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Decompression Theory: British Practice

H.V. HEMPLEMAN

The complexities of physies and physiology in-
volved in the aetiology of decompression sickness
are so great that attempts to formulate detailed
quantitative analyses of the phenomena will only
succeed by a happy accident. The size, shape and
location of the bubble, or bubbles, in mild decom-
pression sickness are still matters for conjecture.
Even were such necessary variables clearly de-
fined, the physics of initiation and growth of the
gaseous emboli would require a knowledge of
nucleation phenomena and bubble growth in bio-
logical media which certainly does not exist.
Added to these difficulties is the further one of the
collection of reliable data. Given these cirecum-
stances it is first necessary to examine the gener-
ally accepted facts that have arisen from various
sources. Hopefully, these data will lead to the
establishment of a set of ideas which can be used
to calculate decompression procedures in a wide
variety of conditions.

BASIC DECOMPRESSION DATA

Decompression sickness can manifest itself in a
number of different ways, varying in severity
from mild skin itching and rashes to death. The
most commonly observed mild form of decompres-
sion sickness is a pain felt in or around a joint, and
is commonly termed ‘the bends’. It has been
established that if attacks of the bends can be
avoided, then the more serious forms of decom-
pression sickness become extremely rare events. It
is proposed, therefore, to examine principally the

factors which evoke this form of mild decompres-
sion sickness.

Careful records have been kept of all cases of
decompression sickness occurring in the United
Kingdom at any major compressed air undertak-
ings. It has been established that if men work for
periods of time varying between 8 and 12 hours in
compressed air at pressures less than 14 psi gauge
(3L ft; 1.95 ATA), and are then decompressed
back to atmospheric pressure in not less than
2 min, then decompression sickness requiring
therapeutic recompression is rare (less than 0-2%,
of man-decompressions)., Data for exposures to
compressed air for periods of time longer than
12 hours are very inadequate., Such evidence as
has been accumulated is summarized in a report
by Hamilton et al. (1973). It would seem that there
is some lowering of the decompression threshold
pressure from the value of 14 psi gauge (31 ft;
1-05 ATA), to 12 psi gauge (27 ft; 1-8 ATA), This
lowering of the threshold no doubt reflects the fact
that the tissues of the body take longer than
12 hours to saturate fully with nitrogen gas, or it
may also indicate that some form of physiological
adaptation to high pressure is not complete in
12 hours. Similar threshold pressure data are avail-
able from the use of oxy-helium mixtures (Duffner
& Snyder 1958; Hempleman 1967) and although
once again there is a paucity of suitable data, it is
possible to make two gross statements from the
evidence available. First, the threshold value for
no-decompression stoppages breathing oxy-helium
is significantly greater than that for air, certainly
exceeding 33 ft (2 ATA), and more likely to be in
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the region of 36 ft (2-1 ATA) for the more sensitive
individuals. Secondly, there would not appear to
be a great deal of difference between the threshold
performance after only 6 hours on oxy-helium as
compared with 24 hours on the same mixture.
This is in marked contrast to the findings just
noted above on air. There are a few experiments
using oxygen—argon breathing mixtures (Hemple-
man 1967) and these would indicate that the thres-
hold pressure on argon is noticeably lower than
that on nitrogen. Thus there would seem to be a
progressive lowering of the bend threshold pres-
sure when transferring from helium to nitrogen to
argon. This could be related to their respective
solubilities or diffusion coefficient or some such
similar properties, but the evidence available is far
too slight to enable any definitive analysis.

A considerable volume of evidence exists defin-
ing the bend threshold for subatmospheric excur-
sions (Fryer 1969). It would seem that nearly all
normal men can sustain rapid decompression to
0-5 ATA without ill effects. This threshold value
may be compared with the value noted above for
compressed air from which two points become
obvious. First, whatever is provoking decompres-
sion sickness it is not described by a constant
partial pressure drop nor, secondly, can it be de-
scribed by a constant pressure ratio. The precise
way in which the permitted threshold pressure
drop varies with the absolute pressure of the dive
has never been properly established. There are,
however, some helpful qualitative observations.
Most decompression procedures for compressed air
workers in use today consist of a fast phase
followed by one or more slower phases. The pres-
sure dividing the fast and slow phases of the de-
compression used to be based upon the Haldane
ratio principle. This created a large number of
bends, particularly for pressures in excess of
3 ATA. The State of New York Regulations (1922),
which specify a rapid pressure drop to half gauge
pressure, were very successful in reducing the
number of cases of bends, as was the introduction
of an intermediate stage by Catton (1967). These
observations imply the necessity of a diminution
of the permitted decompression ratio with pres-
sure.

