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EDITORIAL

There are many things which are unattainable at thistime
and appear likely to remain so. They include elucidating
the Meaning of Life, the discovery of an Elixir of Eternal
Y outh (especially onewith aGuaranteed Health option!),
learning how to circumvent Murphy’sLaw and acquiring
aDecompression Meter whichallowsthewearer toventure
underwater repeatedly for aslong, and asdeep asheor she
may desire without the need to spend time decompressing
or therisk of decompression sickness (DCS). Itisthelast
named unattainable that seems to be attracting the smart
money and brilliant minds in the recreational diving
industry, which seems likely to crack and allow a
breatkthrough. For thisoptimistic appraisal credit must be
giventoabélief that microchipsand sophi sticated computer
programs can, and do, lead to the solving of all problems,
which are tackled in a resolute manner. Divers seem to
have a belief in the magic of science rather than an
appreciation that Nature’'s Laws are what govern al life
processes.

Alasfor such hopes. Evenif diversof the future proveto
bebetter at obeying all the good advicethey aregiventhan
are the divers of today, there can never be a complete
guaranteethat adivecannot resultin somedecompression-
related problem even when following any of the
decompression tables blessed by navies and other
authorities. Even the most recent tables comewith a“No
Guarantee” tag, though this is by convention in the
traditional unwritten small print. Thisis a result of the
unfortunate (in this context) fact that every living person
differs unpredictably in some unknowable physiological
waysfrom every other, and indeed variesfrom day to day.
Such problemsnaturally can beengineered out of machines
so that they only suffer decompression problems if they
havedevel oped somephysical fault. However for humans
itisaninnate problem. Of coursecareful calculationsgive
avital and reasonable guide to the avoidance of DCS but
itishuman nature, or at least the nature of many divers, to
seek out tables offering longer and deeper dives with less
decompression time debit. It would be interesting to
discover what such divers understand about DCS which
allows them to believe that the use of a different piece of
printed advicewill alter theway inwhich their bodieswill
out-gas.

Father Brown, a creation of GK Chesterton, once said “It
isn'tthat they can’t seethesolution. Itisthat they can’t see
the problem” and this is true of much of the work being
done to produce and market machines which offer divers
longer underwater times with a lesser need for
decompression. Asthe present Tables have afailurerate
only anincurableoptimistwill expect anincreased exposure
timetoresultinadecreased nitrogen uptake. Someday, no
doubt, some clever pharmacist will discover adrugwhich
postponesout-gassing by increasing the gasbinding by the
tissues, in effect removing the so called “fast tissues’ and
allowingwhat wouldtoday beregarded assupersaturation.
This will be hailed as a great discovery. One thing is
certain, such an “advance” would soon be followed by a
rash of medical papersrecording new divingillnesses. All
thisisby theway of indicating theimportance of thework

of Carl Edmonds and Tim Anderson (page 119 ) and
warnings of Des Gorman and David Parsons (page 119).
As a bonus there is the paper by Gorman, Browning,
Parsons and Traugott on the important subject of arterial
gas embolism (page 101).

Diver education has been very greatly improved over
recent years. The public requires that their instructors be
skilled at teaching and the major instructor organisations
have become aware of thevalue, both for commercial and
legal reasons, of high standards. However at present there
is no regulation or control of the medical element in the
drive to increase diving safety. While the discipline of
diving medicineisthemorehealthy for contai ning persons
having differinginterestsand opinions, readersareadvised
to conbsider the implications of that sage advice, Caveat
Emptor,and read the waming notice below.

WARNING NOTICE

A noticeadvertisinga“Medical Diving Conference” to be
held in the Maldivesin 1988 has been circulated to many
doctors. There is some valid concern about certain
statements prominently printed in this circular which are
either misleading or untrue.

It is stated that the meeting is “Sponsored by SYNTEX
Australia, Ltd.” but thisiscompletely false. Accordingto
aspokespersoninthe advertising department of SYNTEX
in Sydney “theonly involvement by SYNTEX hasbeento
supply (sell) alist of doctors' names and addressesto the
travel agent. SYNTEX neither authorised nor was aware
of their being named as asponsor until contacted”. While
this reflects poorly on their sense of responsibility in a
commercial matter it does confirm the inaccuracy of the
circular.

Itisstated that “ Tuition isby the Professional Association
of Diving InstructorsInternational”. Thisismisleadingas
PADI (Australia) has neither been approached to support,
nor had any prior knowledge of, this conference. The
statement shouldread that “ therewill beaPADI certificated
instructor available”, which is a rather different matter.
Thecircular statesthat *'Y ou have been specially selected
by SYNTEX Austraia Ltd., to attend the first ever
AustralianMedical Diving Conference’. Thisstatementis
patently untrue on several counts.

It statesthat “ the conferenceyou will beattending consists
of both practical and theoretical divingtuitionand medical
diving lectures. Also paper presentations’. No details of
the medical program are given and none are known to the
travel agent who is circulating this material. A clamis
madethat the Taxation Department will becertaintoallow
50 % of the cost of attending the conference, a statement
open to doubt as no course content has been published to
demonstrate the value of this course as a valid source of
information on diving medicine. It certainly would not be
accepted, on the evidence available, as the basis for an
attendee to claim to be qualified to conduct “diving
medicals'.
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SPUMSNOTICES

INSTRUCTIONSTO AUTHORS

Contributions should be typed in double spacing, with
wide margins, on one side of the paper. Figures, graphs
and photographs should be on separate sheets of paper,
clearly marked with the appropriate figure numbers and
captions. Figuresand graphs should bein aform suitable
for direct photographic reproduction. Photographsshould
be glossy black and white prints at least 150 mm by 200
mm. The author’s name and address should accompany
any contribution even if it isnot for publication.

The preferred format for contributions is the Vancouver
style(Br MedJ 1982; 284: 1766-1770[12th June]). Inthis
Uniform Requirements for Manuscripts Submitted to
Biomedical Journals references appear in the text as
superscript numbers."? The references are numbered in
order of quoting. Theformat of referencesat theend of the
paper is that used by The Lancet, The British Medical
Journal and The Medical Journal of Australia. Page
numbers should be inclusive. Examples of the format for
journals and books are given below.

1 AndersonT. RANmedical officers training. SPUMS
J 1985; 15(2): 19-22.

2 LippmannJ,BuggS. Thedivingemergency handbook.
Melbourne: JL Publications, 1985.

Abbreviations do not mean the same to all readers. To
avoid confusion they should only be used after they have
appeared in brackets after the complete expression, eg.
decompression sickness (DCS) can thereafter be referred
toasDCS.

M easurementsshouldbein Sl units. Non-SI measurements
can follow in brackets if desired.

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
awareness of critical factors. Information may be sent (in
confidence) to:

Dr D Walker
PO Box 120
NARRABEEN NSW 2101

SPUM SJOURNAL BACK NUMBERS

Somecopiesof afew pastissuesareavailableat $2.00 each
including postage.

The relevant issues are

1984 Vol 14, No 1 (8 copies)

This contains Professor Brian Hill’s paper on
“ DecompressionPhysiology” presentedatthe1983 Annual
Scientific Meeting.

1984 Vol 14, No 2 (10 copies)

This contains papers presented at the SPUMS
RAN Meeting in August 1983 and at the ANZICS-SPUMS
Meeting in Rockhampton in October 1983.

1984 Vol 14, No 3 (6 copies)

This contains further papers presented at the
ANZICSSPUMS Meeting in Rockhampton in October
1983.

1985 Vol 15, No4 (14 copies)

Thiscontainspaper sfromthe 1985 Annual Scientific
Meeting in Bandos and from the New Zealand Chapter of
SPUMSMeeting in November 1985, including an account
of the formation of the New Zealand Chapter.

1986 Vol 16, No 4 (12 copies)
This contains papers from the 19865 Annual
Scientific Meeting in Tahiti.

Orders, with payment, should be sent to

SPUMS

80 Wellington Parade

EAST MELBOURNE VIC 3002
Australia

REPRINTING OF ARTICLES

Permission to reprint original articles will be granted by
the Editor, whose addressappearsontheinsideof thefront
cover, providedthat anacknowledgment givingtheoriginal
date of publication in the SPUMS Journal is printed with
the article.

