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British Decompression
Theory and Practice

H.V. HEMPLEMAN

The complexities of physics and physiology involved 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 bubbles, or bubble, in mild
decompression sickness are still matters for conjecture. Even were such
necessary variables clearly defined, the physics of initiation and growth of
the gaseous emboli would require a knowledge of nucleation phenomena
and bubble growth in biological media which certainly does not exist.
Added to these difficulties is the further one of the collection of reliable
data from the subject in any experimental attempt to define a gross out-
line of the problem.

Given these circumstances it is profitable to examine the generally
accepted facts that have arisen from two separate sources, firstly from
caisson and tunnel workers, and secondly from divers.

DECOMPRESSION OF COMPRESSED AIR WORKERS

In the past ten years in the United Kingdom careful records have been
kept of all cases of decompression sickness occurring at any major under-
takings. The decompression procedures used, which are the Regulations
Relating to Work in Compressed Air 1958, have been sufficiently conserva-
tive for only 0-049, of decompressions to have been followed by severe
decompression sickness. The great bulk of cases of decompression sickness,
around 1%, of the entries into compressed air, consists of mild or sometimes
severe pains and aches in or around joints, commonly termed the ‘bends’.
Some of these are of sufficient severity to warrant therapeutic recompres-

sion procedure. Here arises the first difficulty. When does one consider a
20 :
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case of the bends sufficiently severe to warrant thera?peutie recompressi?n,
and when does one consider that the pain iS.Sf) mlld.. tha’? reeompressmn
therapy is not appropriate ? Two people partl_clpate in t}‘ns' decision ; the
man himself decides whether the pain is genuine and, if it is, whether he
should report to the medical centre for treatment ; secondly tl'le d_octors or
medical attendants decide upon suitable treatment. Thus it is dlfﬁcult. to
obtain reliable data on the incidence of marginal cases of decom]?ressmn
sickness even when both workers and medical staff are educated in these
matters. Tt is hardly surprising therefore that data eollect(?d fror.n time to
time by various authorities have differed quite marke(.ily in their conclu-
sions. In the United Kingdom we have been fortunate in recent years that
one medical practitioner has been largely responsible for the. supervision of
three major compressed air contracts. Thus one of our Yanables for data
collection has been nearly eliminated. A vigorous campaign }}as been con-
ducted to persuade the men to report all forms of unusual pains and aches
that occur following their work in compressed air. Some rella.nce may
therefore be placed upon the data which have been obtained in this way.

Threshold pressure

If men work for periods of time varying between 8 and 12 hours in com-
pressed air at pressures less than 14 psi gauge (31 ft; 0-95 ATA), and are
then decompressed back to atmospheric pressure in not less -than 2 min
decompression sickness requiring therapeutic recompression is rare (less
than 0-29%, of man-decompressions).

The Haldane decompression ratio principle

Most decompression procedures in use today consist of a fast phase fol-
lowed by one or more slower phases. The pressure dividing tbe feyst ‘and
slow phases of the decompression is based upon the Haldane ratlf) prmc;ple.
Tt is certainly not true, as supposed by Haldane, that after an indefinitely
prolonged stay at pressure it is just as safe to come from 6 Atmospheres
absolute to 3 Atmospheres absolute as it is to come from 2 Atmosphe.:res
absolute to 1 Atmosphere absolute. Some reduction in the permissible
ratio is necessary for an increase in the pressure of exposure.

Acclimatization or adaptation to compressed air working

If large numbers of men work in compressed air at pressures in excess of
the threshold value many cases of decompression sickness will oceur. There
are two ways by which the number may be reduced : the first is to discharge
from the contract those men who have regular attacks of the bends ; the
second is to try to avoid a large turnover in the labour force. Men of a
regular work force in some, as yet unknown, way adapt themselves to com-
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pressed air work and the subsequent decompression, and in such groups the
incidence of the bends decreases markedly after the period of adaptation.

Bends incidence in relation to pressure

There is little doubt that for a given exposure to pressure the incidence
of bends increases at greater pressures. This statement is strictly true for
only the British Regulations but private communications from elsewhere
confirm that this is a generally observed defect of all known air decom-
pression procedures at present in use.

DECOMPRESSION OF DIVERS

Can the three basic facts, which have been established after many years
of compressed air and caisson work be extended to greater pressure
ranges? The disadvantage in diving is the paucity of data available for
analysis. Whereas all the caisson results are founded upon observations
over many tens of thousands of decompressions, the diving data has to be
established from only scores of observations. A small amount of prolonged
diving followed by an immediate surfacing has been studied, and the thres-
hold value displayed by the caisson worker is in fact very similar to that of
the diver.

Most normal men would be expected to survive a very long exposure to
air at a pressure under the sea equivalent to 30 ft (1-9 ATA) and to surface
in a period of 2 min without any attack of bends. The problem of acclima-
tization in diving is entirely unanswered. It is clear that practice is profit-
able for a diver but it is not clear from the data available that this
influences his ability to withstand attacks of the bends. The final point
established in caisson work, that decompressions tend to be more hazard-
ous from greater pressures, is certainly also true of the decompression

~ routines at present available to divers. For instance, a 1-hour dive at 60 ft

(2:8 ATA) would hardly be expected to give any incidence of bends on
either U.S. or Royal Navy decompression tables, but a 1-hour dive at 160 ft
would certainly cause decompression sickness in a number of men. The
unsafe nature of such schedules has been confirmed by Hills (1966).