Barnard (1975) completed a fundamental set of
exposures to oxy-helium breathing and defined
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the relationship between permitted pressure
changes and the absolute pressure. As with air, so
with oxy-helium, it was not possible to describe
the change in threshold performance in a simple
manner, e.g. constant ratio, or constant pressure
difference. However, with deference to the original
Haldane concept, it must be noted that the data
conform more nearly to a constant ratio than they
do to a constant pressure difference. For example,
24 hours exposure at a depth of 69 m (7-8 ATA)
can be safely followed by rapid ascent to 47 m
(5-7 ATA) giving a decompression ratio of ap-
proximately 1-4 and a pressure difference of 22 m
(3-2 ATA), whereas rapid decompression following
24 hours at 24 m (3-4 ATA) can only be safely
followed by ascent to 10 m (2 ATA), giving a de-
compression ratio of 1-7 and a pressure difference
of 14 m (1.4 ATS).

Nearly all cases of bends are preceded by a latent
period during which the diver or compressed air
worker is generally unaware of any untoward
signs or symptoms. This period of virtually
trouble-free waiting, prior to the onset of bends,
can vary from a few minutes to several hours and
the explanation normally advanced ig that silent
bubbles are generated during the decompression,
and that some time is needed for the growth of
these small silent bubbles into large painful ones.
This explanation may be an over-simplification,
as has been pointed out by Hills (1966) and
Hempleman (1975), who both draw attention to
the possibilities of coalescence or interdiffusion
between bubbles as contributory or even dominant
factors.

Whenever marginal cases of decompression
sickness are promptly treated by recompression
then the pain symptoms are nearly always re-
lieved immediately. If the bends pains are not
treated promptly then a chronic condition de-
velops which may not respond to recompression
and indeed it is not unknown for such cases
actually to become worse upon recompression.
Just as the evidence of waiting prior to the onset
of bends is considered indicative of bubble growth,
so the effectiveness of the recompression in remov-
ing the pain symptoms in bends is considered as
further evidence that separated gas is responsible
for this form of decompression sickness. These de-
ductions are further supported by direct evidence
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of the presence of bubbles by several workers using
ultrasonic techniques (Rubissow & Mackay 1971;
Smith & Spencer 1970). Nevertheless, despite this
unanimity of views regarding the causative agent
in bends, there are some well-established observa-
tions regarding sensitivity to bends pain which
render quantitative explanations very difficult.
Barnard (1967), for example, described several
cases of decompression sickness developing at
pressures of about 100 ft (4 ATA) where pains
could be relieved or exacerbated by pressure
changes of only the order of 1 ft (0-03 ATS). The
effectiveness of such small pressure changes at such
comparatively high total pressures implies a very
sensitive mechanism for the provocation and relief
of bends pain,

Anyone who has taken part in experimental
diving realizes that a dive can result in a persistent
low level pain (“niggle’) in a joint, and that such a
niggle can cause intermittent trouble over a
period of 2 or 3 days. An exaggerated example is
provided by the Ocean Systems diver who was
still sensitive to flight in an unpressurized aireraft
several days after completion of his saturation
helium dive (Hamilton et al. 1966). It is inferred
from such observations that there is a tissue-
bubble complex formed as a result of diving and
that the physics of this new situation is not
representative of the physics of the tissue when
the bubble is not occluding the circulation. Once
this concept of a tissue-bubble complex is ac-
cepted, then grave doubts arise about whether or
not such complexes are, to a lesser degree, also
influencing the whole decompression problem.

In a double approach to this problem, the pres-
ent author considered that he had succeeded in
showing that in normal diving procedures the rate
of acquisition of gas was not the same as the rate
of loss of gas. Tt is necessary to emphasize the
phrase ‘in normal diving procedures’, where large
initial pressure changes are involved. It may he
possible by such techniques as are advocated by
Behnke (1967) and Hills (1966) to avoid the for-
mation of a gas phase. These unequal rates of up-
take and elimination of gas were demonstrated by
the following experiments.