Papers that have been reprinted from another journal,
which havebeen printed with an acknowledgment, require
permission from the Editor of the original publication
beforethey can bereprinted. Thisbeing the condition for
publication in the SPUMS Journal.
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SPUMS ANNUAL SCIENTIFIC CONFERENCE 1986

The following paper covers the topics discussed by Dr Des Gorman during this conference

THE DISTRIBUTION OF ARTERIAL GAS
EMBOLI INTHE PIAL CIRCULATION

DF Gorman,? DM Browning,” DW Parsons,2 FM
Traugott®

INTRODUCTION

A. The natural history of cerebral arterial gas
embolism

Once introduced into a large artery, gas emboli will
distributeaccordingtotheir buoyancy, suchthat thecerebral
circulation is embolised in humans and experimental
animals placed in ahead-up (upright) position.:* A head-
down (inverted) positionprotectsthecephaliccircul ations.®
Because of their upright posture during ascent, diversand
submariners with arterial gas embolism (AGE) usually
present with neurological symptoms and signs consistent
with cerebral arterial gas embolism (CAGE).*®

Before any study of CAGE treatment can be undertaken,
thenatural history of gasemboli inthecerebral circulation
must be documented. Although it has not been shown
directly, it isassumed that the gasemboli that arise during
decompressionoccur asaresult of pulmonary over-inflation
and direct embolism of the pulmonary veins.”®° Such
emboli may be coated with surfactants,'* and thismay alter
subsequent events in the cerebral circulation.

From available studiesit would appear that regardless of
the form in which gas is introduced into the arterial
circulation, coalescence of small emboli will create
cylindrical gascolumns.**? |t also appearsthat the larger
the embolus, the more likely that it will lodge in a small
arteriole and block blood flow.**s The conventional
pathophysiol ogical model of CAGEisbasedonthephysical
blockage of acerebral arterioleby gas,®1%1215 and assumes
that the observed regional brain ischaemia, 212 platelet
accumulation,* thrombi formation,?* and increased
blood-brain barrier (BBB) permeability!®19202630 gre
secondary to this blockage.

However, researchers using cranial windows to observe
pial gas embolism!*1416 have obscured the natural history
of the emboli by compressing their experimental animals
in arecompression chamber (RCC). The potential for the
resultsof thesestudiesto bemisleading isdemonstrated by
work with several animal models not incorporating a
cranial window.>121831 |n these models gas emboli have
been shownto spontaneously redistributefromthecerebral

a Hyperbaric Medicine Unit, Royal Adelaide Hospital
b Springwood Medical Centre, New South Wales
c Department of Anaesthesia, Royal North ShoreHospital.

arteries to the jugular veins212183 tg the right ventricle,
and to the pulmonary arteries.>® It is not known what
proportion of gas emboli entering the cerebral arterioles
undergo such redistribution, nor is it known what effect
they may have after redistributing. Itiseven possiblethat
gas emboli may only lodge in cerebral arterioles
temporarily, eventually redistributing to the venous
circulation. Thelast possibility isaplausible explanation
of the large number of human patients with CAGE that
experiencesomeresol ution of symptomsand signsprior to
any treatment.32%

Almost all of the anima models of CAGE on which the
conventional model is based, have involved the direct
injection of gasinto acarotid artery.’*1416 With thesingle
exception of carotid artery surgery,* these vesselsare not
the usual source of arterial gas emboli. Also, it isknown
that thecarotid artery gasinfusiontechniquesempl oyed by
these researchers can avoid embolism of the brain stem
circulation.312141824  Gas embolism of the brain stem
causes cardiac dysrrhythmias,®183135-42 regpiratory
depression,31214183143 gnd an increase in arterial blood
pressurg®912-14183137-39.43 that exceeds the limits of
cerebrovascular autoregulation.2444  The result is a
significant increase in cerebral blood flow (CBF),*2445
which will have a major influence on the passage of gas
emboli through the cerebral circulation. Thiscastsfurther
doubt ontheanimal model datafromwhichtheconventional
pathophysiological model of CAGE isderived. It follows
that the natural history of gas emboli in the cerebra
circulation is yet to be described.

B. Thefactorsthat could influence the passage of
gas emboli through the cerebral circulation

The arrest of a region of the cerebral circulation, as a
consequence of agasemboluslodginginasmall arteriole,
will only occur if theforcesthat opposeembolusmovement
exceed the local cerebral perfusion pressure (CPP).%1

Theforcesthat oppose embolus movement increase asthe
length of theembolusincreases.’41°223! Thelength of agas
embolusisafunction of both its volume and the diameter
of the vessel it occupies.

Local CPPisaninteraction of mean arterial blood pressure
(MABP), the level of cerebrovascular resistance (CVR),
andtheintra-cranial pressure (1CP).** Theinteraction of
these factors is made more complex by the variation of
CVRwith MABP, such that CBF remains constant over a
range of arteria pressures.’s® Thislatter phenomenonis
called cerebrovascular autoregulation.

Theinfusion of gasintothecarotid or vertebral arteriescan
inhibit this autoregulation, so that increasesin MABP are
accompanied by increases in CBF.%444  Accordingly,
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CPPwill vary withMABP, and the progress of gasemboli
throughthecerebral circulationwill bedirectly influenced
by the MABP.

Theinfusion of gasintothecarotid or vertebral arteries, or
into the aortaor pulmonary veinscan causeatransient, but
significant increase in MABP.391214183137-3543 Embolism
of the brain stem circulation appears necessary for the
typical hypertensive response to gas emboli. 31141824
Because autoregulation of CBF islost,*?%45 the transient
hypertension that accompanies AGE will itself promote
spontaneous redistribution of emboli from cerebral
arterioles to the venous circul ation.>121851

C. Aims of the studies

A series of studies were conducted with a rabbit animal
model of CAGE to describe the natural history of gas
emboli inthe systemic circulation, and in particular in the
cerebral circulation. Thestudiesalsoaimedtoidentify the
factorsinvolved inthe passageto these emboli throughthe
cerebral vessels.

M ethods

New Zealand (NZ) White Rabbits, of either sex, weighing
between 4 and 6 kg were used in all experiments. This
species was chosen because the behaviour of their pia
arterioles has been shown to paralel that of intra-
parencyhmal brain vessels of similar size® because the
behaviour of their pial arteriolesis not affected by being
exposed in an open-brain preparation,® and because the
modulation of cerebral vessel reactivity by changes in
blood pressure persists in this species despite halothane
anaesthesia. %

Pilot studies demonstrated that halothane was the only
available anaesthetic that enabled both a steady-state of
anaesthesia and prolonged survival after CAGE. The
minimum alveolar concentration (MAC) for halothanein
the NZ White Rabbit is well established.®>* The pilot
studies also demonstrated that accurate measurements of
pial arteriolediameter after gasembolismrequired exposure
of the brain as an open-brain preparation.

Tracheal preparation

Followinginductionof anaesthesiainaperspex anaesthetic
box, atracheostomy wascreated. Thiswasintubated with
asize 3 or 4 cuffed endotracheal tube.

The cuff was inflated with isotonic saline. The tube was
suturedinto position, and connectedto arespiratory circuit
that included gascylinders, pressureregulators, calibrated
rotameter flow meters, and a Fluotec Mark 2 halothane
vaporiser.

Fresh gas was delivered to the circuit at 4 L/minute to
prevent re-breathing. The arterial and cerebral venous
oxygen and carbon dioxide tensions were regularly
monitored.

The halothane vaporiser was set at 1.5 % (11.62 + 0.01
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(SD) mm Hg vapour pressure).

Jugular Venous Preparation
The left jugular vein draining the cranial contents was

isolated by dissection, cannulated, and connected to a
heparinized loop that included a graduated air trap (with
gascollected over water). Theloop wasreintroduced into
thejugular vein at itsdistal end with asecond cannula. A
3-way tap was incorporated into the loop to permit both
intravenous infusion and collection of venous blood
samples. These were analysed for oxygen and carbon
dioxide levels with a Radiometer ABL 30 blood-gas
analyser using appropriate temperature corrections.

Body Temperature Maintenance
The rabbits' rectal temperature was maintained between
37.5°C and 37.8°C with a variable-output heat pad.

Electrocardiogram Recording

Electrodes were implanted in the rabbit’ s chest and limbs
to provide a continuous ECG record on a Neotrace 8-
channel recorder.

Femoral Artery Preparation

The right femoral artery was isolated by dissection,
cannulated, and connected via a 3-way tap to a Bell &
Howell pressure transducer (with pressure displayed on a
chart recorder), and to an infusion line. Infusate was
warmed in a heated coil bath to 37.5°C. Arteria blood
samples were analysed for oxygen and carbon dioxide
levelswithaRadiometer ABL 30 blood gasanalyser using
appropriate temperature corrections. Venous drainage
from the right leg was occluded by ligature.

Cranial Preparation

A parieto-occipital craniotomy of approximately 2x 3cm
was created with a high-speed drill. Removal of the dura
enabled observation of the brain and pia vessels with a
Zeiss dissecting microscope. The microscope had a
magnification range of 125 to 800 times, and had both
video (Sony DX C150P) and still camera (Contax 35 mm)
attachments. A tape dam with acentral channel was built
at the posterior aspect of the craniotomy to allow and
control the outflow of cerebrospinal fluid (CSF).

The exposed brain was also bathed with warmed (37.5°C)
and humidifiedgasmixtures, that weredesignedtoreplicate
brain tissue partial pressures of oxygen (PO,) and partial
pressures of carbon dioxide (PCO,) under the various
experimental conditions. These mixtureswere applied as
a 1.5 L/minute diffuse jet into the craniotomy.

