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EDITORIAL

Until recently everyone (nearly) thought that everything
that needed to be known was known about decompression
sickness (DCS). It was believed that it was theinevitable
result of the sudden producti on of bubblesthe moment one
transgressed the dive profile laid down in thetables. The
smart people were able to dive longer and deeper and
ascend morerapidly, it wasthought, if they chosea more
generous table. All this was possible due to a mystery
property of the body to “ supersaturate” , one of the most
mi schievoustermsto enter politemedical discussionsince
the four humours fell into disrepute. The discovery that
most divesusing compr essed br eathing gaseswer efol lowed
by bubbling discernibleby Doppler hasgraduallyledtoan
under standing that thereisan element of Russian Roul ette
in whether one does, or does not, suffer clinical
decompression sicknessfollowingadivenear totheprofiles
suggested inthetables. Classical scholars may chooseto
believe that Nemesis is back at work as a kind of Diving
Supervisor. Itislikely that the divers at Townsville who
suffered Typell DCSfeel that they did little different from
those who suffered no ill effects. Comment must be
reserved on this matter until more is known, however.
Certainly only anignorant, or foolhardy, person nowfails
toaddintotheir divetablecal culationsagenerousel ement
of leeway in stating the depth and time of their dive, if only
because the Authorities are becoming less amused at
having to provide treatment and more open about the
imperfect results of such therapy.

It is obvious that the subject is much more complicated
than was originally thought, so Brian Hills' review of
Decompression Physiology is both timely and welcome.
Hedeal swiththequestion of siteof thelesionswhichresult
insymptomsaswell asthecritical changes. Atleastweare
still left with thebubblesasprimary villains! Almost asan
aside hedirectsour attention to the lucky chance that our
lungs can survive the task of acting as bubble filters
(usually), asotherwisewewould belimitedtotheshallows.
Thecorollary, that the presence of a patent foramen ovale
(nottoorare, apparently) or acirculationwhich by-passes
the lungs (as in the foetus), enables bubbles to reach the
brain, has considerable clinical significance. It is a

readily acceptable and unforgiving consideration to be
faced by the pregnant diver, in particular during the
earliest weekswhen the CNS limbs, and other organsare
being differentiated.

Thefirst of the papers given at the* PENGUIN" meeting
to reach print is that given by John Pennefather. It is
highly instructive to read of the events behind the smooth
reports which are later published. There is a serious
message within the humorous coating, that many “ facts”

taken on trust as basis for research may themselves be
suspect andill based. Theunwritten assumptionsincluded
the belief that food intake would be the same however it
was cooked and presented. The unintended(?) effect of
introducing a new element, the observers, had at least a
short termeffect on the catering, and the intake of food by
the participants. It also shows that with persistence and
sufficient care satisfactory results can be obtained by
motivated experimenters.

Overseas news includes an update on the training of
disabled divers, whileinformation from Norway reminds
usof theseveral other routestoimprove safety, inaddition
to strictly diving factors, which are being explored. The
spin-offs from the North Sea Oil Industry’'s difficult
environmental problems continues. Near at hand, in
Fremantle, therehasbeen a coursetotrain Diver Medics.
This, coupled with the intention to train diversto “ North
Sea Employability Sandards’ in Australia, will beagreat
advantage to those seeking to make a living (the word is
meaningful) intheseasdistant fromAustralia. Thegrowing
acceptanceoftheval ueof diver medicstoprovideimmediate
informed assistance to diving casualties has followed
years of frustrating effort by the Commercial Diving
Center which is now the College of Oceaneering, in the
USA, and others. It is hoped to publish a report on the
evolution of acceptance of the cash value of such training
and the setting up of the National Association of Diver
Medical Technicians at a later date.



SPUMS SCIENTIFIC MEETING

1983

Professor Brian Hills, the guest speaker for the 1983
Scientific meeting, has kindly provided this paper, the
manuscript of a chapter in the now abandoned Volume ||
of hisbook* Decompression Sickness” , which coversmost
of thetopicshediscussedinFiji. “ Decompression Sckness
Volume|” was published by John Wiley and Sonsin 1977
and isan excellent discussion of decompression sickness,
the theories of its causation and its treatment. Professor
Hillsnowworksat the Department of Anesthesiology, The
University of Texas Health Science Center at Houston.

Professor Hills also presented a paper on Surfactant,

whichis his current major interest, in Fiji. Itishopedto
publish thisin a future issue.

DECOMPRESSION PHY SIOLOGY

Brian Hills

Physiological changesduring decompressioncanbedivided
into those associated with bubble formation and those
directly attributable to the changes in alveolar partia
pressures of the various gases which decompression must
entail. Reversal of nitrogen narcosis for air diving or
oxygen toxicity are described in standard texts of those
diseases, while the manner in which these can influence
the formulation of decompressmn is outlined in
Decompression Sickness Volume 11 (Chapter 8). This
paper isdirected towardsthe physical formsand locations
for gas separated from solution by decompression and the
physiological modes by which each form can then insult
the body.

THE GENERAL ISSUES

Perhaps the most difficult task in pursuing the
pathophysiol ogy of decompressionsicknessintheliterature
isthat of identifying the established facts and separating
them from the numerous controversies and assumptions.
Before entering into specific issues such as whether
diffusion or blood perfusion limits the rate of uptake of
inert gases, therearemoregeneral questionstobeaddressed.
These include:

1. Istherejust one mode of insult or many?

2. If morethanone, dothemechanismsfollow sequentially
or proceed independently?

3. Are bubbles realy the underlying cause or just ared
herring?

4. What are the mechanisms for the various categories?

5. If current decompression tables and other means of
preventing decompression sickness do not achieve
their avowed intention of avoiding bubble formation,
then what do they do? Do they achievetheir goal, but
only in the tissue(s) which can provoke symptoms?

6. What is really occurring at the tissue level during
treatment?

Oneinsult mode or many?

Thewidediversity of symptomsresultingfrominadequate
decompression might be construed asindicating that there
isasinglemodeof insult which occursat suchabasiclevel
of physiological function that it can become manifest
clinically in amost diverse manner. Thisis, perhaps, the
sentiment underlying thestatementsoften overheard, more
oftenin Aviation Medicine, in that asubject starting with
alimb “bend” can then “develop” into a neurologic case.
It isindeed very common for neurologic symptomsto be
preceded by limb pain but this does not necessarily mean
that each reflects a different stage in the same underlying
mechanism.

Considering the wide diversity of the list, the symptoms
can be slotted particularly neatly into six categories
consistent withadifferent physiol ogical mediation of each
insult (Fig. I). The best exampleisthe Meniére group of
symptoms in Category |V whose occurrence as an end-
organ injury immediately implies dysfunction of the
vestibular apparatus. The classification adoptedin Fig. 1
is an extension of the Medical Research Council (MRC)
system of dividing cases into essentially local
manifestations(Typel) and thosewith obviousneurologic
involvement (Typell) inwhich, as Griffiths? aptly states,
the subject really “feels and appearsto beill”. With such
relatively well defined categories, it would beshort-sighted
justtolook for onemechani smfor decompressionsickness.
Rather, there could be as many as six mechanisms or, at
least, for there to be that many combinations of insultsand
target organs.

Sequential or simultaneous?

The concept that each mechanism can be triggered and
proceed independently of the others is consistent with
someahility to select the presenting symptom by changing
conditions. Examplesinclude:

1. A short deep “bounce” dive upon air ismore likely to
produce a CNS “hit” than alonger shallower dive for
thesameoverall incidence of decompression sickness.

2. It iswell known in commercial diving that a switch
from helium to nitrogen astheinert gas breathed, such
asoftenoccursintransferringadiver fromadiving bell
toadeck decompression chamber, can often precipitate
vestibular (Category 1V) symptoms (See
Decompression Sickness Volume I)

3. Spinal symptoms (I11) occur more often than cerebral
(1) indivers, about 3:1 asHallenbeck, etal.3 point out,
and yet the reverse is true for aerial decompression
sickness.

4. The percentage of spinal symptomsis much lower in
heliox diving than air diving.

5. In experimental animals undergoing the same
decompression fromthe sameexposure, alimb*“bend”
or neurologic “hit” can be selected as the presenting
symptoms by the extent of the upward excursion
interposed between the exposure and the same
decompression, S the model adopted by Hallenbeck et
a3 to ensure spinal injury in their dogs.

Many more examples can be cited of means by which the
symptom category can be influenced by the conditions



CATEGORIES OF DECOMPRESSION SICKNESS

CATEGORIES OF DECOMPRESSION SICKNESS

|' THE BENDS’

Il CEREBRAL

LIMB “BENDS"

LOCALISED
PAIN
{largely around joints)

SKIN “BENDS”

Rash
Urticaria (wheal)
Pruritus (itching)

1] SPINAL

Unconsciousness
Aphasia

Visual disturbances
Convulisions
Headache

Collapse
Paresthesia

Numbness
Muscular weakness

|V VESTIBULAR

VESTIBULAR ""BENDS"

PARALYSIS
Abdominal pain
as per cerebral

V ‘THE CHOKES’

Vertigo

“The staggers’’
Nausea
Vomiting
Nystagmus
Incoordination

cough & irritation

COCHLEAR

Partial deafness
Tinnitus
{ringing in the ear)

VI DYSBARIC OSTEONECROSIS

FIGURE 1

The numerous symptoms of decompression sickness arranged in categories of_ similar physi o_I ogical mediation of the
underlying insult and, hence, indicating as many mechanisms as categories.



prevailing during decompression. Thus it would appear
that several insult processesaretriggered by decompression
and probably develop simultaneously and independently.
The presenting category, if any, would then be determined
by therelativekineticsof thevariousmechanismsand how
prevailing conditions might tend to emphasize one over
the others.

While emphasizing the point that different insult
mechanisms can proceed simultaneously and
independently, not all may do so. A particular example
would occur where the production of large numbers of
venous bubbles by decompression would produce the
“chokes’ when they were filtered by the lung. Thereis
little doubt that these Category V symptomsare caused by
massive pulmonary gas embolism.® In such quantity, the
gasismorelikely to overload thefiltration capability of the
lung”®permitting arterial bubblesto embolisevital organs
and produce the cerebral (Category 11) symptoms or other
neurologic forms of decompression sickness which
commonly follow onset of “thechokes’, acategory which,
understandably, seldom occurs alone.®

The above examples belabour the simple point that we
should not belooking for just one mechanism by which to
explain decompression sicknessor to design measuresfor
its prevention.

Are bubbles a red herring?

If there are different mechanisms for eliciting different
symptoms, it could be further asked whether all of these
need to beinitiated by bubble formation, or separation of
gasfrom solution in whatever other shapeit may prefer to
assume.

There has been the occasional implication that bubble
formation may not be a necessary step in the aetiology of
decompression sickness. One of thefirst was based upon
theaggl utination of red cellsdemonstratedin decompressed
animals by End,* also noted by Wells et al.* who have
emphasized increased blood viscosity asapossible source
of tissue ischaemia leading to pain. However, Walder'?
makes the very pertinent point that blood “sudging’
occursinmany other clinical situationswithout provoking
bends-like symptoms.

Another no-bubbl e hypothesis was proposed for dysbaric
osteonecrosis only*® on the basis that bones are good
osmometersfor dissolved nitrogen; whilethemineralisation
process is particularly sensitive to the fluid shifts which
might therefore be induced by gases. This approach had
theprimary advantagethat it could explaintheparticularly
long induction time of thefirst radiographic evidence of a
bone lesion.’* However, if gas-induced osmosis were the
true mechanism, then one would expect aseptic
osteonecrosisto beinduced without decompression by the
more potent osmotic gases such as nitrous oxide, but there
is no record of any correlation between bone lesions and
gaseous anaesthesia.

The primary event

The major evidence in favour of gas separation as the
primary event in decompression sickness is that no other
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process has so far been conceived which could be so
dependent upontheparti cular combination of two dominant
featuresfor itsincidenceandintensity, thesyndromebeing
more likely to occur with

1. agreater decompression, and

2. a greater inert gas content of tissue prior to that
decompression.

Other primary events could be conceived which are
dependant upon one or other of the abovefactors, eg. gas-
induced osmosisuponinert gasconcentration, but none of
theseare so uniquely dependently uponthecombinationas
the separation of the gasphasefrom solution, thevital first
step to bubble formation.

In finding evidence to support the two principal features
listed above, it istempting to study very deep dives or the
latest record for time or depth. From a decompression
standpoint, however, thiscanbemisleading sincethereare
so many factors influencing the outcome of a long
decompressionthat thebasictrendscan easily beobscured.
For elucidating basic relationships, it is easier to consider
a ssimple ‘bounce’ dive where the subject is returned
directly to the surface, ie. with no-stop decompression as
depicted in Fig. 2.

Absolute
Pressure - P

R

(o

I T l

Time(t)
FIGURE 2

A simple exposure followed by no-stop
decompression

Decompression per se

The evidence for decompression per sg, ie. that greater
decompression potentiates decompression sickness, is
overwhelming with data from diving, tunnel work and
aviation. This also applies to each category of
decompression sickness with the possible exception of
Category VI, dysbaric osteonecrosis. This possible
exclusion is based upon the argument that for every
decompression, thereisalso acompression and we should
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therefore be sure to eliminate compression per se as an
aetiological factor. Thisiseasily donefor categories| to
V, since each can be induced at altitude, ie. after
decompression only. However, bone lesions are not
observed in aviators,*® not even in those seriously
incapacitated by other categories of decompression
sickness. Thusthe absence of Category VI from altitude
DCS could be related to the fact that decompression
precedes compression in this mode, but is more likely a
consequence of the lower absolute pressures involved.

Inert gas content

Any factor which increases the inert gas content of the
body prior to decompression increases the incidence of
decompressionsickness. Referringtothesimpleexposure
depicted in Fig. 2, these include:

1. Deeper exposure (P, in Fig. 2).
2. Longer time at depth.

3. Substitution of a more soluble for aless soluble inert
gas at agiven depth, eg. Hefi H,.*®

4. Substitution of inert gas for oxygen at afixed depth.t”

5. Increasing transport of inert gas to the tissue by
selectively raisingtemperature,*® sel ectively exercising
that limb at pressure'®and effecting other less obvious
physiological changes designed to increase perfusion
of the critical tissue by blood.

Recompression

Further totheaboveevidence, it cana sobeargued that gas
separation must be the primary event in mechanisms
where the phase gas also constitutes the critical insult,
whether it needs to reach its critical state for clinical
awarenessby growinginvolume, coalescing or undergoing
any other transformation. Since the vast majority of
symptomsareresolved or amelioratedwithrecompression,
it is very difficult to argue that the insulting entity is not
compressible and, hence, not in the gas phase. Thus gas
separationisagainoverwhel mingly indicated astheprimary
event. Moreover thisappliestoall categoriesof symptoms
sinceall arerelieved by recompression, albeitwithdifferent
successrates. Theonly possibleexceptionisagaindysbaric
osteonecrosisinwhichthereisnoway of knowingwhether
recompression ever treated a potential bone lesion.

To summarise the above discussion, there is very little
doubt that bubble formation is the primary event in all
categories of decompression sickness with a remote
possihility that dysbaric osteonecrosismay beanexception.

Primary event to critical insult

Thereader mightwell ask why itisnecessary todifferentiate
between the primary event astheinitiating processand the
mode of insult preci pitating each category of symptom. In
the past it has been argued by the mathematically inclined
designersof divingtablesthatif youcanavoidgasformation
in thefirst place, ie. the primary event, then no harm can
cometothediver anyway. However, thescientificevidence

reviewedin Decompression Sickness, Volumel,tindicates
that bubblesareformed when following many of the safest
schedules and that what determines the occurrence of
symptomsis not their presence but how far each mode of
insult has progressed along its course towards its critical
thresholdfor clinical awarenessor injury. Sincetheextent
of these progressions can be influenced by the overall
decompression procedure, it istherefore most desirableto
know theindividual mechanismfor eachsymptom category;
while it is these progressions, rather than the primary
event, whichtheclinician seekstoreverseby thetreatment
he prescribes.

To return to specifics, we therefore need to address the
question that, if gas phase formation isthe primary event,
what are the modes by which it can then insult the body?

MODES OF INSULT

Gas can separate from solution asbubblesin blood, asgas
in extracellular sites of various tissues or in the natural
potential cavities of the body such asthe peritoneal cavity
or thejoint capsule.

Extravascular gascanformwithin cells, intheinterstitium
or withinthelymphatic system; butit remainsinessentially
the site where it was formed. Intravascular bubbles, by
comparison, have the capability of mobility and therefore
have many opportunities for occluding vessels and
producing either general hypoxia or local ischaemia,
depending upon their location. Potential occlusion sites
include the bifurcating vascular beds of the systemic
arterial and pulmonary arterial systems. Venousocclusion
has al so been postul ated.

There are three basic questions to apply to any site of
separated gas in determining whether it could produce
clinical symptoms of decompression sickness. Theseare:

1. Could the bubbles occlude a vessel to cause tissue
ischaemiaor oedemaand do other diseases producing
other emboli, or otherwiseobstructingthesamevessels,
produce the same symptoms?

2. Isthere any opportunity for degradation of fluids in
contact withthegasand aretheproducts, eg. aggregates
or humoral factors, likely to persist after thebubblehas
dissolved?

3. Isthe bubble in alocation where it can press upon a
nerve ending to provoke pain, upon an axon to disrupt
impul se transmission or upon avessel to occlude flow
and, if so, doesthecomplianceand overall morphol ogy
of thetissueprevent thegasfrom expanding or otherwise
dissipating thelocal pressurewhichit might otherwise
generate to induce these dysfunctions?

These questions can be applied to each of the bubble
locations outlined earlier to produce alist of at least eight
cases warranting closer scrutiny as possible mechanisms
for the six categories of symptoms. There are:

1. Bubbles formed in the natural body cavities, eg. the
joint capsule, causing pain.



2. The products of blood-bubble interaction occluding
vessels or otherwise disrupting function.

3. Occlusion of lymph vessels.

4. A “venous’ bubble occluding the pulmonary arterial
system.

5. Occlusion of the venous system for aparticular tissue.

6. A bubbleinthearterial systemdirectly occluding flow
and so causing tissue ischaemia.

7. Bubbles pressing against a nerve ending to produce
pain.

8. The same autochthonous bubble pressing against an
axon to interfere with transmission.

9. An extravascular bubble pressing against a vessel to
compromise either perfusion of the tissue or blood
supply to a nerve, again compromising transmission.

