whole body, and this in turn is the same shape as
a curve describing the quantity of gas diffusing
into a slab of material when only one of the faces
is exposed to the pressure of gas. Thus there is an
exact and well-known physical analogy to describe
the uptake of gas curve, or the acquisition of
danger curve. The particular equation being used
is:

fractional saturation
— 8 —Kt 1 —9Kt 1 — 25Kt
—1—-;{6 +§e +—2—5e +oee
where K = Dr?[4b%, D=diffusion coefficient, and
b=thickness of the slab exposed on one side.

This is a solution to Fick’s law

de d2e
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where ¢ is the gas concentration (or partial pres-
sure (at some distance x inside the slab, for the
particular conditions of thickness b, the slab being
initially free of nitrogen and then having one face
suddenly exposed at time ¢=0 to a fixed raised
pressure of nitrogen or other gas.

This equation has been put into a computer for
the particular value of K=0-007928, which value
gives a 309, saturation after 22 min and was con-
sidered to be the most realistic fixed point on
which to base the shape of this curve. Using this K
value implies that in about 9 hours the body is
999, desaturated with gas. This order of time may
not be enough in the light of new facts and the K
value may need adjusting in the not too distant
future from the value which has just been given.
As will become apparent in the discussion which
follows, the success of these systems of calculation
is such that, for the moment at any rate, drastic
changes are not warranted.

Bearing in mind that decompression tables are
meant to protect the more sensitive men in a large
population of healthy divers, the following scheme
was evolved. It was assumed that the rate of up-
take of gas is 1'5 times faster than the rate of
elimination. That the uptake of gas and the elimi-
nation of it by a group of healthy men will not be
symmetrical is beyond dispute but the assessment
of the factor as being 1-5 is, of course, just an
estimate and like several other of the previous
estimates may need modification in the light of
experience.

As an example of the type of calculation in-
volved let it be supposed that one has to decom-
press a tunnel worker who has been exposed to a
gauge pressure of 50 psi, i.e. 3-4 bars for 30 min, In
view of the fact that the bar seems to be becoming
accepted as a major international pressure unit
this will be used throughout in the calculation but,
of course, the principle is exactly the same whether
feet, metres of seawater or psi gauge are involved.

After 30 min the worker’s body is 42-9%, satur-
ated, this value being obtained by reference to the
basic equation, and thus the quantity of gas in the
relevant tissue(s) (or slab analogy) is the same as
if he had been at a gauge pressure of 1:46 (i.e.
3-4 times 42-99%,) bar for an indefinitely long
period. The permitted ratio which can be used with
this quantity of gas is obtained from assumption
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(1), given above, and is 1-85. Hence the first stage
of the decompression is at an absolute pressure of
2-46 divided by 1-85=1-3 bar or a gauge pressure
of 0-3 bar. For a safe decompression, therefore, the
fast phase should end at a gauge pressure of
0-3 bar. It is convenient to place the decompres-
sion stages at 0-2 bar intervals and in this case
would mean stopping the fast phase at a gauge
pressure of 0-4 bar. The calculation continues as
follows. The exposure to a gauge pressure of
3:4 bar for 30 min followed by a rapid drop in
pressure to a gauge pressure of 0-4 bar may be re-
garded as equivalent to adding together two ex-
posures, one of which carried on indefinitely ab-
sorbing gas at a gauge pressure of 3-4 bar, followed
after 30 min by a negative exposure of 3-4 minus
0-4, i.e. gauge pressure of 3-0 bar, which also
carried on indefinitely. Ultimately the two curves
would become asymptotic and the gas left in the
body would be at a gauge pressure of 0-4 bar; but
it is only necessary to wait long enough to make
the next pressure drop to a gauge pressure of
0-2 bar. At a gauge pressure of 0-2 bar, the per-
mitted excess gas pressure is easily calculated
from assumption (1), as 1-26 bar. The superimposi-
tion of the ingoing and outgoing curves is con-
tinued until it can be seen that an excess gas pres-
sure of 1-26 bar is left. At this point a drop to a
gauge pressure of 0-2 bar is permitted. The dura-
tion of this stage is caleulated by superimposing a
pressure drop of 0-2 bar (negative) curve on the
existing two curves. The calculation is continued
in this simple manner until it is safe to reach
atmospheric pressure with an excess gas pressure
of 0-92 bar remaining. It must be borne in mind
when doing these decompression calculations that
the fast graph is used for estimating gas uptake
and that at the moment of decompression there ig
a discontinuity when the slow elimination graph is
employed.