Gas Infusion Technique
Gaswasintroducedintothefemoral artery asmicrobubbles
of less than 200 um diameter. This was achieved by
infusing gas at a controlled rate (0.2 ml/sec) through an
orificeof 0.025 ml internal diameter.%” Threeml of normal
saline were then infused at 0.1 ml/second to clear all gas
from the arterial line.

Measurement of Pial Arteriole Diameter
A pial arteriole with an external diameter between 50 and



SPUMS JOURNAL Volume 17 No. 3 July to September 1987

200 pm was selected for measurement. The pilot studies
demonstrated that thissize of arteriol etrapped gasemboli.

Thesegment of thearteriolewherethemeasurementswere
performed was fixed at the intersection of the microscope
occular crosshairs. Themicroscopewaslockedinposition
except for the vertical focus control. Measurements were
only performed at optimal focus, such that the distance
from the segment being studied to the lens remained
constant.

Theexternal arteriolediameter was cal cul ated asthe mean
of 6 measurementsperformed on 3 successivephotographs
and 3 successive still frames of the video sequence. Al
photographs and video sequences were recorded at 500
times magnification. The diameter was measured with
calibrated metal calipers (measurement error <1%).
Because of the large diameter range of arterioles studied
(50200 N-m), changes in diameter were recorded as
fractional changes referenced to the original diameter.

The type of photographic film and video tape, exposure
time, and shutter speeds, were unchanged throughout the
course of the experiments.

Procedure

Twenty seven rabbits were anaesthetised with either air
and halothane (10 rabbits) or oxygen and halothane (17
rabbits). Throughout all of the experiments the rabbits
remainedwithintheir physiological range(whenbreathing
air and oxygen) for both the arterial PO, and PCO,,.

The 27 rabbits were divided into 5 groups; each of 5
rabbits, with the exception of Group Five which had 7
rabbits.

Group Onewas used to observethe distribution of arterial
gas emboli, and the consequent cardiovascular and
respiratory effects.

Group Two was used to determine the effect of posture on
the distribution of arterial gas emboli.

Groups Three and Four were used to determine the effect
of altered gas solubilities on AGE.

Group Five was used to determine the effect of lowered
surface tension pressure on embolus distribution, both
becausegasfoamedin detergent hasbeenused by previous
researchersto stabiliseemboli,**** and because gasemboli
arising during decompression may become coated with
pulmonary surfactants.®

Group One
Five rabbits breathing air were each bound in an upright

posturetoatray that wasfixed at 45°tothehorizontal. Five
ml of normal salinewereinfused intothefemoral artery in
amanner identical tothat described for gasinfusions. This
was followed by repeated 5 ml air infusions, as
microbubbles, given at 2 minute intervals until a gas
embolus became trapped in a pial arteriole which was
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under observation onthebrainsurface. |f theemboluswas
only trapped temporarily, and subsequently redistributed
from the pia arteriole, further gas infusions into the
femoral artery were performed. Infusions were repeated
until another embolus became trapped. Only when an
embolus remained trapped after MABP had returned to
pre-infusionlevelswaslocal pia circulatory arrest assumed.
The size (length and diameter) of emboli that became
trapped was recorded, together with systolic and diastolic
blood pressure, MABP, heart rate, ECG, and respiratory
rate. Air was allowed to escape from the jugular venous
loop into the graduated air trap. The volume of air
collected was recorded.

Group Two
Five rabbits breathing air were bound in an inverted

posture to atray that was fixed at 45° to the horizontal.
Salineand gasinfusionswere performed asin Group One.
The procedure was abandoned if either pial circulatory
arrest was caused by trapped gas emboli, or if the total
amount of gasinfused into thefemoral artery exceeded 15
ml. If pia gas embolism did not occur in these animals,
they werechanged to an upright posture, again at 45°tothe
horizontal. If after 5 minutes pial embolism had not
occurred, further 5ml air infusions, asmicrobubbl es, were
madeinto thefemoral artery in anidentical manner to that
inGroup One. Therabbitsweremonitored asdescribedfor
Group One.

Group Three
These5rabbitswere subjectedto anidentical procedureto

that described for Group One, with the single exception
that they breathed oxygen throughout the experiment.

Group Four
These5rabbitswere subjected toanidentical procedureto

that described for Group One, with two exceptions. First,
they breathed oxygen throughout the experiment, and
second, they had oxygen rather than air microbubbles
infused into their femoral arteries.

Group Five
These 7 rabbitswere subjected to anidentical procedureto

that described for Group One, with two exceptions. First,
they breathed oxygen throughout the experiments, and
second, they had an air foam rather than natural air infused
into their femoral arteries. Theair waseither foamed in a
3% Teepol solution (5 rabbits) or in ahomogenized lung
preparation (2 rabbits). The latter was prepared by
homogenizing lungs extracted from healthy rabbits, and
used within 20 minutes of the death of the donor rabbit.

Results

General Observations

Gasintroduced as microbubblesinto thefemoral artery of
an upright rabbit caused pial gas embolism in thefield of
view, withcylindrical columnsof gasenteringthearterioles.
Thesizedistribution of theseemboli isdisplayedin Figure
1 (page 104). The proximal blood-gas interface pulsed
with each cardiac systole. The pul sationsweredamped by
the gas and were not observed at the distal interface. No
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Figure 1. The size-distribution of gas emboli observed in the pial vessels of the 10 rabbitsin Groups One and Two.
There were 62 gas emboli.

discrete microbubbles were observed. Regardless of
infusatevolume, no gasentered thepial vesselsof inverted
rabbits.

Morethan 80 per cent of thegasemboli that entered thepial
arteriolesdistributed without interruptiontotheveins, and
gaswas often seen in the large veins (>200 pum diameter).
In upright rabbits, gas escaped from the jugular vein
cannula within 30 seconds of gas introduction into the
femoral artery. The gaswas collected intheair trapsasa
blood foam. Gasaccumulatedintheseair trapsevenwhen
the jugular vein was ligated distal to the trap, atechnique
that prevented theretrograde passage of air emboli. Some
gas emboli became trapped in the pial arterioles either
temporarily, or permanently to cause local circulatory
arrest (see Figure 2 on page 116).

The progress of agasembolusthrough the pial circulation
was related to the volume of the embolus (Figure 3). The
larger the embolusthe morelikely it would lodgein apial
arteriole to block blood flow (Table 1) (Pearson ratio =
6.68; likelihood ratio — 6.73: p < 0.01). Emboli became
trapped in arterioles of 50 to 200 pm diameter, most
frequently in those vesselswith external diameters of less
than 100 um (Figure4). If an embolusentered an arteriole
of this size such that the length of the embolus exceeded
5000 pm, then local circulatory arrest was inevitable.
Conversdly, if thelength of theembol uswaslessthan 5000

pm, it progressed to the venous circulation without
interruption. Emboli of intermediate length (500-5000
pum) often becametrapped, but thiswasusually temporary,
redistributing to the veins within 3 minutes. Those
intermediate length emboli that did not redistribute
spontaneously were almost always trapped in arterioles
with external diameters of less than 75 pm.

The spontaneous redistribution of emboli only occurred
during the period of hypertension that followed gas
embolism. If theembolusremainedtrappedinthearteriole
after the blood pressure resumed normal or below normal
val ues, then subsequent spontaneousredistribution did not
occur. Redistributionalwaysoccurred, if within 10 minutes
of embolus arrest, a forceful infusion of saline into the
femoral artery wasusedto createastepincreasein arterial
pressure of greater than 150 mmHg. Conversely,
redistribution never occurred, regardlessof theincreasein
arterial pressure if the forceful fluid infusion occurred
more than 15 minutes after embolus arrest. Thisinability
to redistribute gas emboli from the pial arterioles was a
consequence of arteriole wall collapse, and occlusion of
the arteriole lumen.

Spontaneous redistribution was followed in 10 of the 27
rabbits by spontaneous re-embolism. Intheserabbits, the
additional gas emboli entered the pial arterioles within 5
minutes of the original emboli having redistributed. This



SPUMS JOURNAL Volume 17 No. 3 July to September 1987

105

8

Percentage of observed emboli
redistributing to the venous circulation

<2 2-8

20-80
Embolus volume (ul)

8-20 >80

Figure 3. The relationship between the volume of gas emboli in the pia arterial circulation and the degree of
redistribution of these emboli to the venous circulation in Groups One and Two (10 rabbits with 62 gas emboli).

occurred without any further gasinfusion into the femoral
artery, and without any other manipulation of the rabbit.