Pathology

Beforepursuing each of theaboveasapossiblemechanism
for each of thesix categoriesof symptoms(Fig. 1), thenext
logical step might seem to be one of turning to the
pathological evidencetotry toreducethe number of likely
combinations. Three of the most comprehensive
pathological studies are those of Boycott et al.#
Haymaker?? and Rozsahegyi.?® These and others are
discussed in some detail in Decompression Sickness,
Volume I* but, basically, pathological evidence from
autopsy reports or studies of sacrificed animals can be
found to support all nine of the above mechanisms and
possibly more. Theproblemliesinknowingwhat iscause
and what is effect. Thisis aptly described by one of the
most eminent decompression pathologists? who wrote
“from this vast mass of material, nothing really pertinent
to establishing a model or mechanism can be extracted.”
Thismay bean understatement since, totake oneexample,
theabsence of bubblesin skeletal muscle, liver and heart®®
isgood reason to look at other tissuesfor the source of the
problem. However, it does mean that we must rely
primarily upon physiological reasoningtotry toreducethe
fifty-four possible combinations of mechanism and
symptom category. Let ustherefore consider each of the
mechanisms in the above list individually.

Gasin the body cavities

The natural body cavities are only so termed becauseitis
easy to separate the surrounding tissues in forming them.
Thusthey do not resist the formation of this extravascular
gas and are easily pushed aside without creating any
significant pressure with which the enclosed gas can
disrupt function. Infact, inapneumothorax, thegasinthe
pleural cavity is at a negative pressure relative to
atmospheric. Theaboveargument also appliesto thejoint
capsule where gas can easily escape from between the
articular surfaceswithout deforming anerveendinginthe
adjacent tissue as a rigid solid, such as sodium ureate
crystals, can do in the case of gout. Infact, large volumes
of gas can be injected into the synovia cavity without
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producing symptoms;, whilethesameappliestogasformed
by decompression and confirmed radiographicaly,® a
condition more appropriately termed “aeroarthrosis’.

Blood-bubble interaction

Potential infarcting agents which are incompressible and
known to be associated with decompression include fat
emboli#and microthrombi.? The whole subject of blood-
bubbleinteraction becameoneof great interest adecade or
so ago when some thought it held many of the answersto
decompression prablems. Thismay still betruefor chronic
cases but there is one inescapable fact which limits its
relevance. Thisis the relief obtained by recompression
which is effectivein at least 99% of limb bends and 90%
of neurologic cases. It is very difficult to envisage any
mechanismwhereby theapplication of hydrostaticpressure
can restore blood flow to a vessel infarcted with an
incompressible embolus.

When extensive coagulation or other degradation of blood
is seen in pathological studies, eg. in vertebral venous
lakes*2 it must be asked whether the observations are
cause or effect.

Although the products of blood-bubble interaction may
not bethe primary agentsintheaetiol ogy of decompression
sickness, they may haveimportant secondary rolesby way
of the humoral factors released during those interactions.
Oneexampleistherel easeof serotonin?®which cansensitise
nerve endings to other pain-provoking stimuli such as
adjacent bubbles.

Although the products of blood-bubble interaction are
likely to play no more than secondary roles in most
categoriesof decompression sickness, the compressibility
argument doesnot detract fromtheir providingtheprimary
mechanism in dysbaric osteonecrosis, as proposed by
Joneset al.# Thiscategory (V1) ischroniconly, sincethere
isnoway of telling whether recompression ever prevented
apotential bone lesion.

Lymphatic bubbles

Bubbleshavebeen foundin thelymphatics of most organs
in decompressed animals.»%#2 |t iseasy to envisagetheir
occluding the lymph vessels to produce the oedema
occasionally seen in decompression sickness and the
“orangepeel” appearanceof theskindistal totheocclusion.

Venous bubbles

Venousbubblesareoften producedinlargenumber during
decompression and usually remain asymptomatic. In
decompressed animals they are seen mostly in the veins
drainingthefatty tissuesinwhichnitrogenissix-fold more
soluble than in water. The question concerning whether
thebubblesform denovowithinthevessel sof thosetissues
or enter them pre-formed by ruptureof theendothelial wall
isanissueof largely academicinterest, but thefact that, in
either case, they are primarily derived from the large
amount of nitrogen dissolving in adipose tissue must be
borneinmindwheninterpretingthesignal sfromprecordial
Doppler monitors.
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In sacrificed animals it is tempting to speculate that the
bubbles observed in the veins, or the products of blood-
bubble degradation often seen adjacent to them, are
responsible for any stasis observed. However, it must be
asked whether these are effect rather than cause, since
bubbleswould remain in veinswithout flow whatever the
cause of stasis, ie. they will reach systemic veins anyway
but cannot be washed away without flow. Moreover, itis
difficult to conceive bubbles occluding a flow system
continuously converging into vessels of ever-increasing
diameter. One exception to this confluence of blood flow
isthevertebral venouslakes often implicated asthe cause
of spinal symptoms(Category I11).2 However itisdifficult
to envisage all of the many outlets to these lakes being
occluded simultaneously, especially when they are not
constricted by thevalvescommontoveinselsewhereinthe
body.

Venous bubble detection in humans is particularly easy
utilising ultrasonic probes which exploit the Doppler
principle,®® sinceitisnon-invasive and the simple audio
output can beinterpreted withlittletraining. Whenusedin
the precordial position, ie. looking down the pulmonary
artery, there is the particular advantage that one is then
scanning total venous return and, moreover, isdoing so at
the highest vel ocity of venous blood at which bubbles are
more easily detected.®? There have been many attemptsto
correlate Doppler signals with overt symptoms of
decompression sickness with varying degrees of success.
It is probably fair to summarise that data by concluding
that the correlation is good for simple no-stop
decompressions but very poor following along, complex
stage-decompression.  This could reflect the fact that
venous bubbles are derived largely from fatty dep6ts
whereas an agueoustissueismorelikely to beresponsible
for thecommon formsof decompression sickness, ie. limb
bends, with one becoming a poorer analogue for the other
as the dive proceeds.

Pulmonary arterial bubbles

In tunnel workers, Nashimoto and Gotoh® have found a
good correlation between “the chokes” and large numbers
of venous bubbles as indicated by pre-cordia Doppler
monitoring. Thisis consistent with the widely held view
that these Category V symptomsaretheresult of extensive
pulmonary air embolism.® This aetiology has been
challenged by Ferris and Engel® on the basis that air
accidentally introduced into the venous system does not
eicit the same response, but such gas is more likely to
resembl eabol usthan themany microbubblesproduced by
decompression. It can then be argued that many smaller
emboli could stimulate Jreceptors in the respiratory
exchangeregion of thelung morethanabol usby producing
more local oedema or releasing a humoral factor as an
intermediatestep. Microbubblescan penetratefurther into
the pulmonary vascular bed by virtue of their size and,
presumably, closer to the J-receptors. A good description
of thesereceptorsand the reflexeswhich can beinvoked to
elicit alaryngospasm are given by Paintal .*

Systemic arterial bubbles

There have been many pathological studies of arterial air
embolism and a few in which the vessels have been

observedfollowingabolusinjection,*but thereal question
concerns bubbles of the sizes produced during
decompression.

These have been measured in the venous blood of live
decompressed dogs as ranging from 29-700 pm in
diameter®” with a median size in the region of 60 pum.
When individual bubbles have been observed® in the
middle cerebral artery of a guinea pig through a cranial
window, they tend to reduce flow. They can be seen to
proceed through bifurcations into arteries of smaller
diameter until they reach those of comparable diameter.
Thereisthen afairly sudden dilation of the arterial system
distal to the bubble, diameters sometimesincreasing two-
fold. The bubble then proceeds until it is again of
comparable diameter to the vessal when it now deforms
and proceeds much more slowly. It may pass one more
bifurcation, never splitting up, and thenlodges at the next.
The leading edge is rounded while the trailing edge is
flatter and pulsatile. The bubble may remain for severa
minutes and then proceed to the next bifurcation where it
will stop. Whengasformssuchacolumnfollowingabolus
injection, it proceedssimilarly, but givestheimpression of
not penetrating the vascular bed as deeply. This may be
due to the absence of the trailing edge as a forward-
propelling surfaceforce. In other words, thetrailing edge
is now removed to such a large vessel (r£#) that the
forward surface thrust (DP) as estimated by the Laplace
equation (DP = 2g/r) isnhow very small. gisthe surface
tension.

Whenmoremicrobubblesenter thecerebral arteriesbefore
the first has lodged, the first gives the appearance of
slowing more than usual and letting the others catch up.
When adjacent to each other, they then coalesce to form
“dugs’ of gaswith alength about 1.5 times the diameter
of thevessel whichthey slightly distend. Theseslugsthen
close upon each other until a thin liquid film separates
them. If the bubblesare oxygen or theanimal isventilated
uponoxygenduring thisphaseof embolisation, theprocess
can be reversed and fluid starts to enlarge the separating
films as the slugs decrease in size until they finally move
on. Otherwise, if left, the slugs will suddenly ‘pop’
together as though a shock wave had passed down the
vessel. Thetimefor thisto occur isvery variable but is of
the order of 20 minutes from the initial slug formation.
About this time, the venous blood can be seen to be
noticeably more blue. Columns of gas do not reverse
themselves and it requires a drastic procedure such as
recompression to do so.

In terms of death or survival, the brain is slightly more
tolerant to gas as microbubbles than as a bolus,* and can
certainly tolerate more gas when administered at slower
rates.” It still does not give us much of a handle on the
awesome question of the rate at which the brain can
disperse microbubbles asymptomatically or whether they
have any chronic effects, ie. are there really “bubble
heads’ assomeoffshorecommunitiessomewhat callously
refer to the divers.

The only hard figures readily available refer to bolus
injection of gasinto thearterial system of dogs. 0.5ml/Kg
of airinjected intoadog’ spulmonary veinscause death®4°
or 0.25ml/Kginthecommon carotid artery.* Ontheother



hand, 0.025 ml injected into the coronary circulation can
cause myocardia ischaemia while 0.05 ml/Kg causes
death.*

Thereislittledoubt fromautopsy findingson patientswith
air embolism or baboons with experimental air
embolism*344 that the insult is ischaemic. Where there
hasbeenknown arterial embolisation, eg. from pulmonary
barotrauma following submarine escape,* the symptoms
are the same as those listed for cerebral decompression
sickness, seeFig. 1. Hencethereislittledoubt that arterial
bubbles are responsible for Category Il decompression
sickness. Whether they are also responsible for other
categoriesisquite another matter which isdiscussed | ater.

Role of the lung

Thelow tolerance of the body to arterial gasindicated by
theabovefiguresisin sharp contrast to thelargetolerance
of thevenous systemto air where dogs have survived after
infusion of alitre.#” Thisimplies that the lung is a very
efficient filter for the gas phase in all forms and direct
experimental work upon dogs using both boluses and
calibrated microbubbles has confirmed this® If the lungs
werenot such asuperb bubbletrap, diving would probably
beimpossible.

This raises several unique situations, the first concerning
anyone with a patent foramen ovals where accidental
venous embolisation has been known to cause the patient
to become comatose immediately. A somewhat similar
situation would occur in the woman diving during
pregnancy when the foetal brain would not be protected
fromvenousbubblesinthemanner afforded by thefiltering
capability of the lungsin adults.

For the purpose of designing preventive methods for
decompression sickness, it therefore becomes very
important to determine what factors are likely to
compromise this superb capability of the lung to filter or
otherwisetrap bubblesin venousblood. Thefirst reaction
isto look for any agents which might cause vasodilation,
remembering that many drugs have the opposite effect
upon the pulmonary vasculature to that observed in
peripheral tissues. Thusit is most interesting to find that,
whenadministeredinclinical doses, aminophyllineallows
gas to escape into the arterial system.?2 This implies a
possiblewarningtotheuseof suchdrugsasabronchodilator
for acase of “chokes’, known pulmonary gas embolism.
The situation iscomplicated, however, by the observation
that aminophylline does not compromise the filtering
capability of the lung if administered post-embolisation,
ie.itdoesnot seemtorel easethosebubbl esalready trapped
but just those continuing to enter the pulmonary artery.

Another factor which allows gas to escape entrapment is
overloading the lungs with air’® when there is a delay of
10-30 minutes in the appearance of systemic arterial
bubbles, adelay which does not seem dependent upon the
sizeof theinfused bubbles. Infact, contrary toexpectations,
size of the venous bubble does not seem to be the primary
factor determining whether or not it will betrapped. From
this observation, the time delay and the rough indication
fromDoppler pulseheights, thereistheimpressionthat the
size of arterial bubbles escaping entrapment bear little
relationship, if any, to the size of bubble entering thelung.
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It is amost as though gas coalesced in the pulmonary
vasculature, as observed and described above for the
cerebral circulation, and wasthen | ater re-injected into the
arterial system if the insult to the lung were enough. The
overload mechanism can be attributed to occlusion of a
vessel depriving the wall of blood-borne nutrients or the
ability to lose released humoral factors which would then
cause vascular smooth muscle to relax, either directly or
indirectly. Indeed air embolism is used in many animal
preparations as ameans of inducing permeability oedema
of thelung. Therecouldalsobeasympatheticor, possibly,
parasympathetic response to embolisation.

Another insult which can compromisethe capability of the
lung tofilter bubblesispulmonary oxygen toxicity.*® The
effect is quite variable and the critical insult has not been
characterised in terms of a number of UPTDsS® or a
threshold value for the COTi.®® However, it poses an
aggravating complicationtothetreatment of decompression
sickness in divers who have aready received a large
exposure to oxygen before symptoms appeared. It is no
good to treat a limb bend with even more oxygen if any
resulting toxicity issimply going to allow venous bubbles
to reach the arterial system with the risk of Category Il
symptoms.

There may be many other factors which can effect
pulmonary vascular tone and, hence, the capability of the
lungsto trap bubbles, but thisfield of investigation isjust
starting to attract attention. There may also be factors
tending to release bubbles already trapped and one is
recompression.

Bubblesin peripheral arteries

In an earlier section we discussed how bubbles in blood
flowing to the brain afforded a very good explanation for
cerebral (Category I1) symptoms. The next question is
whether bubbles in the arteries leading to other organs
could explainother categories, eg. limb*“bends’ (Category
1) or whether such symptoms are central anyway.

To address the last question first, there is good reason to
believe that limb bends are derived from an essentially
local insult since:

1. Thepain can be ameliorated by local anaesthetics, eg.
novalgin.®

2. Theapplication of local pressurecan usually reversea
mild limb bend, eg. by applying asphygmomanometer
cuff to the site of pain®*% or immersing the joint in
mercury.

Thesekey pointsand othersleavelittledoubt that Category
1 symptoms stem from an essentially local insult but this
leads to the next question, whether the symptoms of limb
bends could be caused by arterial bubbles. Sincetheeraof
Paul Bert, it has been generally assumed that bubbles
occludearteriesto causeischaemic pain. Thismechanism,
however, has encountered increasing criticism for the
following reasons:

1. Theargumentthat if recompressiontherapyistorelieve
limb bends, it must disl odgethe occluding bubblesand
probably flush them out into the venous system as
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observedin other organs.®* However, if thesubjectis
returned to the symptom-provoking pressure within a
few minutes, the “bends’ return to exactly the same
sites with virtually the same intensity.® It is far too
much of acoincidenceto suppose that another bubble,
or set of them, would lodge in precisely the same site
a second time. It is much better explained by extra-
vascular gas which cannot move but only change
volume in the same site.

2. The pain of ischaemia is unlike bends pain. Other
diseaseswhich producearterial emboli do not produce
bends-like pain.?2

3. Usingtail-bitinginkangarooratsasamodel tosimulate
limb bendsin men, hypoxiafollowing decompression
was found to protect against “bends’® rather than
potentiate them, which would be expected if the
offending tissue were already deficient in oxygen.

4. Ingoats exposed to amarginally safe partial pressure
of nitrogen, an appreciable increase in the oxygen
partial pressure of the exposure caused extensive
symptoms upon decompression.® Itishard to explain
how an increase in PO, could exacerbate the pain if
oxygen deficiency were causing it. However, while
there were some Category | symptoms, most were
spinal (Category I11).

5. Thefact that venousbubblesareamuch morecommon
occurrence than arterial in al but exceptionally fast
decompressions' andthat such bubbleswouldnormally
be trapped by the lungs, as described above, before
they could become arterial emboli.

Further evidence for the incompatibility of the clinical
symptom with a mechanism based upon bubbles in
peripheral arteries have been discussed by Ferris and
Engel .

Arterial bubblesin other organs

Itiseasy toconceivebubblesoccluding any arterial system
provided they can reach those arteries in the first place.
Themorelikely systemswould bethosewith an end-artery
type of circulation as occursin the inner ear and the eye.
Thiswould appear to offer avery convenient explanation
for Category 1V symptomsuntil oneasksthenow-familiar
question of why such symptoms do not occur much more
frequently in cases of known embolic disease such as
subacute bacterial endocarditis.

By far themost seriousaspect of thisquestion concernsthe
spinal cord, since Category |11 symptomsare currently the
major cause of disablement in divers. Spina cord
decompression sickness, however, is restricted amost
entirely to air diving, particularly in the range of 100-150
feet.* Thepopular explanation hasbeen arterial bubblesas
proposed for decompression sickness in general by Paul
Bert> with specificreferencetothespinal cord by Haldane
and co-workers despite their clear demonstration of many
extravascular bubbles in the white matter.

Despiteitscontinued popularity, arterial embolismwould
now seemanunlikely causeof spinal DCSfor thefollowing
reasons:

1. Uponrecompressionmost casesarerelieved, indicating
that any arterial bubble must have been dislodged but,
uponreturnto thebendspressure, the symptomsreturn
exactly asthey were before. Thusthe same argument
invoked for limb bends can be used in that it would be
a fantastic coincidence for another set of bubbles to
lodge in precisely the same sites and cause the same
symptomswith the samedistribution of dysfunctionas
plotted on a neurologic atlas of the body. Thisisthe
same argument used earlier to discount other forms of
embolism, eg. that of vertebral venous lakes.

2. It hasbeen argued that the brain constitutes 98% of the
spinal cord® and receives 78-85 timesmoreblood flow
than the spinal cord® and should therefore receive
proportionately more arterial emboli. However the
ratio is about 3:1 spinal:cerebral in divers, but not in
aviators. Such reasoning hasled Hallenbeck et al .2 to
discount arterial embolism, pointing out that, in other
disorders producing systemic embolisation, the brain
is the target organ with only 0.4% of cases involving
the spinal cord.®

3. The amost total absence of spina involvement in
heliox diving* makes it very difficult to explain why
systemic nitrogen bubbleswould occlude the cord and
yet helium bubbleswould not do so for diveswhenthe
incidence of other forms of decompression sickness
was comparable.

