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A FUNDAMENTAL APPROACH TO
THE PREVENTI ON OF DECOVPRESSI ON SI CKNESS

SUMVARY

This article presents a hard | ook at the fundanental issues underlying the
formul ati on of preventive deconpression. The author’s interest in this
subject was captivated sone fifteen years ago when taking instrunent
recordi ngs of the remarkabl e deconpressions routinely followed by pearl
divers - particularly the Ckinawans operating in the Torres Strait and
el sewhere al ong the northern coast of Australia. This study reveal ed a very
ef ficient deconpression practice derived purely by trial and error at the
expense of maybe several thousand |ives and serious injuries. These
remar kabl e practi ces were derived over hal f a century when that area supplied
the world with the pearl shell which was in great demand before buttons were
made of pl astic. Wrking at Adel ai de Uni versity t he aut hor and hi s aer onedi cal
col |l eagues were just in tine to put on record these practices before the
pearling industry dwi ndled to a state at which that vast weal th of inval uabl e
human experi ence woul d have been | ost for ever.

The nethods enployed by those divers were both successful and nuch nore
econom cal ontinmethan Naval practice. Moreover their enphasi s upon spendi ng
much nore tinme deeper at the start of deconpression and surfacing directly
from25-35 feet was totally inconpatible with the Hal dane rational e and neo-
Hal dani an cal cul ati on nmethods for diving table fornulation at the peak of
popularity at that time. This discovery stimulated nuch scientific work at
Adel aide, leading to concept of an equilibrium state rather than a
supersaturated state as the nost relevant in determ ning the imm nence of
bends. Publicationof this approachin 1966 presentedthefirst conprehensive
chall enge to the Haldane nmethod of formrulating deconpression tables as
el aborated by the US Navy in particular. The ngjor point of divergence was
to point out that only equations were used to fornulate tables and that,
what ever the acconpanyi ng words, conventional equations assuned that the
bends-free dive was bubble-free, pointing out why the diver was so
di sadvantaged if this proved to be incorrect.

There is now rmuch nore scientific evidence to support the Thernodynam c
Appr oach whi ch has been updated recently in a book entitled “Deconpression
Si ckness: The Bi ophysical Basis of Prevention and Treatnent” (published by
John Wl ey’ s inNewYork and London). This paper isadistillate of that work.
In order to avoid distraction fromthe nain thene, sone statenents are nade
with m nimal supportingdata, if any, but therel evant references and detail ed
expl anation can all be found in the book.

Brian A Hlls, PhD, DSc

Pr of essor of Physi ol ogy

Uni versity of Texas Medi cal Branch
Gal vest on, Texas, 77550
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The mjor nedical problem in deep-sea diving is the prevention of
deconpr essi on si ckness, since any di ver nust deconpress in returning to his
normal environment and i nadequat e deconpressi on can prove fatal or nay | ead
t o permanent di sabl ement. By far the nost effective way to avoi d deconpressi on
sickness i s to i nvoke gradual deconpression; but this imrediately raises the
guestion of how gradual is gradual? Cobviously one wi shes to mininise the
weari sonme tinme spent by the diver in a chanber or suspended i n t he ocean and
yet not jeopardise his safety. Consequently, a neans i s needed to optinise
t he whol e environmental programneeded to return the diver to the surface,
ie. a sinultaneous optinisation of:

( DEPTH versus

( TIME versus

( COVPCSI TI ON OF BREATHI NG M X

The nethods of acconplishing this fall into four broad groups:
1. Devise a schedule by trial and error.

2. Compute a schedule from a calculation nethod or
mat hermat i cal nodel

3. Use a neter based upon one of those nodels or
cal cul ati on nethods in #2.

4. Monitor a body paraneter, using the response to
det erm ne deconpression

The | ast woul d be the best if a good paranet er were avail abl e and t he rel evant
tissuetonmonitor could identified anatomically. Al though some encouragi ng
advances have been nmde in nonitoring tissues wultrasonically and
conductonetrical ly, such techni ques nust still be regarded as novelties until
we can be sure of what to | ook for and where to | ook - i ssues discussed | ater.

The third approach (viz. the use of nmeters) is very good if the engineering
is adequate but is really no nore than a convenient formof #2 by providing
a deconpressi on uni que to each particul ar dive history and so circunventing
the fact that it is inpracticable to conpile a book of tables to cover al
depth-ti me combi nati ons. Mbst tables in operation today are hybrids of #1
and #2.

However, before discussing the formation of tables, a noment shoul d be spent
in considering whether it is worthwhile to calculate at all. Hence let us
consi der a maj or piece of purely experinental data - the bounce dive curves
for air and hel i ox ot herwi se known as t he no-st op deconpressionlinmts. Both
depi ct a fundanental relationship between depth and tine; so the fact that
t hese curves can be so clearly defined for each individual can be taken as
a mani festation of an underlying rationale which justifies efforts to them
mat hermati cally and even to invoke conplex functions if needed.
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Behnke enphasi zes t hi s cl ear denarcati on by sayi ng t hat maybe 5 feet in depth
can separate serious injury froma state of well being.

Informul ati ng a preventive deconpressi on by nmeans ot her than pure trial -and-
error there are basically two approaches involving either:

1. calculation nethods in which a convenient equation is
sel ected and constants determ ned enpirically tooffer
the best fit to experinmental data, adding nore
equations (and nore constants) if needed, or

2. true nodel s based on the physiol ogi cal and physi cal
princi pl es invol ved.

While the enpirical approach (#1) is good for interpolating between dives
already proveninthe field, it has sel dombeen successful in extrapol ating
to greater depths or longer times. Thus a calculation nethod in which the
constants have been adjusted to provide a safe table at 400 feet nay fai
conpletely when used to 500 feet. These discrepancies can always be
accommodat ed by addi ng nore hypot hetical tissues (and nore constants) until,
with some 700- 800 degrees of freedomwhich sone designers use, one wonders
whether it is worth invoking calculation at all. The cal cul ati on nethods
ari si ng fromt he Hal dane rati onal e have di vagat ed i nt o i ncredul ous conpl exity
to force a “fit” to experinental data.