All of this simple but somewhat tedious mathe-
matical analysis is best left to the computer.
Merely by the insertion of appropriate factors it is
possible to calculate quite easily any decompres-
sion procedure in any units. Accordingly a set of
decompression procedures for use by caisson
workers has been in use since 1966 with pounds
per square inch as principal units of pressure,
whereas since 1968 Air Diving Tables using feet of
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seawater with the final stop placed at 20 ft
(1-6 ATA) have been under active testing. More
recently in 1972, as a result of experience with
these 1968 Air Diving Tables, a revised metric
version, using 5 m (0-5 ATS) increments of depth
for decompression stages has been calculated and
issued for use.

The decompression ratios estimated from
assumption (1) are based on experiments using air
as the breathing medium, and consequently in the
calculations air was regarded as a single gas. This
did not lead to a sufficient cut-back in the per-
mitted decompression ratio and an allowance in
the calculations is now made for high oxygen
partial pressures. Whenever the partial pressure
of oxygen in air (or mixture) exceeds 0-6 bar then
it is considered that significant amounts of dis-
solved oxygen are present in the tissues and that
there ig an increased decompression risk. This is
estimated by adding 259%, to the dive depth, and
proceeding with the calculations as just outlined
using assumption (1). An oxygen first stop depth
is thus obtained, and 5 min is spent at this depth
to allow for metabolic usage of the excess dis-
solved oxygen gas. Following this ‘oxygen stop’
the calculations proceed as outlined above.

Calculation of oxy-helium tables follows exactly
the same principles but the real difficulty with
these calculations is that assumption (1), concern-
ing the permitted ratios to be used at varying
depths, is only obtainable after considerable div-
ing experience and such experience has not yet
been gained. Consequently, as with the air diving,
the relationship between permitted ratio and dive
pressure is somewhat uncertain.

TESTING DECOMPRESSION
SCHEDULES

One can examine the literature of compressed
air diving and caisson work and read such state-
ments as ‘only 10 cases of bends occurred from
10,000 exposures, giving an incidence of 0-19,’.
Such statements unaccompanied by a proper
further analysis are valueless and misleading. In
the first place the nature of the exposures to pres-
sure should be clearly stated. For example, 10 ex-
posures to 30 psi gauge (67 ft; 3 ATA) followed by
10 bends and then 9990 trouble-free exposures to
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12 psi gauge (27 ft; 1-8 ATA) would give the re-
sults quoted above, but there is very obviously
something amiss with the first decompression pro-
cedure despite the very low overall figure. For
diving tables and sometimes for decompression
meters, great claims are made with regard to
success in protecting the diver from mild decom-
pression sickness. Almost invariably the type of
diving which forms the basis for these claims is
very largely of the no-stop variety. Dives such as
15 min at 90 ft (3-7 ATA) or 40 min at 60 ft
(2-8 ATA) dominate the statistics with thousands
of results whereas exposures of 1 hour duration at
160 ft (5-8 ATA), where the adequacy of the de-
compression procedures is really revealed, repre-
sent a minute proportion of the overall numbers.

Assessing decompression procedures from field
trial results is an extremely difficult problem. Very
rarely in practical circumstances does a diver pro-
ceed exactly to the limits of a particular decom-
pression profile. It would be rare to find a diver
exactly at 100 ft, for example, for exactly 20 min
and decompressing exactly along the procedures
laid down for this particular dive by any recom-
mended decompression schedule, Thus the ade-
quacy of the decompression routines is never pro-
perly evaluated in actual diving circumstances. It
is also well known that divers add on safety factors
in both time and depth in areas of the decompres-
sion tables which they have discovered from actual
practice are not offering them adequate security.
Now whilst this is a readily understandable and
indeed quite sensible practice for the working
diver, it is not conducive to reliable statistical
evidence for analysis by those principally con-
cerned with assembling objective data.