Theabovepointswould seemtomakearterial embolisation
just asunlikely asother embolic mechanismsfor Category
11 symptoms. Care should also be exercised in reading
standard neurological texts on embolic diseases not to
invoke circular reasoning. The spina cord is sometimes
listed as atarget organ for circulating arterial emboli but,
often, this arises simply because the author has read a
diving paper or two expressing the conventional (arterial)
theory of spinal cord decompression sickness.

THE AUTOCHTHONOUS BUBBLE AND ENCASED GAS

The concept of the autochthonous bubble, forming de
novo inthetissues, wasprobably first invoked by Haldane
and co-workersto describe abubble pressing onto anerve
or nerve ending, although the same authors still attributed
decompression sicknesstoarterial bubbles. Theoretically,
the extravascular gas bubble has the great advantage that
it can explain the finding that symptoms, especially
Categories| and 111, can berelieved by recompression yet
return in the same site upon return of the patient to the
original symptom-provoking pressure. Thus it is most
important to pursue all the ramifications of the remaining
three possible insults, viz. those involving extravascular
gas pressing upon a nerve ending, upon a nerve axon or
upon avessel.

Extravascular bubble pressing upon a nerve ending

The question of whether an extravascular bubbleis going
to elicit pain depends upon two factors: whether thereare
nerve endings which can give rise to “bends’ pain and
whether the gas in the bubble can generate the pressure
needed to bend or otherwisedistort that nerveendingtoits
pain threshold without being dissipated.



Most of these questions are answered by avery ssimpleyet
most fundamental experiment conducted by Inman and
Saunders.®? They inserted fine hypodermic needles into
various tissues of Air Force cadets and found that, when
they injected Ringers solution into many of the tight
connective tissues, they could induce a pain virtualy
indistinguishable from “bends’. This was particularly
apparent for tendon. They found that the effect was
reversible and that the pain threshold was determined by
the pressure with which the Ringers sol ution wasinjected,
the critical differential remaining the same for the same
subject but varying between individuals within the range
of 11-26 mmHg.

If a bubble can exert the same local pressure, then this
offersaparticularly attractive hypothesis for [imb bends,
sinceit canexplainthetitration of painwithdecompression
and its almost instantaneous reversibility with
recompression. Many connective tissues are well
innervated, particularly tendon in which other insults to
the nerve endings produce a pain the description of which
by Stilwell®® virtually paraphrases the description of limb
‘bends’ given by diving physicians.

The next question concerns whether the gas separating
from solution in atendon would dissipate before it could
reach a pressure of 11-26 mmHg in excess of tissue
pressure. Obviously abubbleformed inavery compliant
tissuewould simply push thetissueasiderather than allow
its formation to generate any excess pressure. It would
therefore seem particularly meaningful that Inman and
Saundersfoundtheir pain-pressurethresholdinthe” tight”
connective tissues. Moreover, simple cal cul ations based
uponthe complianceof thesetissuesand thevolumeof gas
which could form in adiver with aminimum bends depth
of 33 fsw on air provides quantitative confirmation of the
15 mmHg pain threshold.®

There are other factorsin favour of extravascular bubbles
in tendon as the cause of Category | symptoms, these
including the effects of exercise and thelocation of bends
pain as arising around the joints but not within the joint
capsule itself. Regarding exercise, Behnke'® quotes 25
minutesasthe safeworkingtimeat 100 feet to befollowed
by no-stop decompression by comparison with 35 minutes
for the same subject at rest. These values are much too
close to reflect the 20 to 40-fold change in blood flow in
muscle, but could well reflect the changein tendon. Thus
an extravascular bubble pressing upon anerveendingina
tight connective tissue offers a simple mechanism for
Category | decompression sicknessfor which therewould
seemtobenoadverseevidence. Bubblesarecertainly seen
in these tissues upon decompression, either directly in
living animals® or as reveaed by X-raysin humans.!

Extravascular bubbles pressing upon an axon

The spinal cord is another organ in which many
extravascular bubblescanbeseenfollowingdecompression
from an air dive, particularly in the white matter and in
those sectionswherethewhite/grey ratioishighest.?? This
probably reflectsthe much higher solubility of nitrogenin
lipid, althoughthereissomequestionwhether thesolubility
in white matter is the same as in depbt fat. It can also
explain why Category |11 symptoms are so much more
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commondivingonair thanon heliox and why neurological
examinationstend to reveal apreponderance of lesions at
T4 and L1. The preponderance of motor dysfunctionsis
also consistent with the greater myelination of nervesin
the motor tract of the spinal columns, again reflecting the
greater volume of gas separated from solution in those
areas with a higher lipid content.

Whileall of these correlations may strongly implicate the
numerous extravascular bubbles seen in the cord, and
especially withinmyelin where Haymaker? remarksupon
thepropensity of bubblesas*fenestration”, thereisstill the
guestion of whether so much gas can actually press upon
the axon with enough force to interfere with impulse
transmission. This requires a close look at the complex
anatomy of the spinal cord from which it can be seen that
there are various mechanical barriersto gas expansion all
acting inmutual support of each other, rather likean onion
with many skins.

In order to determine whether transmission could be
impaired by abubbleformed in the myelin adjacent to the
axon or by gasformed outside the myelin sheath, we need
toestimatethelocal distorting pressureand, hence, address
the following questions:

1. Takingtheouter shell first, we must ask by how much
CSF pressure can rise during decompression.

2. Can extracellular gas dissipate and so reduce its local
pressure by tracking along the cord between nerve
fibres?

3. By how much canthe piaand other membranesexpand
to accommaodate the volume increase?

4. Can gasformed within the myelin sheath track along
theaxontodissipateitslocal pressureandhow compliant
is the myelin sheath in resisting its expansion?

Mechanics of the spinal cord

Cerebro spinal fluid (CSF) pressure is normally about 11
mmHg®® but can beraised by variousphysiological stimuli
such as elevated PCO,. In both men®"® and goats® with a
lumbar spinal tap thevolume of CSFwasfoundtoincrease
with decompression. If thisfluid had not been allowed to
expand then, presumably, it would have elevated the CSF
pressure. Although lumbar puncture has produced
remarkable relief from decompression sickness in some
cases,® these were cerebral rather than spinal. Moreover
the elevations measured in CSF pressure wereinadequate
to cut off blood flow to the cord. Thus elevation of CSF
pressure can be regarded as a contribution to spinal cord
pressures rather than a potential hazard in itself.

Totakethesecond of theabovequestions, it wasfound that
the ability of gas to track along the cord between nerve
fibres was very variable but, on some occasions, back-
pressureswell in excess of 50 mmHg were found upon air
injection into an open-ended dog cord.™ When the cord
wastied and fluid injected to eliminate capillarity effects
from simple compliance of the adhering cord in situ, the
back-pressure was related to injected volume as shown in
Fig. 3. This is particularly interesting since the back-
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pressure remains effectively zero until cord volume is
increased about 11-19% and then rises very steeply,
presumably when the convolutions of the piaaretaken up
and/or thenon-compliant membranes of thearachnoid and
duraalso start to resist expansion. After an 11-19% cord
expansion the “encased” gas now raises tissue pressure.

The gas_within the myelin sheath has also been studied
recently70 by decompressing excised spinal cords and
then raising and lowering its pressure when the gas itself
must obey Boyle's Law. Any deviation offers a very
simple means of estimating the pressure differential of the
gas adjacent to the axon. Some of these autochthonous
bubbles have estimated pressures up to 50 mmHg which
would seem adequate to explain the occasional unilateral
dysfunction of the cord after decompression. However,
symptoms are usually bilateral and the pathology is more
consistent with ischaemia and a vascular mechanism for
Category |11 symptoms.

Encased gas closing a blood vessdl

Itisquiteconceivablethat asinglebubblecould pressupon
ablood vessel with sufficient force to closeit, but only if
thegashad ahigher pressurethanthe perfusing blood after
thebubble had indented the vessel. However it isdifficult
to envisage this occurring in most tissues since these are
generaly so compliant and, in any case, allow ample
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opportunity for the gasto expand in directions away from
the vessdl.

Themost likely situation for abubbleto compressablood
vessel is where both the vessel and the bubble(s) are
containedwithinanon-compliant structure. Thebubble(s)
would then not need to be adjacent to the vessel but their
formation could act synergistically to cause acumulative
rise in local pressure which could be transmitted to the
vessel wall by both the gas and the extravascular fluid
acting as a hydraulic medium. This concept has been
compared to a waterfall in explaining some aspects of
pulmonary blood flow L whereflow stopsif thesill of the
weir is raised above the upstream level just as perfusion
ceases in the lung when alveolar pressureis raised above
pulmonary arterial.

In bone the rigid walls provide the ideal non-compliant
“casing” from which the many bubblesformed inthefatty
marrow can raise intramedullary pressure and reduce
blood flow pro;;ortionately. This has been confirmed
experimentally. 2 Similar trends have been found upon
decompressiontosimul ated alti tude.”3 Thusl argevolumes
of extravascular nitrogen deposited in fatty marrow have
been implicated asthe cause of dysbaric osteonecrosis,
a conce7pt compatible with the thin walls of bone blood
vessels’® and the remarkably symmetrical distribution of
bonelesions.23 However theocclusion should occur at the
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FIGURE 3

The relationship between the volume of ligated spinal cords of dogs and the internal pressure. Notethe steep risein
pressure as soon as the convolutions are taken up and further volume increase requires deformation of the tough, non-
compliant, encasing membranes such as the dura and arachnoid.



time of decompression and, along with embolic theories
for Category VI symptoms, itisdifficult toexplainthelong
delay of several months’6 in the appearance of thelesion
compared with the appearance of aseptic bone necrosis
only weeks post-fracture.

Another situation where vessels could be compressed by
gas encased by non-compliant mechanical structuresisin
the spinal cord. Upon decompression, the pressurewithin
thevarious membranes, the dura, arachnoid and pia, could
be raised by both the formation of extracellular bubbles
and the distension of the myelin sheath by gas formed
within the myelin. It can be seen from the mechanical
studies illustrated in Fig. 3 that the net effect of the
membranes is to alow distension of the cord to occur
freely until thevolume hasincreased by 7-19%, averaging
12%. Afterthis, the pressurerisessteeply and would reach
the perfusion pressure of the cord, about 30 mmHg, for a
volumeincrease of about 18%. For afatty tissuereaching
steady state before direct returntothe surface, thisvolume
of “encased” gascould beformed by anair diveto 100feet.
This is interesting, since it is just about the shallowest
depthat which spinal “hits” start to becomecommoninair
diving.

Thus the cumulative effect of extravascular gas in
compromising blood flow could offer asimplemechanical
explanation for the termination of motor function at a
particular point in the cord. The system envisaged isthus
a double waterfall where flow would stop when the
extracellular fluid pressure exceeded capillary blood
pressure. This is most likely to occur in the watershed
zonesand provideyet another reasonfor the preponderance
of symptoms arising from T4 and L1.

It isimpossible to assign a particular mechanism to each
category of decompression sickness shown in Fig. 1.
However, it is probably fair to say that although arterial
bubblesarenot theuniversal insult they were oncethought
to be, they are fairly certain to cause cerebral symptoms
(Category 1) whilevenousbubbl esreaching thepulmonary
arterial system are almost certain to produce “the chokes’
(Category V). The autochthonous bubble would seem to
offer the best correlation with the many features of limb
“bends’” (Category 1) while many such bubbles, or
“encased” gas, could be responsible for spinal
decompression sickness (Category 111), athough more
evidence is needed before arterial bubbles are definitely
ruled out for thelatter. Vestibular problems(Category V)
and dysbaric osteonecrosis(Category V1) remainopenand
several of the modes of insult could apply to each,
remembering of course, that there could easily be more
than one mechanism for each category.

PREVENTION

The prevention of decompression sickness is largely
associated with the formulation of diving tablesin which
basic physiology is often obscured by mathematical
complexity. Perhapsthe most surprising fact ishow little
impact that basic research into the physics of bubble
formation and the physiology of diving has had upon the
decompression formats actually used in naval and
commercia diving.

13
Conventional format

Thevast majority of practical diving tablesare based upon
empirical calculation methods which are only loosely
associated with thephysiology of thebody insofar asthe&
are modifications of the original Haldane rational e?
Few of these cal cul ated tables have not undergone further
modificationby puretrial anderror. TheHaldanerationale
and the many calculation methods derived from it are
describedin detail in Decompression SicknessVolumel 1
butit essentially consistsof taking air asthoughitwereone
gas and then assuming that a tissue will take up that air
exponentially. This means that the rate of uptake is
proportional to the driving force (blood-tissue tension
differential), ie. alinear relationship between the rate of
“saturation” and the difference between the ambient air
tension and the saturationval ueasrepresented by thedepth
of the dive. An exponential function is a particularly
convenient oneto adopt sinceit means, in effect, that this
difference, ie. thedeviationfrom* saturation” ,iscontinual ly
halved in the same timeinterval. Thusit takes the same
interval to proceed from 0% to 50% as from 50% to 75%,
asfrom 75%t087.5%" saturation” and soon. Thisinterval
for uptake is appropriately termed the “half-time” of the
tissue and the same equation with the same half-time is
used to calcul ate elimination of air from that tissue during
decompression, such linear systems being particularly
easy to program on computers.

Having calculated the tissue (p) at any instant, the next
reguirement for computing adiving tableisto select some
criterion by which to limit the decompression at that
particular stage. Intheoriginal useof theHal danemethod,
p would be expressed as so many “footsworth of air”. It
wasthenarguedthat noair bubbleswouldformif thetissue
was reduced to an absolute pressure (P) provided the
decompression ratio (p/P) was less than 2. Many years
later this critical value of the ratio was given the symbol
‘M’ with values other than 2 as it was redefined with p
referringtoinert gastensiononly. Providedthis‘M’ value
for thetissuewasnot violated, then it was assumed that the
air remained in supersaturation solution. The samelinear
relationship was used to cal cul ate the history of gasin that
tissueduring decompression ashad been usedtodetermine
uptake.

This might seem a very simple means of calculating a
decompression schedul ebut, unfortunately, nooneequation
has ever proved adequate for computing tables of widely
differingbottomtimes. HenceHal daneinvokedtheconcept
of multipletissues, infact aspectrum of tissuesfromwhich
hearbitrarily pickedfivewithhalftimesof 5, 10, 20, 40and
75 minutes as representing almost equal geometric steps.

Upon diving deeper than 200feet thiscalculationrationale
was found inadequate and since then empiricism has run
riot, with the numbers of hypothetical tissues reaching
several hundred in some computer programmes, each
tissue having an empiricaly determined ‘M’ value, an
empirical half-time or even an ‘M’ value which is an
empirical function of depth.77

In all of these approaches there is amost universal
acceptance of theaxiomthat violation of the* M’ valuecan
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causegastoseparatefromsolution. Conversalyitrepresents
atrigger point for bubbleformationwhich, if not violated,
implies that no gas has formed in that tissue. Thus most
designers of diving tablestake great care never to exceed
any of their empirical ‘M’ valuesin the hope that they are
not forming any gas phases and, therefore, they need not
consider themechani smswhereby thebubblescan provoke
any of theinsultsdiscussed earlier. How niceit would be
if decompression were that simple!

Fundamental assumptions

The development of decompression schedules has
essentialy followed along series of modifications to the
original “Haldane” calculation method necessitated by an
unacceptabl eincidenceof decompressionsickness, usually
found when venturing deeper or for longer than that
rationale had previously been used to compute tables.
With onenotabl eexception,78the changeswerenot based
upon physiological parameters. It isthereforeinteresting
to consider that basic assumptions underly present
commercial tablesand why many of them seemto givean
acceptable bends incidence.

Many questions arise but, on the whole, they can be
reduced in number to include the following:

1. How isgastaken up by tissues?

2. If air cannot be regarded as one gas, how should
allowance be made for the oxygen partial pressure?

3. Can tissue really retain any supersaturation and does
the “trigger point” represent the primary event or the
critical insult or what should replace it?

4. How isgas eliminated from tissue and is elimination
really the mathematical reverse of uptake?

5. What modifications should be made to the tables to
alow for the different categories of symptoms?

Gas uptake

Haldene's original adoption of the exponential function
for describing gas transfer in a single tissue was based
upon the realisation that this is the mathematical format
followed if uptake is limited by blood perfusion. This
means that the accumulation of gasin atissueis limited
entirely by the flow of blood to that tissue and not by its
subsequent diffusion into extravascular tissue.

This assumption is generally accepted in physiol ogy79
and hasonly really been challengedin connection with the
incidence of limb bendsin diverswherethe no-stop limits
for bothair and heliox werefoundtofollow avtrelationship
characteristic of diffusion limitation.”8.80 Thishasledto
much argument in the literature, otherwise known as the
perfusion-diffusion confusion described in detail in
Decompression Sickness Volume | L The controversy is
somewhat academi c but theconflicting evidence produced
can be explained on the basis that blood perfusionisnot a
continuousprocess, especially intendon 1 whichhasbeen
implicated as the tissue responsible for limb bends and,
hence, the tissue having the major influence upon

decompression formulation. Thus, when a bundle of 20-
140 capillariesin atendon are closed with little collateral
flow, gastransfer must be controlled by diffusion and this
would apply particularly to dives of shorter duration and,
hence, the V't relationship for bounce dives.’8

The observation that some tendon capillary bundles may
closefor long periods, asmuch as 2 hours or so, L queries
the basic assumption in all calculations of diving tables
that gas uptake and elimination are continuous processes
eventhoughtheratesmay vary depending uponthedriving
force. Thus one tissue zone may “ saturate” in a series of
curves with sharp breaks representing periods where the
flow was diverted to other capillary bundles.

“ Saturation”

M odificationsof theHal daneapproach havetaken account
of the fact that air cannot be regarded as one gas and that
the inert gas and oxygen must be computed separately.
The kinetics of inert gas uptake are such that the tissue
nitrogentensionwill eventually reachthealveolar nitrogen
partial pressureif thisisnot changed. The question then
arises as to what tension the metabolic gases will reach.