First it was shown in a population of goats that
the time required to equilibrate all relevant body
tissues to a constant raised pressure of air was of
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the order of 6 hours (Hempleman 1967). Secondly,
it was shown that if goats were exposed for
6 hours to a pressure of air P, and then rapidly
decompressed in 150 sec to pressure P, where a
threshold bend is obtained, then the ratio (7)
P1[Pyisvirtually constant over a large range of P,
values, but for lower P, values r increases notice-
ably (Hempleman 1967). If it is true that uptake
of gas by all relevant tissues is the same as the re-
lease of gas, then the following experimental
sequence should be quite trouble-free.

1. Expose for 6 hours to pressure P,.

2. Decompress rapidly to P,, such that no de-
compression sickness occurs.

3. Wait 6 hours at P, to equilibrate all the
tissues to the new pressure level.

4. Decompress to Py such that

P___ P
Bt e

Tt is found experimentally that procedure (4) is
unsafe if the value of » is near to the critical thres-
hold value and the conclusion reached is that the
6-hour period at pressure P, does not permit
ascent to pressure P, because some change has
taken place as a result of the first pressure drop
from P, to P,. Presumably this change is con-
cerned with the appearance of silent bubbles and
these interfere with tissue gas exchange.

Proof that a physical change in the body has
occurred as a result of decompression is not given
by the above experiments. The results could have
been obtained from a change in physiological re-
sponses caused by, for instance, breathing raised
pressures of air for such prolonged periods. In
order to attempt to investigate the physies and
physiology of this situation, a second entirely
different series of experiments was performed. In
outline these experiments were as follows. First,
the decompression sickness threshold pressures
were obtained for several animals. They were
rapidly compressed to pressure P for a time £ At
the end of time ¢ they were decompressed back to
atmospheric pressure in 150 sec. Certain fixed
values of ¢ were selected and the P values were
obtained which gave mild threshold bends on re-
turn to atmospheric pressure.

Assume now that there exists a set of tissues
with half-times of 5, 10, 20, 40, and 80 min. The
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choice of these particular tissues is purely arbi-
trary but this does not affect the validity of the
subsequent reasoning. It is now possible, as a re-
sult of performing a range of exposure times, to
assign permitted ratios to each of these hypotheti-
cal tissues for each of the animals. As the thres-
hold ‘bends’ are all obtained at atmospheric pres-
sure the possibility of altered physiological factors
interfering with the experimental results is elim-
inated.

Following this series of experiments, a third
series was performed using the same animals in
order to compare each animal with itself. In the
third series each individual experiment consisted
of a double exposure to pressure of 25-min dura-
tion, with a surface interval of 90 min between
them. For the first 25-min exposure, the animal
was compressed rapidly to pressure P, which was
a pressure exactly 10 ft (0-3 ATS) less than the
threshold bend pressure for that particular animal
and for that particular exposure time. The animal
was then decompressed back to atmospheric pres-
sure in 150 sec and left at atmospheric pressure for
90 min. There was no risk of decompression sick-
ness from this procedure because, as mentioned,
the animal had been exposed to a pressure well
below the ‘bend’ threshold wvalue for this parti-
cular duration of exposure. Nevertheless, a large
amount of dissolved gas had been acquired in the
body tissues as a result. During the 90-min wait at
atmospheric pressure all tissues are losing this ex-
cess dissolved gas, and it is a simple caleulation to
follow this process using the Haldane-like tissues
with their appropriate exponential time course.

The second exposure consisted, as before, of a
rapid pressurization to some pressure P, and stay
at this pressure for 25 min, followed by decompres-
sion back to atmospheric pressure. P, is the pres-
sure at which a threshold ‘bend’ just occurs when
the animal returns to atmospheric pressure for the
second time. It is now quite easy to calculate the
excess gas present in the various tissues at the
time of reaching atmospheric pressure following
this double pressure excursion. The ‘bend’ thres-
hold values for the various tissues for the single
and double dives can now be compared as in
Table 18.1 where goat 34 is given as a typical ex-
ample of this experimental series. Here the 5-min
tissue had shown in the dive (A) of 25 min to 13016
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(4-9 ATA) that it was capable of performing a de-
compression ratio of 4-81 on return to atmospheric
pressure. Anything less than a 4-81 ratio should
not affect this tissue, as these values represent its
threshold performance. Examination of the
double dive data reveals that this particular
tissue only performed a 4-08 ratio drop. This
difference is very great and must mean that the
5-min tissue played no part whatsoever in the
bend produced by the double dive.