The alternative approach - that of synthesizing a nmathematical nodel from
fundanent al physics and physiology - would seemideal until we realise how
littlewereallyknowof the mechani smof deconpressi on si ckness. The synpt ons
are so varied that they tell us little; while pathol ogical studies seemto
show bubbles in nmpbst organs so, as Haymaker points out, nothing really
pertinent to a specific nodel energes fromthat vast nass of naterial
However the synptons do seemto fall into five broad categori es:

1. Li nb bends and ot her essentially [/ ocal mani f estati ons.

2. Cerebral synptonms - which are rare.

3. Spinal “hits”.

4. Vestibul ar DCS

5. Dysbaric osteonecrosis?

Dysbari c osteonecrosi s

Thi s di sease i nduced by divingislittle understood and, at this tinme, cannot
be used to program deconpression. |Its principal features are:
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1. No correlation between the incidence of bends and bone
| esions when the data are anal ysed very carefully.

2. No bone lesions in aviators - at |east, no nobre than
the incidence in the “normal” popul ation.

3. Geatlyincreaseddeconpressiontine (eg. the Bl ackpool
tables) greatly reduced the bends rate, yet did not
change the incidence of bone | esions.

4. The tine course for dysbaric osteonecrosis is severa
orders longer than antici pated for an acute insult at
the time of the | ast dive.

As many as nine hypot heses for the nmechani smof dysbaric osteonecrosis can
be foundintheliterature, six based on acute infarction or vessel occl usion
and three on a nore subtl e formof insult occurring at a nore m croscopic | evel
of bone physi ol ogy.

In fact, it is just possible that dysbaric osteonecrosis nay not be caused
by the deconpression

CNS Synpt ons

Cerebral synptom are virtually identical to those caused by undisputed
arterial air enbolism eg. when occurring after submari ne escape, that their
aetiology is seldomquestioned. This is not true of spinal deconpression
si ckness whi ch occurs roughly threetinmes nore frequently. These CNS synpt ons
can al ways be produced by a deconpression far i n excess of one known to i nduce
mld linb bends, yet it is probably fair to say that they are rarely the
presenting synptons for narginally unsafe deconpressions The factors
predi sposing the subject to the rare exceptions to this general rule are
di scussed later (p. 25).

Li nb Bends

Most enpirical calculation methods work to a “trigger point” for each
hypot hetical tissue, eg. violating an ‘M value in the conventional
approaches. Calcul ation effectively stops at that point as though what ever
is“triggered” nust occur. However, | et us consider the man perform ng a di ve
on whi ch he has devel oped bends sone tinme after return to the surface. He
now repeats that exposure, presunably violating the same hypothetical
“trigger points”, but reconpresses to 20 feet shortly before he knows he wi ||
devel op bends (and /inmb bends are quite reproduci ble”), stays there for 30
mns and then returns to the surface with no problem The reconpression to
20 feet for 30 mins obviously averted what woul d ot herwi se occurred, so the
process | eading to bends nust have taken place in at |east two steps:

* generally occur in the sane individual for the sane exposure and deconpression.
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( 1. a primary event “triggered’” by deconpression
(
(

2. a critical insult producing synptons

Mor eover, there woul d appear to be a conti nuous variationintheinsult, bends
occurring only if it reaches a threshold level for pain. See Figure 1.

Recompression

Bends /
Threshold

LEVEL .
of f .
INSULT —--':-~§~
. f ~

. ic ™
.ésymptomapc ~ -
+Decompression

t Relief of pain

Primary event Onset of symptoms

FIG 1

Thi s rai ses questions concerned not only withidentifyingthese processes but
w th ot her queries needed to be answered in fornmul ati ng a mat hemati cal nodel
from fundanental considerations. This list of questions includes:

1. Wiat is the primary event?

2. VWhat i sthe nbdeof insult andwhat isitscritical |evel
for pain?

VWhat conditions initiate the prinmary event?
VWhat is the cause of delay in reaching the critical

P w
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insult?
5. How is gas taken up by tissue?
6. How many tissues are involved?
7. Does the prevention of |inb bends avoi d ot her forns of

deconpressi on sickness and what factors tend to
predi spose the diver towards those synptons?

ABSOLUTE PRESSURE
",

TIME —

Fi gure 2

Primary event

Let us consi der a sinpl e exposure to a pressure P1 fol |l owed by a deconpr essi on
toapressure P - see Figure 2. Nowthe likelihoodthat Iinb bends will occur
at Po is determ ned by nunerous factors which can be reduced to two primary
i ngredi ents:

1. The extent of the deconpression (P1-P,))

25



Rubicon Research Repository (http://archive.rubicon-foundation.org)

2. Theinert gas content i medi atel y prior to deconpression

as determ ned by:

(a) time “on the bottont,

(b) depth of exposure,

(c) solubility of inert gas breathed (eg. nitrogen or
hel i unmy,

(d) exercising “on the bottont,

(e) substituting oxygen for inert gasinthe breathing nix,
etc.

(f) obesity (increased body fat)

The dom nance of these two factors | eaves few alternatives, if any, to the
popul ar viewthat the prinmary event is the i nception of a stable gas phase.”
It is very difficult to conceive other initiating processes which are so
dependent upon the conbi nation of these two dom nant features |isted above
wi t hout invoki ng the principle of gas separating fromsolution. So far this
i ntroduces no controversy since, ostensibly, all designers of cal culation
nmet hods and nodels claimthat their indices for limting deconpression are
t hreshol ds for bubbl e i nception; although whether they do so in practice is
gui te another matter. However this agreenent ends abruptly when we proceed
to the next question (#2 on p. 4) and consi der the node of insult leading to
i b bends.