Respiration

Pial gas embolism was often accompanied by brief (< 30
seconds) periods of apnoea. If sufficient gas entered the
arteriolestocausepid circulatory arrest therewasinvariably
associated respiratory arrest. Spontaneous respiration
resumed in those rabbits who became normotensive after
embolism. No effect on respiration was observed if the
infusionof gasintothefemoral artery did not causepial gas
embolism. Regardless of infusate volume, no respiratory
abnormalities were observed in inverted rabbits.

Circulation

Pial gas embolism was associated with cardiac
bradyarrhythmias, and occasionaly with cardiac arrest.
Cardiac arrest always occurred within several minutes of
respiratory arrest. A typical bradyarrhythmiaisdisplayed
in Figure 5.

If anembolislodgedinapial arteriole, blockedblood flow,
and did not redistribute to the venous circul ation, then the
consistent finding for all rabbitswas progressive systemic
arterial hypotension, andeventual death. Themeansurvival
time for rabbitswith such pia circulatory arrest was only
26 minutes + 6.9 (SD).

TABLE1
EMBOLUS NUMBER OF NUMBER OF PERCENTAGE OF
VOLUME EMBOLI EMBOLI PASSING EMBOLI PASSING
ul TO VEINS TO VEINS
<8 36 33 91.7
>8 26 17 65.4
TOTALS 62 50 80.6

The relationship between the volume of gas emboli in the pial arterial circulation and the redistribution of these emboli
to the venous circulation in Groups One and Two (10 rabbits and 62 emboli).

Pearson ratio = 6.68; likelihood ratio = 6.73; p < 0.01; (p type 1 error = 0.009)
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arterial gas embolism. Scales: Vertical; 0.5 mv/major
division. Horizontal; 5 major divisions/second.

The infusion of air microbubblesinto an upright rabbit’s
femoral artery always caused a significant increase in
MABP(tg=8.15,p<0.001). However, theaccompanying
increase in pulse pressure was not significant (tg = 1.07).
A typical blood pressure recording with infusion of gas
into a femora artery of a rabbit is shown in Figure 6.
Similar, prolonged changes in blood pressure were never
demonstrated in those rabbits where saline was infused
intothefemoral artery using aninfusiontechniqueidentical
to that used for gas. A typical blood pressure recording
following such asalineinfusionisalso shownin Figure6.

TheincreaseinMABPdid not differ significantly between
those rabbits breathing air, where air microbubbles were
infused into their femoral arteries, and those rabbits
breathing oxygen, where oxygen microbubbles were
infusedintotheir femoral arteries(t,,=0.6) (Table2). The
MABP returned to pre-infusion level swithin 6 minutes of
embolisminthoserabbitsbreathing air whowereembolised
with air microbubbles (mean: 3.15minst+ 2.2 (SD)). The
MABP returned to pre-infusion levelswithin 2.5 minutes
of embolism in those rabbits breathing oxygen who were
embolised with oxygen microbubbles (mean: 1.85 mins+
0.46 (SD)). Thedifference between therecovery timesin
these 2 groups was not significant. (t,, = 1.28).

Gas microbubbles infusion into the femoral artery of
invertedrabbitsal socaused asignificantincreaseinMABP
(t,=7.95,p<0.01). However, thisincreasein MABPwas
significantly less than that seen in upright rabhbits (t,, =
3.68, p < 0.01; One way ANOVA F = 8.37, p < 0.005).
Also, in 3 of the 5 inverted rabbits the blood pressure did
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Figure 6. The effect of femoral artery gas microbubble infusion, and saline infusion on the arterial blood pressure of an
anaesthetised rabbit.

TABLE 2

Increasein Mean Arterial Blood Pressure (mmHgQ)

Air Emboli
Head-up
N=10
Mean + Standard Deviation 41.1+16.0
Range 20- 66

Air Emboali Oxygen Emboli
Head-down Head-up
N=5 N=5
140+ 4.0 452 +134
12-21 22-57

Blood pressure increases with infusion of gas microbubbles into the femoral artery of rabbits.

not return to the pre-infusion level, remaining stable at the
increased level (Table 2).

The arterial hypertension that accompanied AGE was
oftenassociatedwith pial arterial and venoushaemorrhage.

Prior to embolism, the resting MABP in upright rabbits
breathing air (mean: 69.8 mmHg + 9.1 (SD)), was the
same asthat recorded in upright rabbits breathing oxygen
(mean: 73.6 mmHg + 6.62 (SD)) (t,, = 0.82). However,
prior to embolism, the resting MABP in inverted rabbits
breathing air (mean: 84.2 mmHg + 14.2 (SD)), was
significantly greater than in upright rabbits also breathing
ar (t,, =241, p<0.05).

Pial Vessel Responses

Pial gas embolism caused an increase in pia arteriole
diameter inall rabbits(meanincrease: 42 %+ 28.13(SD)).
Whentheembol usprogressedwithout i nterruptionthrough
to the venouscircul ation, the vessel immediately returned

toitsoriginal size.

Observationson 16 of the 27 rabbits, demonstrated that the
pial vasodilation that followed the infusion of gasinto the
femoral artery could occur without pial gas embolism
(meanincrease: 17%+ 7.75(SD)). Thearteriolediameter
increased concurrently with theincreasein blood pressure
inthese 16 rabbits. Similarly, if pial gasembolism did not
subsequently occur, thearteriolereturnedtoitspre-infusion
size with the fall in blood pressure.

Thisincreasein arteriole diameter seen prior to embolism
did not occur to the same extent in al the pial vesselsof a
givenrabbit. Occasionally thearteriolewall wasobserved
to pulse, with pulse cycle periods in avessel segment of
about 20 seconds.

V asodilation was preceded by atransient, but measurable
reductionin arteriole diameter in 7 of the 27 rabbits (mean
decrease: 18.3 % + 14.5 (SD)). Thereductionin arteriole
diameter occurred prior to (3 animals), or without (4
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animals) pia gas embolism, and was seen immediately
after the infusion of gas into the femora artery in these
rabbits.

Groups One, Three, Four and Five

Thegasinfusionvolumesnecessary tocausepial circulatory
arrest in rabbitsin Groups One, Three, Four and Five are
displayedin Table3. A oneway ANOVA (F=17.46,p<
0.005) demonstrated that thevolumesdiffered significantly
betweenthegroups. Further analyseswith unpairedt-tests
demonstrated that the gas volume necessary to cause pia
circulatory arrest in Group Four (Oxygen ventilation/
Oxygen microbubbles) rabbits was significantly greater
thaninGroup Three(Oxygenventilation/Air microbubbles)
rabbits (t, = 3.96, p < 0.05). In addition, the gas volume
necessary to cause pia circulatory arrest in Group Three
rabbits was significantly greater than in either Group One
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reasons. Firstly, the responses of rabbit pia arteriolesto
changes in blood pressure and PCO, are not affected by
being exposed (54), nor are they abolished by a constant
level of hal othane anaesthesiaat the MAC for this species
(55,56). Secondly, in this species, pial vessel responses
parallel those of intro-parenchymal vesselsof similar size
(54).

Respiratory and Circulatory Effects of AGE

Theinfusion of air, of air foamed in either detergent or a
lungextract, or of microbubblesof oxygenintothefemoral
artery of rabbits caused respiratory depression. This
varied from a brief apnoea to lethal respiratory arrest.
Respiratory depression was never produced in inverted
rabbits, supporting theassociation of respiratory depression
with CAGE reported elsewhere, 31214183143

TABLE 3
NUMBER OF EXPERIMENTAL MEAN VOLUME OF GAS
RABBITS CONDITION TO EFFECT ARREST (ml)
GROUP ONE 5 Air/Air microbubbles 10.0+ 1.6
GROUP THREE 5 O,/Air microbubbles 30.0+12.2
GROUP FOUR 5 O,/O, microbubbles 60.0 + 19.0
GROUP FIVE 7 O,/Air? microbubbles 9.0+16

Mean (+ Standard Deviation) volumes of gasinfused into the femoral artery of rabbitsto effect pial circulatory arrest
under varied experimental conditions (F = 17.46, p < 0.005).

NOTE: Air foamed in 3% teepol or lung preparation.

(Air ventilation/Air microbubbles) or Five (Oxygen
ventilation/Air foam microbubbles) rabbits (t, = 3.29, p<
0.05;t,=2.88, p<0.05).

The mean volume of gas collected in the left jugular vein
air-traps in upright rabbits (Group One and Two) was
24.7% + 2.5 (SD) of the volume infused into the right
femoral artery.

Group Two

Regardless of infusate volume, the infusion of air
microbubbles into the femora artery of inverted rabbits
never caused pia gas embolism. Similarly, under these
conditions gas was never collected in theleft jugular vein
air-traps. Thiswas not due to mechanical problems with
their infusion lines, because both pial gas emboli, and
jugular venous gas emboli were produced in these rabbits
whenthey weresubsequently changedtoanupright posture.