Bearing these points in mind, it is now necessary
to examine how the tables based upon the above
calculations have fared when put to stringent con-
trolled testing. With regard to air diving, using
the 1968 calculations whereby the diver was de-
compressed in 10 ft (0-3 ATS) increments except
for the final stage which was placed at 20 ft
(1-6 ATA), the following has now emerged. Both
Royal Navy and Royal Canadian Navy divers
were tested for 1 hour at 160 ft (5-8 ATA) on the
Air Tables issued either by the US Navy or the
Royal Navy, and a disappointingly high percent-
age of bends were obtained on both these air
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diving schedules. Following these trials, the 1968
Air Diving Procedures were tested by RN divers
and there were no cases of decompression sickness
either in the laboratory dry chamber tests or in the
subsequent wet tests in the laboratory and in the
open sca. Random trials have since continued over
a period of 4 years using acclimatized and un-
acclimatized personnel for the tests, and there has
been an increase in confidence that these parti-
cular profiles represent a distinet advance on the
currently available Air Diving Tables. However,
when dives of the order of 1 hour at 200 ft (7 ATA)
were performed at sea on 10 different men, there
were no cases of bends, but subsequent testing in
the dry chambers in the laboratory yielded one or
two ‘niggles’ and one mild bend, which occurred
upon surfacing. This is an indication that once
again these ideas have an area of usefulness but
that when pushed to extremes they will not offer
adequate protection for the diver. From a practi-
cal standpoint, this limitation is of no great
moment because a survey of all diving activity
showed that only extremely rarely were such
dives as 1 hour at 200 £t (7 ATA) ever undertaken
and indeed 200 ft is now being regarded as beyond
the suitable limit for air diving due to the in-
creased respiratory problems encountered at this
depth when attempting heavy exercise. A small
modification was, nevertheless, made to the 1968
tables before issuing the metricized version in
1972 and this was an acknowledgement of the
fact that the no-stop eurve calculated for the 1968
tables was somewhat overconservative. For ex-
ample, the no-stop dive at 100 ft (30 m; 4 ATA)
was given as 15 min and this can be seen to con-
trast quite markedly with the 25 min given in the
USN no-stop dive for this depth. Consequently, a
change was made to bring the no-stop diving
limits close to the RN diving table limits, as at
present published in the RN Diving Manual and,
for example, at 100 ft (30 m; 4 ATA) this would be
20 min., Other than this minor modification dic-
tated by experience, the 1972 calculations are on
exactly similar lines to the 1968 tables.
Regarding the applicability of these calculations
to caisson work, there is little doubt that they re-
present a good step forward and that the bends
percentages over most of the pressure-time com-
binations encountered in tunnel and caisson work
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have been lowered. Nevertheless, there are clear
indications that if the working pressure is suffi-
ciently great and the exposure time sufficiently
long then these ideas are inadequate to offer
satisfactory protection to the tunnel worker. By
‘unsatisfactory protection’ is meant a bends per-
centage not in excess of 2:09%,. It is difficult to
assess the true reason for the inadequacies which
appear, but undoubtedly working for several hours
at pressures of 3 ATA or more exposes men’s lungs
to raised pressures of oxygen which may have
some effect upon the subsequent decompression,
although, as noted earlier, it is also probable that
the K value being used for the elimination of
nitrogen is too large and is leading to the view that
nitrogen is eliminated from the body rather more
rapidly than turns out to be the case in a propor-
tion of the population.

With regard to the incidence of dysbaric osteo-
necrogis it can be said that after 7 years, and
42 000 entries into compressed air at pressures in
excess of 14 psi gauge (1-9 ATA), using these de-
compression procedures there have been no cases
of this disorder of sufficient severity to warrant
surgical intervention. Whilst this is, of course,
very encouraging, it will be some years yet before
one can declare unequivocally whether serious
forms of dysbaric osteonecrosis are non-existent
using these tables. It is somewhat unfortunate that
similar large-scale systematic observations are not
available from prolonged and exclusive use of
other air decompression tables, as it would then be
possible to make objective statements regarding
the effectiveness of various pressure-time courses.
The incidence of dysbaric osteonecrosis has now
become one of the major measures of the effective-
ness of decompression tables.