Mbde of insult

Several nechani sns have been proposed or assuned by which the primary event
can lead to the critical | evel of insult needed to i nduce |linb bends. These
differ according to the type of pain - whether induced by ischaemi a or by
mechani cal neans - and whether the insulting entity is a bubble or one of
several degradation products known to be produced by a gas-bl ood interface.
These approaches can be summari sed as foll ows:

i schaeni a i ntravascul ar bubbl es
by R
R bl ood degradati on products
PAI' N | NDUCED by
nmechani cal extravascul ar gas phase
by R
nmeans tribonucl eation (joint gas)

O these, tribonucleation is nost unlikely since gas injected between the
articul ar surfaces of the joint, or formed by vari ous di sease processes, does
not induce pain (aeroarthrosis). In linb bends the painis not within the
joint but aroundit. Mreover it requires foreign particles nuch harder than
bubbl es to penetrate the synoviun or articular surfaces to the depth of any
nerve endi ngs - such as sodiumureate crystals in gout and the pain of gout
is much different to that of |inb bends.

* we are sinply concerned with whet her bubbles formor not and nechani sn(s) of
nucl eati on/activation of nuclei, etc. are of largely acadenm c interest.

26



Rubicon Research Repository (http://archive.rubicon-foundation.org)

Returningtothe ot her nmechani sms, the painof /inbbendsisunlikelyischaenic
inorigin for the follow ng reasons:

1. Ischaem c pai n nmust be induced by arterial enboli, but
bubbl es only formde novoin the arterial systemw th expl osive
deconpressi on, while venous bubbl es are trapped by the | ungs.

2. Known arterial air enbolism does not produce linb
bends, eg. after an accident in submarine escape training.

3. Diseases known to produce infracting agents such as
thrombi, fat enboli, platelet aggregates, etc. do not produce
the pain of Iinb bends.

4. Conpression affords imedi ate relief of pain in nost
cases of linb bends while ischaemic pain is greatest upon
restoration of blood flow.

5. I f painwereischaenicinorigin, onewuldexpect that
further decreasingtissue oxygen supply by loweringtheinspired
oxygen partial pressure woul d exacerbate the situation, and yet
hypoxi a has been found to have am | d protective action- if any.

6. Sinlarly one would expect elevated oxygen to help
relieve i schaenic pain and yet hyperoxi a per se (as opposed to
oxygen substitution for inert gas) potentiates the bends.

This would | ead us to deduce that the nechanismof |inb bends is a bubble
pressing on a nerve endi ng.

Mechani cal approach

This sinple approach to the pain of Iinb bends inplies that the gas woul d
probably need to be | ocated i n an extravascul ar site in order to bend a nerve
ending as far as its pain threshold. This is easily justified by the fact
that, even after an extensive reconpressionfor afewninutes, |inb bends will
re-occur inthe sane site upon a further deconpressi on sanme pressure at which
they occurred inthe first place. Intra-arterial bubbles actually observed
i nvascul ar wi ndowpr eparati ons can betotally displaced by such reconpressi ons
and washed away in the circul ati on, gas causing the | ocal pain of Ijinb bends
is fairly certain to be extravascul ar.

In sel ecting an extravascul ar site for theinsult, it becones nore inportant
toidentify atissue anatomcally sinceit wouldthen elimnate maj or probl em
of progranm ng a deconpression by following a direct tissue nonitor - viz.
the question of knowing where to I ook. It would also provide for the
physi ol ogi cal paraneters in the nodel. Thus the requirenments the critical
ti ssue type can be listed as foll ows:
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1. a preponderance of nerve endings;

2. insult of those nerve endi ngs by ot her nechani cal nmeans
nmust provoke a pain simlar in nature to bends;

3. there should be a positive correlation between gas
content and bends in that tissue;

4. it needstobea“tight” tissue sinceaconpliant tissue
woul d enable gas to expand freely when its pressure
woul d be less likely to reach the pain threshold for
bends (Figure 1);

5. asnall changeinbloodfloww thexerciseof that |inb.

Al'l of these conditions have been satisfied by tendon, but could al so apply
to certain other connective tissues.

Pain t hreshol d

The sinple nechanical concept of pain (in linb bends only) has been
particularly well denonstrated by Inman and Saunders who found that the
i dentical pain could be produced by injecting Ringer’s solutioninto tendon
and ot her connective tissues. This pain was not determn ned by the vol une of
the solution injected but by the pressure differential. Mreover it was
reversi bl e and appeared or di sappeared at the sane pressure threshold

If wereturnto the situation of a gas rather than Ri nger’s sol ution pressing
on that nerve ending, the net deforming pressure is the net gas pressure

(internal lessinterfacial effects - 69) pl us pressure (6f) due to any fluid
accunmul ation. Thus bends pain can occur if:

This very sinple criterion for pain can be related to the volunme gas (V)
separated fromsolution in unit volune of tissue by:

dg =Kv .. (2)

where Kis the nodul us (reciprocal of conpliance) resisting expansion of the
tissue.

Thus t he unknown 6g can be elimnated, so that

BENDS can occur if: v > (dt- 0f)/K N )
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This sinple quantitative relationshipis conpatible with the fact that |inb
bends are nore likely to occur for a greater exposure or deconpression (vt),
in an ol der subject (Kt with age) for nerve endings sensitized by rel ease
of serotonin or other huneral factors (06t !) and trauma (0f 1) while
anmel i orated by acclimatization (KI with creep) or plasma expanders (0f ).

Moreover, in absolute ternms, the &t value fromlnman and Saunders conbi ned
the value of vestimated for a diver whose m ni num bends depth is fsw gives
a Kvalue within 10% of that for excised tendon.

Rel ation to dive paraneters

Wi | e t he sinpl e mechani cal nodel can interpret nany of the widely differing
features of |inb bends, we need to knowwhet her this extends to the paraneters
of a dive.

Let us again consider the sinple case of an exposure to a pressure (P1) by
i medi at e deconpression to Ps.

If the nitrogen tension at P1 is PNy i mediately prior to deconpression and
is then reduced to Pnp by ‘ dunping’ nitrogen into the gas phase until a quasi
phase equilibriumis established at P2, then a sinpl e nitrogen bal ance gi ves:

n P, = Sne- PN - Sne- Pne ... (4)
(N2 dunped (N2 initially (N2 left
from sol ution) in solution) in solution)

where SNp is the solubility of nitrogen in the tissue.