Discussion
Although theresults of the experimentsreported here deal

with pial gas embolism in rabbits, the conclusions drawn
can be extrapolated more generally to CAGE for two

Gasmicrobubbleinfusioninto thefemoral artery wasalso
associatedwith cardiac bradyarrhythmiasand occasionally
with cardiac arrest, but only if pia gas emboli were
produced. Therole of coronary artery embolism was not
measured, but it is accepted by other authors that gas
emboli can effect heart function by entering thebrain stem
circulation, the coronary circulation, the heart chambers,
or can affect cardiac function indirectly by enhancing the
release of catecholamines into the systemic
Ci rCUI atl On_3,9,18,31,35,36,37—39,40,42

The infusion of oxygen or air microbubbles into the
femoral artery of upright rabbits caused the MABP to
increase. This increase was significantly different from
the increases seen either after the infusion of saline into
upright rabbits, or the infusion of gas microbubbles into
thefemoral artery of inverted rabbits. Similarincreasesin
MABP have been demonstrated by other researchers, with
infusion of gasinto either the carotid or vertebral arteries,
or into the aorta or pulmonary veins.3,9,12-14,18,31,37-
40 Embolism of the brain stem circulation appears
necessary for the typical hypertensive response to gas
emboli.3,12-14,18,24,58-62 Thisconclusion is based on
the observation that this characteristic increasein MABP
can be prevented by bypassing the brain stem by either
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using aslow infusion carotid artery, or by isolation of the
vertebrobasilar system. The transient nature of the
hypertensive response to gas emboli demonstrated in this
study has a so been seen el sewhere.3,12-14,18,38,39,43

Ininverted rabbits, embolism of the brain stem circulation
can not explain the small, but often prolonged increasein
MABP that followed gas microbubble infusion into the
femoral artery. Thisincreasein MABP was identical to
that reported by another researcher who introduced gas
into a pulmonary vein of inverted dogs® It was aso
consistent with other studieswheregasemboli wereinjected
into peripheral arteries.*% These increases in blood
pressuremay beaconsequenceof emboli becomingtrapped
and sophysically causing anincreasein peripheral vascular
resistance.®

Pial gas embolism was often associated with pial arterial
and venous haemorrhage. Haemorrhage concurrent with
CAGE has aready been reported.

The increase in MABP recorded after the infusion of
oxygen microbubbles into the femora artery of rabbits
being ventilated with oxygen, wasnot significantly different
fromtheincreaseseenafter theinfusion of air microbubbles
into rabbits ventilated with air. It follows that blood
pressure changes could not explain the greater volume of
oxygen microbubbles needed to cause pia circulatory
arrest.

Thediameter of the affected arteriolesincreased after pial
gas embolism. Similar diameter increases have been
reported previously, and attributed to either local acidosis,
or to endothelial damage causing local vasoparalysis. In
thisstudy, if theemboli did not becometrapped, thevessel
immediately returned to its pre-infusion size. Thisrapid
reversal is not consistent with the time course of a
vasoparalytic stateresulting fromeither thelocal hydrogen
ion concentration, or endothelial damage. More
significantly, arteriole dilation was recorded after gas
microbubble infusion when pia gas embolism was not
observed, demonstrating that theblood vessel dilationwas
not entirely due to local, gas-induced, phenomena.

The concurrence of arteriole dilation and an increase in
MABP after gas infusion demonstrated that AGE in this
model was associated with a loss of cerebrovascular
autoregulation. This was confirmed by the observation
that if gas embolism did not occur, the arterioles returned
totheir pre-infusion size asthe MABP returned to normal
levels.

One significant observation in this study was that AGE,
and not the nature of the anaesthesia or the surgical
preparation of these rabbits, was responsible for the
demonstratedlossof cerebrovascul ar autoregul ation. Seven
rabbitsexhibited areduction in arteriole diameter with the
initial increaseinbloodpressure. Thatis, they demonstrated
normal cerebrovascular autoregulation. Further increases
inthe blood pressure of these 7 rabbits caused the vessels
todilate, which suggeststhat thel ossof autoregul ationwas
a consequence of the blood pressure exceeding the upper
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limit at which this regulation of CBF can exist.52%

Other researchers have shown that rabbit pial vessels
exhibit cerebrovascular autoregulation, and that creation
of an open-brain preparation does not inhibit these
responses. For example, both normal cerebrovascular
autoregul ationtoreductionsinblood pressure, and cerebral
vasoreactivity tochangesin PCO,, havebeendemonstrated
inrabbit pial arteriolesdespitean open-brain preparation.®
Normal cerebrovascular autoregulation to increases in
blood pressurehasal so been demonstrated withopenbrain
preparations; a5 to 6% decrease in diameter of rabbit and
cat pia arteries of about 120 pum diameter has been
reported in responseto blood pressureincreaseswithinthe
physiologica range.®® Importantly, in the NZ White
Rabbit, it can be assumed that the behaviour of pial
arteriolesissimilar to that of intra-parenchymal vessel s of
similar size.>

Researchwith other speciesal sodemonstratesthat exposed
pial vesselsremain reactive to changesin carbon dioxide,
vasoactive metabolite, and to cation and anion
concentration.’% Pia arteriolesof 50to0 300 pm diameter
contributeto overall cerebrovascular resistance, with15to
21% of the drop of total CPP occurring across these
vessels.% Furthermore, cerebrovascular autoregulationis
largely independent of changesin ICP, CSF pressure, and
cerebral venous pressure. 707

Although halothane has been shown to inhibit
cerebrovascular autoregulation in some species,”?™ it
clearly did not in this study as the rabbits demonstrated a
normal response to theinitial increase in blood pressure.
Other researchers have also shown that cerebral vessel
reactivity, and its modulation by changes in systemic
blood pressure, persists in NZ White Rabbits despite
hal othaneanaesthesia.*>% Asinthisstudy, theseresearchers
maintained anaesthesia with a constant hal othane vapour
pressure, equivalent to the MAC for this species.®

A review of the available literature also supports the
argument that AGE itself can disrupt cerebrovascular
autoregulation. The most important finding is that
cerebrovascular autoregulationislost in animal models of
AGE not involving either halothane anaesthesia or a
craniotomy, where CBF rather than vessel diameter has
been measured

The mechanics of normal cerebrovascular autoregulation
remainscontroversial .5 The mechanism by which AGE
disrupts autoregulation was not addressed by this study.
However, the simplistic explanation that the disruption
wasthe consequence of exceeding the upper limit of blood
pressureat which autoregul ation canexist, hasattraction.5?%
Because the loss of autoregulation often occurred in the
absence of pial gasemboli, it can be concluded that it was
not entirely due to gas-induced endothelial damage, or to
local acidosis asaconsequence of circulatory arrest. The
disruption of the normal autoregulation of CBF will
influence the outcome of patients with CAGE because
both CPP and CBF will passively follow MABP, such that
rises and fails in MABP will respectively promote and
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inhibit embolus passage to the venous circul ation.

Arterial Gas Embolus Distribution

Gasmicrobubblesinfusedintothefemoral artery of upright
rabbits distributed against aortic flow to embolise the pial
circulation. Conversely, pial gas emboli were never
observed in inverted rabbits. These observations are
consistent with other reportson therel ationship of posture
to the distribution of arteria gas emboli,** and with the
frequent neurological involvement in divers and
submarinerswith AGE.*8324 Thisstudy also supportsthe
use of an inverted posture in the treatment of AGE, to
restrict embolism of the cerebral circulations.®™7% It is
even possiblethat posturemay influencetheredistribution
of gas emboli that have already entered the brain
Ve$d S, 65,77,78

Although the gas was infused into the femoral artery as
microbubbles, only coal esced columnsof gaswereobserved
in the pial vessels. Such coalescence is predictable gas
behaviour,43. and was not prevented by foaming thegas
in either a detergent or a homogenised lung preparation.
Only cylindrical gas emboli became trapped in the pia
vessels. This is consistent with previous reports, and
supportstheargument that thecylinder, and not the sphere,
is the appropriate gas model for CAGE

The passage of agas embolus through the pial circulation
of this animal model was determined by the MABP, the
volume, and thelength of theembolus, and the diameter of
thevessels. Theredistributionof emboli frompial arterioles
to the venous circulation only occurred while the MABP
remained elevated above pre-infusion levels. Movement
of emboli after thistimeonly occurredif astepincreasein
arterial pressurewas created by forceful infusion of saline
into the femoral artery. On this evidence induced
hypertension could become an important component of
the treatment of patients with CAGE.® However, any
therapeutically induced hypertension needstobecontrolled
to avoid either increasing the permeability of the BBB, or
further disturbing cerebrovascular autoregul ation, 528182

Whileanincreasein arterial pressureinduced shortly after
thepia circulation was arrested by gas emboli was highly
effective, theuniversal failureof similar increasesinduced
more than 15 minutes after embolus arrest suggests that
therapeutic gasembolusredistribution isonly possiblefor
a short time after embolism; before arteriolar collapse.
The time scale of arteriolar collapse found in this animal
model may not bethe samein humans. Nevertheless, this
phenomenon may explainthedifferencein morbidity with
CAGE between those patients compressed in a RCC
immediately after the onset of symptoms and signs*&-84083
and those with adelay prior to compressi on*683234408384

Largeemboli (> 5000 pmlength; > 20 umvolume) usually
became trapped in a pia arteriole, and caused local
circulatory arrest. Conversely, small emboli (< 500 pm
length; < 8 um volume) usually did not become trapped;
emboli passed through without interruption, to the pia
veins, Many intermediate- sized emboli (500-5000 pm
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length; 8-20 um volume) were temporarily trapped. Most
of these emboli (> 75%) eventually passed through to the
venous circulation during the period of hypertension that
followed embolism.