In a similar manner, all other proposed tissue
half-times can be eliminated.

Six other goats were used in these experiments,
Each tissue half-time on every goat showed dis-
parities similar to the example given above. Thus
it is quite impossible to use the same reasoning for
the uptake of the gas as for the elimination. It is
suggested that a tissue-bubble complex is formed
during decompression. The sole question remain-
ing is whether such a complex situation forms
from every decompression, or whether there are
ways of avoiding this.

The findings just discussed refer, of course, to
individual animal results. Even if it were possible
to avoid the formation of a tissue-bubble complex
during the course of a decompression it would still
be necessary, for practical purposes, to regard the
rate of acquisition of gas as being faster than the
rate of elimination of dissolved gas. This arises
from the following elementary considerations. Tn
any population there will be those subjects who
absorb gas rather more rapidly than others, and
there will also be those who eliminate gas more
slowly. In order, therefore, to deal adequately
with a population of animals or men it will be
necessary to introduce unequal rates of uptake and
elimination of inert gas in order to cover ade-
quately the envelope of the behaviour of the whole
group.

Whenever men are exposed regularly to hyper-
baric conditions they seem to develop a marked
resistance to attacks of bends in many cases. This
effect is particularly noticeable in caisson and
tunnel workers (Qolding et al. 1960). This form of
adaptation or acclimatization to hyperbaric ex-
posures can be seen to occur both when breathing
compressed air or oxy-helium mixtures. It is by
no means certain that all forms of diving expo-
sures will lead to adaptation,
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The simplest form of non-saturation diving
ocecurs when the diver exposes himself to raised
pressure and then without any decompression
stoppages returns to atmospheric pressure. Such
dives are called ‘no-stop dives’. Two groups of
workers have attempted to define with controlled
experimentation the no-stop diving limit
(Hawkins, Shilling & Hanson 1935; Albano 1960).
Unfortunately, however, in the light of modern
knowledge these attempts can be seen to represent
only rough estimates of the normal diving popula-
tion. No account could be taken of acclimatization
or adaptation to regular diving during the experi-
mental series. It is likely, therefore, that the more
sensitive results were obtained from the shallow
diving data and that as the experiments continued
with greater and greater depths the men became
more and more resistant. Furthermore, these two
sets of results available in the literature are con-
siderably at variance with one another. In these
circumstances the results from experiments using
large animals are the only available indicators of
human performance.

Hempleman (1963) completed a large series of
no-stop dives using goats as the experimental sub-
jects and his data will first be used as indicators of
possible human performance. It was observed that
if the median average value of the no-stop bend
threshold pressure was multiplied by the square
root of the exposure time to pressure then a con-
stant value was obtained, which remained similar
in value until the time of exposure exceeded about
100 min. To find such a simple relationship is ex-
tremely encouraging and it is now necessary to
enquire whether such a relationship will apply to
the human situation.

In view of the conflicting experimental results
available, one may resort to the findings from
many hundreds of thousands of field trial ex-
posures using the US Navy Air Diving Tables. For
a dive to 100 ft the no-stop duration is given as

25 min, yielding a PV value of 100V/25=500.
Reference to the 50 ft no-stop dive durations
shows a value of 100 min and for this dive PV/t=
504/100 =500. In fact, without elaborating further
examples, the relationship PV#=500 quite satis-
factorily describes the mo-stop diving curve as
currently used in the US Navy, for all values of ¢
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less than 2 hours. For values of ¢ greater than
2 hours it is clear that this relationship becomes
increasingly less accurate. Taken to the opposite
extreme of the time scale, this relationship pre-
dicts that a dive to 500 ft (16 ATA) which was
just safe would be of 1 min duration. Reference to
experience with submarine escape by the buoyant
ascent method using air as the breathing medium
will confirm this prediction.

There is such a dearth of statistically valid in-
formation using oxy-helium for no-stop diving that
it is not possible to test this simple relationship on
another gas mixture. In any case, due to the rate
with which helium will equilibrate in body tissues,
the relationship would only hold for some 30 to
40 min.

It is relevant to note that there are several other
forms of mathematical analysis which can be used
to fit the no-stop data on both air and helium with
an aceuracy quite adequate for the available data.
The most used of these is an extension of the
Haldane multi-exponential analysis which was so
successfully exploited by Dwyer (1956) in his cal-
culations for the current US Navy Air Diving
Tables. There is no particular merit in any form of
mathematical analysis except in so far as it leads
to a simple, elegant, and versatile way of encom-
passing the known facts and accurately predicting
some new ones, and also whether it leads to some
insight into the aetiology of the particular form of
decompression gickness.