This nowrelates v to the nitrogen tensions before and after deconpression.
Bef ore deconpression:

PNo = FI No( Po- Pw) + FINo( Po- Pw) ... (5
(nitrogen before (nitrogen taken up
conpression to Pq) intime t at Pq)

where Pg i s nornal atnospheric pressure, Py is water vapour pressure at body
temperature, F/Np i s the volune fraction of nitrogen at body tenperature and
gt is the function of tinme (t) for uptake [for the particul ar case where a
steady state has been reached at P1, o (t )= 1]:

St eady state: Pne = FINo(P1-Pw) ... (6)
The only remai ni ng unknowninrelatingthepainthresholdd todive paraneters

is now P ' np. This can be resolved by a sinple pressure balance - but only
for the “worst possible case”.
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Wor st Possi bl e Case

This is the state where at | east one out of many nillions of m cro-regions
of the tissue has ‘dunped’ all gas in excess of saturation to come to phase
equilibrium This is the worst possible not only because it represents the
maxi mumvol ume of gas whi ch can separate fromsol ution, but thereis thenthe
| owest drivingforcerenmainingtoelininatethat gas fromthe tissue via bl ood
- see p. 18.

I n any bubbl e t he absol ut e gas pressure i s determ ned by t he ext ernal pressure,

t he pressure needed to push ti ssue aside in form ng the bubbl e and t he ef f ect

of surface tension (y) as described by the Laplace equation (2y/rSDO6(b)).

According the Dalton’s Law this total absolute pressure nmust equal the sum
of the partial pressures as depicted in Figure 3.

Pn =P+B-m (7

where Bis a small constant as defined in Figure 3 and m= Pycp + Pycop + Pw
and i s approxi mately constant provided Py,p does not exceed about 100 nm Hg.

Summation in Bubble

Mechanical Partial
Pressures Pressures ,
Bubble Curvature
(2%/y,) Pw
Tissue Compliance PCO, Figure 3
PO
(dg) 2 The sumof t he nechani cal
P A contri butions to bubble
A gas pressure must equal
the sum of the partial
pressures of all gases
present - Dalton's Law
/
PNz
Absolute
Pressure (P)
/’ ) IV
A
0
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Deconpression ratio

In the past nmuch attention has been paid to the use of deconpression ratios
of *M values, soit isinportant tosee whether the sinple nechanical approach
to bends pai n can expl ai n t he apparent adherence of deconpressionlinits to
a ratio concept.

Let us agai n consider the sinple case (Figure 2) of a diver who has attained
stead state at P; being deconpressed to a pressure Py (ie. P= Py in equation
7). Elimnation of unknowns in equations 3, 4, 6 and 7 gives the sinple
rel ati onship:

Py = wo +Y ... (8)
wher e

W = (Vv + S\N2)/ SN2 FNe

Y = [(v + S\))(B-m + Py FN2- SN2l / She- Fi N2

which is a small constant if v is constant.

Much nore i nportant is the fact that the gradient (W is constant if the vol une
(v) is constant.

Equation 8 can be re-witteninterns of aratio (M= PSDO5(1) / PSDO5(2)) as:

M

P1/ Py

W+ Y/ Py ... (9)

Thus the sinple nmechani cal approach gives a linear relationship between P
and P, - in fact, alnost aratio since Yis small. It predicts a decreasing
rati o (M as Ppt) as many proponents of popul ar cal cul ati on net hods nowprefer.

Actually a linear relationship offers a better separation of experinental
bends and no-bends points as seen in Figure 4.

It al soof fers anuchbetter correl ati on between di vi ng and aeri al bends where,
by asinpleratio, aval ue of around 2 woul d apply for di vers but 3 for avi ators.

PULL THE OTHER LEG(S) ?

Two patrons of acity hotel were startled by al arge octopus onthe fl oor of al adies’
toilet. The wonen told the managenent of the Hyatt-Regency Hotel they found the
oct opus outside a bar on the 22nd floor. The assistant manager, M Chie Collins,
sai d the octopus was apparently placed there by two wonen dressed in arny fatigues
who were seen carrying a rubbish bag into the toilet. No one was hurt.
Australian, 24 April 1978

DD THEY CHECK I T WAS A FEMALE OCTOPUS?
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Figure 4
Data from Henpl eman (1957)

Nunber of tissues

Returning to the list of issues (p. 4) for which answers nust be found or
assuned in the devel opnent of any nodel based upon fundanental s, the next
question concerns the nunber of tissues, or rather, tissue types involved in
linmb bends. This is inmportant since it determ nes the nunber of i ndependent
constraints to be appliedtothe formul ati on of t he deconpressi on and, hence,
t he nunber of independent equations to be used.

One m ght expect that, if the Hal dane rational e applied, then "triggering"
the 10 mn "tissue" would provoke a different response to "triggering" the
40m n"tissue" and yet nocorrel ati on bet ween t he synpt omand any hypot heti cal
"tissue" has ever been shown. Hence there would seemto be no good reason
for assum ng nore t han one ti ssue- at | east, no nore t han one anat om cal tissue
is involved in /inmb bends.
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If there were several tissues, then one would expect a transition point in
t he dose-ti ne curve whenever one superseded anot her intheinmm nence of pain,
ie. a‘kink’ inthe no-stop deconpressionlimts and yet none i s perceptible
in the data for air or heliox.

Simlarly, if wereturntothe case of sinple deconpressionfrompP;to P, where
P, is ‘titrated’ to margi nal bends, then we woul d expect atransition if one
ti ssue were to ‘take over’ fromanot her as bends-deterni ning. however, once
again, notransition point could be detected until the pressure was i n excess
of about 300 feet (Figure5) whenthe P vs. Porelationshipfollows adifferent
linear relationship, but vestibular DCS are then the presenting synptons.
Hence anot her tissue nust be included for depth of over 300 feet, but there
isthenanplejustificationfromthe synptonatol ogy. However, for /inb bends
there woul d still appear to be no reason to assune that nore than one tissue
type is involved - and tendon would seem a |ikely candi date according to
previ ous di scussion (p. 8). The next question concerns howthis tissue takes
up inert gas.

300'-

Figure 5

Data from Henpl eman (1975).
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How i s gas taken up by tissue?

So far we have consi dered only t hose deconpressi ons where t he nan has reached
a st eady- st at e bef or e deconpressi on, i e. where hi s pre-deconpressi onnitrogen
tension is independent of tine as expressed by equation 6.