Less than 20 % of all the observed emboli lodged
permanently in pia arterioles and blocked blood flow.
This usually occurred in vessels less than 100 pm in
diameter. The measured mean survival time of rabbitsin
whom emboli were large enough to cause pial circulatory
arrest was only 26 minutes. Thismortality contrastswith
the observation that most humans with CAGE do not die,
but rather experiencesomedegree of improvement prior to
any treatment.®>% When coupled with the finding that
morethan 80% of theemboli that wereseento enter thepial
arteriesin our study eventually redistributed to the venous
circulation, it is clear that the conventional
pathophysiological model of AGE, one depending on the
blockage of arterioles by gas, is not supported by these
data.

Thefrequent redistributionof gasemboli frompid arterioles
tothevenouscirculationwithout any therapeutic manoeuvre
can explain why most human patients with CAGE
experience some degree of spontaneous recovery®?%
However, eveninthosewith compl eterecovery, many will
subsequently relapse. Our resultssuggest onemechanism
to account for some of these relapses.

The patient’s initial improvement is probably due to
spontaneous redistribution of gas emboli from cerebral
arteries to the venous circulation. However, in some
patients, intermediate-sized emboli will remainin vessels
lessthan 75 pum in diameter. Recovery of brain function
will till be possible, because of the collateral pathways
that exist at this level of the brain circulation.®® The
passage of gasemboli through the larger vesselswill have
disrupted the BBB%2026-303285 gnd stimulated the local
accumulationof platelets.?* Asplatel et thrombi formthere
will be a progressive fall in CBF.2% The resulting
reduction in flow through the collatera pathways will
eventually cause a loss of function in the areas of brain
tissue supplied by the embolised vessels, and the patient
will relapse with similar symptoms to their original
presentation. The small number of patients with CAGE
that have fulminant, and occasionally lethal disease,*"48
are well explained by the observed behaviour of large
emboli.

It has already been argued™that the course of one group of
patients with CAGE can only be adeguately explained by
re-embolism. Incontrast, themechanismof rel apsedetailed
aboveisproposed only for those patientsthat relapse with
similar symptomsand signstotheir initial presentation .2%

Thereisasimpleexplanation for the relationship between
the size (Ilength in a given vessel) of an embolus and its
eventual distribution. This can be derived from the La
Place Equation, and is based on the differencein arteriole
diameter, and hencesurfacetension pressure, at theextremes
of the embolus. As the embolus length increases, the
difference in diameter, and hence the nett surface tension
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pressure opposing embolus movement also increases.

A simplified schematic is presented in Figure 7. In this
schematic, @p and @d are measured contact angles, and rp
andrdaretheproximal anddistal embolusradii respectively.
Thedriving forcewill bethe nett CPP (A CPP), and will be
opposed by thenett surfacetension pressure. TheLaPlace
equation, Equation 1, defines the condition for movement
of an embolus:

ACPP >
rd p

2y Cos@d- 2y Cos@p (Equation 1)

where: y isthe plasma surface tension.

Figure7isasimplified schematic, and Equation 1 doesnot
account for theirregular arteriole dilation associated with
gasembolism. Similarly, it ignoresthe pul satile nature of
the proximal interface of the gas embolus. Nevertheless,
the principle established above remains valid.

[e——

—

did not alow for spontaneous embolus redistribution, and
sohaveprobably overestimated thesuccessof theregimens
tested.

Some rabbits not only demonstrated spontaneous
redistribution of gas emboli from the pial arterioles, but
also spontaneous re-embolism. The subsequent emboli
entered thepial circulationwithout further infusion of gas,
and without manipulation of therabbit. It followsthat re-
embolism of the brain circulation can occur whenever gas
emboli existinthearterial circul ation, and doesnot require
continued embolus production. This phenomenon can
explain the progress of those patients with CAGE who,
after aninitial improvement, relapsewith adifferent set of
focal symptoms and signs.*%

More oxygen microbubbles had to be infused into rabbits
ventilated with oxygen to cause pia circulatory arrest,
than either the volume of oxygen microbubbles used in
rabbitsventilatedwithair, or thevolumeof air microbubbles
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rp
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Figure 7. Simplified schematic of pial arterial gas embolism demonstrating a state of embolus progression.

Thelarge volumes of gascollected in thejugular vein air-
traps in this study, were similar to those reported by
another group of researcherswhoa sousedjugular veinair
traps.® Clearly, redistribution of gas emboli from pid
arteries, and presumably other cerebral arteries, to the
venous circulation can occur without compression of
subjectsin a RCC. Other authors have also reported the
spontaneous redistribution of gas emboli from cerebral
arteries to veins and to the right ventricle and pulmonary
arteries.’>®*  Significantly, the earlier this redistribution
occurs, the quicker animals with experimental CAGE
improve.

The spontaneous redistribution of gas emboli seenin this
study, and the similar observationsin other animal models
of CAGE, not only castsdoubt on the conventional model
of CAGE, but aso on the validity of findings in severa
anima model studies of CAGE treatment.’***16 These
studies demonstrated clearance of gas emboli from pial
arterioles during compression to 6 Bars. However, they

used in rabbits ventilated with air to achieve the same
result. Thisdifference cannot beexplained onthebasisof
desaturation, but does support previous studies of oxygen
gas embolism.*>18 |t also supports the suggestion that
oxygen bebreathed by submarinersduring an escapefrom
astricken submarine, where the pressure exposure would
bebrief, and overt central nervous system oxygentoxicity
unlikely .87

Multipleinfusionsof gasintothefemoral artery, andlarge
volumes of gas in comparison to those used in previous
StudieS,13‘14‘16'18’21'29'31'33'37'39' 58,60-62 were necessary to cause
circulatory arrest in a pia arteriole in this study. The
reasons for the relatively large gas volumes include how
theend-point of circulatory arrest was chosen, and thesite
of gasinfusion.

Since previous animal model studies of CAGE in which
thepial circulation was observed havenot allowed for any
spontaneous redistribution of emboli,*31416 a condition of
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pial circulatory arrest may not have been created. Itisalso
possible that the subsegquent embolus redistribution seen
by these researchers may have occurred regardless of the
treatment they administered to their animals.

Most animal mode! studies of CAGE have used carotid
artery gas infusions,1314161821-2031.335860-62  Emboli from
such infusions can bypass the brain stem circulation, and
so avoid triggering an increase in blood pressure.3,12-
14,18,24,58-62 Itisclear fromthisstudy, that thetransient,
but significant increasesin blood pressurethat accompany
AGE arecritical determinantsof thepassageof anembolus
through the cerebral vessels. Carotid artery cannulation
itself may alter cerebral perfusion, and so distort the
balance of forces that determine embolus distribution.

Other approaches to the study of CAGE have involved
either themeasurement of neurophysiol ogical parameters,
or studies of subsequent cerebral histopathol ogy .18.5860-628
Despite using gas volumeswhich were much smaller than
those necessary to cause pia circulatory arrest in this
study, these authors have reported significant brain
pathology. Itfollowsthat such pathology canbeassociated
with CAGE eventhough cerebral circulatory arrest, dueto
gasemboli, hasnot occurred. Thelikely explanationisthe
decrease in CBF that occurs after CAGE.2%® Once
stimulated, the processes that account for thisfall in CBF
would not requirethe continued presenceof agasembolus,
andwouldeventually causethe CBFtobecomeinadequate
for normal neuron function.?-?

Summary and Conclusions

Itfollowsfromthesedataand argumentsthat analternative
pathophysiological model of CAGE should beused. This
model must be able to account for asmall number of very
large emboli becoming trapped in cerebral arterioles and
blockingbloodflow. Thisistheraresituation of fulminant,
and sometimeslethal CAGE. Themodel must al soattribute
much of thebrain pathol ogy that resultsfrom CAGE tothe
effects of a transient gas-endothelial interaction
(accumulation of platelets, formation of platelet thrombi,
disruption of theBBB) rather thanto thedirect mechanical
effects of gas emboli themselves. Finally, the alternative
pathophysiol ogical model must be ableto explain both the
improvement seenin most patients prior to any treatment,
and any subsequent relapse.