Thus, there is a great similarity in the overall picture for air diving in
both compressed air workers and divers and these facts constitute the
basis of calculations leading to decompression procedures. As has, how-
ever, been pointed out, there is an almost complete absence of knowledge
of the underlying physics and physiology and the best that can be done is
to define the problem in very general terms, observe the data, and examine
whether any scheme or new hypothesis emerges which, when put to the
test does not suffer from the defects of past attempts.
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TESTING DECOMPRESSION TABLES

One can examine the literature of compressed air and caisson work and
reach such statements as, ‘only 10 cases of bends occurred from 10,900
exposures, giving an incidence of 0:1%,’. Such staterr}ents,.unaCC(')mpamed
by a proper further analysis are valueless and misleading. Firstly, the
nature of the exposures to pressure must be stated. Clearly, 10 exposures
to 30 psi g (67 ft; 3ATA) followed by 10 bends and then 9990 trouble-free
éxposures to 12 psi g (27 ft; 1-8 ATA) would give the results quoted aboye,
but there is very obviously something amiss with the first decompression
procedure despite the very low overall figure.

The second factor of great importance concerns the men themselves. It
may be, for example, that only 15 men took part in all the exposures and
that initially 5 of these men shared 10 bends between them and were then
eliminated as being too sensitive. The remaining exposures were then com-
pleted with the resultant group of 10 men. Such results, therefore, apply
to only a proportion of the population and are no indication of general
effectiveness. :

There are no standards by which one can judge the effectiveness of air
decompression tables and so various groups have adopted their own
criteria. For compressed air work in the United Kingdom it has been
tacitly accepted that a 29, incidence of decompression sickness is the
maximum acceptable for work of over 4 hours’ duration at pressures be-
tween 18 psig (40 ft; 2:2 ATA) and 40 psi g (90 ft; 3-7 ATA). Such an
incidence is established for a specific contract from the wide variety of
reasonably fit men, aged mainly between 18 and 40 years, some of whom
work every day for months and others who work only once or twice. It is
therefore a figure derived from a mixed group of acclimatized and unaccli-
matized men, and is subject to fluctuations largely caused by the inflow of
new labour. Any standards of bends incidence are consequently only valid
when bearing these variables in mind.

For divers using compressed air the vast majority of work takes place at
depth and pressure combinations where either direct surfacing or very
little decompression is necessary. In these circumstances the bends inci-
dence is very low. As pointed out earlier, it is only unusual dives such as
1 hour at 160 ft that begin to test the adequacy of the decompression pro-
cedures.

THE BASIS OF THE PRESENT
BRITISH NAVAL DIVING TABLES

The assumptions
In 1952, Hempleman suggested that a simple, single-tissue approach
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should provide a satisfactory solution to the decompression problem.
Calculations made using this simple approach were initially so successful
(Rashbass 1956) that the underlying concepts have influenced all the sub-
sequent concepts. As with the Haldane approach, a number of modifica-
tions have since had to be introduced to cope with the new knowledge
obtained from diving to greater depths and for longer durations. This has
unfortunately removed some of the simplicity and elegance of the original
scheme. Nevertheless, the possibility that tissue diffusion is a dominating
factor in the tissue inert gas exchange relevant to the decompression prob-
lem, raises interesting physiological problems. Some of these problems have
been examined by Hempleman (1967) and Hills (1966).

The first asswmption is that there is a direct relationship between the
quantity of nitrogen and the risk of decompression sickness. The oxygen
partial pressure is considered not to play any part in the aetiology of
decompression sickness. This assumption is now known to be incorrect,
and oxygen may cause marked circulatory changes at certain partial pres-
sures. It is not however the immediate purpose of this chapter to discuss
the validity of these underlying assumptions but to record how the British
Tables were first calculated. Recent improvements will be discussed else-
where.

The second assumption is that the arterial blood immediately suffers all
the nitrogen partial-pressure changes in the breathing medium. This im-
plies that if the pressure of the breathing medium is changed the tissues are
at -once supplied with blood, the nitrogen pressure of which corresponds
exactly to that of the new pressure.

The third asswmption is that only one tissue or type of tissue participates
in mild decompression sickness such as joint pain, and that this tissue
saturates with dissolved gas by diffusion.

The fourth assumption is that the rate at which gas enters the relevant
tissue during the exposure to raised pressure is less than the rate at which
the gas leaves during decompression. This is related to the idea that ‘silent’
bubbles form, even during trouble-free dives, and that they interfere with
gas elimination from the tissue.

The fifth asswmption is that a certain excess quantity of gas can be
tolerated by the tissue and that bends are only possible if this critical
excess quantity is exceeded.

These qualitative assumptions define the outline of the method, but
three quantitative statements must be made in order to proceed. The rate
at which the gas diffuses into the tissue is given by the equation for linear
diffusion into a slab of tissue, one face of which is exposed to the arterial
dissolved nitrogen tension. For all diffusion-like processes the quantity of
gas diffusing into the slab, cylinder or sphere is proportional to the square



9296 PHYSIOLOGY AND MEDICINE OF DIVING

root of the time for small values of time. For example, for a homogeneous
slab of tissue at constant temperature it is estimated that the squajre root
relationship would be correct to within 59, accuracy for approxun‘ately
100 min. Thus if, after exposure to pressure P, for time t;, a quantity of
gas @ has diffused into the tissue, then

Q, = P 1\/t_1
and after exposure to P, for ¢,
Q=P 2\/2;:

Now according to the fifth assumption a certain critical excess quantity of
gas can be tolerated without causing decompression sickness. If no stops
are made (i.e. minimal decompression) it follows that all such safe expo-
sures must not exceed some safe excess quantity on surfacing, say Q.. So,
for two different exposures, where the man reaches atmospheric pressure
and just avoids decompression sickness

Qc=Q1=Q2=P1\/t_1=P2\/t_2

b e
P2— tl

Now when P, = 100 ft sea water pressure, ¢ is taken as 22 min, therefore

thus

100 [ty

P, N 22
or

P,Vt, = 475

This relationship may now be tested for all times of exposure less than
100 min. Taking the extremes first, let ¢, = 100 min, then P, is 47-5 ft,
i.e. the vast majority of men should be able to stay 100 min at 47-5 ft under
the sea and then surface without decompression. This would be generally
accepted as quite safe.

Now suppose P, = 200 ft, then

t, = (475/200)2 = (2:375)> = 5:6 min.