However, for shorter bottom tines or further deconpression to shall ower
depths, it is necessary to estimte tissue gas content in the Iight of the
past history, ie. Pyp is nowa function of time. The question is then which
function do we use. It is obviously an asynptotic function to allow for
attai ning steady state, but there are thousands fromwhi ch to choose and t he

popul ar exponential (as wused in the Haldane rationale) is just one
possibility.

a PERFUSION LIMITED
arterial
tension Pg l

IN R e— el wenous
blood:Q N tension
os:QSPq . . By ¢ BULK DIFFUSION
PPN t‘slfmd Q ouT
gos: QASppv PG| ——
b DIFFULIGN KU,J) urf Wl
Pa =t |---capiLary waLL }
{area &) :
Gas {
tension : Blood | Tissue
; |
b
Blood | | Tissue { volume Vv ) l
Solubilities  Sp | | S, !
I
L ]

Figure 6
Various nodel s which have been used to try to quantify inert gas uptake.

To try and answer this question fromfundanentals we need to deternine the
appropriate nodel (Figure 6) for gas exchangeinthe critical tissueandthis
i medi ately raises the very fundanental question concerning whether the
upt ake of aninert gas is limted by the circulation (bl ood perfusion rate)
or by diffusion when the rel evant diffusion barrier can be either a nenbrane
or the whol e bul k of cellular material - see Figure 6 for alternative nodel s
whi ch have been proposed.
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To put these in perspective, let us consider and individual who has just
switched from air to heliox breathing at normal pressure. The rmacro
distribution of helium will be effected by the circulation while its
subsequent assinilation by the extravascul ar ti ssue nust occur by diffusion.
Thus bl ood perfusi on and extravascul ar di ffusion are two transport processes
in series, but which is rate-controlling?

There is a vast literature relevant to this issue, but very little can be
consi dered deci sive. However, to put many of these studies in perspective,
we might returnto the above case of the individual who has just switched from
air to heliox. The highest tension of heliumw Il occur in arterial blood
(pa) while nean tissue (-pt) will be the |owest. One can then argue that if
thetensionis at theinterface between the perfusion and diffusion transport
processes is closer to arterial, then uptake is largely diffusion-limnted;
otherwise, if this tension is closer to nmean tissue tension, it is largely
perfusion-limted. Unfortunately this gas tension at the capillary wall
cannot be neasured, but venous (py) may be taken as a good reflection of it.
Hence the fact that Kety and Schm dt found that venous tension (pg) lay so
close to their estimated mean tissue for NoOin nonkey brains was taken as
strong evi dence t hat upt ake was control | ed predoni nantly by the circul ati on.
Thi s has provi ded t he basi s for the conventional concept that bl ood perfusion
istherate-liniting process and t hat venous bl cod | eaves i n equilibriumwth
tissue (py = -pt). This gives a sinple exponential function as the tine
response for a single tissue as needed by the Haldane rationale for
deconpression formul ati on. The nmenbrane nodel (b in Figure 6) would al so
predi ct an exponenti al .

Pa
P, (.

\pr-pmpv-b’}

INERT GAS TENSION —>

Pa-Py >Py~P Py-P,< P, -By

:-O-‘-a--—n--nm-- 125

TIME s

Figure 7
Arterial (pg), venous (py) and nean tissue (-pt) tensions of inert gases in
brain nonitored after a sudden switch to that gas in the breathing mx.
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However, nore accurate analyses nmonitoring isotopes indicate that venous
tension starts by followi ng ACOLVS1(-, p)SD™O(t) but then noves close to
pSDO6(a) withtime (Figure7), ie. uptakestarts perfusionlimtedasthefirst
of the new gas enters the systemand t hen changes to predom nantly diffusion
limtedas theincreasedassinilationreducesthe gradients. However the sane
data can be equal | y wel | interpreted by sayi ng that venous i s t he m xed venous
outfl ow frommany zones of the same tissue, so the only conclusion is that
the final nodel is nore than either (a) or (b) in Figure 6, and is either:
1. heterogeneous perfusionof thecritical tissueinwhich
each micro-region would have its own half-tinme (but
this wouldstill not explainadifferent Mval ue needed
for each), or
2. the rate-limted node of uptake is bulk diffusion
(nmodel Cin Figure 6), or
3. uptake is controlled by both processes.

a DIFFUSION and PERFUSION
Two-phase model

Q

o T~ a
arterial venaus
blood Extracellular | Dblood

tension p,=py
( bulk diffusion)
b PERFUSED
arteriol i&

blood "“"‘\‘T""_"‘”""—\%
g ‘ venous
L=

.V." ‘

Figure 8
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I f we consi der the nost uni formy perfused organ | arge enoughto viz. isol ated
skel etal nuscl e, the cl assi cal studi es of Renki n have that t he upt ake of inert
tracers is circulation-linited at | ow bl ood perfusion rates and diffusi on-
limted for high flowrates. Unfortunately, the normal physiol ogical range
lies internedi ate between these two liniting cases so that neither diffusion
nor perfusion can be ignored. This probably applies to the critical tissue
al so, so a conprom se between the two i s envisaged - Figure 8. This is the
Kety concept of the stirred tank but taken only as far as the walls of the
cell - inmrersed as though it were an irregul ar shape of effectively uniform
permeability in which gas is assinilated by rel atively sl ow bul k di ffusion.

Sunmary

So far, this discussion has been concerned with the nechanism for the
occurrence deconpression sickness rather than its prevention. This has
i ndi cated that the pain of |inb bends has a si npl e mechani cal basis whichis
easily quantified and nost likely refers to just one anatonical tissue type
(probably tendon or anot her tight well innervated connectivetissue) inwhich
gas uptake is controll ed by both the bl ood perfusion rate and diffusioninto
t he bul k of extravascul ar tissue. The next step is to see howthis sinple
nodel can be used to optinise a deconpression, but it was first necessary to

test its conpatibility for non-optinal situations. After all, you my

di sagree with the way the other fellowfornul ates his deconpression, but you

must still predict the outconme of the trials of his nethod by your nodel.
CPTI M SATI ON

Let us consider a diver who has just conpl eted his task on the bottomw shes
toreturnto the surface safely yet without wasting time unnecessarily. The
i mredi ate question is how far does he deconpress on the first ‘pull’? Does
he deconpress all the way to a | evel just deeper than his bends point or is
there some other criterion which determines his optinmal depth?