Regarding helium diving, all schedules for short-
term diving down to 500 ft (16 ATA) depth for
15 min duration have been given very thorough
laboratory and seagoing tests. Once again it is
clear that a steady inadequacy is apparent as the
dives progress to greater depths. For example, a
typical set of recent tests show 0 bends from
98 dives at 200 ft (7 ATA), 2 mild bends from
115 dives at 300 ft (10 ATA) and 4 mild bends
from 22 dives at 450 ft (14-6 ATA). The original
tests, performed to establish these schedules as
snitable, gave 0 bends at either 300 ft or 500 ft
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(10 or 16 ATA). It is now apparent, however, that
for these early tests the divers had been diving
regularly and were indubitably fully ‘acclima-
tized’ or ‘adapted’ to helium diving of this short-
duration type. Furthermore, the tests were con-
ducted in the obvious manner, by commenecing at
the shallow depth and gradually working deeper.
This meant that fully ‘worked up’ men were tried
on the more difficult 450 and 500 ft (146 and
16 ATA) schedules. Modifications are now in hand
to make the deep schedules more suitable for
general diver use. Nevertheless even these deep
schedules offer a very good security to the diver at
very considerable depths, and the worst result
from their use seems to be a mild limb pain occur-
ring at, or close to, surface pressure.

AETIOLOGY OF ‘THE BENDS’

It is possible, by observing the various decom-
pression schedules which have been used with
varying success to decompress divers and caisson
workers, to reach preliminary ideas on the aetio-
logy of the bends.

If one examines the no-stop air or oxy-helium
diving curves, the following gross fact becomes
apparent. Short dives can be performed safely at
great depths and long-duration dives can only be
performed safely at shallow depths. There arises,
therefore, the idea that a quantity of gas is in-
volved in the provocation of limb bend pains. This
idea has received considerable support from some
very pertinent experiments by Hills (1970) who
concludes, ‘It is far more likely that the quantity
of gas separating from solution determines the im-
minence of decompression sickness rather than
its mere presence as determined by a critical limit
to supersaturation’.

It is well known that very serious neurological
signs and symptoms can sometimes be presented
as a result of decompression, and yet when prompt
recompression is given there is generally complete
and dramatic relief. As Barnard (1965) pointed out,
such remarkable reversibility can only occur if the
nervous tissue is substantially undamaged during
the course of the attack. If bubbles formed extra-
vascularly in the cell substance then the mechani-
cal damage from the presence of these bubbles
necessary to produce a hemiplegia, for example,
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would be severe, and would hardly be rapidly re-
versible. However, if one assumes that the bubbles
are intravascular, then partial occlusion of the cir-
culation could cause widespread depression of
activity which is quite rapidly reversible if not
maintained over too long a period. The same argu-
ment can be advanced for the milder form of de-
compression sickness, namely limb pains (bends),
which is often accompanied by neurological signs
such as diminished reflexes (Barnard 1965), and
all such signs are removed completely by recom-
pression.

Following prolonged exposure to compressed
air, workers can be decompressed along one of two
quite different types of pressure-time profiles in
use today. These two different decompression pro-
cedures are illustrated by considering the Wash-
ington State Regulations and the Blackpool
Tables as used in the United Kingdom. The former
set of schedules use a continuous decompression
procedure and the latter use the more conven-
tional Haldane stage decompression procedure. If
these two time courses are compared it can be
seen that they are quite dissimilar. The important
point to be noticed from the results of operating
these two quite dissimilar routines is that from a
decompression sickness point of view the outecome
is very similar. Here are two totally dissimilar
pressure-time courses offering good protection
from attacks of limb pains.