Again, a dive of 5 min to 200 ft followed by direct surfacing would be
considered very unlikely to cause bends. The effectiveness of this approach
in this type of diving is therefore beyond doubt, and it becomes clear that
certain simple relationships can give quite satisfactory answers. Unfortu-
nately, for times longer than 100 min, it is necessary to abandon the square
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root relationship and use the accurate diffusion equation. The principles
used for finding the quantity of dissolved gas in the tissue are also rela-
tively simple but require a greater exemplification.

The graphical method of obtaining an answer to the exact solution of
the diffusion situation is due to Rashbass, and is as follows. In order to
calculate decompression tables, it is necessary to be able to calculate the
quantity of nitrogen in the tissue at all stages during the decompression.
In general this means being able to calculate the quantity of nitrogen in
the tissue following changes in blood concentration from conditions of non-
equilibrium. The rate of nitrogen transfer not only depends on how much
nitrogen there is in the tissue but also on how it is distributed. An example
may help to make this more clear. Consider the tissue when the diver has
been at 30 ft (1-9 ATA) for a long time, for instance 3 days. Equilibrium
will have then been reached and the nitrogen tensions in the blood and
tissue will be uniform, and a certain quantity (30 ft worth) of nitrogen will
be in the tissue. If the diver stays where he is nitrogen will neither enter
nor leave the tissue (Fig. 13.1).

Now consider the tissue when the diver has been at 300 ft (10 ATA) for a
short time (about 2} min). In this time the same number of molecules, i.e.
30 ft worth of nitrogen, may have entered the tissue but will be crowded
near the capillary wall at high tension and be spreading only slowly deeper
into the tissue. If the diver now ascends to 30 ft (1-9 ATA) the nitrogen,
due to its higher tension, will immediately begin to leave the tissue and the
total quantity of nitrogen in the tissue will therefore fall to less than 30 ft
worth. Ultimately, if the diver remains at 30 ft, nitrogen will again start
entering the tissue from the blood as it soaks into the remote recesses of
the tissue (Fig. 13.1).

The problem to be solved can now be stated. Given that the time-course
of the concentration of nitrogen in the blood is known (and it is justifiable
to consider that the blood is always in equilibrium with the air which is
being breathed and therefore the blood nitrogen concentration is propor-
tional to the absolute depth of the diver), then what will be the time-
course of the quantity of nitrogen in the tissue ?

The solution

Except in very special cases the solution in algebraic terms is unmanage-
able. The solution proposed here is graphical.

The time-course of the quantity of nitrogen in the tissue following a
step-function in the blood concentration when the blood and tissue were
initially in equilibrium is taken to approximate closely enough to the solu-
tion of Hill (1928). This solution includes the thicknéss and permeability
of the slab of tissue as constants which in this case are unknown. However,
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Fie. 13.1. Diagrammatic representation of the
quantities of inert gas present in a sample of
capillary blood and adjacent tissue

(a) When saturated at 30 ft; (b) on arrival at 30 ft
after a short excursion to 300 ft from the surface; (c)

shortly after this arrival at 30 ft; (d) having been at 30 ft
for a longer time.

this expression can be reduced to a form involving only one arbit_ra,ry 001}-
stant. If the quantity of nitrogen in the tissue be expressed in ‘foot’s
worth’ and the diver at time zero rapidly descends 1 ft, the blood concen-
tration will perform a unit step function. The quantity of extra nitrogen
which will enter the tissue at any time ¢ will be

1

8 L 1o i Lo
1—-ﬁ—2|:eKt+—9‘e +%e +
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The value of K has been adjusted to suit the known safe direct ascent
durations and has a value of 0007928 when ¢ is measured in minutes. This
function will be referred to henceforth as ¢(¢). In Fig. 13.2 are diagrammati-
cally represented the concentrations of nitrogen in the blood and tissue in
such a case and this explains the terms used. It will be seen that as t — o0,

b(t) — 1.

Blood o

unit step function ¥T

1 1 1
0 60 120
t (time in minutes)

Nitrogen concentration in foot's worth

F1c. 13.2. Graphical representation of the change of nitrogen
concentration in the blood and tissues following a descent of 1 ft

In general, diving consists of a series of step-functions because the time
spent during ascent and descent is small compared with the time spent at
each depth. This is the easiest case to consider and so the solution for that
will be given first. From that solution it will be possible to deduce the
effect of linear rates of ascent and descent and hence to investigate the
lack of precision that has been introduced by assuming the changes of
depth to be instantaneous. Finally, for completeness, it will be shown how
the quantity of nitrogen in the tissue could be calculated for any type of
diving procedure.

The graphical solution depends entirely on the principle of superposition.

- This can be stated formally as follows. If a certain dive which has the time-

course D, (f) produces in the tissue a quantity of nitrogen with the time-
course F,(f) and another dive having the time-course Dy(#) produces in the
tissue a quantity of nitrogen with the time-course F,(f), then the dive
which is at all times at a depth equal to the algebraic sum of the depths of
the two dives thereby having a time-course D, (t) + Dy(t) will produce in
the tissue a quantity of nitrogen which is at all times the algebraic sum of
the quantities of nitrogen produced by the separate dives, i.e. F,(f) + F,(¢).
This follows mathematically from the formulation of Fick’s law because
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superposition applies to all first order differential equations. It is physically
readily understandable because in diffusion processes the movement of any
molecule of the diffusing substance is independent of any other molegule
of the same sort. Hence the effect of the two dives D, and D, can be visu-
alized as being superimposed on one another. ‘

Solutions of special cases. In all these cases it is assumed that the tissue
is in equilibrium at the outset.

(1) Step-function dive of depth N feet, _IN. N .