If that particul ar phase of the deconpressi on woul d enabl e t he man to surface
then the answer is obviously ‘yes’. However, if bends would occur before
surfaci ng, then do we deconpress al nost to hi s bends poi nt or st op nuch sooner ?

Conventional ‘supersaturation’ approaches to deconpression, as presentedin
the mul titude of neo-Hal dani an cal cul ati on nmet hods, assumne t hat no gas phase
is formed if you do not exceed the “trigger points” as expressed by ratios
or ‘M val ues. The all-inportant question is does a sub-synptonmatic
deconpression initiate the gas phase? By the nopdel developed in this
di scussi on, we may have a good correl ati on between t he i nci dence of bends and
other factors for single deconpressions, but when does the prinmary event
actual ly occur?

Poi nt of inception of gas phase

There is three basically different approaches to describing the point of
i nception of a stable gas phase in tissue:
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1. The bends point
2. Point of phase equilibrium and
3. Some intermediate “trigger point”.

If the second of these is true, thenit is nost disturbing since it inplies
that tables forrmulated by the other approaches are provoking bubbles -
i ncl udi ng nost conventional diving tables and US Navy tables in particul ar.
However, before attenpting to pursue this matter, it i s desirabl e to knowwhy
thisis such aninportant i ssue. After all, why should afew®“silent” bubbles
be so serious if they are not causing pain or other synptons?

I nportance of supersaturation vs. equilibration

The intention of all approaches to deconpression fornmulation is to sel ect
conditions which will give the maxi mumrate of elimnation of inert gas from
ti ssue at each nonent. Conparatively little can be done to change the
resi stance to the transfer of the gas, but a great deal can be done to sel ect
the optimal driving force for transfer of the tissue inert gas to blood for
its elimpation via the circulation, eg. APSDOb(Np) for air diving.

Driving force for N, elim nation

The gradient for nitrogen elimnation is sinply the tissue-blood gradient
where the bl ood tension for an arbitrary absol ute pressure Pis given by Fing
(p-pw as per equation 6. The real problemis the value to use for tissue

N> tension, ie.

Pnp for gas remaining dissolved, or

whet her
P'N2 Where gas in excess of equilibrium has been ‘ dunped

Thisleadstotwo very different equations for theall-inportant drivingforce
for nitrogen elinmnation fromtissue, whether it is:

IN SOLUTION AP\ = PN - Frno(p- pw ... (10)

OR
W TH SEPARATI ON:  APnp = Al- Fing + B-m ... (11)
wher e m = m - pwFIN2

Thi s conparisonis extrenmelyinportant sincefurther deconpression (P{) woul d
increase AP\p if all gas renmins dissolved but decreaseit if thereis phase
separation, since phase FyN2 nust be less than 1 (0.8 for air). Thus the
popul ar practice of deconpressing as far as possible on the first ‘pull

towards the surface, so characteristic of US Navy schedul es, coul d have the
diametrically opposite effect to that intended. |In other words “by getting
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the hell out of it” onthat first long pull towards the surface, the driving
force for nitrogen elimnation is actually being decreased rather than
increased - |F phase equilibration best describes the primary event. It
therefore becones inperative to establish whether a sub-synptomatic
deconpression can cause gas to separate from solution in the critical
tissue(s).

“Sil ent” bubbl es

There is now overwhel ming evidence that bubbles can be present during
asynptomati ¢ deconpressi on. This includes exam nations of sacrificed
vascul ar wi ndow, X-ray studies, nmeasurenent of cerebrospinal fluid vol une,
conductonetric nonitoring of tissue and ultrasonic surveys. Even a device
as crude as the ultrasonic bubble detector based on the Doppler principle
i ndi cates a host of venous bubbles in asynptomatic divers - often after the
first long ‘pull’ towards the surface if using USN schedul es.

However it can al ways be argued t hat t hese i ntravenous bubbl es are irrel evant
- particularly if we adopt the mechani cal approach to bends pain discussed
earlier. After all, nitrogen is five fold nore soluble in fat and, froma
structural standpoint, adipose tissue can be considered weak. Hence it is
easy to envi sage the | arge vol une of extravascul ar gas bursting the capillary
wal | depositing bubbles, fat enboli and portions of endothelial cells into
the circul ati on where they appear about the sane tinme. El ectron m crographs
have been taken showi ng extravascular gas entering capillary blood in
cut aneous ti ssue. The | arge vol une of nitrogen woul d not gi ve pai nin adi pose
ti ssue due to the | ack of nerve endi ngs. Thus Doppl er sounds probably refer
tofatty tissues which would reflect the state of the critical tissue to sone
extent - hence the poor yet positive correlation between bends and ‘ venous’
Doppl er sounds.

It would therefore seen norerelevant toturnto studies where a “tight” wel
i nnervated connective tissue has been nonitored.

Conductonetric studi es

The electrical conductivity of rat tail has been nonitored during
deconpression, this being predom nantly tendon. Electrical resistance was
found to increase, the nagnitude of the increase being greater for those
ani mal s which had respired a nore soluble inert gas. Wereas this and the
reversal upon reconpression |left no doubt that the electrical changes were
caused by the separation of gas fromsolution, the interesting feature was
t he absence of any change until a mnimal deconpression of 95-145 nmHg had
been reached - whatever the inert gas present (Figure 9).