The same diversity of decompression paths is
becoming apparent when considering decompres-
sion from long exposures to raised pressures of
oxy-helium. Prolonged excursions from saturation
or steady state pressure are now an everyday occur-
rence and it is clear that large sudden pressure
changes are feasible even at depths as great as
300 m (31 ATA; Bithlmann et al. 1970). The syste-
matic experiments of Barnard (1975), already
referred to in the text, further illustrate that
decompression can be successfully undertaken em-
ploying the classic Haldane stage method. Thus,
as with air, so with oxy-helium, the time course
offered to the diver for his protection can vary quite
markedly and yet still be successful. Originally the
findings of Barnard (1974) on stage decompression
from saturation/steady state dives were considered
to have demonstrated that this stage method was
only useful at pressures of 100 m (11 ATA) or less.
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It has since been realized that the partial pressure
of oxygen used (0-22 bar) will not allow successful
decompression, on other quite different pressure-
time courses at pressures in excess of about 120 m.
There is a synergistic effect between oxygen partial
pressure and absolute pressure, which has been
mentioned previously.

The matter may be restated as follows. If a
diver is exposed to a pressure P; and then wishes
to decompress himself to a lower pressure P,, the
possibilities ahead of him are as follows. If P, can
be reached in a short period of time without caus-
ing decompression sickness, then clearly this is the
most economical path. If P, cannot be reached
without provoking decompression sickness then
two major possibilities present themselves for his
consideration. First, he can decompress rapidly to
some intermediate pressure, P;, such that the
sudden change from pressure P; to P; does not
provoke decompression sickness, but he will now
have to stay at pressure Pg until such time as he
can make the next large move towards pressure P,
Alternatively, he may attempt to decompress him-
self quite slowly from P, in order to stay away
from provocation of bends as much as possible.
He will thus spend time travelling from P; to P,
which could have been achieved on the previous
system much more speedily. However, the hope is
that through spending this extra time, and being
more conservative, he will have a safer and pos-
sibly speedier decompression. There are practical
and theoretical advantages in both systems of de-
compression and experience dictates which to
choose for certain circumstances. For example, no-
stop diving is a discontinuous or stage system of
decompression, but no-one would be foolish enough
to suggest that this form of diving should be
abandoned in order to avoid formation of some,
perhaps even non-existent, silent bubbles. Where-
as at great depths on oxy-helium mixtures, there
is a distinet risk that sudden large changes in
pressure may provoke rather more serious forms
of decompression sickness than mild limb pains.
Consequently, there is an understandable reluct-
ance to employ this form of pressure-time profile
at great depths. From a practical standpoint the
fact that one can decompress quite safely from
both saturation or non-saturation dives using
stages in much the same order of time, or in many
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cases much less time than by any other system,
means that the relevant tissues behave ‘as if’
supersaturation was possible.

In actual fact of course, bubbles may be present
in the relevant tissues, but perhaps due to their
position in the blood vessel, or to the little under-
stood growth patterns of very small bubbles, it
may be that no serious interference with tissue gas
exchange takes place until quite a substantial
pressure change occurs, This problem was also
answered in a different manner in Chapter 11 of
the first edition of this book by Behnke, who said:

(1) A metastable condition of gas transport
probably did not extend through successive decre-
ment of pressure.

(2) What appeared to be a condition of super-
saturation was a reflection of tolerance of the
vagcular system to bubble accumulation.

However, use of the phrase ‘What appeared to
be a condition of supersaturation’ concedes the
practical fact that one can consider decompression
‘ag if” supersaturation did exist. Nevertheless, the
experiments of Hills (1970) prevent anyone sup-
posing that there are fixed supersaturation limits,
as proposed by Haldane and used in modified
form by most groups since. This idea, and the
numerous variations of it, must now be considered
inadequate. In support of the Hills findings the
author must mention that the last stop on the air
diving tables, calculated as outlined above, was at
20 £t (1-6 ATA) and not the usual 10 £t (1-3 ATA),
and this departure from normal practice has been
highly successful.

‘De-canting” and ‘surface decompression’ pro-
cedures have been practised with complete safety
for many years. If one decompresses to atmos-
pheric pressure following an exposure to pressure
which will obviously lead to decompression sick-
ness, there is nevertheless a ‘safe period’ at atmos-
pheric pressure before the onset of trouble, and it
wasdiscovered by Edel (1971b) that for the Tektite
I depth levels a 15-min surface interval could be
safely tolerated.