It follows immediately from the principle of superposition that since a
[T dive produces ¢(t) foot’s worth of nitrogen in the tissue, a _12 dive
will produce 2¢(t) foot’s worth of nitrogen (Fig. 13.3). It follows that a

+ o0
1
D(t)
D,=A1
2 I
-+ 00
1
D(t)
D, A1
. (,
+o0
2
20(t)
D,+D, 42
5 A

Frc. 13.3. Graphical representation of superposition

step-function dive of depth N feet will produce Né(t) foot’svwor!;h (?f
nitrogen in the tissue for any value of N. As { — oo,‘Z‘V (ZS(t) — N which is
merely a restatement of Henry’s law of gaseous solubilities.

(2) A step-function dive of depth — N fee?t, —N i

Again it is obvious that the tissue of a diver coming instanvaneously a
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distance N feet upwards will lose nitrogen at the same rate as it would
have gained nitrogen had he gone N feet downwards.

(3) A step-function dive of depth NV feet followed after an interval of
T minutes by a step-function dive of — IV feet.

The solution of this case is seen in Fig. 13.4, which shows how to calcu-
late the time course of the quantity of nitrogen in the tissue during and
following a dive to N feet and returning straight to surface after a stay of
T minutes. During the time that the diver is on the bottom the quantity
of nitrogen in the tissue will rise along the curve AB which is the beginning
of the curve N¢(¢). After surfacing, the quantity of nitrogen will fall along

N i S

No(t)

0
=E0
D,
-ND(t-T)
+o0
-N
N T min N o
B|_——--="""""7"77D
D,+D,
- A C +w
0 0

F1c. 13.4. Graphical representation of gas elimination

the curve BC which is the algebraic sum of the two curves Né(t) and

—N¢(¢ — T). This would be obtained in practice by plotting downwards
from the dashed curve BD the ordinates of the curve Ng(t — T) which is
the same curve as N¢(t) shifted 7' minutes along to the right. It will help
to clarify and justify this procedure if consideration be given to an
example. Suppose that at time ¢ = 0 the diver be compressed to 100 ft
(4 ATA), then the quantity of nitrogen in the tissue will be represented at
subsequent times by the curve ABD eventually reaching saturation with
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100 ft worth of nitrogen. Suppose now that 30 Ipin later all the extra air
which was put into the pressure chamber to raise t'he pressure to 100 ft
(4 ATA) be replaced instantaneously by different air, the .nlt‘rogen mole-
cules of which were identifiable (as some hypothetmal %’adlo-ls'otope) ‘and
called N,*. Now, the total quantity of nitrogen in the tissue will contlm‘le
4o accumulate along the curve ABD because no change has been m.ade in
the external total nitrogen concentration. If however, the No* orfly is con-
sidered, then the diver has in effect dived to 100 ft of N*, at the instant of
the change over, and N,* will accumulate in the tissue along the same curve
as the total Ny (Ny + N,*) but starting 30 min later. Frox.n that time on-
wards the quantity of N, in the tissue will be the total nitrogen content
(N, 4+ Ny*) less that part of it which is N,*, i.e. the curve BC. However,
from the point of view of the N, the diver sgrfaced at the moment'of
change over. Therefore the curve BC is that Whmh repres?nts the qua?tlty
of nitrogen which would be in the tissue following a dive of 30 min at
100 ft. .

(4) A step-function of depth N feet followed after an interval of
T minutes by a step-function dive of —M feet. '

This represents the case of a diver having spent 7' minutes at a bottom
depth of N feet and having come up to his first stop M feet from the
bottom. The solution is seen in Fig. 13.5.

to
N
NO(1)
D,
[ee]
e ———————————— 0
0 =
o
D.
’ -MO(-T) too
-M
N T min sl disad s nidlB 4
Dy~ D, K + 00
N-M
o

i ——————————— O
F1c. 13.5. Graphical representation of gas elimination
following incomplete ascent, i.e. to first stop
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A special case in this situation arises when the quantity of nitrogen in the
tissue, at the moment of leaving the bottom, is precisely that quantity

which would be in the tissue if saturated at the depth of the first stop.
Fig. 13.6 shows the resulting construction.

F1c. 13.6. Graphical representation of gas elimination
following incomplete ascent in the special case where the
quantity of nitrogen in the tissue, at the moment of
leaving bottom, is precisely that quantity which would be
in the tissue if saturated at the depth of the first stop

This is the solution of the situation illustrated in Fig. 13.1 and shows

that in such a case nitrogen first leaves and later re-enters the tissue as was
to be expected.

(5) A step-function of depth N feet followed after an interval of

T minutes by a step-function dive of — M feet and after another S minutes
a further step-function dive of — L feet.

This represents the time-course of the quantity of nitrogen in the tissue

N T min N

N T min N

D,+D,

F1a. 13.7. Graphical representation of the time-course of
nitrogen elimination including the second stop
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after the diver has left his first stop and is at hi§ secopd stop. D, is now the
curve representing events at the first stop and is delj1ved by the process o‘i
Fig. 13.5. Dy is — L[t — (T + S)] and the solution is the algebraic sum o
these two curves (Fig. 13.7). .
These examples have shown how to manipulate the curves for dives
which can be considered as step-functions,i.e. for which rates of ascent and
descent are infinitely rapid. It is now intended to investigat.e the effect of a
finite rate of descent. Consider & diver, initially at equilibrluTn on the sur-
face descending at a uniform rate of R ft/min (Fig. 13.8). This can be con-

= 0 RAt®(t) g
; Rat [
2 0 +o
-oo Ra

0

Fr1c. 13.8. Graphical representation of a finite rate
of descent

sidered as consisting of a large number of small step-functions faaeh of At
minutes duration and therefore of R.At depth. At time T mlnute‘s the
diver will be at depth Rt feet which is St= % R.At, and the quant}ty of
nitrogen in the tissues at time T will be the sum of the ordinates at time T
of all the ‘tissue’ curves corresponding to all the steps which have 50 far
been taken up. The ordinate at time T of the step taken at time ¢ will be
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[R.Af].¢(T — t)and the sum of all such steps will be Yzt RALH(T — 1)
As Af — 0 this sum approaches the integral R [ (t).d¢ which we can call
R .(T). The required tissue nitrogen uptake curve in the case of a uniform
rate of descent is therefore in the case of a step-function the integral of the
uptake curve. This is to be expected, because a linear descent D = Rt is
obtained from the step-function D = R by integration with respect to
time and since the processes involved in integration are ones of addition