Thi s threshol d deconpression for the appearance of the gas phase happens to
coincide with the position of phase equilibriumin extravascular tissue
(Figure 10) and agrees well with the altitude for the onset of bubbl es as seen
by X-rays.
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El ectrical conductivity of a rat tail nonitored during deconpression to

altitude at a uniformrate of pressure change. Data fromHlls (1971).
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I nherent unsaturation

This i nmedi atel y rai ses t he questi on of why t he position of phase equilibrium
di ffers fromnormal atnospheric pressure in a subject who has al ways breat hed
nor mobari c ai r and ni ght be consi dered “saturated”. Thereasonisthat, while
Dalton’s Law of partial pressures nmust apply to the gaseous phase, it need
not holdinliquids; sothat the conversion of arelatively insoluble gas (Q)
into a much nore sol uble one (COy) by netabolismcauses a pernanent deficit
in the total gas tension of tissue relative to absolute pressure. This
i nherent unsaturation is depicted by the shaded area in Figure 10. Such
reasoninginplies that theterm“saturation” divingis amsnoner and “steady
state” might be nore appropriate, since only a dead diver could reach true
saturation before the start of deconpression. The inherent unsaturationis
very inportant not only because it deternines the position of phase
equi | i bri umupon deconpr essi on, and hence t he poi nt at which the first bubbles
can start to form but it provides a permanent driving force for dissolving
gas in the body. This includes not only bubbles but intrapleural gas, gas
in an occluded bronchioles or a bl ocked sinus, etc.

It has been denonstrated very sinply by a seal ed subcut aneous t ube made from
a non-col | apsible plastic perneable to all gases and water vapour. Over a
period of a fewhours, the tube devel ops a partial vacuumof 80-100 mmHg and
stays at that value ad infinitum WMoreover, if the breathing m x or pressure
is changed it noves to anot her val ue determnined | argely by the nagnitude of
the inspired Ppo Thus the subject who has breathed pure Oy for a few hours
at normal pressure has an i nherent unsaturation of 600-700 mnmmHg, so that he
can deconpress by this amount without any fear of induci ng bubbl e formation.

Moreover the unsaturation also provides the driving force for dissolving
bubbl es. Let us consider the transcutaneous tube whi ch has reached a st eady
state by virtue of all gases and wat er vapour equilibrating with the adjacent
tissue. If therigidtube were suddenly renoved, the gas woul d be conpr essed
by the inherent wunsaturation and this conpression would disturb the
equi libriumand, in so doing, provide adriving force for dissolving the gas
equal in magnitude to the original inherent unsaturation. Thus the inherent
unsaturation is particularly desirable and fundanmental to the whol e probl em
of formul ati ng deconpr essi on.

Deci si ve tests

The foregoi ng evidence indicating that gas could separate fromsolution in
ti ssue for much | esser degrees of supersaturation, if any, than inplied in
conventional cal culation nmethods led this witer to claimthat such diving
(including USN schedul es) were not preventing bubbles but were really
treatnent tabl es for containing subsynptomati c gas bel owt he pai n- provoki ng
threshol d. However, such a serious inplication needed a definitive test,
since previous experinmentstotrytosettlethisissue hadinvolved searching
for gas in one way or another and all such direct nethods may have been
nonitoring an irrel evant tissue.

A crucial test which avoids identifying the critical tissue anatom cally

41



Rubicon Research Repository (http://archive.rubicon-foundation.org)

has expl oited the di fference i n APSDO5( No) dependi ng upon whet her gas renai ns
insolution (equation 10) or i s ‘dunped’ intothe gaseous phase (equation 11),
the significance bei ng enphasi zed on page 18. Let us therefore consider a
man who has spent one hour at 160 feet on air and has fol | owed t he appropriate
US Navy air tabletothe end of thetinme nornally allotted to the 20-f oot stop
- Figure 11.

Fi gure 11

Titration of a last stop at 10, 20 or 30 fsw on the sane goats. Data
fromH Ils (1968).

I f no bubbl es have been forned to that point, as assured in the formul ation
of the tabl e based upon P\ rather than P p\p, ie. by neo-Hal dani an r easoni ng,
t hen deconpressiontothe 10-foot stop at that ti me shoul d provi de nore dri vi ng
forcefor nitrogenelimnination (equation 10) and hence a saf er deconpr essi on.
Ont he ot her hand, if nuch gas separated fromsolutiononthat first long" pull’
to 60 feet, and t he subset deconpressi on has sinply been “treating” them then
we shoul d use P'pnp and equation 11 rather than equation 10 to determ ne the
true outcone. It would then be better to renmain at 20 feet when the driving
force is greater than at 10 feet (AP N2t as Pt in equation 11) and surfaced
directly from20feet. Wientotal deconpressiontineswere‘titrated to bends
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points on the sanme animals, it was found to be nore efficient to surface
directly from20feet thantoinclude a 10-foot stop (see Figure 11) indicating
that the gas phase is present in the critical tissue during this particular
USN deconpression and probably during many others based on the same
cal cul ation nethod. This finding is conpatible with the observati on conmon
i naviationthat preoxygenationis muchlesseffectiveinelimnatingnitrogen
i f undertaken at altitude as opposed to ground |evel (ie. AP N2t as Pl when
the gas phase is present).

Thi s point has been enphasized since it points to a very fundanental and
signi ficant i nadequacy i n conventi onal cal cul ati on net hods used to formul ate
di ving tabl es, ie. any separation of gas fromsolution can greatly reduceits
rate of elimnation fromtissue.

ptim sation

VWll, it is easy to be critical, but does the concept of the ‘worst possible
case”, ie. phase equilibriumand the inherent unsaturation, really offer any
better alternative? This witer believes that thereis areservoir of nucl ei

intissuew th aspectrumof energies for their activationinto stabl e bubbles
capabl e of growth and, hence, the inception of bubbles is a sonewhat random
process. However, whereas nost areas retain their supersaturation, it only
requires one out of maybe nany mllion nicro regions to ‘dunp’ its gas for
i b bends to occur. Thus the “Thernmodynanmi ¢’ approach consi ders this ‘ worst

possi bl e” case to be the nost relevant. This concept has subsequently been
re-named “Ni | Supersaturation”, and “Zero Supersaturation” by ot her workers.