When microprobes are placed in tissuesto try to measure
POo, values can be obtained anywherefrom zeroto arterial
valuesbut most areat venouslevelsor below. Theanalysis
of gas placed in the natural body cavities, eg. in the
peritoneal cavity shows that it is saturated with water
vapour at body temperature, but both oxygen and carbon
dioxide soon attain venous values.®4 Let us consider the
tissue in adiver who has been living in air at 100 feet for
24hours. Wefindthat thenitrogentensionhasequilibrated
with the alveolar N2 partial pressure (2383 mmHg in this
example) andthewhol etissuewasattai ned steady-state. If
wenow add up thetotal gastensionsin thetissue, thetotal
is 2526 mmHg, which is 537 mmHg short of the total of
alveolar partial pressures, see Table 1. By Dalton’s law
thismust equal the absol ute pressure sincethegasesareall
inthegasphaseintheaveolus. Hence, even after reaching
steady-state conditions, there is a deficit of total gas
tension in the tissue due to the metabolic assimilation of

TABLE1

THE INHERENT UNSATURATION FOR STEADY
STATE AT 100 fsw ON AIR

GAS Alveolar Tissue
partial gastensions
pressures (in mmHg)
(in mmHg)
N 2383 2383
O, 593 50
CO, 40 46
H,0 _47 _47
3063 2526
1 1
Absolute Total gas
pressure tensions

INHERENT UNSATURATION
= 3063-2526 = 537 mmHg



oxygen and the production of CO2, a much more soluble
gas. Thisdifferenceorinherent umsaturation of tissuehas
beenmeasured directly intissueandfoundtoincreasewith
inspired oxygen partial pressure, whether thisis effected
by substituting oxygen for nitrogen at a fixed gre&wre or
increasing pressure on a given breathing mix. 3

This means that, whereas the inert gas may equilibrate, a
tissue never comesto true saturation with theenvironment
unlessit isnot metabolising and, therefore, isdead. Thus
thediver withthetypical gastensionsgivenin Table1who
hasreached steady-state coul d decompress by 537 mmHg,
ie.from 100to 77 feet beforereaching saturationinthetrue
physico-chemical sense of that word.

Phases of decompression

Thenext questiontoaskisby how muchthedecompression
could overshoot the 77 foot mark (2526 mmHgin Table1)
before bubbleswill actually form, ie. what isthe degree of
true supersaturation which the tissues can tolerate before
bubblesform? Before addressing this question, however,
weshould bequitesureof what wemean by supersaturation
and how this particular phase fits into the overall
decompression since it has long been my contention that
supersaturation has been unduly emphasized by popular
calculation methods.
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Let us consider the diver at 100 feet on air who returnsto
thesurfacewithout stoppingandthen devel opslimb bends.
Hisbends-provokingtissuemust passthroughthefollowing
three phases (Fig. 4):

I.  Until he reaches 77 feet, this bends-provoking tissue
must remain undersaturated by reason of the inherent
unsaturation discussed above. If he had not attained
steady state at 100 feet before starting his
decompression, then hecould carry on abit further and
ascend by the additional amount by which his tissue
nitrogen had failed to reach the equilibrated value of
2383 mmHg givenin Table 1. If the tissue were 80%
equilibrated, this would amount to an additional 0.2
(2383-570) = 362 mmHg, or 16 feet closer to the
surface.

I1. After reaching 77-16 = 59 feet, any further
decompression would then start to cause true
supersaturation unless he wereto stop and let the inert
gasre-equilibratewithitsnew alveolar partial pressure.
If the diver continues to ascend, then the degree of
supersaturation will increase until, at some critical
level, the solutions “breakdown” and a gas phase
forms, ie. he has “triggered” the primary event. The
growth centres, or nuclei, will form bubblesand, if 1eft
long enough, will takeupall of thegasin supersaturated
solution.

Actual Depth
100- £
Aiveolar nitrogen tension } Inherent unsaturation
e
Lack of nitrogen equilibration{| _ — — —
— / -/ True
Tissue -~ Point of supersaturation { Total gas
] nitrogen , true saturation contributing to
tension - Point of critical insult
DEPTH / gas separation Further
/ insult
/ Symptoms —
/
0—
TIME =

FIGURE 4

A no-stop decompression depicting the factors which can determine the degree of supersaturation and, when exceeded,
how this and further decompression can contribute to the quantity of gas actually eliciting symptoms.



16

[11. The diver would remain asymptomatic if he remained
at the depth at which critical supersaturation broke
down. By decompressing further, however, he now
enlarges the gas phase which, in turn, increases the
insult, by whichever mechanismapplies, until it reaches
its symptom-provoking threshold. It is during this
phase of decompression that the mechanism becomes
important andyet thisisseldom consideredindesigning
thetable.

The above series of stepsis depicted in Fig. 4.
True supersaturation

The physics of suppressed formation of the gas phase has
been deSCI’I bed in much detail in Decompression Sickness
Volumell but thediscussiontendstobecomevery academic
asonepursuesthequestionsof nucl eation or what activates
pre-formed nuclei into macro-nuclel which can then grow
bubbles. Whatever the semantics involved, there does
seem to be some degree of supersaturation needed before
afluid will start growing bubbles. Thedifficulty arisesin
trying to quantify this critical degree of supersaturation
sincethephenomenon seemsfairly randomandthistempts
the investigator into using pure liquids to try to derive
someunderlying theme. Gelatin hasbeen apopular model
for many year but this has no metabolism and
does not reflect the many interfacesin tissue, especially a
lipid-aqueousinterface which is particularly conduciveto
bubble formation.

Thelatter study hasclaimed that nucleationisvery random
and that, whereas about 70-80% of tissue can withstand
substantial supersaturati on,>’ some bubbles can form for
negligible degrees of supersaturation, in fact much less
than predicted by the Haldane ratlo20 or the fixed
differential (p-P)firstadvocated by Hi 1.8 Thecontroverw
essentially degenerates into a show of figures in which
extremely high degreesof supersaturation canbeshownin
perfectly clean pre-pressurised pure liquids while some
bubbles can be observed in animals following very small
decompressions, somebarely exceedingtheinherent
unsaturation. Thus the controversy is transformed more
into one of whether we should consider what the average
tissuezoneisdoing or just the* worst possiblecase” of one
bubble formi %g for a negligible level of true
supersaturation.

Alternating bubbles

The recent results on the tendon8l would question the
relevance of the above issue since gas will accumulatein
non-perfused areas and soon exceed almost any published
criterion for supersaturation. Thus bubbles should form
whoever iscorrect inthisacademicargument. A bubblein
living tendon, either intravascul ar or extravascular, canbe
seen to grow during decompression when the capillary
bundleperfusingitssiteisclosed and then shrink whenthat
area is perfused. Thus one observes a whole range of
bubbl e sizes as some shrink and othersgrow depending on
the momentary distribution of blood flow. Theimportant
criterionthen seemsto beoneof the sequenceof perfusion,
ie. vascular programming, rather than critical
supersaturation. The same phenomenon can be seen on a
much reduced time scaleinthe human hand®3where areas

do not change their boundaries but aternate in colour
between pink andwhite. If onesuchareainadecompressed
tendon missesits turn for perfusion, it can grow a bubble
large enough to elicit pain. This assumes, of course, that
thecritical tissuefor limb bendsistendon, but intermittent
perfusion can offer a simple explanation why even the
most conservative diving tables sometimes produce the
odd limb ‘bend”. It would also provide a mechanism
adding credencetothefeelingsof somedesignersof diving
tables that the perfect bends-free tableis either a myth or
not cost effective. Infactit hasbeenfurther suggested that
it is the presence or otherwise of this phenomenon in a
particular tissue type (eg. tendon, bone and skin) which
determines whether that tissue is subject to insult and
injury by decompression.

Practical diving tables

Inthedesignof most divingtables, theinherent unsaturation
and the growth of theinsult areignored. Ostensibly, the
designer is avoiding the formation of the gas phase
altogether by keeping on the safe side of his “trigger”
points for the various hypothetical “tissues’ he invokes.
This is excellent providing the gas is remaining in true
physical solution. In practice, however, it would appear
that much of the gasis not remaining in solution but is
forming bubblesand proceeding quiteaway fromthepoint
of phaseseparationtowardsthecritical insultfor symptoms
(Fig. 4). Thus even the much used tables of the US Navy
would appear to be treating a gas phase rather than
preventing it.°™ Thismay not beasseriousadeficiency as
it might sound since, according to my best estimates, it
wouldtakeof theorder of four timesthetotal decompression
timefor thecritical tissuesto remain bubble-free. Thus, to
be economically competitive, decompression schedules
probably allow gas to separate from solution but prevent
theinsult from reaching thethreshold for symptoms. This
means, however, that the table was designed on the basis
of preventing the gas phase from forming and yet, in
practice, gasdid separate from solution and, therefore, the
table should have been formulated to minimise the insult.
This is where it now becomes important to know the
mechanism for provoking each category of symptom.
Optimal conditions for preventing a gas phase which
forms sooner than expected are unlikely to be the best for
minimising development of the insult. This point is best
illustrated by considering the effect of bubble formation
upon the elimination of inert gas from atissue.

Gas elimination

In gasuptake, thereisno doubt that thedriving forceisthe
difference between alveolar partial pressure and tissue
tension. Upon lowering the alveolar partial pressure by
substituting another gas for the inert gas, the gradient can
be reversed and so the exchange of gas will not only be
reversed but will follow the samekinetics. If, onthe other
hand, loweringthealveolar partial pressureof theinert gas
was effected not by substitution but by decompression
and, moreover, by a decompression which caused gas to
separate in the tissue, then everything is different. The
tissue may contain the sametotal gasinall forms, but only
the gas in true physical solution determines the tissue
tension of that gas and hence the driving force for its
elimination.



Thisvery important point isdemonstrated in Fig. 5 where
dissolved gassimulated by theliquidinonetank isflowing
into alower tank representing the lung. If all gasremains
in solution, the driving force is the head (H1).

If gasis ‘dumped’ into the gas phase, however, this is
equivalent to opening the valve when liquid will rapidly
flow into athird tank representing separated gasuntil they
are at the same head, ie. at the quasi-equilibrium where
partial pressure in the bubble equals the tension of gas
remaining in solution. However, the driving force for
liquid flowinginto thelower tank has now decreased from
H1 to Ho. So the driving force for eliminating inert gas
from thetissuewill decrease and allowance must be made
for this in the formulation of a decompression table, yet
nonedo, despitethemany studiesshowing bubblespresent
even in the critical tissues for limb bends.

When the gas phase is present, then the driving force for
inert gas elimination is simply the inherent unsaturation,
whichismuchsmaller thanthehypothetical supersaturation
used to compute standard tables, ie. we should beusing Ho
instead of H1 (Fig. 5) in our calculations.

Other symptoms

The above discussion applies primarily to limb bends
(Category 1) since these are by far the most common
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symptomsand, historically, have been taken asthe onesto
avoidwhenitwasthought that other moreserioussymptoms
were a further development of the same overall insult
process. The question then arises as to what procedures
should be taken to ensure that other categories are also
avoided or that these are primarily avoided since, unlike
limb bends, they have the capacity to cause permanent
injury.

The two categories which can be made to precede limb
bends by selecting the conditions are cerebral®® and
vestibular. 90 Taking Category Il first since cerebral
symptomsarefairly certaintobecaused by arterial bubbles,
it would seem most desirable to avoid any insult to the
lungs which could cause them not to trap bubbles. This
would suggest careful control of the oxygen prescribed
during the decompression so as not to cause pulmonary
oxygen toxicity.

The fact that Category 1V symptoms can be provoked
without decompression by inducing counter gradients of
the'heavier’ inert gasesindicatesthat itisalso desirableto
avoid a situation where one inert gas is adjacent to one
body surface and another inert gas is in contact with
another surface, unlessfavourably orientated. Thiscreates
the conditions for steady-state counterdiffusion9® or
exchange by counterperfusion,92 or both, which might
result in bubble formation in the vestibular apparatus.

Tissue After Decomprassion

[ Inert Gas ]
tas Bubbles-

77

[ 7
| Inert Gas -
rin Solution -

H, 77

, ]

]

f'k Resistance to inert gas
,{, elimination

+

FIGURE 5

A hydraulic analogue for inert gas elimination from tissue, showing (on the left) how reduction of the alveolar inert gas
partial pressure by substitution of another gas can produce a driving force for its elimination simulated by the head
(H1). Onthe other hand, reduction of the alveolar inert gas partial pressure to the same level by decompression (on the
right) can also cause bubbles to separate from solution and so reduce the driving force for elimination, simulated by the
head (H2), even though the total gasin thetissue is the same as in the previous case depicted on the | eft.
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Henceitisdesirablenottoswitchfromheliox toair rapidly
as sometimes occurs in transferring divers from a bell
ventilated with heliox to a deck decompression chamber
pressurised with air.

These are some of the more obvious factors which can
potentiate the more serious neurologic forms of
decompression sickness which otherwise are produced by
very few tables.

TREATMENT
Recompression

The resolution of abubble dependsuponitslocation. If it
is extra-vascular, then it will be reduced in volume but
remain in essentialy the same site. Hence, if thediver is
decompressed, the symptoms will return as before, as
argued in favour of the extravascular mechanisms for
Category | and Category Il symptoms. Upon
recompression, it istherefore necessary to hold the patient
at pressureeventhoughrelief iscompletein order toallow
the much slower process of dissolving the gas to take
effect.

The kinetics must be dependent upon any alternating
patency of, say, atendonfor Category | or possibly thecord
in Category Ill. It may be necessary to wait until the
capillary bundle adjacent to the bubbleis perfused before
that bubble can be reduced in volume to any appreciable
extent. The other factor influencing the kinetics is the
driving forcewhich isvirtually the inherent unsaturation,
as described in detail in Decompression Sickness,
volumel.l This inherent unsaturation can be greatly
increased by breathing a high partial pressure of oxygen,
infact by roughly the elevation of theinspired PO2. This
offers a simple physical explanation for the efficacy of
oxygen in resolving decompression sickness.

The other aspect of recompression is its effect upon
intravascular bubbl es, especially thoseoccluding anartery
fromwithin. Theserequire an appreciably larger volume
change for complete dislodgment but are cleared most
effectively by extensive recompressi on.36:38 This may
account for many unconfirmed reports of remarkable
recoveriesfrom neurol ogic symptomsupon adeep bounce
with direct return to the surface. However, it is my
experience with animalsthat, whereas most were cured, a
few died. This could be attributed to the fact that
recompression not only acts upon the occluded tissue but
also upon the lung which is probably holding back many
moretrapped bubbles. If someof thesewerereleased, then
the symptoms could beworse, depending uponwherethey
happen to lodge.

Depth of recompression

Accordingtotheaboveargument, it takesagreater volume
decreasetodislodgeanintravascul ar bubblethanit doesto
reduce the pressure with which abubbleis pressing upon
a nerve ending to below the pain threshold. This is
essentially reflected in thetreatment tableswhere 165 feet
(6 ATA) isthetreatment depth for central nervous system
involvement while 60 feet isrecommended for limb bends

only. In view of the possible effect of recompression
releasing trapped lung bubbles,93 lesser recompressions
may be preferred for limb bends where there is complete
relief shallower than 60 feet.

Gas for recompression

The last degree of freedom which the physician can
prescribeinthetreatment of decompression sicknessisthe
gas mixture for recompression. For the reasons already
discussed, the oxygen partia pressure should be high in
order to increase the inherent unsaturation and, hence, the
driving forcefor resolving the bubble. On the other hand,
the overall exposure must not precipitate oxygen toxicity
in any form. Naval treatment tables take account of the
compromise necessary, but thisis sometimes upset when
thediver hasal ready received an excessiveoxygenexposure
before the bend occurred.

The last question iswhich inert gasto use for diluting the
desired oxygentothepoint whereadequate pressurecanbe
applied to the bubble. This complex issue will not be
discussed in this paper.
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The quality of the recordings of the question and answer
sessions after Professor Hill's lectures left a lot to be
desired. Wewere able, however, to salvage the following
which covers three important points.

Dr Peter McCartney

What advice should | give to an abalone diver who asks
about breathing oxygen after diving?

Dr Brian Hills

| think that what isgoing on between the primary event and
the critical insult isthat one triggers the gas phase almost
instantaneously and the bubbl eshaveto grow but they al so
haveto coalesce. Therewasaclassical study done by the
US Air Force during World War 11, in which they took
continuous X-rays during decompression. When they
went to a bends provoking altitude, say 25,000 feet, a
cloud came across the X-ray. Then when they exercised,
one would see the cloud actually coalesce into bubbles.
Those cadets did not complain of pain, until one could
actually identify bubbles. Sol would stick my neck outand
say that the processwhich is probably rate determining is
coalescence. Of course, exercise and the resulting
movement of the facial planes, coalesces gas into a
concentrated insult. Then the gasisin one place, and will
press harder onto a nerve or a nerve ending or a blood
vessel,

Now for the use of oxygen. | recommend to diving
companies, towhom | am aconsultant, that rather than use
surface decompression tables, as one knows that if that
diver remains on the surface and does not go back under
pressure heisgoing to get the bends, give him atreatment
table anyway. That has cleared up alot of the problems
which several of the companies have had in the Gulf of
Mexico.

What is very controversia is what some companies are
doing, changing to oxygen inthe water. There have been
some nasty accidents, becauseit is very, very unpleasant
havingwhat isvirtually an epilepticfit on oneof thediving
stages. So one must make sure that the diver is well
secured before giving him oxygen in the water. Many
diving companies, for economic reasons, are letting their
diversbreathe oxygen at the 40 foot mark before bringing
them up to the surface. But one must be careful. Itisa
controversial issue as to whether to do it or not, but it
certainly cuts down the incidence of decompression
sickness.

I would highly recommend that in place of the surface
decompression table when the diver gets back to the
surface one gives them a treatment, as though they have
been bent. Itisall treatment, anyway, asthereisgasthere
thewhol etime and whether the diver hassymptomsor nat,
oneisreally treating a gas phase.

ENCOUNTER WITH A BLUE-RINGED OCTOPUS
A FAILURE OF MURPHY’S LAW

Based on a report to the PROJECT STICKYBEAK
Non-fatal Incidents file.

Douglas Walker

To most people it is self evident that their lives are
governed at al times by everything implied by saying
“Murphy’sLaw”, andtoacasual observer thiscasefitsthe
mould. That suchis not the caseis here related.

Joe, which naturally isnot hisreal name, wason aday trip
with histwo young niecesto an island off the Queensland
coast. They walked along the beach and the children saw
some creaturesin apool. Asthey were too frightened of
the unknown to pick one up, he did so. He seemingly had
avaguefeeling that the small octopus could be dangerous
to children but felt safein handling one himself. Hethrew
away the first creature and picked up another, which he
placed ontheback of hisleft hand. It wasafter thisoneal so
had been discarded that he noticed a spot of blood where
the animal had rested. There had been no sensation of a
bite.

At this time he was near the launch which had brought
them and told the skipper what had happened. This
conversation was overheard by the pilot of a seaplane
drawn up nearby in preparation for aflight. The pilot saw
Joe collapse to the ground, which was due to his legs
becoming weak, and remembered articles recently
publishedinthelocal paper which gavewarning that there
were many blue ringed octopuses in the locality at that
time. He had become interested and had read up the
symptomsand correct management of victimsof their bite,
so immediately diagnosed this as such a case. With the
help of two persons standing nearby he quickly assisted
Joe into his plane and set off for the mainland where
treatment would beavailable. Duringthisshort (7 minute)
flight Joetwitched afew timesand then becameapparently
pulseless and ceased to breath.