D,=-R(t-U)

Jo
rd
-
-
-,
-,
-
e
e
//
) - -7
—-—U min—-= _7 PR atee)
g -~
”
D1+DZ 2 /’ C
2
s
- o i E
i
A D

F1c. 13.9. Graphical representation of the
effect of a linear descent which terminates
when the desired depth has been reached

only, the same processes should be applied to $(¢) to obtain the tissue nitro-

" gen content. Thus there is now a curve of nitrogen uptake by the tissue for

a linear rate of infinitely prolonged descent.

In practice there is interest in a linear descent which terminates when
the desired depth is reached. This can be obtained by the procedure of
Fig. 13.9 and involves the sum of the effect of an infinitely prolonged linear
descent beginning at time zero and the effect of an infinitely prolonged linear
ascent at the same rate but beginning U minutes later, where U is the
duration of the descent. The curve AB is therefore the beginning of the
integral R.y(t) and the curve BC is the difference between R.J(t) and
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R.(t — U); the depth of the dive is N = RU feet therefore Rh= N/U.
As U — 0 the dive becomes a step-function of depth N feejn and the curve
BC becomes (N/U)[(t) — ¢(t = U)] which when U — 0 is N.(d/d?).(t)
r as is already known. .
v Ilzgﬁgr)athice, grapslflical integration is performed by the. summation gf
ordinates of the integrand at small abscissa intervals. In this present prob-
lem 1 min would be considered sufficiently short compared with the tln.aes
with which one is dealing and hence, for .ascents and descents lasting
less than 1 min, the curve BC is identical with ¢(f). .The effect of asoen}ilzs
and descents lasting as long as 3 min have been investigated and t ei
resulting curve BC differs negligibly from the curve <;S(t).. For all practica
diving, nitrogen uptake can therefore be considered in ter'ms of step-
function dives. The instant of the effective step—fynetlon will be at the
point D (Fig. 13.9) which is obtained by extrapolatmg the curve BC ba.ck-
wards as though it were the curve ¢(¢). This instant oceurs at some time
during the descent and can be ascertained. In the calculation of the tables
it has been taken to be either at the beginning or the el{ld of the ascent or
descent according to which gives the error on the safe side.

All the above special cases lead to the solution of the general case ?f a
diver, initially in equilibrium on the surface at time Zero, who thgn dives
to any depth by any time-course. Let the depth f)f _the dn_fer at time ¢ be
represented by the function f(¢) (Fig. 13.10) and }‘o is required to find the
quantity of nitrogen in the tissue at time ¢ = 7" min.

T=0 t=T

Fie. 13.10. Graphical representation of the solution
of the general case whereby the diver dives to any
depth by any time-course

The dive can be considered as consisting of elemental st(?p—func’?lons
each of duration At and depth Af(¢). The quantity of nitrogen in the tissue
at t = T is the sum of the ordinates of the ‘tissue’ curves for each of these
elemental step-functions. These will have the value Af(t)..qS(T — t) and
this sum will be SIZTAf(#).(T — t). As 'At —> 0 -this approa'cl}ies.
[T f1@).$(T — t).dt where f1(t) = [d.f(¢)]/d¢. This can be evaluated either
graphically or numerically.
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The calculation of the tables

In order to calculate tables one other piece of information is required
and that is how much nitrogen is permitted in the tissue at any ambient
pressure without symptoms arising ? Haldane (Boycott et al. 1908) intro-
duced the concept of a ratio of nitrogen pressure in the tissues to nitrogen
pressure in the lungs and this idea has dominated most investigations into
the problem. The safe ratios for various tissues have been readjusted (Haw-
kins, Shilling & Hansen 1935; Van der Aue, Kellar, Brinton, Barron,
Gillian & Jones 1951) to suit the observed oceurrence of decompression
sickness in divers. Investigations by Newton Harvey (1951) on the
occurrence of detectable bubbles would indicate that in his experiments
the excess tissue pressure necessary to cause bubbles was not independent
of the ambient pressure. Behnke (1951) writes ‘Efforts to use a difference
in pressure A P have not been translated into working out successful decom-
pression procedures. . . . A fixed ratio does not appear to hold, and, on the
other hand, the concept of a constant value for A P may require the inclu-
sion of some correction factor for pressure level.’

An experiment to investigate this point was performed with rats in
which the depth of a half-hour minimal-decompression dive which pro-
duced a 509, death rate was determined. The experiment was then re-
peated at an ambient pressure of twice normal atmospheric pressure by
taking the rats, the rat pressure chambers and the experimenters down to
the equivalent of 33 ft of sea water. On returning to the surface (1 ATA)
50% of rats died if they had been subjected for § hour to a pressure of
9:5 ATA, whereas returning to 2 ATA about 509, died only after they had
been subjected to a pressure of 16-3 ATA. This result is certainly notcon-
sistent with a constant pressure difference although it suggests that even a
ratio tends to diminish with increasing depth.

Accordingly it was decided arbitrarily to assume that it would be safe
to be at a depth of D feet if the tissue nitrogen did not exceed (30 + 1-6D)
ft worth. A few preliminary decompression schedules were calculated and
tested and it soon became clear that they were unsafe for rather severe
dives such as 180 ft (6-4 ATA) for 45 min. These tables were therefore

‘abandoned and new ones calculated on the basis of a constant pressure

difference (i.e. that it would be safe to be at depth D feet if the tissue
nitrogen did not exceed (30 + D) ft worth). Although having simplicity
in its favour, this assumption needs some justification in the face of the
evidence to the contrary. It is tentatively suggested that this justification
can be found by considering decompression sickness as occurring in either
“tight” or ‘loose’ tissues as suggested by Nims (1951).