If one examines the idea of Hills (1970) that in
the ‘worst possible case’ all excess inert gas is re-
leased at once upon decompression, then clearly
the critical volume which causes decompression
sickness is not immediately effective in causing
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symptoms, One must invoke the further idea that
this volume of gas takes time to re-arrange itself,
via coalescence, into a pain-provoking shape. As
mentioned above, from many thousands of ob-
servations with surface decompression procedures,
and the onset of mild bends from other forms of
diving it is possible to state that the chances of
such coalescence occurring on surfacing, i.e. in-
stantaneous or ‘worst possible’ coalescence, are
negligible and to be realistic one must introduce a
mechanism offering a very low probability at zero
time. Thus one is forced to accept a probability/
time function for coalescence,

This causes re-examination of the statistical
aspeets of bubble formation, leading to the
original idea of phase equilibration, and limited
supersaturation.

Given infinite time, a gas-saturated solution will
spontaneously form a gas nucleus. In a reasonable
period of time, say 1 hour, the probability of this
event occurring is so small as to be unworthy of
consideration. If the solution is decompressed, and
a state of supersaturation supervenes then it is
obvious that the probability of bubble formation
is dependent upon two variables, the degree of
supersaturation and the total time involved at that
level of supersaturation. It may be objected at this
point that mechanical factors such as tribonuclea-
tion, muscle contraction ete. will invalidate this
probability concept, but if one once invokes such
precipitating factors then for the ‘worst possible’
case one must abandon inherent unsaturation,
oxygen window, etc., because if these mechanical
factors are stressing the solutions and causing
cavitation, they can cause bubble formation even
in undersaturated solutions. Thus, if one ignores
mechanical factors, the limited supersaturation
and the phase equilibration theories, although
apparently at variance, do in fact converge when
it is realized that the level of sustained super-
saturation is a critical variable. A complex set of
functions describing the probability of nucleation
for various levels of supersaturation from zero
time to infinity, are necessary. Simple phase equi-
libration takes the probability after infinite time,
ie. 1-0. whereas simple supersaturation theory
takes the probability after a very short time;
both views are therefore extremes of a much
more complicated situation. The enormity of the
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computational task confronting the schedule cal-
culator is now becoming very apparent.

Finally, it is possible to explain the fact quali-
tatively in a very different way. It may be supposed
that bubbles are always present regardless of the
nature of the decompression, Dissolved gas in the
tissue(s) has two paths for elimination during
decompression, first via the blood stream and
secondly into the bubble, and the bubble itself is
subject to expansion according to Boyle’s Law.,
Thus three factors are determining the outcome of
the pressure-time profile. The prospects of render-
ing this model quantitative are indeed daunting,
especially when the difficulties of understanding
the growth of small bubbles are appreciated.

Regarding the site of origin of these bubbles,
one must agree with Behnke (1971) that the evi-
dence is heavily in favour of it being intravascular.
Furthermore, bubbles are almost certainly first
found in the arterial circulation, as various ob-
servers over many years attest, e.g. Wagner (1945),
Lever et al. (1966), Hempleman (1968) and
Buckles (1968).

Bubbles in the arterial circulation would be
thrust into the capillary bed and, if large enough,
would cause blockage, whereas such bubbles
generated on the venous side would be prone to
being dislodged by the blood flow. Bubbles ocelud-
ing the arterial side of the tissue circulation

PHYSIOLOGY AND MEDICINE OF DIVING

would not grow against the arterial pressure, but
they would extend down the pressure gradient -
to the venous side and it is this apparent venous
occlusion accompanied by bubble generation
which can be mistaken for true venous origin and
blockage.

Further evidence that the arterial vessels are
implicated as sources of ‘separated gas’ is gleaned
from the observations that when dead animals,
with no circulation, are given exposures to high
pressures of air or other gases the bubbles seen
upon decompression are always in the arterial
system (Hempleman 1968; Smit-Sivertsen 1975).

CONCLUSION

Bearing in mind the complexity of events lead-
ing to ‘bends’ pains it is astonishing to find that
simple calculations, such as those described earlier,
can lead to quite successtul practical procedures
over quite a wide range of pressures and times.
All current theories have incorrect or grossly over-
simplified underlying assumptions, and a good
deal of further experimentation is needed to reduce
the extent of our ignorance.

Although attention has largely been directed
towards avoidance of the ‘bends’ it must be re-
emphagised that avoidance of bone damage is
equally, if not more, important.
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