Joe' sluck still held, for both thebystandersfrom thebeach
who had been co-opted to assist had accompanied him on
the planetrip. They were not only aware of resuscitative
measuresbut had recently attended CPR refresher courses.
The crisis occurred about 7 minutes from the time of the
bite. Because of their work Joewasalive on arrival at the
airport, where an Emergency Ambulance awaited,
summoned viathe plane’ sradio. Onarrival at the hospital
an ECG confirmed asystole. Brain oxygenation was
sufficient, despite the difficulty of resuscitative action in
the confined space of asmall plane, to prevent irreversible
anoxic changes. The end result was complete recovery,
though with some amnesia for the fine details of the
incident and of the planetrip.

Remarkably few people are bitten by the blue ringed
octopusesdespitetheir largenumbers. Whichisextremely
lucky, as the paralysing effect of their toxin cannot be
reversed though it hasashort period of action. Support for
respiratory function isthetotal but essential management
of anyone showing symptoms after contact with such an
octopus.
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SOME RECENT RESEARCH AT THE ROYAL
AUSTRALIAN NAVY SCHOOL OF UNDERWATER
MEDICINE

John Pennefather

I will outline two studies undertaken at the School of
Underwater Medicine. The first, a nutrition study, is
reportedto seek answerstothe problemsencountered. The
second, astudy on coelenterate stings, is mentioned again
to correct some misapprehensions people got from the
published paper.

NUTRITION OF DIVERS

A Clearance Diver in the RAN, undergoes a six month
course. Thefirst threeweeksare spent learningto diveon
air. A bit like a C Card with alot of extra diving under
supervisionincluding night dives, and some PT. Thenext
four weeks are spent learning to dive with oxygen sets.
This can be very hard work involving up to 18 hours
activity each day. It may includefour onehour diveseach
involving an 1800 metre swim. Thisphasetendsto act as
a sel ection mechanism, people who are not strong or who
lack areal drive tend to withdraw and change to another
occupation.

The School of Underwater Medicine was asked a basic
guestion about these men. Were they getting enough to
eat?

Experiment 1

Thefirst study of the problemwasconducted by underwater
medicine sailors who each observed one diver, noting his
activity and food consumption. From this 14 men days of
useable data were collected. This was processed by
assigning an energy cost to each activity and an energy
content to each part of the diet. The energy costs of each
activity were based on published estimates.

The basic flaw was that the food intake was based on
“standard” portions. It was not known if the helpings
served were bigger or smaller. Also no allowance was
made for uneaten food. The results obtained (Table 1)
suggested that the food supply may have been inadequate.
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Experiment 2

The study was repeated. With the instructor’ s agreement
the studentswere given 30 minute meal breaksand at | east
six hoursrest. Thiswasbecauseit could have been argued
that the subjectsinthefirst trial weretootiredto eat or that
they did not havetimeto eat their food. Subjectsinthefirst
experiment had aslittleasfivehourssleep and meal breaks
as short as ten minutes. In the second experiment the
components of one meal selected as average size were
weighed. Because of thelack of timeand staff, wastewas
again ignored.

The result of the second study are shown in Table 1,
Experiment 2. 1t will be noted that theintake and balance
are closer but the balance is still negative. 1t will also be
noted that although the time available for diving had been
reduced, by thelonger rest and meal breaks, therehad been
anincreaseindivingtime. It wasalso noted that thisgroup
wasquickertoperformtheir tasks. Itisnot possibletostate
if they were better supervised, or were a better quality
group, or if the improved performance was a result of
better feeding and more rest.

Experiment 3

The results of these two studies were mentioned in an
internal navy report. The conclusion that the Royal
Australian Navy might not have been giving its sailors
enough food caused considerable concern. Asaresult the
Army Food ScienceEstablishment wasdirectedtoexamine
the problem. They expanded the study by following the
weight and body fat content, estimated by skin fold
thickness, through a course. They also reported the
examination of the energy balance for 15 men days of
oxygendivingtraining. Thistimefoodintakewasmeasured
asaccurately aspossi ble, each component wasweighed, as
was uneaten food. Because trained staff were available
more detailed activity records were kept. This time the
“average” diver had a positive energy balance, Table 1,
Experiment 3. Sixty minute swimming is recorded with
the diving time because one of the subjects devel oped ear
trouble and could not dive. Rather than leave him out he
swam the same distance on the surfacewhenit would have
beenhisdive. If bothdivingand swimmingarecountedthe
total time in the water was up again.

Most people were happy with the results. It had been
shown that there was not a food problem so the
administrators were happy. The instructors were happy
because the students performed better.

TABLE1

ENERGY BALANCE STUDIES

EXPERIMENT 1

MAN DAYS 14
INTAKE 2796 KCAL
EXPENDITURE 3462 KCAL
BALANCE -666 KCAL
DIVING TIME 158 min

EXPERIMENT 2 EXPERIMENT 3

12 15
3892 KCAL 4533 KCAL
4193 KCAL 4499 KCAL
-301 KCAL 134 KCAL
190 min 147 + 60 mins swimming
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Itisof concern that the experiment series may contain an
unintentional bias. No warning was given of the first
experiment, afew sailors appeared and made notes. The
second time it was obvious that something was going on.
Food was weighed and | was taking notes of activity and
food consumption. By the time the third experiment
started the catering staff knew that the quality and quantity
of food was being studied. At each stage the food quality
and quantity went up. For examplein thefirst experiment
foodwasoftenleft ontheplate. Duringthethird experiment
the divers often went back for second helpings.

It may be significant that the two divers with the most
negative energy balance in the third experiment
subsequently gave up diving. These divers aso showed
the greatest weight and body fat loss. They had no major
reasonfor giving up soitispossiblethat energy deficiency
caused them to lose interest.

Another problem isthe energy cost of rewarming adiver.
A 70kgdiver having four divesin cold water losesheat. If
the heat lost isreplaced by extrametabolism he uses extra
energy. If the body heat content is slowly made up by
conserving heat, by vasoconstriction, little extraenergy is
needed. Conservation was assumed in our experiments
and this could result in an underestimate of energy
expenditure of 600-800 Kcal. Ananswer to thisquestion,
or a technique for solving the problem that caused no
interference to the subject, would be of great interest.

COELENTERATE STINGS

The second study was of thetreatment of Portuguese man-
of-war or blue bottle, stings. There are two species of
coel enteratesthat causesignificant problemsin Australian
waters. The box jellyfish, Chironex fleckeri, in the north
hascaused over 50 deaths. ThePortuguese man-of-war, or
blue bottle, aphysalia, often causesthe closure of Sydney
beaches.

Until the late 1970's methylated spirits was the most
common treatment, applied liberaly to the sting area.
ThenagroupinTownsvillereported that the application of
methylated spirits caused box Jellyfish nematocysts to
discharge. They reported that vinegar and other dilute
acetic acid mixturesinhibited discharge. Their interestin
the subject may have been caused by a case they reported

of awoman who got no relief from methylated spirit but
got drunk on the fumes.

We decided to see if vinegar was of use in treating blue
bottle stings. It was compared with methylated spirit,
“Stingose”, which isacommercia anti-sting preparation
containing aluminium sulphate, and sea water.

Twenty “volunteers’ were stung with bits of tentacle on
four sites on the inner side of the fore-arms. After two
minutes one site was treated with each remedy.

All the tricks required by the statisticians were followed.
The subjects and observers did not know which remedy
was used on each site, treatments were changed from site
to site so subjects could not compare results, etc. The
subjectswere asked to assess pain just after treatment, and
5 and 10 minutes later. Skin reaction was assessed by an
observer 5 and 10 minutes after treatment.

The results obtained are summarised in Table 2. The
Unsurelineindicatesthat the subject or observer could not
decide which area had the greatest or least response.

Thefirst and most obviousconclusionwasthat methylated
spirits was worse than no treatment. The second was that
vinegar and “Stingose” worked some of the time with
vinegar marginally better. Asneither gaveagoodresponse
the conclusion was that local anaesthetic was needed for
severe stings, which had previously been suggested by
Carl Edmonds in Dangerous Marine Animals.

The response to these mild conclusions suggeststhat they
werepublishedonano-newsday. TV, radioand newspapers
suggested we had found awonder drug. Theresultsjustify
no such claim. Methylated spirit would appear to cause
more pain than salt water so one would have been better
staying in the surf (provided one was not stung again).
“Stingose” and vinegar have some use but do not work all
thetime.

Our results are of interest to two groups of people. For
researchersit is an interesting area where a better answer
isneeded. For divers and medicos who practise near the
beach, the message is try vinegar but have your local
anaesthetic handy.

TABLE 2

BLUEBOTTLE TENTACLE STINGS

ASSESSMENT OF PAIN AND SKIN REACTION

TREATMENT MOST
PAIN
Vinegar 7
Stingose 4
Methylated Spirits 27
Salt water 19

Unsure 1

MOST MOST SKIN LEAST
RELIEF REACTION SKIN REACTION
25 1 17
19 6 10
1 17 2
12 4
6 4 7



Question.
How did you cal culate the energy expended in the
first study?

John Pennefather.

There are books of tables of energy intakes and
expenditure. For most activitieswe used thesetables. For
the oxygen diving timewecould cal culatethe energy used
asweknow how much oxygen the set receiveseach minute
and the divers swim aong using just that amount of
oxygen.

Question.
So redly it was not very accurate?

John Pennefather.

No, but that is the way every nutritionist does it.
They usethetablesand makeno allowancesfor changesin
temperature, which surprised me. | have had very little
nutrition training, and | always believed the figures.

Question.

Didyoufollow thebody weight of thedivers? That
is the best indicator of their imbalance, providing they
have adequate food.

John Pennefather.

Over six months quite often these people will lose
three or four kilos, but in some casesit isan obviousloss
of fat. Theonesthat | am worried about are the thin ones.
| said two had dropped out, they were fairly scrawny
people at the beginning, they became more scrawny, and
they eventually gave up, without giving any reasons, they
just said “It isnot for us.” | think they are the people that
we might be losing. What we could do next isto follow
skin fold thickness and bodyweight.

TESTING SURVIVAL SUITS
ARE THEY GOOD ENOUGH?

Arvid Pasche & Susan Gordon

In 1982 the Norwegian Underwater Technology Center
evaluated the thermal insul ating properties of anumber of
survival suits, such asareroutinely worn by all personnel
during helicopter transport offshore. The purpose of the
suits is to keep their wearers afloat, dry and reasonably
warmintheevent of acrash-landinginthesea. Hypothermia
isrecognised asthemajor danger for survivorsof helicopter
crashes.

The purpose of the study, which was to be as realistic as
possible, was to highlight the practical aspects of using
variousmakesof suit, and provideaclearer pictureof each
suit’ s advantages and drawbacks. The study was funded
by Statoil, and was fully described in NUTEC Report 43-
82.

There were three parts to the testing routine:
1. Evacuation: evaluation of suitsduring evacuation of a

sinking helicopter; determination of water leakage in
the suit during evacuation.
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2. Buoyancy: determination of total buoyancy for a
person dressed in asurvival suit.

3. Thermal insulation: evaluation of the insulative
properties of suits after evacuation.

Part 1, Evacuation, wascarried out at the Offshore Survival
Centrein Aberdeen, wherea“ helicopter underwater escape
trainer” enables personnel to be trained in evacuation
procedures. Thesetests showed that the chances of water
entering asuit during evacuation isfairly high, evenif the
suit is zipped up and the hood isworn. Between nine and
ten kilos of water can enter asuit whichisnot fully zipped

up.

Thebuoyancy testswereperformedinthepool at NUTEC,
using a specially weighted chair equipped with a safety
belt to simulateahelicopter seat. Thechair could beturned
so that the subject would find himself sitting in a head-
down with closed (A) or open (C) zippers, or head-up (B)
position underwater (for results, see Tablel). Some of the
suits had buoyancies as high as40 or 50 kp. Itisunlikely
that many people would have the strength and training
necessary toforcethemsel vesdown and out of anupturned
helicopter if they were carrying so much buoyancy.

TABLE|

Buoyancy
Suit A B C

HELLY HANSEN E353 Mean: 41.7 19.38 14.35

AQUA SUIT Mean: 26.15 1533 1342
MUSK OX Mean: 10.67 83 1342
NORD 15 Mean: 39.53 187 1223
MULTIFAB Mean: 16.8 1210 7.8
IMPERIAL “H” Mean: 205 122 1045

PIONER/LIUKKO “COMBIE" 465 274 175
PIONER/LIUKKO “PILOT" 314 274 100

Thethermal testswerea socarried outinNUTEC’ sindoor
pool, which wasfilled with seawater at atemperature of 9-
11°C. With air temperatures as high as 15°C and no
windchill factor, the test did not attempt to reproduce
“worst case” conditions. All subjectsworeacotton jacket
and trousers under the suits, and in some cases (see Table
I1), woollen underwear as well.

Both wet and dry testswererun. Inthewet tests, subjects
let 12 - 13 kg cold seawater into the suit by immersing with
apartially open zipper, much asmight happeninareal-life
emergency. Then they lay quietly in the water for a
maximum of two hours. Tests were terminated early if a
subject’ srectal temperaturedroppedto 35.5°C or if hefelt
too cold and uncomfortable to continue. Rectal
temperatureswere used to cal cul ate average cooling rates,
which are presented in Table 1.
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TABLE I
Average rectal cooling rates (°C hr'l)
(mean values)

Suit Dry Wet
AQUA SUIT 0.65 0.70
HELLY HANSEN E353 0.45 1.68
MUSK OX 0.88 251
MUSK OX with woollen

underwear 0.78 133
NORD 15 0.65 185
IMPERIAL “H” 0.47 0.49
MULTIFAB 0.48 1.66
MULTIFAB with woollen

underwear - 1.56
PIONER/LIUKKO “PILOT”

with woollen underwear 0.73 0.96

PIONER/LIUKKO “COMBIE" 041 1.01

In addition to the test series, observations were also made
on certain aspects of the suits' performance.

A wet Nord 15 suit, for example, was found to have a
buoyancy of only 3.6-3.7 kp, or 60% of the buoyancy
required for approval by the Norwegian Maritime
Directorate. Thisis not enough to keep a person afloat.

Wet Helly Hansen E353 and wet Nord suits acquired
significant alterations in stability. The subject in these
suitshad atendency totip forward and end up with hisface
down in the water.

Reprinted, by kind permission of the Editor, from
NORWEGIAN UNDERWATER RESEARCH NEWS
(NURN) Vol 4 - No 1 1983.

ESCAPE FROM DITCHED HELICOPTERS

SHOULD WE HAVE A SMULATOR IN NORWAY?

Odd Pedersen
Norwegian Underwater Technology Centre

In 1982 some 600,000 persons were transported by
helicopter between Aberdeen and offshore installations.
By 1980 total helicopter passenger trips from Norwegian
airportswere about 540,000. 1n 1982, Helikopter Service
A/Saone carried some 9,000 persons per month between
BergenAirport (Flesland) andtheinstall ations, plusanother
2,000 between platforms, and this company expects its
traffic to double from this figure before the end of 1984.
By the end of the 1980s, we can expect half a million
passenger tripsper year from Flesland. Thesefigureswere
obtained in the course of an NTNF-financed pilot project
undertaken by the Norwegian Underwater Technology

Centre (NUTEG) toinvestigatethe possibility of reducing
fatal accidents through training courses in helicopter
evacuation.

ACCIDENTSWILL HAPPEN

Even with the high maintenance standards and strict
procedures of helicopter companies operating in Norway,
such large figures suggest that accidents will occur from
timeto time. Statistics are difficult to come by, since so
much of theworld’ shelicopter trafficismilitary, but afew
figuresobtained from diverse sourcessuggest the extent of
the problem.

IntheUSA, in 1978, therewere 16 civil helicopter crashes
per 100,000 flying hours. US non-war-zone military
helicopter accidents occurred at arate of 6.5 per 100,000
flying hours in the period 1968-1978.

Between 1968 and 1978, there was one civil helicopter
accident per 100,000 hours flown by British-registered
aircraft. TheBritishauthoritiesrecordedthreeaccidentsto
foreign-registered machines in the same period.

Norwegian military authorities point to 17 helicopters
written off (ie. non-repairable) between 1953 and 1982.
The total accident rate has been 32.8 per 100,000 flying
hours.

There have been 32 crashes of Norwegian-registered civil
helicopters between 1972 and 1981, plus a number of
controlled emergency landings.

Even though many offshore workers are unhappy about
flying to work by helicopter, it is unlikely that other
methods of transport will be used to any great extentinthe
foreseeable future. The overwhelming proportion of
helicopter trips end of course in a safe landing on a
helideck, but atiny number will have one of thefollowing
outcomes:

a controlled landing on the sea, with the machine
floating upright, or

acontrolled landing, but the machine capsizesbecause
of its high centre of gravity and sea motion, or

acrash landing in the sea.

TRAINING COURSES CAN SAVE LIVES

Boththe USA andthe UK haveset uptraining programmes
in evacuating crashed helicopters, and the Norwegian
military authorities send helicopter crews to the British
training centre near Aberdeen. Helicopter evacuation
courses have dramatically reduced the death rate among
helicopter crews in both the UK and the USA, where it
dropped from 34% among untrained to less than 9%
among trained personnel (234 accidents involving 1093
persons). In Norway, however, the Church and Education
Ministry has refused to invest in an evacuation simulator
and training pool for seamen and offshore personnel who
regularly fly in helicopterseither ascrew or aspassengers.



The numbers who might benefit are difficult to estimate
accurately, but the various maritime training centres in
Bergen currently turn out some 600 students per year, and
this figure will rise by 400 when the new school at Sund
near Bergen opensin afew years. It isexpected that the
offshore companies now being established in and around
Bergenwill have about 1,000 empl oyeeswhosework will
takethem offshore while therewill be asimilar number of
contractor’ s personnel based in Bergen. Thesefiguresdo
not take into account personnel operating out of other
offshore centresal ong thewest coast of the country. After
generousallowances have been madefor overlap between
the groups, areasonablefigurefor potential studentsfor a
helicopter evacuation course would be of the order of
1,600 per year. To thisfigure should be added a certain
number of students from the Norwegian Navy and from
Helikopter Service A/S, both of which have expressed
interestintraining their personnel in Norway rather thanin
the UK as at present.