Most of the evidence for a ratio derives from observations in which
21
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‘Joose’ tissue bubbles are responsible for the signs. ‘In a ‘loos.,e’ tissue. a
bubble grows relatively unhampered and its effe.ct is determlngd by its
maximum volume. This bubble volume is a f}lﬂOthI.l of the? ambient pr.es-
sure, higher ambient pressures requiring a higher tissue nltroger} tension
surplus than lower ambient pressures in orfier to produ,ce equal sized, and
therefore equally effective, bubbles. The pain of ‘bends’ on the other band,
probably occurs in a ‘tight’ tissue and pain is felt when t.he pressure in the
bubble reaches some constant value in excess of the a.mblent‘ pressure. In a
‘tight’ tissue the internal bubble pressure tends to rise until it is equal to
the tissue nitrogen tension and therefore pain might be expected to occur
when the tissue nitrogen exceeds the ambient pressure by a constant
amount. ‘

The tables which are being proposed here were calculated on this assump-
tion. Before presenting them a detailed description will be given of the cal-
culations involved in a single example, 90 ft (37 ATA) for 70 min (refer-
ences are to Fig. 13.11 which is drawn to scale). - .

Depth of the first stop. 90$(F) is plotted in foot’s worth agams‘t @mutes
and would ultimately become horizontal at 90 foot’s worth. This is curve

Nitrogen concentration in foot's worth

1 | | ] [ S B

0 e 40 60 80 100 110
Time in minutes

Trc. 13.11. The graphical solution of a 90-ft dive for 70 min
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OA. The curve is continued for a duration which is estimated to be the
total time for the dive from leaving surface to return to surface. In this
case 70 min are to be spent on the bottom and 30 to 40 min are expected
to be occupied in returning to surface, the curve being plotted up to
110 min. It is seen that after 70 min on the bottom some 48 ft worth of
nitrogen will have been acquired. The first stop will therefore be at 20 ft
because it is not considered safe to come up to 10 ft if the tissue nitrogen
exceeds 40 ft worth whereas it is considered safe to come up to 20 ft so long
as tissue nitrogen does not exceed 50 ft worth.

Time of ascent to first stop. It was not possible to lay down in practice a
rigid rule about rate of ascent for air divers who control their own ascents
by ‘spindling’ up a shot rope. These divers will always come upwards as
quickly as possible and it was decided that the tables should be calculated
and tested on the assumption that the rate of ascent would be 2 ft/sec.
This time for ascent to the first stop is added to the time on the bottom for
purposes of calculating the tissue nitrogen concentration in accordance
with the principle that the ascent and descents are considered, according
to which errs towards safety, as having occurred at the beginning or end of
the actual ascent or descent.

Duration at the first stop. A step-function dive of —70 ft (3-1 ATA) is
therefore said to begin at time 71 min and the tissue nitrogen is plotted as
in Fig. 138.5. At 73 min a point is plotted downwards from OA a distance
% of the ordinate of curve OA at time 2 min (§ is the factor because curve
0A is 90¢(t) and now 70¢(¢) is required). At 75 min a point is plotted down-
ward from OA a distance ¢ of the ordinate of curve OA at 4 min. This
process is continued and the points joined to give the curve BC which is
the tissue nitrogen concentration so long as the diver remains at 20 ft
(1-6 ATA). This curve is found to cross the 40 ft worth level at 764 min.
The first stop will therefore be 7 min at 20 ft. (For estimating the duration
of the stop the ascent is assumed to have taken place at 70 min, again
erring on the side of safety, and the time at the stop is taken to the next
larger whole minute.) This can now be entered into the appropriate column
of the diving table.

Subsequent ascents. At the point D the diver will come up from 20 to
10 ft (1-6 to 1-3 ATA) making a step-function dive of — 10 ft. The duration
of the ascent is a matter of seconds and no adjustment is required for this.
Two minutes to the right of point D plot downwards from BDC a point 1
the ordinate of curve OA at time 2 min. Four minutes to the right of point
D plot downwards from BDC a point % the ordinate of the curve OA at
time 4 min. The factor, 4, is because we are now considering an ascent of
10 £t (1-3 ATA) compared with the original dive of 90 ft (3-7 ATA). On
joining these points the curve DE is obtained. This curve is found to
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cross the 30 ft worth level at F at time 99 min and the diver is then safe to
surface. The duration of the 10-ft stop is therefore 99 ‘less 761 which (to the
next larger whole minute) is 23 min which is entered in the t‘able.

With experience the work can be abbreviated by plotting only those
parts of the curves which are relevant. . N

By using this particular method of calculation, a.ll the complexmes. of
deciding which tissues participate in the manifestations of deeompressm.n
sickness are ignored. Only one mathematical equation is needed, and this
can be reduced to a simple square root relationship for all except pro-

exposures.

10%%:31' 1;00 dives in dry chambers were performed using this method of
calculation. Most dives were reasonable tests of the adequacy of the pro-
cedure, for instance, 45 min at 180 ft (6-4 ATA), 80 min at 100 ft (4 ATA).
Only one minor bend occurred. However, on being tested in the sea, the
first 56 dives resulted in 7 cases of decompression sickness. This was
unacceptable and some re-appraisal became necessary. The diffic.ulty of
transferring schedules from the dry chamber into sea-going conditions are
not always fully appreciated. Success in the dry chamber is encouraging
but for some reason, this by no means ensures subsequent success in the
sea. No decompression procedures are convincing until successfully per-
formed in the practical circumstances required, in the tunnel or caisson
for compressed air workers or in the sea for divers.