It has been known for some years (Donald 1956),
that oxygen can play a role in the onset of limb
bends, and a recent study by Eaton and Hemple-
man (1973) confirms and extends some of these
findings using both oxygen-nitrogen and oxygen-
helium breathing mixtures. Making allowances in
the calculations for the presence of high partial
pressures of oxygen in brief non-saturation dives
is diffieult and will almost certainly, in the present
state of knowledge, have to be done somewhat
arbitrarily.

Saturation, or steady state diving presents in
many ways a much simpler problem than dis-
cussed previously. Nevertheless, not a great deal
of systematic work has been performed using
steady state or saturation diving techniques. The
reason is not far to seek, and concerns the fact that
the collection of data is extremely time consuming
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and often hazardous. Sometimes attempts are
made to avoid the time-consuming work required
to define the rate of saturation of the body with
inert gases. This was done, for example, in certain
preliminary experiments to the Tektite project,
where a method was evolved to achieve total
saturation in reduced time in the slowest tissues.
For the purpose of this experimentation it was
assumed that doubling the desired nitrogen partial
pressure gradient will produce the required satura-
tion of the slowest (360 min) tissues within 1 tissue
half-time (Edel 1971a). One has the utmost sym-
pathy with attempts to reduce the tedium neces-
sary for defining saturation exposure require-
ments, but unfortunately any short-cut does need
a theoretical basis and, when assumptions of a
theoretical nature become necessary, the objective
validity of the experiment is immediately en-
dangered. In the complex situation pertaining in
diving experiments there seem to be no short-cuts
available.

From the point of view of defining the boundary
conditions of the decompression sickness problem
the most useful experiments are those where the
appearance or non-appearance of decompression
sickness is used to assess the limits of any experi-
mental procedures. Using these criteria the follow-
ing two facts emerge. First, as the diving becomes
deeper, and particularly at depths greater than
around 200 m (21 ATA), there is a change in the
nature of the decompression sickness which pre-
sents itself from minimal provocation. At lower
depths if one exceeds certain rates of pressure de-
crease, or perhaps takes too great a pressure
change on the Haldane-like stage decompression
procedure, then the first presenting form of de-
compression sickness is nearly always a mild limb
pain, At greater depths this does not seem to hold
true and the new first presenting form of decom-
pression sickness is generally concerned with the
vestibular apparatus, or the hearing. Hills (1971)
has already drawn attention to the fact that cer-
tain pressure-time courses, when breathing air,
predispose the subjects to present CNS symptoms
rather than simple limb bends. Thus the assump-
tion often made by decompression calculators that
if one avoids mild limb pains then one will also
avoid nearly all other more serious forms of de-
compression sickness, is in need of some modifica-
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tion depending upon the type of diving envisaged.
Secondly, decompression from saturation or
steady state exposures is very sensitive to the
partial pressure of oxygen being breathed by the
subject. Partial pressures of oxygen not exceeding
0+22 bar will not allow trouble-free decompression
procedures from depths greater than about 120 m
(13 ATA) however long those procedures. Chang-
ing the oxygen partial pressure to that used by the
US Navy, namely 0-3 to 0-35 bar oxygen partial
pressure, will give sgomewhat more satisfactory re-
sults but still yields far too many cases of mild
bends, particularly when decompressing from
depths in excess of about 150 m (16 ATA). Chang-
ing to 0-4 bar oxygen partial pressure transforms
the nature of the diving and yields trouble-free
diving in subjects certainly for all depths down to
250 m (258 ATA) when using decompressions of
the more conservative type, as adopted by the
US Navy. When employing even high partial
pressures of oxygen it should be noted that Biihl-
mann completed a number of successful dives at
the Royal Naval Physiological Laboratory, Alver-
stoke, with comparatively short decompression
times, from depths as great as 300 m (1000 ft;
31 ATA). In support of a relationship between
oxygen partial pressure and total exposure pres-
sure is the work of Berghage, Conda and Arm-
strong (1973). Whilst acknowledging that their
results were obtained using small animals as ex-
perimental subjects and that it is unwise to trans-
fer such results ‘in toto’ to the human situation,
there is nevertheless a strong indication that, in
this particular case, the human and small animal
results have a large measure of qualitative agree-
ment,