The conclusion of the NUTEC study was that with the
increased level of activity we can expect in the years to
come, atraining coursein helicopter evacuation would be
highly desirable. With its existing facilities and range of
interests, NUTEC could be an appropriate institution to
run training courses in helicopter evacuation. An annua
programme of such courses could have synergetic effects
and help to flatten out peaks and troughs of activity at
NUTEC caused by large-scale short-term projects. New
facilities might include the helicopter simulator itself and
possibly anew outdoor pool withacranetolower andraise
the simulator. The training staff would include at least
threetrained diversplusancillary personnel. NUTEC will
make afinal proposal about a coursein September of this
year.

HELICOPTER EVACUATION
A POSSIBLE COURSE OUTLINE

A course should consist of both theoretical and practical
elements. A preliminary lecture would describe modern
passenger helicopters and introduce the students to such
physiological conceptsashypothermia. Survival suitsand
their use could also be described, and relevant test results
presented (see for example NURN Val. 4, No. 1 1983,
articleby Pasche and Gordon, reprinted inthisissue of the
SPUMS Journal).

Following the theoretical introduction, a class could be
divided into small groups, each of which would be given
practical (ie. wet) instruction, during which the simulator
would be:

a sunk slowly into the pool, in an upright
position.

b. dropped from 2m over the surface, in an
upright position.

C. sunk slowly intothepool, turning round as
it goes down.

d. dropped from 2m over the surface,
“capsizing” asit sinks.
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Such acoursewould require about five hours and involve
several personnel. Capital equipment depreciation, plus
likely running costs, mai ntenance, survival suitsand salaries
suggest a cost per student of between 500 and 600
Norwegian Kroner. Inadditionto reducing yet further the
number of helicopter fatalitiessuffered over theNorwegian
continental shelf, introduction of such acoursewould also
helptolower the psychological stressof regular helicopter
flying for offshore personnel.

Reprinted, by kind permission of the Editor, from
NORWEGIAN UNDERWATER RESEARCH NEWS
(NURN) Vol 4 - No 2 1983.

DEMONSTRATION DIVE TO 350 MSW

Stein Tgnjum
Norwegian Underwater Technology Center

In the Statpipe project, a combined oil/gas pipeline will
link Statfjordwith K arst@in Rogaland county, crossing the
Norwegian Trench at a maximum depth of 297m on the
way. Although the pipelaying contractors Seaway Diving
(Stolt-Nielsen) plan to carry out most of their work using
diverless systems, they want to be sure that currently
available diving techniques (and divers) are up to the job
if they needto becalled in. Thisisthebackground for the
350 msw chamber dive which the Norwegian Underwater
Technology Center (NUTEC) has successfully completed
for Seaway Diving.

Although NUTEC has aready made chamber divesup to
500 msw, the current limit for operational North Sea
diving is still around 170 msw. The Seaway dive was
carried out to bridgethestill widegap between experimental
and operationa divesto greater depths.

Thesix Seaway diversselected for thedemonstration dive
were given four weeks of intensive training and medical-
physiological examinationsat NUTEC. On January 31st
they entered NUTEC’ schamber complex and reached 350
msw on heliox in 24 hours. The new compression profile
which was tested in this dive gave rise to only minor
symptoms of High Pressure Nervous Syndrome (HPNS)
and the divers were all able to carry out their scheduled
tasks. These consisted for the most part of cold-water
simulationsof the sort of medium to heavy work they may
have to do on Statpipe. For this purpose, a specialy
constructed test-rig was placed in the wet chamber.

Thediversworkedintwo eight-hour shiftsfrom 0800 until
midnight with at least one diver in each team working in
the water for three to four hours per shift. This schedule
corresponds to the rules laid down by the Norwegian
Labour Directorate for shallow North Sea dives, and
provided experience which will help determine whether
the same schedules can be used for greater depths.

Thediversandtheir equipment wereal so closely monitored
during the whole dive. The divers underwent
neuropsychological tests, checks of therma balance in
water, blood and food balance studies, bacteriological
survey, measurements of muscle strength, lung function
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tests, and circulation studies which were combined with
detection of gas bubbles during decompression.

Afterfivedaysat 350 msw thediversstarted decompression
and reached surface eleven days later. More than 40
people were directly involved in the operation, which
lasted for atotal of 18 days.

The comprehensive post-dive medical examination was
identical to the pre-dive routine and will be repeated yet
againinayear, aspart of the processof identifying possible
long term physiological effects of deep diving.

The successful dive was thus an important step towards
clearing theway for deeper operational diving. NUTECis
now in the process of analysing the mountain of data
collected by the various projects.

Reprinted, by kind permission of the Editor, from
NORWEGIAN UNDERWATER RESEARCH NEWS
(NURN) Vol 4 - No 1 1983.

DECOMPRESSION AND CIRCULATING BUBBLES

Alf O Brubakk

For many years, ultrasound has been used to study the gas
bubbles which can develop after a decompression
procedure. These gas bubbles can be present either inthe
tissueor theblood stream. Gasisavery effectivereflector
for ultrasound, and hencethereflected intensitiesfromthe
gas bubbles will be high.

Circulating bubblescan bestudied by using ultrasound and
the doppler principle. This principle, well known in
everyday life, statesthat thereflected sound fromamoving
object will have a frequency shift proportiona to the
velocity of that object. Ultrasound reflected from the
blood cells will thus describe the velocity of these cells.
Heart valves and vessel wallswill aso reflect ultrasound,
but the velocity of these structures are much lower than
that of blood. Circulating bubbles will be very strong
reflectors and can thus clearly be heard above the signals
from the blood.

In most studies till now, continuous ultrasound has been
used. In this system a continuous beam of ultrasound is
transmitted towardsthebody and thefregquency shiftsof all
reflectorsinthebeamarerecorded. Ultrasound canalsobe
used in the pulsed mode. Here ultrasound is transmitted
aspulsesand at acertain time after the transmission of the
pulse, the reflected signal isreceived. Asthevelocity in
the body is known, this will mean that velocities are
recorded in a rather well defined sample volume. The
advantage of thisisthat small segments of vessel can be
studied and that the signal-to-noise ratio will increase.

Although studies of bubblesin the circulation have been
performed for many years, thereis still no good theory to
describe how these bubbles are generated, how they are
transported and how they behave. In the same dive, two

divers can have vastly different amounts of circulating
bubbles, and there is no clear-cut relationship between
bubbles and symptoms of decompression sickness. We
havetherefore decided to work on methodsto improvethe
detection and sizing of bubbles in order to clear some of
thesepoints. Thework hasconsiderabletheoretical interest,
butisalso of practical value, asit could allow usto develop
better decompression schedules.

During the two Deep-Ex dives, bubbles were recorded in
thevascular systems of thediversparticipating. A system
wasdevel opedthat permitsrecording of ultrasonicdoppler
datainsidethechamber. Thediversweretrainedto record
from severa arteries and veins, in the extremities, inside
the heart and to the head.

During the 300m Deep-Ex 1 dive, the divers performed
several ascending excursions going from 300m to 250m.
During these excursions doppler datawere recorded. We
found aconsiderablenumber of bubblesparticularly inthe
veins coming from the legs. In the arms considerably
fewer bubbles were found. Of particular interest wasthe
observation that some of the divers had bubbles in the
carotid artery. These bubblesin an artery leading to the
brain were particularly disturbing, but none of the divers
experienced any clinical symptoms.

During the 500m dive, bubbles were also recorded. We
performed one excursion from 500 to 445m. During this
excursion, one of the two divers had a large number of
circulating bubbles in the veins and also some arterial
bubbles. During decompression from 400 to 300m at 3m
an hour, considerable numbers of bubbles were found at
325m, also with bubbles in the carotid artery. During
decompression to the surface very few bubbles were
found.

Aswewereinterestedin devel oping amethod for counting
thenumber of bubblesaswell asfor trying to estimatetheir
size, a collaboration with the Department of Engineering
Cybernetics, The Norwegian I nstitute of Technology, was
established.

They have for many years worked on the devel opment of
doppler ultrasonic equipment. Hans Torp at that institute
isworkingonadoctoral thesisonthereflection of ultrasound
from gasin bubbled blood. Hehasdevel oped amethod for
estimating bubble size and number, based on the reflected
intensitiesfromthebubblesandtheuseof several ultrasonic
frequencies. This method is implemented on a
microprocessor, which enables usto get an instantaneous
plot of signa intensities, which has a relationship to
distribution of bubble size. This system was first tested
during the 500m dive and continuous testing is going on
during shallow dives. The preliminary results are
encouraging.

Inorder totestthemethoditisnecessary to know theactual
size of the bubbles studied. This will be done in
collaboration with the Institute for Surgical Research,
University of Bergen, where we will use a microscopic
technique to visualize the bubbles at the same time aswe
record the signal with the doppler system. Thiswork will
be started in autumn 1982.



The aim of this project is two-fold. One is to get more
information about the basic behaviour of bubbles and the
laws governing their development and transport. The
second is to develop practical methods to monitor divers
during actual decompression procedures. This is of
particular importance for deep divers, as it seems that
arterial bubbles can be generated during accepted
procedures in deep dives. These gas bubbles will have
highinternal pressure and hencewill stay for sometimein
the circulation and it is conceivable that repeated dives
using these procedures can lead to damage.

Reprinted by kind permission of the Editor, from
NORWEGIAN UNDERWATER RESEARCH NEWS
(NURN) Vol 3 - No 3 1982.

DIVERS DO IT DEEP

Nine skilled and experienced professional diversrecently
completed a course of training to qualify them as Diver-
Medics at Fremantle Hospital .

It is believed to be the first such course to be held in the
southern hemisphere and probably the only such coursein
the South East Asian Pacific region.

Students camefrom Singapore, from Bass Strait and from
Western Australia to train in the techniques needed to
examine and care for divers who become ill or injured
during their work.

Many divers working in the oil fields have to live under
pressure for many daysat atime. They cannot be brought
out to normal pressure outside quickly without killing
them, so if they becomeill or injured they must be dealt
with under pressure.

Thestudentslearnedtechniquesof givinginjections, putting
up intravenous drips, and other skills so that they can act
asadoctor’ seyes, earsand handswithinthedecompression
chamber. A doctor may be many hundreds of miles away
and only ableto communicateby radiointhefirstinstance.

Students were able to view at first hand many of the
techniquesthat they learned by observinginthe Operating
Theatresand Emergency Department at FremantleHospital.

OFFSHORE DIVING
NORTH SEA PROGRESS REPORT 1984

Commander SA Warner
Chief Inspector of Diving
Department of Energy UK

Thisisthetenth successiveyear that | have had the honour
of being invited to read a paper at your symposium. This
year, with the permission of your Secretary, | haveinvited
Per Rosengren of the Norwegian Petroleum Department
to sharethisslot with me. Inthe North Seawe work very
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closely together andin particular, | know hewouldwishto
talk to you about the tragic accident, in which five divers
lost their lives. He will describe how it happened and all
thelessonsthat one hasto learn from such atragedy. (Itis
hoped to publish this paper in a later issue).

Legislation

UK diving legislation is now well established and
understood amost throughout the world, but, like any
legislation in a rapidly changing arena one has to
periodically review the situation and amend where
necessary. In the UK we are currently studying the
guidance notes which support the legidation with the
intention of updating those notes. We believe that the
actual law withminimumamendment i sat present adequate.
However, itisour intentiontointroduceminor amendments
tolegislationwhichwill requireevery diver and supervisor
to hold a first aid qualification varying in levels of
knowledge with his particular diving standard. We will
also require athree year refresher for the renewal of the
appropriatefirst aid certificate. 1n actual practice, all the
UK approved diving training schools already teach to the
proposed standard.

In addition, we havelooked at thelegal requirementsfor a
diving supervisor. Itisour intention to removethe present
requirement for himto have experienceeither asadiver or
as a supervisor of the diving technique to be used in the
operation for which he is appointed.

The original requirement has become outdated because of
theincreased complexity of operations(especially bell and
saturation operations) where specialised supervisors are
required and also because, of the inhibiting effect, such
reguirements have in relation to the introduction of new
technology. In the future the duty to ensure that the
supervisor is competent will rest more firmly with the
diving contractor. This will also mean that the various
technicians in the control team may achieve supervisor
status.

Training

In the UK and Europe we are still putting considerable
emphasis on training. The pattern of diving is changing
with the increased need for inspection, repair and
maintenance of structures which means, more and more
divingwithintheair range. Theintroductionof dynamically
positioned vessels also emphasises the need for new
techniquesand with the changing patternit is necessary to
review thetraining standardsto ensurethat they arekeeping
up with modern trends. Thisisbeing donein consultation
with Norway and the rest of Europe in parallel with the
updating of the guidance notes.

Dynamically Positioned Diving Support Vessels

When dynamically positioned (DP) support vessels were
first introduced very little thought went into the design of
theair diving stationsin thesevessels. Themain emphasis
was placed on deep diving bell operations. However, with
theincreasein air diving requirementsthey are being used
more and more for such operations revealing many short-
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comings for such work. Good communications between
the dive station and bridge, which is so important, have
sometimes been lacking. The appreciation of the dangers
of diversor their umbilicals being caught in propellers or
thrusters has sometimes been ignored and the fact that DP
vesselsgo“walkabout” onoccasions, forgotten. Inthe UK
we insist upon the length of diver umbilicalg/life lines
beingrestrictedtoalengthwhich absolutely preventsdiver
or umbilical coming into contact with any propeller or
thruster. DP capability for diving support vessels is
attractiveandthey havehel pedto advancedivingtechniques
but they are not the panacea of all diving ills and they do
have limitations especialy when operating in the close
vicinity of aplatform. Theselimitationsmust berecognised
and catered for otherwise unacceptable hazards could be
introduced into the diving programmes.

Accidents and Incidents

1983 showed atotal of 40 incidentsin the UK Sector, one
of which, wasfatal. Thisfatality happened whenthediver
was surveying a pipeline, unattended but using a surface
marker float, in 54 feet of water using SCUBA with afree
mouthpiece. The consequential post mortem showed that
death was due to drowning.

TABLE1

1983 DIVING INCIDENTS IN THE UK SECTOR OF
THE NORTH SEA
(Rearranged and expanded from original table)

40 INCIDENTS ONE FATAL
Type of incident Number % of total
Human error 13* 33%
Decompression Sickness

Typel 10 24%
Type 2 8 18%
Equipment failure 8 18%
Lack of training 2 5%
Lightning strike 1 2%

*  Thisfigureiscalculated from33% of 40incidents. The
other numbers are taken fromthe text. The total number
of incidents becomes 42. So presumably two were due to
human error and another cause.

Oneworrying trend in 1983 was the number of firesinair
atmosphere welding habitats. Although none of the
incidents caused actual harm to any diver they were all
potentially dangerous. Fire, once again, provided reason
for concern when a chamber complex under air pressure
test at a pressure equivalent to 600 feet went on fire.
Fortunately, nobody was hurt. However, it does bring
home the fire risk in enhanced oxygen atmospheres.

There were ten recorded cases of Type 1 decompression
sicknessand eight of Type 2. This seemed avery strange
ratiowhich weareinvestigating. All casesoccurredinair
diving with avast majority in the 100 to 200 feet range.

Human error comes top of the list as aways but there
appears to be arecognised reduction in this factor.

Lack of training, | am pleased to say, was only considered
to beacause or contributory causein two incidentswhere
equipment failure was afactor in eight incidents.

Thecomputer cameupwith oneincident under theheading
of “Act of God” which generated from a “lightening
strike”.

Research Projects

Considerable effort and money is still being invested into
research projects effecting diving safety. It is hoped that
we will be able to issue guidance on the physiological
design parameters and test procedures for underwater
breathing apparatus during 1984. However, it is not an
easy task and was described at one stage as “a contest of
few informed parti ci pantssurrounded by many ill-informed
spectators’.

Other projectscovering diver heating, atmospherecontrol,
communications, acceptable acoustic levels etc., are
progressing.

One medica research project is looking into possible
chromosomal damage in divers and the first report on the
study will be published this year. Once again, thisisan
extremely complex project but, in the UK we believe that
itisour duty tolook at any and every aspect of diving that
may have so far been undiscovered or have long term
effects on the diver.

Before handing you over to Per Rosengren | would liketo
leave you with three thoughtsfor the offshoreindustry for
the next year:-

1. Neverdivedeeper thanthedepth of your onsitechamber.

2. Treat al oxygen/helium bendswith an oxygen/helium
schedule.

3. Treat al air bends regardliess of apparently trivia
symptoms as Type 2.

SO SAY SOME OF US

"2i Protection of Species"

Practice of deliberate free ascents in underwater
competitions is not warranted except with certain safety
precautionswhichmustincludeafunctional recompression
chamber available directly at the site along with medical
personnel experienced in diving medicine. Although it
may be possible to provide such precautions for an
Australian Championships, they would not be generally
available for pre-competition practice. Consequently
deliberatefreeascentsshould not beincludedin Australian
Underwater Federation Competition in the foreseeable
future.”

Extract from By-Laws Rules and Regulations of the
Australian Underwater Federation, 1984.



UPDATE ON DISABLED SCUBA DIVERS

VANCOUVER, BRITISH COLUMBIA, CANADA

Margaret Campbell

It was 7.30 am, October 2, 1983. Asl drove down to the
dock, the brilliant red-orange sun was just rising. It
promised abeautiful autumnday. Thedrivesitewasto be
Croker Island, approximately two hours northeast of
Vancouver, up the scenic Indian Arm. Individuals could
be seen piling Scuba gear onto the Sun Seeker, a Scuba
charter boat. Thiswasn'tanaverage Scubatrip but thefirst
outing of the newly formed disabled Scuba club. Five of
thel12diversweredisabled- 2 paraplegics(Peter and K en),
atransverse myelitic (Jeff), 1 poliomyelitic (Lenny) and 1
legally blind (Lisa). Two of the divers, Lisaand Jeff, an
Olympic disabled swimming champion, were compl eting
their coursewith thislast checkout dive. Two cameramen
(bothdivers) fromthe Canadian Broadcasting Corporation
(CBC) were also on board to film the dive for a future
newscast.

Interest in Scuba diving by the disabled community has
been growing ever since the original 5 divers completed
their PADI course in May 1982. (Letter to the Editor,
SPUMS J, January-March 1983). Up to now there have
been 3 classes, the first consisting entirely of disabled
students and the other classes combining disabled and
able-bodied students. One of the able-bodied students
scheduled to completetheboat dive, unfortunately, had an
accident two daysbeforewith her bike and had broken her
elbow. She was on board, however, and provided one
handed assistance.