Irreversibility

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 two or three days.
An exaggerated example is provided by the Ocean Systems diver who was
still sensitive to flight in an unpressurized aircraft several days after com-
pletion of his saturation helium dive (Hamilton et al. 1966). On conven-
tional Haldane principles it would be necessary to assign a half-time to the

tissue involved and this would clearly result in some quite absurd value. -

This dilemma is solved by inferring that in such cases there is a bubble-
tissue complex and that the half-time of such a situation is not representa-
tive of the half-time of the tissue when the bubble is not occluding the
circulation. Once this concept of a bubble-tissue complex is accepted
grave doubts arise about whether or not such bubble-tissue cc?mplexes are
not also, to a lesser degree, influencing the whole decompression problem.

In a double approach to this problem, the author considered that he h'a‘d
succeeded in showing that in normal diving procedures the rate of acquisi-
tion of gas was not the same as the rate of loss of gas. It is necessary .to
emphasize the phrase ‘in normal diving procedures’ where large initial
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pressure changes are involved. It may be however possible by such
techniques as are being advocated by Behnke (1967) and Hills (1966) to
avoid the formation of a gas phase.

The irreversibility concept was based on the following reasoning and
experimental results. 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 less than 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 (r)P,/P, is sensibly constant over a
large range of P, values, but for lower P, values, r increases noticeably
(Hempleman 1967). If it is true that uptake of gas by all relevant tissues is

the same as the release 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 decompression sickness
occurs. A trouble-free decompression ratio r = P, /P, is thus established.

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

(4) Decompress to Pg, such that

P, P
I X

It is found experimentally that procedure (4) is unsafe if the value of 7 is
near to the critical threshold value. The conclusion reached was that the
6-hour period at pressure P, does not permit ascent to pressure P; be-
cause some change has taken place as a result of the first pressure drop
from P, to P,. Presumably this change is concerned 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 responses caused by,
for instance, breathing raised pressures of air for such prolonged periods.
In order to attempt to investigate the physics and physiology of this
situation a second entirely different series of experiments was performed.
In outline these experiments were as follows

(1) 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 return to atmospheric
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pressure. Assume now that there exists a set of tissues with half-times 5,
10, 20, 40, 80 min. The choice of these particular tissues is purely arbitrary
but this does not affect the validity of the subsequent reasoning. It is now
possible, as & result of performing a range of exposure times, to assign per-
mitted ratios to each of these hypothetical tissues for each of the animals.
As the threshold ‘bends’ are all obtained at atmospheric pressure the
possibility of altered physiological factors interfering with the experi-
mental results is eliminated.

Tollowing this series of experiments, a second series was performed using
the same animals in order to compare each animal with itself. In the
second series each individual experiment consisted of a double exposure to
pressure of 25 min duration, 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 less than the threshold
bend pressure for that particular animal and for that particular exposure
time. The animal was then decompressed back to atmospheric pressure in
150 sec and left at atmospheric pressure for 90 min. There was no risk of
decompression sickness from this procedure because, as mentioned, the
animal had been exposed to a pressure well below the ‘bend’ threshold
value for this particular 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 excess
dissolved gas, and it is a simple calculation 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 a stay at this pressure for 25 min, followed by decom-
pression back to atmospheric pressure. Pj is the pressure 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’ threshold

values for the various tissues for the single and double dives can now be
compared as in Table 13.1 where goat 34 is given as a typical example of
this experimental series. Here the 5-min tissue had shown in the dive (A)
of 25 min to 130 ft (4-9 ATA) that it was capable of performing a decom-
pression 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 whatso-

ever in the bend produced by the double dive.
In a similar manner, all other proposed tissue half-times can be elimin-

T ———————————

TasrLE 13.1
Examples of bend threshold experiments
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ated. Six other goats were used in these experiments. Each tissue half-time
on every goat showed disparities 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 proposed that a tissue-bubble complex is formed
during decompression. The sole question remaining is whether such a com-

lex situation forms from every decompression, or whether there are ways
of avoiding this. It is considered that the approach of Hills (1966), where
one considers the worst possible case in which there is always gas separa-
tion, represents the safest practical solution unless other experimental
evidence can be produced.

The graphical solution to the uptake and elimination of gas in a strictly
reversible tissue gas exchange situation has been given earlier. The
accuracy of solution given by this method is of course related to the
accuracy with which the relevant graphs are drawn. This has led to diffi-
culties and has long since been abandoned in favour of using accurate
numerical solutions to the diffusion equation but employing the same
reasoning of the superposition of positive and negative pressure changes.
A further change has also been instituted since it became clear that the
rate of uptake of gas is not the same as its elimination and when it also
became clear from sea trials that this simple approach would not guaran-
tee diving without decompression sickness.

At the moment of decompression it is assumed there is a change in the
rate of gas exchange and a slower rate is employed for the removal of gas
than for the uptake. The curve used has the same shape, i.e. a solution to
the diffusion equation, but the time required to reach a particular percent-
age saturation is increased by one-half when compared with the uptake
curve. Using these methods of numerical addition and subtraction of
diffusion-like gas exchange curves combined with the concept of a 30 ft
worth permissible tissue gas content in excess of ambient pressure the pre-
sent Royal Navy Diving Tables were calculated. The times of the stop-
pages were given to the nearest 5-min increment to further protect the
diver.

The supposition that a fixed AP value could be used as a sensible limit-
ing condition for all forms of diving was clearly not correct. To take the
Rashbass idea of AP = 30 ft, this would imply that at atmospheric pres-
sure it should be possible to decompress to 33 less 30, i.e. 3 ft pressure
absolute (1-0 less 0-9, i.e. 0-1 ATA). This would be a rapidly fatal experi-
ment for human subjects. Again, after a prolonged dive to 100 ft (4 ATA)
it is certainly permissible to decompress quickly and safely to a value
much nearer atmospheric pressure than 100 less 30, i.e. 70 ft (4 less 0-9,
i.e. 31 ATA). Thus the fixed AP concept is dangerous with low ambient
pressures, and grossly oversafe with high exposure pressures. A return to

BRITISH DECOMPRESSION THEORY 315

the Haldane ratio principle is necessary to rationalize the calculations, and
with the most recent decompression procedures used by the caissor; and
t}mnel workers this has been done. All quantities of gas in the hypothetical
tissue are calculated using the principles given earlier for the R.N. diving
tables, but instead of using a fixed AP value for the limiting condition a
variable decompression ratio is employed, calculated as follows:

400

P + 180

P — absolute pressure in pounds per square inch at which a saturation
exposure has occurred.