The aims of treating patientswith CAGE must remain the
remova of gas emboli from cerebral arterioles, and the
restoration of CBF. Although astudy of theformerisonly
applicable to the small number of emboli large enough to
becomeentrapped, suchemboli probably underliefulminant
disease, and contributesignificantly to subsequent rel apses
in brain function in those patients that survive the initial
episode. Because available data on this subject are very
limited, and will have overestimated treatment efficacy, it
is clear that such a study is needed.

Thedatapresented here a so demonstrate that any study of
therapeuti cembol usredi stribution must beabletomeasure
spontaneous embolus passage to the venous circulation.
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Furthermore, it is essential that all treatment trials begin
from a point of established cerebral circulatory arrest.
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Figure2A Photomicrograph (x500) of rabbit brain surface Figure2B Photomicrograph (x500) of rabbit brainsurface
before arterial gas embolism. after arterial gas embolism.
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SCOMBROID POISONING

John Knight

Figurel. Sideview of theauthor at 01000n 25 April 1985. Figure 2. Back view of the author at 0100 on 27 April
1985.
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The Scombroid fishes, which include mackerel and tuna,
can cause a particularly dramatic and unpleasant form of
poisoning. ltisaseriesof histaminereactions. Thispaper
isapersonal recollection of what it doesto the patient and
the effects of treatment combined with a short review of
what is known about it.

CaseHistory

During the 1985 SPUMS meeting in the Maldives most
membershadtheirfill of thelocal fishand by thefinal night
refused the barbecued fish. | had someabout 2000 andwas
givenalarger thanusual helping. Thefishtasted excellent.
Therest of theevening was spent at thebar, leaving for my
room about 2330. Ontheway | started toitch on my arms
and body and thought that | had been bitten by mosquitoes.
When | undressed | had a number of blotchy spots on my
skinwhichitched. However it was not too difficult to get
off to sleep.

About 0100 | woke itching and scratching. My face felt
swollen and my mouth felt rather like the after effects of
dental analgesia. However | could still smilebutinrepose
| looked asif the end of the world was nigh. Therash had
spread widely and obviously was not mosguito bites
(Figuresland?2). Itwasthenthat thepenny dropped. | had
eaten some tuna and now had an obvious histamine rash.
| had scombroid poisoning. | took a promethazine
(Phenergan) tablet with two betamethasone (Celestone)
tablets and managed to get back to sleep.
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At 0500 when we had to get up | was covered in blotches.
My face and body were both involved and | was itching
madly. Carl Edmondstook somephotographsof meat this
stage. More promethazine and betamethasone made me
feel a bit better but by the time we were waiting at the
airport | washavingdifficulty standing. By thetimewegot
to Singapore al | wanted to do was collapse into bed.

Next morning the “maps’ were even more pronounced,
promethazine was not controlling the itching and there
were no more betamethasonetablets. At 13001 still hada
swollenfaceand many blotchy areas(Figure3) sol sought
local medical aid and was given more betamethasone
tablets. | needed two every six hoursto control theitching
and stop the appearance of new blotches. After 24 hours
on steroids my face was nearly normal and the blotches
were beginning to disappear although there were plenty
still visible (Figure 4). Over the next three days the dose
was reduced to one betamethasone tablet every six hours
and | had to stay on this dose for five days as symptoms
recurred every time | reduced the dose by atablet. Then|
was able to reduce the dose by atablet aday. When | had
taken thelast tablet, even though | had been on steroidsfor
afortnight, | still had some blotches.

Compared with ciguatera the course of the disease was
short and, once adequate steroid treatment was started,
painfree. The reversal of temperature sensation with
ciguateralastsfor monthsand drinking al cohol can restart
the symptoms. Mercifully neither occur with scombroid
poisoning.

Figure 3. Back view of the author at 1300 on 26 April
1985.

Figure4. Sideview of theauthor at 1400 0n 27 April 1985.
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Causation

Not much has been written recently about scombroid
poisoning. | have been abletotracesix papersor lettersto
the editor in journals since 1975'¢ and there are a few
wordsaboutitin“Australian Animal Toxins’”and“ Diving
and Subaquatic Medicine’.2 Themostinformation| came
acrosswas published in 1961.° The relevant chapter was
written by Kimata and dealt mostly with work done in

Japan.

50 yearsago | garashi found large amounts of histaminein
the muscle of the chub mackerel inspite of treatment with
antibacterial solutions. Hethought that the histamine was
due to autolysis. Kimata was unable to reproduce these
results. He considered that it was bacterial action which
caused the histamine build up. The maximum histamine
production, both in rate and amount occurred at 20°C in
dark meat fishes, such asmackerel, horsemackerel, bonito
and tuna, which were the only ones to produce histamine
with bacterial spoilage. Oddly enoughlittlehhistaminewas
produced at 37°C and lesssurprisingly nonewasproduced
when thefish werekept at 0°C. Therewasno evidence of
a link between the freshness of the fish and histamine
production.

The amino acid histidine appears to be necessary for the
formation of histamine which is not only found in the
muscleof fish. Kimatastatedthat histidine productionwas
least around 17°C. It wasthreetimesas much at both 6°C
and at 35°C.

It appears that the fish become poisonous when they are
left at room temperature or exposed to the sun, for several
hours. Kimata' swork suggeststhat bacterial action turns
the histidine in their muscles into histamine.

However it seems to me that other amines must also be
formed asthe effects of histamineare short lived. Anyone
who hasbeen stung by stinging nettlesknowsthat symptoms
seldom last for more than an hour or two. So histamineis
probably nottheonly poison producedinthefish. Kawabata
gave the name saurine to substances having the same
action as histaminewhich hethough were present with the
histamine. Besides saurine a scombrotoxin, which also
has histamine like effects, has been postulated. From the
fact that my symptoms lasted for many days, | am of the
opinionthat therewaseither ahistamine provoking poison
present in my body or along lasting, slowly broken down,
congener of histamine producing the same effects.

It is obviousthat the site of the histidine degradation and
the size of the dose of poison influences the onset of the
symptomsasanumber of people atethefish that night but
only one had symptoms.

Confirmation of the diagnosis

If any of thefishisleft whenthepatient devel opssymptoms

SPUMS JOURNAL Volume 17 No. 3 July to September 1987

the diagnosis can be confirmed by laboratory testing
showing a high histamine content in the muscle. The
critical histamine level to produce symptoms is 100 mg/
100 g of fish muscle.

Histamine producing bacteria

Proteusmor ganii hasbeen shownto produceboth histamine
and saurine when innoculated into raw fresh tuna flesh.
Thisorganismisthought to bethemain causeof scombroid
poisoning. Other histamine producing bacteria include
Salmonellae, Shigelladysenteriae, Clostridumperfringens,
Escherichia coli and Aerobacter aerogenes. The
identifications date from between 1910 and 1939 and
come from Europe as well as Japan.

Histamine producing bacteriawerefound on thesurface of
all freshly caught fishin the 1950sin Japan. The bacteria
were presumed to come from the fishing gear, nets and
boxes. This was in the days before nylon nets became
common.

Conclusions

Anyonewho haseaten fish of thetunaand mackerel family
and then develops symptoms of histamine release has
probably developed scombroid poisoning. Treatment
with antihistamines is helpful in reducing the itch but
probably will not influencethe progress of theillnessvery
much. Steroids in large doses are needed to control the
symptoms and the rash.
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DECOMPRESSION METERS
PHILOSOPHICAL AND OTHER OBJECTIONS

DF Gorman and DW Parsons
Hyperbaric Medicine Unit, Royal Adelaide Hospital.

The use of decompression meters (DCMs) isnot new, and
hasinvolved awide range of apparatus, from mechanical
to electronic, and both diver-worn and remote. The
Canadian Defence and Civil Institute of Environmental
Medicine surface-based decompression computer
representsoneextremeof thisdevel opment and hasproved
useful. However, the active marketing of anew range (not
“new-generation” as is claimed) of diver-worn DCMs
requiresthat the case against such devices be stated again.

Multi-level Diving

A major advantage claimed for DCMsisthat they account
for the multi-level nature of most recreational diving.
Consequently, aDCM will “permit” alonger exposure to
pressure, for agiven multi-level dive, thanthat allowed by
the traditional use of the same decompression schedule
(whichassumesthat theentireexposurewasat themaximum

depth).

The number of cases of Decompression Sickness (DCS)
presenting for treatment in Australiaand New Zealand has
increased since 1980 and has shown an alarming
predominance of nervous symptom involvement. These
episodes of neurological DCS often arise after dives that
either were conducted in accordance with conventional
tables (with and without fudging), or were within no-
decompression limits (despite being multi-level).

Based on current treatment rates it is anticipated that in
1987 between 300 and 400 diverswill betreated for DCS
in Australasia  While this does not establish that the
diseaserate (eg. DCS/1000 diving hours) hasincreased, it
is clear that the diving practice of the recreationa diving
community needs to become more conservative. This
recommendation for safer diving isnot consistent with the
increased exposure possible with DCM-controlled multi-
level diving.