The weather was warm and sunny for most of the day,
which aided the film crew but quickly overheated the
suited-up divers. Becominga“filmstar” isn’t all glamour
by any stretch of theimagination! Wewere putinshiftsso
that each buddy pair or team of three could be filmed for
different purposes - donning gear, entries, descents,
underwater and exits. Another lady and | were teamed
with Ken (incomplete T12) who hadn’'t been in the water
sincehewascertified (May 1982). Kenwasvery eager to
returntotheweightlesscondition. What withtheexcitement
of ‘getting in’” and the novelty of being filmed, the first
mistakewasputting thewetsuit ‘john’ onbackwards. That
was okay because the camera wasn't ready.

Kenwasusing rental gear which didn’t fit very well ashis
lower extremities have considerable muscle wasting
whereas the upper extremities have hypertrophied. This
necessitated more assistance with suiting up than would
normally berequired. We adjusted theweight belt so that
the buckle was on the side, as he needed the bulk of the
weight inthefront of hisbody. Intheexcitement, Kenhad
left hisfinsin hisvan so wehad to borrow from Peter, who
wasn’ttobefilmeduntil later. Duetothestrengthof Ken's
upper body, he required minimal assistance to perform a
back roll entry. Onceinto thewater, wehad towait for the
film crew to suit up and film the descent from above and
below water. Ken required a moderate steering assist to
snorkel tothebow. Hehad adifficult timeclearinghisears
on the descent down the anchor chain. This involved
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approximately 10 minutes but we did clear and descended
tothereef 45feet below. Thevisibility was20-25 feet and
the reef looked very inviting. Unfortunately, at thistime,
Ken' sweight belt came unbuckled and with him hanging
onto the ledge, histwo buddiesfinally managed to buckle
him up. With time getting short, we cruised briefly over
thereef, seeing white plumoseanemones, chiltons, convict
fish, sea cucumbers, small shrimp, lingcod and rockfish.
We ascended the anchor line without incident but once to
the surface, the weight belt slipped down his legs and
dropped to the bottom. We manoeuvred Ken, who by this
time was quite tired, back to the stern.

The film crew meanwhile had gone on to film Peter
(incomplete T5) and Lenny (polio) who have been diving
regularly since they were certified. Normally, we would
not have two disabled buddies pair up and it definitely is
not recommended procedure, but therewere 7 other divers
in the immediate area at the time. Lenny, with one
atrophied leg, uses only onefin. Peter’s biggest problem
isclearing his ears while swimming with his hands. Boat
diveswith descentsdowntheanchor lineeasethisproblem
considerably. Lisa, with her buddy replacing her guide
dog, was managing very well.

After lunch, the film crew decided to film Jeff (transverse
myelitis) underwater. Jeff uses adapted hand flippers,
rectangles of firm plastic held on with rubber tubing. The
remaining diverswerefreeto do apleasuredive. Thereef
was beautiful and the autumn threat of red jelly fish never
materialized to spoil our pleasure. Once the last divers
were aboard, the Sun Seeker weighed anchor and atired
group headed back to VVancouver. During our return we
discussed and brain stormed on various possible
adaptations, such as safer weight belt buckles or catches,
and ankle weights to maintain a disabled diver in amore
vertical position for descent. We al agreed that alot of
work isneeded toincreasethesaf ety for thedisabled diver,
that being a buddy for a disabled diver is a great
responsibility and that the able-bodied buddy needsto be
even more aware of the potential problems. The best
source of ideasisthe disabled diver, who has had to learn
to cope on land.

As with most film productions, problems arise and ours
was no exception. The underwater footage of Peter and
Lenny didn’t devel op properly and we are now awaiting a
free weekend when the two of them are not off wheelchair
marathoning, playing competition tennis or basketball, so
that the extrafootage can be completed. Oncethatisdone,
we should be on national television!

BACK TO THE DRAWING BOARD!

Operators of an off-shore platform on the North-West
Shelf havelaid great emphasison safety, frequently casting
adummy into the seasto monitor crew reaction. Recently
thislife-likedummy wasdroppedintothewater for another
exercise, only to be rapidly devoured by a passing shark.

The company is re-examining procedures.

Reprinted from The Australian, 27 October 1983.



32

DECOMPRESSION SICKNESS IN THE GREATER
TOWNSVILLE AREA

Report of a public meeting, held in Townsville on 25/11/
83, onthe subject of Decompression sicknessoccurringin
diversinthe greater Townsville Area.

Fifty-one per sons attended, comprising a cross-section of
the Townsville and district professional and sport diving
community.

ANALY SIS OF 15 CASES OF DECOMPRESSION
SICKNESS TREATED AT THE AUSTRALIAN
INSTITUTE OF MARINE SCIENCE
RECOMPRESSION CHAMBER BETWEEN 1977
AND 1983

Dr John Williamson

Numbers
Maes 12
Females 3
TOTAL 15
Sports divers 14
Type of Bends
Spinal 10
Cerebral 4
Joint muscle 4
Skin 1
Experience of Divers
Hours
Less than 100 hours 14
Range: over 1000 to less than 3 hours
Certification
“C" card 11
Higher 3
Student 1
Season of Year
Summer 7
Winter 8
Dive Trip Duration
1 day 3
2 days (weekend) 10
3 day 2
Dive Tables Used
Repetitive (US Navy) type 12
Unknown 2
Not classified 1
Table Compliance
Initially “inside” tables 12
Initially over tables 3
After correction for “fudge factors”
“Inside” tables 9
Over tables 6
Depths
Deepest depth in dive profile
average 78 feet
deepest 110 feet

Average of al dives (79 dives) 57 feet

Bottom Times
Longest bottom times in dive profile
average 43 minutes
longest 70 minutes
Average of al 79 dives 34 minutes
Rates of Ascent
Asfast as possible 2 dives
Unknown 77 dives

Time of Appearance of Symptoms
During diving
First 6 hours after the last dive
7-24 hours after the last dive

Hoow

Time from the onset of symptoms
to seeking medical advice
Less than 6 hours
7-12 hours
13-24 hours
Over 24 hours

~NhPw

Factors involved which may predispose to bends
* Bad dive profile
(ie. shallow then deep) 11
* Exertion during dives
(retrieve anchor-3)
Bounce dives
Impaired health (hangover-3)
Anxiety
Unfit, long lay off
Previous spinal injury (previous bend-2)
Age over 40 years
Cold during dive

=
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SUMMARY OF THE DISCUSSION
Chairman: Dr Vic Cdlanan

Depth Gauges

Itisobviousthat theaccuracy of gaugesvariesconsiderably
with even better brands (ie. expensive) varying after use.
Opinion wasthat only the more reliable models should be
used and that they should be checked for accuracy at
regular intervals.

Maximum depth indicators (MDI) are only as accurate as
the gauge and may show creep of the MDI and increased
needle friction. However the overall accuracy is better
than that of memory, when allowance is made for human
error. New technology isimproving in thisfield.

Essential Gear

Somediversontripsarenot fully equipped and divemasters
arrange loan equipment where possible; but preventing a
diver from diving without some item of gear is difficult.
Fortunately skippers back up the divemasters.

Dive Tables

Someauthoritiesnow claimthe USNavy Tablesand other
modificationsof theserepetitivediveschedulesareunsafe
especialy at shallower depths.

Too many divers do not realise that Tables refer to the
DEEPEST depth on a dive, not the average depth.



Some “C” card holders cannot use dive tables correctly.

Many diversand dive schoolsare now recommending and
using extra safety factors, eg.

i. add 10 feet and 10 minutes to actual dives when
calculating repetitive dives.

ii. decompression stops asaroutine for all dives.
iii. slower ascent rates - eg. down to 25 feet per minute.

It was emphasised that divers must understand that there
are no dive tables in existence which guarantee 100%
freedom from risk of decompression sickness.

Dive Profiles

Many dive profiles do not follow the principle of deepest
divesfirst and shallow diveslater. It was pointed out that
thisis not always easy and that winds and currents may
makethebottom depth under theboat greater than expected.
However the principleof avoiding deep divesat theend of
atrip was emphasised as being important.

Supervision of Dives

Some persons argued for:

i. divemaster logging times in and out and checking
maximum depth on MDI, rather than divers doing
same,

ii. freshandfitdiver and gear availableat all timestofree
anchor, or to perform any other short notice, in-water
tasks.

iii. divemasters to be more aware of the experience and
capabilities of divers on atrip.

Otherswereof theopinionthat itistheresponsibility of the
individual diver to log his dives. The legal position of
divemasters, dive schools and skippers who undertake
tuition and supervision was questioned, but no discussion
ensued.

Seriousness of Decompression Sickness

Thefact that bendsisnot just pain in thejointswhich can
be successfully treated, was emphasised. Asinmost other
series, spinal bendswerethemost commonin Townsville.
Once symptomsoccur widespread damage may be present
in several organs. Serious permanent disabilities may
result. One such caseis present in the Townsville series

Education

It was obviously the feeling of the meeting that better
education of diverswasthe most effectiveway of reducing
the incidence of decompression sickness. Points which
need emphasising were suggested:

i. theseriousness of the disease

ii. therecognition of signs and symptoms
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iii. how easy it isto get bends
“Thereisno such thing as asafe dive”.

iv. correct use and understanding of dive tables.
Educationwasfelttobeparticularly importantintheinitial
training of divers, but re-education of divers at intervals
throughout their diving careers was also stressed.
Recertification

At present noneof thediving school srequirere-examination
or recertification of holders of basic qualifications. Many
agreedthat a“ C card” should bevalid for afinitetimeand
that re-certification should be necessary for the card to
remain valid.

Update courses are available.

CONCLUSIONS

a. Trainee divers must be made more aware of the risks
and seriousness of decompression sickness.

b. Diversshould be educated to realise that no set of dive
tables is 100% safe.

c. Nodepthgaugeis100%reliable, andregular calibration
(every 6 months at least) is strongly advised.

d. Thedepth of adiveisthe deepest point of the dive, no
matter how brief the time spent at that depth.

e. Rates of ascent should be kept as slow as possible -
never faster than 60ft/minute, 45ft/minute is better.

f. Decompression stops at 10ft(3m) should be routine.

g. Diverswhocheat ontables, depthsand/or bottomtimes
are only cheating themselves and their buddies!

CLEANING UP THE SHARK PERIL

Dr Samual Gruber, of the University of Miami in Florida,
has been reported as describing a new shark repellent.
Testsonmany productshad been madeand sodium docecyl
sulphate(SDS), usedinshampoosasadetergent, performed
better than many better known natural compounds. 1t was
better than the US Navy’s* Shark Chaser” repellent, too.

SDS was discovered during tests using paradaxin, the
toxin found in the Red Sea flatfish, the Moses Sole. The
chemical similarity of thisnatural chemical tocommercial
detergents was noticed and fifteen such detergents were
tested, the lemon shark being the test species. SDS and
another detergent were found to be both consistently
effective, and cheap.

So evenif therepellent doesn’t work you can die satisfied
that you haven’t wasted much money.

Reprinted from The Australian, 30 August 1983.



PUBLICATIONS OF INTEREST

THE NATURE AND TREATMENT OF
HYPOTHERMIA

Robert S Pozos and Lorentz E Wittmers Jr, editors
The publisher’sleaflet is reproduced below.

Hypothermia, or abnormally low body temperature, occurs
both in accidental situations (exposure to cold) and in
relation to such medical disorders as cardiac disease,
diabetes, coma, insulin shock, drunkenness, and certain
conditions in the very young and the very old. The
hypothermic individual is unable to regulate body
temperature, which can drop in accidental hypothermiato
aslow as 27 degrees Centigrade (80 degrees Fahrenheit).
Medical risk isincreased by heat loss, and if the victim
aready suffers from disease, from a blood circulation
impairment - often truein the elderly - or from aphysical
impairment like drunkenness, the vulnerability to cold
injury increases.

The 18 papers in this book, prepared for a Continuing
Medical Education conference at the University of
Minnesota-Duluth Medical School, provide state-of-the-
artinformationonthediagnosis, physiol ogy, andtreatment
of hypothermia. Since severe hypothermia is a major
medical emergency and the victimisoften found far from
shelter, this book devotes primary attention to emergency
andin-hospital proceduresfor rewarmingthebody, starting
an arrested heart, dealing with shock, and treating cold
damageto thebody. Y et its comprehensive approach - its
emphasi supon physiology aswell astreatment - will make
it a useful book for research scientists and students of
medicine and human physiology aswell asfor physicians.

The contributors to this volume are clinical and research
scientists from Canada, Great Britain, and the United
States. Editors Robert Pozos and Lorentz E Wittmers Jr,
are associate professors in the department of physiology,
School of Medicine, University of Minnesota-Duluth.

Contents

Preface. Robert SPozos
Introduction. Lorne A Kuehn

Part I. The Diagnosis of Hypothermia

1. The Physiology of Immersion Hypothermia. JS
Hayward

2. Hypothermia and the Paediatric Patient. Richard K
Young and Keith H Marks

3. Thermoregulation and Hypothermia in the Elderly.
KE Cooper and AV Ferguson

4. The Development and Rectification of Hiker's
Hypothermia. WC Kaufman

Part I1. The Physiology of Hypothermia

5. Cerebral Circulation during Hypothermia. Milton J
Hernandez

6. Hypothermiaz A Timing Disorder of Circadian
Thermoregulatory Rhythms? Martin C Moore-Ede

7. Neuropharmacological Aspectsof Thermoregulation.
Peter Lomax

8. Fluid Shiftsin Hypothermia. Murray P Hamlet

9. The Relationship of Glucose Metabolism to
Hypothermia. Milton Mager and Ralph Francesconi

10. The Relationship between Shiver and Respiratory
Parametersin Humans. RSPozos and LE Wittmers Jr

Part I11. The Treatment of Hypothermia

11. Cardiac Function during Accidental Hypothermia.
Bruce C Paton

12. Emergency Treatment of Hypothermia. C Patrick
Lilja

13. Submersion Hypothermia and Near-Drowning. AW
Conn, GA Barker, JF Edmonds, and DJ Bonn

14. Clinical Management of Elderly Hypothermic Patients.
lan McA Ledingham

15. Accidental Hypothermia. William J Mills Jr

16. Rewarming. Frank & C Golden

17. TheEffect of Airway Warmingon SevereHypothermia
Donald E Raberts, John F Patton, and Donald WKerr

18. Near-DrowningandltsTreatment. BarbaraB Tabeling

Additional Commentary on Hypothermia:

Appendix A Urban Hypothermiain the United Kingdom.
KJ Collins

Appendix B Discussion.

University of Minnesota Continuing Medical Education,
Volume 2. 1SBN 0-8166-1154-8. xxiii + 277 pages, 53
lineillustrations, 4 photographs, 1983.

Available from:
University of Minnesota Press
2037 University Avenue SE
Minneapoalis,
MINNESOTA 55414 USA.
PRICE: US$35.00

UNDERSEA MEDICAL SOCIETY PUBLICATIONS

WORKSHOP REPORTS PRICE
Strategy for Future Diving to Depths Deeper than 1,000
ft. 4.50
Development of Decompression Procedures for Depths
in Excess of 400 feet. 8.50
Emergency Medical Technician/Diver. 2.50

Treatment Offshore of Decompression Sickness, EUBS
1976. 1.50

Hyperbaric Oxygen Therapy Committee Report (Rev.
Feb 1981). 2.50

National Plan for the Safety & Health of Diversin their
Quest for Subsea Energy. 16.50

Proceedings of 5th Annual Scientific Meeting of EUBS.
6.00

History of Development of Decompression
Tables. 6.00



Monitoring Vital Signsin the Diver. 6.00
Emergency Ascent Training. 4.00
Treatment of Serious Decompression Sickness and
Arterial Gas Embolism. 3.50
Effects of Diving on Pregnancy. 5.00
Man in the Cold Environment 12.00

Bibliography, 360 pp.

Techniques of Diving Deeper than 1,500
feet. 6.00

Decompression Theory 9.50
Interaction of Drugsin the Hyperbaric Environment4.00
Superoxide Dismutase (Annotated Bibliography). 6.00
CO2 Effects on Mammalian Tissue (Annotated

Bibliography) 5.50
Thermal Constraintsin Diving 6.00
The Unconscious Diver; Respiratory Control & Other

Facts 6.00
Thermal Stressin Relation to Diving

(UK). 4.50
Isobaric Inert Gas Counter-Diffusion 7.00
BOOKS
The Underwater Handbook, A Guide to Physiol. &

Performance for the Engineer. 33.50
Hyperbaric Oxygen Therapy (Davis & Hunt)

Member 27.50

Non-Member 37.50
Underwater Medicine & Related Sciences (Warts &

Shilling).

Vol 2 (1975) 25.00

Vol 3(1977) 25.00

Vol 4 (1979) 25.00

Vol 5(1981) 25.00

3 for $60.00
Hyperbaric & Undersea Medicine. 40.00

(JC Davis)

Proceedings of the V1Ith Symposium on Underwater

Physiology.

Member 47.50

Non-Member 60.00

ABSTRACTING SERVICE

Underwater Physiology Abstracts
(Monthly) Annual Subscription
USA

60.0
Other Countries 75.00
Underwater Equipment & Technology
Abstracts (Monthly) Annual Subscription
USA 60.00
Other Countries 75.00

JOURNAL*

Undersea Biomedical Research
Annual Subscription 50.00
Back Issues - per copy 12.50
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NEWSLETTER*

Pressure - bi-monthly
Annual Subscription 15.00

NEW UMS PUBLICATIONS

Directory of Hyperbaric Treatment Chambers, USA and
Canada. 40.00

Bibliography, Dysbaric Osteonecrosis April, 1983. 6.50
Bibliography, Nitrogen Narcosis

August 1983. 8.00
All pricesarein USDallars. Cheques, payable in $US
should accompany orders.
* These publications are included in the cost of
membership.
Writeto:

Underwater Medical Society,

9650 Rockville Pike,
Bethesda, Maryland, 20814.
USA

BEST PUBLISHING COMPANY BOOKS

Pricesin USDollars

The Physiology and Medicine of Diving

Edited by PB Bennett & DH Elliott $56.00
Subsea Manned Engineering $42.00
Underwater Engineering $33.95
Commercial Oil Field Diving $19.00
The Deep Sea Diver $10.00
Underwater Work $10.00

The above prices do NOT include packing and postage.
Further details from:

Best Publishing Company,
PO Box 1978,

San Pedro,

California, 90732.

USA

NO COMMENTS, PLEASE!

In arecent newspaper article on The Mid Life Crisisthe
journalist quoted a Sydney doctor specialising in sexual
therapy (Dr David White) thus: “I think it's a media-
induced thing over the last 10 years caused by too much
leisure, toolittleeducation and theunreal expectationsthat
havebeenrai sed by thewomen’ smovement. I'm42. | find
most men of my age seemto befalling to pieces. They are
taking up physical thingslike scubadiving, duck farming,
jogging and becoming part of what | call the walnut-
sandwich-and-bar-bellsset. If at 22 you' vehad sex, drugs
and rock and roll, what’ s left for you at 407’

No survey of SPUMS membership is contemplated.
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BOOK REVIEW

(Reprinted from Under sea Biomedical Research)

THE PHYSIOLOGY AND MEDICINE OF DIVING

Edited by PB Bennett and DH Elliott,
Best Publishing Co.,
PO Box 1978, San Pedro, CA 90732.