Thus at atmospheric pressure, approximately 15 psi absolute pressure
the permitted ratio is 400/195 = 2-05. ’

At100ft(4 ATA), approximately 60 psiabsolute, the ratiois400/240 =1-67

The formula is obviously only applicable over a certain pressure range.
because at 220 psi absolute (460 ft; 14-9 ATA) the ratio becomes 1-0 anoi
no decompression would be possible. A significant exposure at such pres-
sures using air is not possible in the present state of knowledge, and there-
fore this limitation is purely theoretical.

Decompression procedures for compressed air workers have been cal-
culated using these principles (i.e. a relatively rapid uptake of gas, a
decompression ratio which varies with the amount of gas present in ;he
hypothetical tissue, and a relatively slow elimination of gas) with the cal-
culation of tissue gas quantities based upon the superposition of positive
and negative pressure excursions and using the iterative, non-graphical
accurate solution for the diffusion into a tissue slab. These calculations,
have also been fitted into the ‘stage’ method of decompression. Some
40,000 exposures using these schedules at pressures ranging between
35 psig (79 1t; 3-4 ATA) and 42 psi g (95 ft; 3-8 ATA), for periods at pres-
sure varying between 4 hours and 12 hours have resulted in nearly 1-0%
therapeutic recompressions. Unfortunately, outside the United Kingdoni
comparable reliable data does not appear to exist for such long periods at
such r.elatively high pressures. With this experience in the United Kin, -
dom, it may be said that from the view of ‘bends’ incidence these resul%s
are very fancouraging. The really important point is whether the incidence
of necrosis of bone will be reduced to negligible proportions by these pro-

cedures but this will not be established until the bon i i
e rad
has continued for some time. Oraphio Eurvey

7 (ratio)

HELIUM DIVING

Aswith air diving, the knowledge necessary for a complete understanding
of the problems concerned with helium diving is not available. One must
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resort to crudely established data and examine whether a theoretical frame-
work can be constructed which will permit safe deep diving, even though
it may be realized that the predicted procedures are probably not the most
economical of decompression time.

The first unknown concerns the rate at which helium saturates the rele-
vant tissue or tissues of the body. If one supposes that the tissues con-
cerned are perfusion limited then, when comparing the rate of helium
saturation with the better known rate of nitrogen saturation, the following
becomes clear. The fatty tissues are mainly responsible for the slow com-
ponents of the whole body nitrogen saturation curve (Behnke et al. 1941).
Helium is much less soluble in fatty tissue than nitrogen and therefore the
‘slow’ component of the whole body nitrogen curve will be absent. On
these ideas only a very poorly perfused tissue with a blood /tissue solubility
ratio which did not alter with a change of gases could be responsible for any
slow helium component to body uptake. If one introduces ideas that dif-
fusion plays a role in the uptake and distribution of inert gases, then the
predictions become even more defined.

Thus, it is expected that helium will saturate all body tissues very much
more rapidly than nitrogen. The sole exception being the possibility of a
small contribution from a poorly perfused tissue which has solubility
properties as stated above. In order to resolve this situation and also to
render the data more quantitative, a series of goat experiments have been
performed which show that, for the tissues concerned in decompression
sickness, helium effectively saturates approximately three times more
rapidly than nitrogen (Hempleman 1967). This finding does not seem to
agree with some human work (Duffner 1960) and therefore recently the
experiments have been repeated on eight human volunteers.

Following an exposure of 24 hours’ duration breathing 209, oxygen,
80% helium it was noted that a very transient ‘niggle’ occured at 45 ft
(2-4 ATA) in only one man. At 50 ft (2-5 ATA) for 24 hours a minor ‘bend’
occurred and it was decided that 50 ft was the depth for onset of decom-
pression sickness following a 24-hour exposure. The time of exposure was
then reduced to 6 hours and again mild bends were obtained at 50 ft
(2:5 ATA). There is therefore no detectable difference, on this mixture and
at these depths, between 6-hour and 24-hour exposures. Recent animal
experiments have revealed the important part that the oxygen partial
pressure can play in experiments designed to discover tissue half-times.
Breathing 209, oxygen, 80%, helium at 132 ft (5 ATA) gives an oxygen
partial pressure of 1 Atmosphere which certainly causes some vasocon-
striction and hence a probable delay in inert gas uptake. This will alter the
conclusions on the rapidity with which helium or nitrogen saturates or
desaturates the tissues.

BRITISH DECOMPRESSION THEORY 317

It is possible, using the principles enunciated previously, to calculate
successful schedules for helium diving. In fact at this laboratory simulated
dives to such depths as 600 ft (19 ATA) and 800 ft (25 ATA) are common-
place and quite trouble-free except for occasional transient ‘niggles’. This
does not mean that any pretence is made that the problem is even partially
understood.

A great deal of this work has been of a trial and error nature in order to
establish decompression ratios. There is a growing conviction that the
Haldane ‘stage’ method of decompression is in practice more desirable and
just as economical in decompression time as the continuous ‘bleed’ pro-
cedures. Finally it must be stated that although the simulated dives are
quite trouble-free, the same is not true for the corresponding sea dives. At
sea the physical, physiological and psychological aspects of the experi-
ments change unavoidably. However, because only helium mixtures are
used throughout the decompression any therapeutic procedures needed
are relatively simple and very successful (Barnard 1967). Thus failures in
the decompression procedures are now only regarded as annoying, and not
as major stumbling-blocks to further work.
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