Although divers can be satisfactorily protected
from attacks of acute decompression sickness, and
can be given effective therapy for these disorders,
providing treatment is prompt, it is unfortunate
that a number of cases of dysbaric osteonecrosis
do nevertheless seem to oceur. Fortunately, the
vast majority of these osteonecrotic lesions are
asymptomatic but the avoidance of these bone
changes is of prime concern to anyone concerned
with decompression procedures. The months
which must elapse before detection of the lesions
and the difficulty of obtaining sufficient reliable
‘follow-up’ data, over a period of several years,
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are proving formidable barriers to progressing to-
wards an understanding of this disorder.,

One or two facts are, however, quite clear.
Osteonecrosis can follow from only a single ex-
posure to raised air pressure (Swain 1942), al-
though, not unexpectedly, the chance of develop-
ing a lesion is related to the number of entries into
hyperbaric conditions (Walder 1970). Some men
who have had several attacks of mild decompres-
sion sickness are quite free from osteonecrotic
lesions, whereas others who have had no overt
attacks of bends nevertheless develop bone lesions.

A great mass of data is available concerning the
non-appearance of decompression sickness, for in-
stance in excursion diving from saturation or
steady state conditions (Bornmann 1971). Whilst
such facts are unhelpful for defining the bound-
aries of the decompression problem they do form
a gross first-order test of any quantitative ideas.

A summary of the diving data

A general summary of the major points which
have just been outlined will now be given prior to
an attempt to see whether one can make a quanti-
tative analysis.

1. There are many forms of decompression
sickness. The simplifying assumption will be made
that if mild bends pains can be avoided then all
more serious forms of decompression sickness will
become extremely rare. It is noted that there are
some exceptions to this general rule, particularly
when deep oxy-helium dives are being under-
taken.

2. Following prolonged exposure to pressure it
is observed that the bend threshold is greater
when breathing helium-oxygen than nitrogen—
oxygen (air) and greater again than argon—oxygen:

3. Prolonged exposures to pressure, followed by
rapid decompression to a new just-safe level are
feasible up to great pressures, at least 350 m
(36 ATA). The relationship between the pressure
of exposure and the pressure to which one decom-
presses just safely is not a simple one.

4, In most cases of mild bends there is a trouble-
free waiting period prior to the onset of bends
which can vary from a few minutes to several
hours.

5. All mild bends cases will resolve if treated
promptly by recompression.
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6. In a population there are people who absorb
gas rapidly on compression and there are those
who eliminate gas more slowly on decompression.
There is thus an asymmetry in the uptake and
elimination of inert gas when viewing the popula-
tion as a whole during the compression and de-
compression phases of a dive. Equally it has been
established that using normal diving procedures
there appears to be an asymmetry between the up-
take and elimination of gases during compression
and decompression procedures even for the indivi-
dual.

7. Certain forms of diving can lead to adapta-
tion or acclimatization which increases the re-
sistance of the divers to attacks of mild decom-
pression sickness.

8. The no-stop dive data using air as a breath-
ing medium can be simply explained on a P4/t re-
lationship providing ¢ does not exceed about
100 min.

9. The outcome of decompression from a satu-
ration or steady state dive, is very sensitive to the
oxygen partial pressure being breathed. This
sensitivity is also related to the pressure of the
dive.

10. Osteonecrosis occurs as a result of hyper-
baric exposures in a small proportion of men, Men
without any history of overt attacks of the bends
can, nevertheless, show osteonecrotic lesions; con-
versely, men who have had numerous attacks of
the bends are sometimes quite free from any such
bone disorders.

11. A mass of ‘safe’ diving data is available and
useful as a gross preliminary test of ideas, e.g. ex-
cursion dives, surface decompression, ete.

A PHYSICAL MODEL FOR
CALCULATION PURPOSES

All systems of calculation seem to have only
one point of common agreement, namely that a
bubble (or separated gas) is the primary aetio-
logical agent causing limb bends. The following
further hypotheses regarding the formation of the
gas phase are quite tenable in the present state of
knowledge, and it would be an unprofitable exer-
cise to defend one rather than another.

1. A gas nucleus is always present, either in a
‘crack’, or due to tribonucleation phenomena, or
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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

Tdt T T da?
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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



DECOMPRESSION THEORY: BRITISH PRACTICE

(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

341

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
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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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