Price: US$56.00 plus $3.00 postage and handling.
Australian Recommended Price $105.00
(3to 4 weeks delay in delivery).

Thisnew volume of what are essentially reviews of broad
areasof medicineand physiology indiving and compressed
air work deserves more than ever to be caled aclassic. It
doesmorethan bring theinformation containedinit up-to-
date, whichisthegeneral function of anew edition. Inthis
volume the information on practical diving has been
increased and integrated more fully with background and
theoretical information.

Thechapter onoxygentoxicity hasbeencompletely revised
frombeginningtoend and providesmuchmoreinformation
on thislong studied but still very much unknown subject.
A new chapter in this volume considers the problem of
isobaric gas exchange and supersaturation by counter
diffusion, a problem relatively unknown when this book
was last published but one which has aroused agreat deal
of interest. This edition also handles the conflicting and
controversial area of decompression theory in a much
better fashion. The revised chapters on recompression
therapy and the management of diving accidents provide
the practical guidance often missing in diving texts and
provide valuableinformation to those who are not closely
familiar with techniques or new advances in handling
these problems.

This book is essential for the personal library of anyone
with morethan apassinginterest in diving and deservesto
beastandard referenceinall medical libraries. 1twill aso
be of great value to engineers or other persons closely
involvedindiving equipment design and diving operations.

James V orosmarti.
The Reviewer: Captain James Vorosmarti MD, is the
Assistant for Medical Research, Office of the

Undersecretary of Defense, The Pentagon, Washington,
DC.

UNDERWATER MEDICINE COURSE

Thelnstitute of Environmental and Offshore Medicine, of
the University of Aberdeen, will be running an Advanced
Course in Diving Medicine, entitled “MEDICAL
EMERGENCIES IN DIVING” in June 1984.

Thecoursestartson 24 June 1984 and lastsfor two weeks.
A preliminary 5 day course of guided study and tutorialsis

available for those who have not attended an introductory
course from June 18th to 22nd.

Thecoursedirector isDr TG Shields, other membersof the
teaching staff areProf DH Elliott, Dr PB Jamesand Dr NK|
Mclvor and guest speakers.

The fee for the main course is £1,000. The fee for the
preliminary week of guided study is £250.

Enquiries should be directed to:

The Department of Underwater Medicine,
Institute of Environmental and Offshore Medicine,
University of Aberdeen,

Foresterhill,

Aberdeen AB9 2ZD.

Scotland.

HYPERBARIC MEDICINE CONFERENCES

NINTH ANNUAL CONFERENCE ON THE
CLINICAL APPLICATION OF HYPERBARIC
OXYGEN

11-15 JUNE 1984

Acapulco Princess Hotel, Acapulco, Mexico.

This five day conference will provide an open forum for
discussion of controversial topicsinthefield of hyperbaric
oxygen therapy through plenary talks, debates, original
communications and presentation of case reports.

CONTROVERSIES TO BE DISCUSSED AND
DEBATED:

- Who needs an HBO chamber

- The monoplace vs the multiplace chamber

- What should the specialist know about HBO?

- UsingHBOfor approved and experimental conditions.
- Who should operate the hyperbaric chamber.

OBJECTIVES

* To determine which providers of health care need
hyperbaric chambers

* To know the advantages and disadvantages of the
multiplace and the monoplace hyperbaric chamber.

e Tolearn how HBO can be an adjunct to medical and
surgical care. Torecognizethecurrently accepted uses
for HBO.

» To appreciate what conditions are being treated with
HBO on an experimenta basis and the reasoning for
such.

* Tounderstand therationa ein determining who should
operate hyperbaric chambers.

* To apply research findings from the original
communications to clinical applications.

* Tosummarize the recommendations from the debates
on controversial issues.



Programme Director: Dr George Hart.

For further details contact:
Assistant Director,
Center for Health Education,
Memorial Medica Center,
2801 Atlantic Avenue (PO Box 1428),
Long Beach, Cdifornia. 90801-1428.
USA

Telephone: (213) 595-3613.

VIII INTERNATIONAL CONGRESS ON
HYPERBARIC MEDICINE - 20-22 AUGUST 1984

Hyatt Regency Hotel, Long Beach, California, USA.

The conference will include original papers, exhibits,
poster presentations and plenary sessions.

For further information contact:
The Secretariat,
VIl International Congress on
Hyperbaric Medicine, ¢/- Baromedical Department,
PO Box 1428,
Long Beach, California, 90801-1428, USA.

Telephone: (213) 595-3613.

DIVING SAFETY MEMORANDA

Department of Energy,
Petroleum Engineering Division
Thames House South,

Millbank, London, SWIP 4QJ.

DIVING SAFETY MEMORANDUM NO 4/1983
CODE OF PRACTICE ON THE SAFE USE OF
ELECTRICITY UNDERWATER

11 April, 1983

The safety philosophy of the UK Diving Inspectorate is
that in areas of doubt, at some time somebody has to take
action in order to make progress, hence the Diving Safety
Memoranda 18/1982 which drew attention to a Code on
the safe use of electricity underwater.

Asaresult of commentsreceived, itisclear that the actual
statusof thedocument iscausing someconfusion. | would
liketomakeit clear that itisnot at present designed for use
in amandatory or contractual sense. The document does
contain the best information which was available to the
authorsat thetime of publication, but it isappreciated that
in some cases thiswas limited - hence reference to use of
equipment and techniqueswhich will be useful, but which
are not currently available.

Thedocument should beregarded asadraft for discussion
and development and any comments on its scope and
content would be wel comed.
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It is hoped that a more authoritative version will be
published in a year or so’'s time. In the meanwhile, all
concerned with the use of electricity underwater
(contractors, clients, operators, manufacturers, suppliers
and others) should usethebest and most suitableequipment
and techniques available, consistent with safe practice,
whilst at the same time taking into account all reasonably
available technical advice.

Non compliancewith the codein any particular respectin
favour of some other reasonable practice would not be
regarded asabreach by employersof their responsibilities
under relevant legislation.

DIVING SAFETY MEMORANDUM NO 5/1983
TESTING OF GAUGES

6 May 1983

The Diving Operations at Work Regulations 1981
Regulation13(1) states* Theplant and equi pment specified
in Regulation 12(1)(2) and (5) shall not be used in any
diving operation unless (c) there is in force a certificate
issued under para(2) by acompetent personthat it hasbeen
tested and that it may besafely used”. Para(2) (a)(v) states
that “The period during which it can be safely used shall
not exceed six months’.

Thisregulation impliesthat all pressure and depth gauges
fitted inthe diving system must betested every six months
by a competent person.

Diving companieshavecompliedwiththeaboveregulations
by removing the gauges and sending them ashore for full
calibration. This routine is expensive and requires
companies to hold large stocks of gauges. Gauges can
sufferdamageintransit. Itissuggestedthat therequirement
can be met by testing the gauges on site against a master
gauge. Themaster gaugeshouldberecalibratedat intervals
not exceeding six months.

The competent person may be a technician who has had
training in gauge testing.

DIVING SAFETY MEMORANDUM NO 6/1983
SURFACE ORIENTED DIVING FROM
DYNAMICALLY POSITIONED VESSELS

6 May 1983

The level of diving accidents and incidents in diving
operations from dynamically positioned vesselsis giving
cause for concern and, in particular, the potential hazard
arising from diversor their umbilicalsbecoming fouled in
propellers or thrusters.

Diving Safety Memorandum No 21 of 1982 drew attention
to these potential dangers. However, some companies,
supervisors and divers do not appear to be following the
advice provided.
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Regulation 5(2)(a) of the Diving Operations at Work
Regulations 1981 requiresthat every diving contractor, so
far as is reasonably practical, ensures that each diving
operation is carried out from a suitable and safe place.

Care must be taken in the selection of vessels and the
personnel used for these operations to ensure that they
have the necessary capabilities and are operated in a
manner which meets the statutory requirements.

Proper procedures must be written into the diving rules
emphasising the importance of close and efficient
supervision, good diver attendanceand full communication
coverage at all times.

A vessel operating on DP may not aways provide the
necessary suitableand safe placefor diving operationsand
other means must be considered.

If asafediving position cannot be maintained, then diving
should not take place.

Thefollowinglist, whichisnot definitive, providespoints
for consideration when planning surface orientated diving
from avessel operating in the DP mode.

1. The need for good supervision.

2. The need for good diver tending.

3. The provision of efficient bridge/diving control

communications.

The provision of efficient diving communications.

The use of an open bell or conventional bell.

The position of the diver closeto the task.

Thetypeof diving (ie. splash zone area, shallow, deep,

etc).

8. The choice of diver umbilical (buoyant or heavy).

9. Theuse of cranes.

10. The use of anchors.

11. The employment of lines to the structure.

12. The possibility of demobilising the azimuth thruster,
tunnel thruster or propellersinthevicinity of thediving
operation.

13. The need for emergency and abort procedures.

No ok

DIVING SAFETY MEMORANDUM NO 7/1983
OIL FIRED HEATERS

8 July 1983

A recent investigation into afire onboard adiving support
vessel has shown the need for care when siting oil fired
heaters and during operation. The attention of al diving
contractors is drawn to the following recommendations:

1. Careful consideration is necessary when selecting a
location for the installation of the heating unit and fire
fighting equipment should be an integral part of that
system.

2. A fireproof bulkhead should be provided between the
header tank and the burner.

3. The supply of the header tank should be fitted with a

valve which shuts automatically when the tank is full
(Failsafe).

4. In addition to the supply, an overflow line from the
header tank to a safe dump area should befitted. The
overflow pipe should be of alarger diameter than the

supply.

5. Each heater unit should bestandinginasuitable® spill-
catchtray” and adrain provided from thetray to asafe
dump area.

6. Preferenceshouldbegiventohardplumbingthesupply
from the header tank to the burner and the samefor the
return pipe to the header tank.

7. A setof operation procedures, including the procedure
for topping up of header tanksisto be secured at each
unit. ldeally, the procedures should be under the
headings of “Do’sand Don’ts’.

DIVING SAFETY MEMORANDUM NO 8/1983
LIFTING EQUIPMENT TESTING AND
MAINTENANCE

24 August, 1983

Investigationsintorecent divingincidentsinvolving diving
winches has shown:-

(@ Thetesting of winch primary and secondary motors
are sometimes carried out independently. Thisisnot
regarded as being satisfactory. Theroutinetesting of
such lifting equipment should be carried out
independently and also during the transfer between
the primary and secondary motors with the systems
under test load. Particular attention should be given
to the suitability of the brake and clutch mechanism
during such changeover operations.

(b) The primary cause of arecent incident offshore was
the fracture of a coupling shaft between a motor and
a hydraulic pump. The initiation site of the fatigue
crack was the root of the shaft keyway. Oxidisation
at the face of the crack indicated that it had been in
existence and growing for some time. Diving
companies and equipment hirers should ensure that
maintenance and inspection procedures are carried
out in such away as to minimise the likelihood of
similar failures occurring in the field.

DIVING SAFETY MEMORANDUM NO 9/1983
DIVING ON PIPELINES UNDER TEST OR
MAINTENANCE

24 August 1983

Diving in the vicinity of pipelines under test could be
hazardous.

Diversshould not approachwithin 100 metresof apipeline
which isunder pneumatic test.



During hydrostatic testing divers may work in thevicinity
of the pipeline but should not carry out any operationson
it.

The Department of Energy, Submarines Pipelines
Guidance Notes, recommend when apipelineisknown or
suspected of being defective, divers should not approach
within 100 metresunlessthepressurehasfirst beenreduced
to 80% of the highest pressure to which the pipeline has
been subjected since the defect was first discovered or
suspected.

Additional care should be taken when the pressure in a
pipeline is reduced to less than the pressure of the water
surrounding the pipeline, as differentia pressure is a
hazard to divers.

When apipelineis under test, the diving supervisor must
discussany operationswiththeowner of thepipelineor his
representative before divers are permitted to work on or
near the pipeline.

DIVING SAFETY MEMORANDUM NO 10/1983
DIVERS AIR GASSUPPLY SYSTEMS

21 October, 1983.

Diving Safety Memorandum No 14/1976 called attention
to potential designfaultsregardingthegassupply todivers
and the consequences of a primary failure.

It appeared that some principles behind these
recommendations are misunderstood or misinterpreted
and therefore to clarify the situation the following
recommendations should be followed:-

Surface Orientated Diving

1. Theair supply systemtoadiver should bedesigned
in such a way that in the event of the diver’s umbilical
being cut or severed it should not deprive any other diver
or standby diver of their air supply. It should be noted that
itisimpractical for theaffected air supply to beisolated by
manually shutting avalve.

Bell Diving

2. The gas supply system in a diving bell should be
designed in such away that in the case of the loss of the
main surfacetobell umbilical pressure, theemergency bell
onboard gasisbrought on lineto the diver or diverseither
manually or automatically with a safeguard against
exhausting back into the main umbilical.

3. The gas supply system to the bell standby diver
should give him the option of using either unlimited
surface or the independent limited onboard gas supply.
Divers Bail Out

4, Breathing gas supply to divers masks must be
designed in such away that in the event of failure of the
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diver's umbilical supply, the gas from the reserve or
bailout cylinder does not exhaust into the sea.

5. When designing new diving bells or modifying
existing bellsto accommodate two diversplusthe standby
diver consideration should be given to the provision of
independent gas supply to each diver.

DIVING SAFETY MEMORANDUM NO 11/1983
DIVERS MEDICAL AND COMPETENCY
CERTIFICATES

14 November 1983
Diving companies should not accept photostat copies of

divers certificates of competency or photostat copies of
log book entries regarding medical fitness.

DIVING SAFETY MEMORANDUM NO 2/1984

23 January 1984

The following Safety Notice has been issued by the
Norwegian Petroleum Directorate and is supported by the
UK PED Diving Inspectorate.

“In connection with diving accidents on the Norwegian
Continental Shelf, the Norwegian Petroleum Directorate
will give the following recommendations:

1. Clamping mechanisms which is necessary for the
chamber complex, evacuationdeviceandbell toremain
under pressure, shall beequipped withaninter-locking
mechanism which makes it impossible to open when
the opening may cause an unwanted drop in pressure.
Wewill emphasize that it shall be impossible to open
the mating clamp between the bell and the chamber
while the tunnel is under pressure.

2. The person who operates the clamping mechanism
shall beableto ensurefor himself that opening will not
cause an unwanted drop in pressure.

3. The doors between the different compartmentsin the
chamber complex shall be kept closed whenever
possible.

4. All stations which are necessary for a safe diving
operation shall be equipped with a communications
system which enables the person on the station to
understand clearly orders given to him. It shall be
possibleto contact thediving supervisor fromall these
stations.

5. Thediving operation shall becarried out inaccordance
with laid down procedures. During operations of
special importance to the divers safety, checklists
shall be used.”

COMMANDER SA WARNER
Chief Inspector of Diving



COURSES IN MARINE BIOLOGY

Sea Studies Services conducts marine biology courses at
various levels. The A level course assumes no previous
knowledge; B, C, and D courses build on the foundations
laid during the A course. The courses are run by Reg
Lipson, whoisaSenior Lecturer at the Hawthorn Institute
of Education. HeisaFAUI instructor and an examiner for
the NQS Underwater Naturalist award. Thosewho attend
the Oceansmeetingsin Melbourne know himasthe M C of
those very successful meetings.

Not all these courses are conducted in Victoria. In May
1984 there will be an overseas Marine Natural History
Excursion to the Isle of Pines, New Caledonia.

Other courses are:

Course SSS/D/’ 84/1

THE MOLLUSCA - A DIVER'SLOOK
D Level Course Fee $95

Hawthorn Institute of Education,
9am-5pm June?2and 3.

Course SSS/D/’ 84/2

OUR FINNY FRIENDS- A Diver's Look at Fish.

D LEVEL. CourseFee$85

Hawthorn Institute of Education,

9am-5pm September 22 plusboat diving excursion.

Course SSS/A/'84/3

Marine Biology - A FIRST COURSE*

A Level. Course Fee $105

Hawthorn Institute of Education,

7-9.30 pm. November 7, 14, 21, 28, December 5and
12.

Excursion will be conducted within the above period.

For further details contact Reg or Kay Lipson.

Sea Studies Services,
70 Railway Parade South,
CHADSTONE VIC 3148.

Telephone: (03) 277-0773

PROJECT STICKYBEAK

Thisprojectisanongoinginvestigation seekingtodocument
all types and severities of diving related incidents.
Information, all of which is treated as being
CONFIDENTIAL inregardstoidentifyingdetails, isutilised
in reports and case reports on non-fatal cases. Such
reports can be freely used by any interested person or
organization to increase diving safety through better
awarenessof critical factors. Information may be sent (in
confidence) to:

Dr D Walker
PO Box 120
Narrabeen NSW 2101

SPUMS NOTICES

OBJECTS OF THE SOCIETY

Topromote and facilitatethe study of all aspectsof
underwater and hyperbaric medicine.

To provide information on underwater and
hyperbaric medicine.

To publish ajournal.

To convene members of the Society annually at a
scientific conference.

MEMBERSHIP OF SPUMS

Membership is open to medical practitioners and those
engaged in research in underwater medicine and related
subjects. Associate membershipisopento al those, who
are not medical practitioners, who are interested in the
aims of the society.

At present the subscription for Full Membersis $A20.00
and for Associate Membersis $A15.00.

Membership entitles attendance at the Annual Scientific
Conferences and receipt of the Journal.

Anyone interested in joining SPUM S should write to:
Dr Chris Acott,
Secretary of SPUMS,

Rockhampton Base Hospital,
Rockhampton QLD 4700

NOTES TO CORRESPONDENTS AND AUTHORS

Pleasetypeall correspondence, in doublespacingand only
on one side of the paper, and be certain to give your name
and address even though they may not be for publication.

Authors are requested to be considerate of the limited
facilitiesfor theredrawing of tables, graphsor illustrations
and should provide these in a presentation suitable for
photoreduction direct. Books, journals, notices for
symposiaetc., will begiven considerationfor noticeinthis
journal.

REPRINTING OF ARTICLES

Permission to reprint articles from this journal will be
granted on application to the Editor in the case of original
contributions. Papersthat are here reprinted from another
(stated) source require direct application to the original
publisher, this being the condition of publication in the
SPUMS Journal.