Thecriterionfor optimsationisthereforeone of avoi di ng any supersaturati on
and yet not wastingtinein deconpression, ie. keepingthe onetissuefor |inb
bends just on the point of true saturation. However, if bulk diffusionis
one of the resistances to gas transfer, we nmust apply the phase equilibration
rule to each point and not just to the value of total gas tension averaged
over the whol e tissue. Thus we nust estimate the peak total gas tension and
t hen deconpress by reduci ng pressure until it coincidesw ththis peak (Figure
12). Thus the deconpression continues until the diver has the anobunt of gas
inhis tissue which he could tolerate onthe surface. At this point (usually
around 20-25 feet) he “drops out” and forns the gas phase but to just bel ow
t he pain provoking volunme as defined by equation 3.

Fi gure 12

HOW ANEMONEFI SH SURVI VE SEA ANEMONE NEMATOCYSTS

Doug Wl | i n has reported (Sea Frontiers, 24(1), 1978) recent studi es of this surprising
survival of anemonefish in its chosen habitat. The nucus covering the skin of each
fish contains an inhibitor chem cal that prevents the nematocysts fromdi schargi ng.
The fish acquire this ability after birth, lacking this imunity when first settled
fromthe pl ankton. This takes about an hour, during whichtine it repeatedly brushes
briefly against the tentacles. The anenobne tentacles thensel ves nust obviously
contain a sinmlar chemcal to avoid stinging each other into inpotence.
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Fi gure 12

The Thernodynani ¢ (Equilibriun) concept of deconpression formulation

The net effect is to introduce nmuch deeper stops and redistribute
deconpression tinme towards the deep stages by conparison with conventi ona

neo- Hal dani an approaches - see Figure 13. Thus the Thernodynam ¢ approach
pi oneered the concept of deep stops whi ch have subsequently been introduced
into nost commercial tables by trial and error. At least, it provided a
theoretical basis to justify the enpirical nodifications found necessary in
order to reduce the high bends rate which those cal cul ati on nmet hods were
otherwi seincurring. It al soexplainsthenuchnoreefficient nmethods devi sed
over years of trial and error by Ckinawan pearl divers operating off the
Nort hern coast of Australi a.

O her Synpt ons

So far we have concentrated upon |inb bends on the basis that their total
avoi dance al so avoi ds 99% of ot her synptons. However this is not entirely
true, sowe nowneed to | ook at the predi sposing factors and thentry to avoid
themwi thin the framework al ready outlined for programi ng t he deconpressi on
based on |inb bends.
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Fi gure 13

We cannot be sure of all the predisposing factors but two which seemto be
energi ng are:

1. Avoi d arterial bubbles which can | ead to cerebral and,
possi bly, spinal DCS, and

2. Avoi d excessive tissue gradients of the heavier inert

gases, eg. nitrogen, which tend to give vestibular
probl ens.

The first of these relies upon maintaining the lung as an effective bubble
trap for the nmass of asynptomatic bubbles (and other enboli) which
deconpressi on can produce i n the venous system- largely derived fromfatty
tissues. Qur research on the lung is still at an early stage, but bubble
filtering action seens to be inpaired by:

1. Poi soning of the lung by excessive O, for too long a
period. This inplies conservative use of oxygen for
prevention and treatnent.

2. Contam nants in the breathing mx.

3. Over | oad of the | ungs by bubbl es. Thisinplies avoi ding
deep air diving where | arge anmounts of nitrogen can be
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liberated fromfatty tissues in whichthis gas is nost
sol ubl e.

4. Reconpression. This suggests giving the mninmm
reconpression to a diver with linb bends for fear of
permittingtrappedbubblestoenter thearterial system
and produce a CNS “hit”.

On the last point, there have been several cases of asynptomatic divers
acconpanyi ng a col | eague to pressure who has a li nb bend, only to devel op CNS
synpt ons t hensel ves.

Vest i bul ar probl ens

Vesti bul ar problens can occur wthout deconpression if there are |arge
gradi ents of the heavier gases. The nechani sms whi ch have been proposed
i ncl ude:

1. counterdiffusion supersaturation

2. gas-induced osnosis, and

3. counterperfusion supersaturation

Thefirst isunlikelysincethe mechanismrequiresalipidlayer of appreciable
t hi ckness and there is no such diffusion barrier in the inner ear. However,
whi chever mechani smpredom nates, all arerealities insone tissue and woul d
act inthe sane sense i n produci ng | ocal pressure differentialstoinsult the
vesti bul ar apparatus. According to each, it woul d seem advi sabl e to avoi d
excessi ve gradients of heavy gases by such neans as:

1. Adding a little nitrogen to the diving mxes if the
subject is going to switch to air upon transfer from
the diving bell to the DDC.

2. In going to 500 feet for exanple, conpressing part of
the way, say to 100 feet, onair to force sone nitrogen
into the niddle ear.

3. Slowy venting the bell with air before transferring
the divers to the DDC

Breat hi ng m xture

So far we have only considered the rel ati onship between depth and tinme in
progranmi ng the deconpression - wth deconpression sickness as the sole
constraint. W really need a sinultaneous optinisation of depth vs tine vs
oxygen fraction inwhichthereis afurther constraint contributed by oxygen
poi soni ng.

However this requires the limts for oxygen poisoning to be expressed
quantitatively - not just for a constant inspired PSDO5(Op) as quoted in the
USN manual , but for a conpl ex oxygen hi story so comon i n di ving. Two net hods
have been proposed:
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1. That based upon the total UPTDs (unit of pul nonary toxicity dose) based
upon changes in vital capacity of the lung. This gives sone “handle”
on t he maxi mnum oxygen whi ch the lung can tol erate over | ong periods but
is rather restrictive in optimsing sinceit cannot allowfor the known
regression of the insult upon return to a sub-toxic mXx.

2. Acumul ative oxygen toxicity index (COTi) aimed primarily at predicting
t he onset of neurol ogi c synptons of Oy poi soning for which there are no
reliable warning signals until it is too late to prevent. This index
i s based upon the principle of superposition (Figure 14) which seens to
hold to within £ 10%in animal s and nen.

The second approach al |l ows for regressi on of the oxygen i nsult upon reversion
to a non-toxic breathing m xture and has been used for a simnultaneous
optimisation of depth vs tinme vs breathing mixture whichis not sodifficult
to inplement if a conputer is avail able.
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Sinple arithnetic basis for the Cunul ati ve Oxygen Toxicity | ndex
- fromHIlls (1976).
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