M easur ement of Exposure

While the marketing information released with each new
batch of DCMsdeclaresthe arrival of a“new generation”
of devices, thisis simply not true. All devices that have
been sold, and are about to be sold, measure depth and
time, and not tissue nitrogen tensions. What does change
witheachnew model ishow theinformationismanipul ated
and presented. Theexpected body-tissuenitrogentensions
are calculated from this input, using one or more
mathematical models. In general, these models are
perfusion-based and do not account for thediffusionlimits
of intracellular fluid. Whatever the basisof calculation, it
is important to understand that the kinetics of inert gas
uptakeand elimination havenot been accurately described.
Not surprisingly then, the accuracy of calculated tissue
nitrogen tensions using these available mathematical
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models of decompression is quite poor.

This intrinsic inaccuracy of decompression models, and
hence of DCMs, will remain until a DCM can directly
measure an individual’ stissue nitrogen tension (eg. using
transcutaneous or implanted electrodes). Such a DCM
would only then be a* new generation” device.

Electronic Reliability

An absolutely reliable electronic instrument has not and
never will be built. Trialswith al available DCMs have
shown areal, although often small, failure rate (including
total display10ss). Obvioudly electronicdiver-wornDCMs
cannever beusedinisolation. Diversusing DCMsshould
alwayscarry and useahard copy of suitabledecompression
tables.

Summary

Although DCMs are simple to use and account for multi-
level diving, it isnot possible to support or advocate total
reliance on them. They may have auseful rolein diving,
but only in conjunction with a careful dive plan and
concurrent use of ahard copy of decompression tables.

ASSESSMENT OF THE ORCA EDGE DIVE
COMPUTER

Carl Edmonds and Tim Anderson
INTRODUCTION

TheRoyal AustralianNavy School of Underwater Medicine
first became interested in decompression meters used by
divers during 1972. Many patients sought treatment for
decompression sickness, following the use of the SOS
decompression meter. A study of this meter showed that
it indicated shorter decompression times than required by
theUSNavy decompressiontableswhenusedfor repetitive
dives, andfor divesinexcessof 60ft.! TheFarrallonMulti-
Tissue Decomputer wasal so studied?but wasunacceptable
because of itsunreliability. The DECO-BRAIN suffered
asimilar fate when tested, approximately two years ago.

The senior author wasinvolved in the treatment of adiver
in 1986 who used an OrcaEDGE for twodivesto 87ft, after
which shedevel oped decompressionsickness. It appeared
that the meter had allowed a dive combination that would
not be permitted by the US Navy tables. There were
several possible explanations of this decompression
incident: achance occurrence because of thefallibility of
thedecompressiontables, amisreading of themeter, afault
within the meter itself, or the meter programme permitted
unsafe diving profiles.

Itwasagainst thisbackgroundthat it wasdecided totest the
EDGE decompression meter’ sno-decompressionrepetitive
divesand comparethesewiththeestablished decompression
tables.
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PROMOTIONAL MATERIAL

The literature which accompanies the Orca EDGE meter
makes the following statements:

Thedivecomputer isacompact submersiblecomputer
which gives information needed to plan dives and
avoid bends. It is also a precision depth gauge, dive
timer and surface interval timer. It takes care of
repetitive as well as single dives.

Theprogrammeprovidesasafer divethantheUSNavy
tables, whileproviding moredivetimefor Multi-Level
dives. It makesallowancefor atitude exposure, andis
functional over awide range of water temperatures.

The US Navy tables were designed for single depth
dives. Diversarerequired to use the maximum depth
of any dive profile to calcul ate the decompression, as
if the entire dive had occurred at that maximum depth.
Many diversfeel that they are penalised and limited by
thisproceduresincethey donot spendall thetimeat the
deepest depth.

The EDGE accountsfor the absorption of lessnitrogen
at shallower depths, and typicaly divers using the
EDGE get double the time alowed by the US Navy
tables.

Divershavesought new proceduresfor interpretingthe
USNavy divetablestoallow longer bottomtimes. The
interpretations that gained the most acceptance in the
diving community are Multi-Level dive procedures.

Some diving authorities indicate that these or similar
procedures have beentested and used incommercial or
oil field diving, athough little published data is
available. Many hyperbaric physicians feel that the
concept is valid and safe, if specific precautions are
followed.

The decompression cal culations used in the meter are
based on Multi-Level diving techniques adapted from
the US Navy no-decompression tables, and the shorter
no-decompression limits developed by Dr Merrill
Spencer.

The dive computer calculates divers' tissue and
decompression status of 12 different tissue groups
ranging from half times of 5 minutes to 480 minutes.
At the present time, the EDGE is the best solution to
decompression problems, providing long bottomtimes
along with excellent safety.

Other claimsmadeonbehalf of themeter areworth of note.

The manufacturers claimed to have carried out a study to
examine the effects of Multi-Level dives allowed by the
EDGE decompression meter on human subjects. The
results were said to have shown that the profiles tested
were safeto al the divers exposed. The work referred to
was presumably that supplied by the manufacturersin a
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paper entitled “Doppler Evaluation of Multi-Level Dive
Profiles” by Carl E Huggins.* Doubts expressed by the
same author, regarding the safety of multi-level diving
werenot reflectedinthepromotional material, eventhough
this paper is quoted in the references.

It isstated in the manual that the EDGE is not aguarantee
of avoiding the bends. It is claimed that the experience
fromthousandsof divesindicatesthat the EDGE isabetter
bet than the US Navy tables. It is said that until August
1984, no casesof bendshad beenreported. Themanual has
been modified since then, but this quotation remains
despite the manufacturers being aware of such cases.

A comparison of the no-decompression limits with both
the US Navy tables and the Royal Navy tables at the end
of themanua infer that the EDGE ismore conservative or
“safer” than the US Navy tables at all depths from 30-
140ft. Onthe same page, acomparison of selected depths
inmetresshowstheEDGE tobeequal or moreconservative
thantheRoyal Navy no-decompressionlimitsat all depths.

In the Questions and Answers section, the manufacturers
suggest that it isagood idea for sport diversto add extra
safety factors, eg. not getting closer than 5 or 10 minutes
to no-decompression limits. This would presumably
exclude all no-decompression dives in excess of 120ft,
although the manufacturers do not draw this conclusion
from their advice.

The brochure stresses the importance of dive planning,
wearing back-up depth and time measuring devices and
regular confirmations of the calibrations. Thereisavery
clear disclaimer, without limitation, exonerating both the
seller and the manufacturer from any liability for personal
injury resulting from the use of EDGE.

Popular skindiving magazines, both in articles and by
advertising, have supported the promotion of the EDGE.
In 1985, Murphy® stated that the computer programmeis
based on entirely new technology. Thearticle claimsthat
“those who use on swear by it and theinstrument’ s safety
record is impressive’. It quotes Dr Bruce Bassett as
describingthe EDGE asa*“ revol utionary electronicdevice
that may change the destiny of divers’. These authors
would not contest the claim, but would point out that it is
ambiguous.

Thereissomedifference of opinionintheclaimsmadefor
the EDGE software. Murphy statesthat “ onething that has
not changed over the years is the software computer
programmecontainedintheEDGE” . Inthedocumentation
obtained from the manufacturer, it was clearly stated that
those instruments shipped after 1 September 1986 have
improved softwarecalled“ Div 4”, which givesamodified
rate of ascent indicator plustwo other small changes. The
ascent rates now recommended are:

60ft (18m) per minute in the >120 ft (36m) range
40ft (12m) per minute in the 60-120ft (18-36m) range
20ft (6m) per minute in the 0-60ft (0-18m) range.
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The temperature reading was converted to Fahrenheit
rather than Celsius, and the limits of the slowest tissues
wereincreased dlightly.

In 1987, the Australian diving newsletter In Depth, in
articles by Harper and L atimer, extolled the virtues of the
metersand areport in Undercurrent “iscomplimentary to
the EDGE. Likethe other magazines, the support ismade
without recording any specific testing of dive profiles.

METHODS

The depth function of the meters was compared to the
gauge readings on the main therapeutic recompression
chamber. Agreement waswithintheclaimed errorsof the
gauges. The clock function of the meters was checked
against the Telecom time signal and found to be accurate
(no errors were detected over athree hour period).

For al the following tests, the meter’ s depth readings and
timingswereused by theoperatorscontrollingthechamber,
with the chamber’ s gauge and a chronometer as a check.
No discrepancies in these functions were observed.

Four EDGE “dive computers” were available for
assessment. These were:

Number 1452. This equipment had been used for many
months, had shown no mechanical problems, and was
regarded with high esteem by its owner. It had been
used during a dive in which a diver had developed
decompression sickness and required recompression

therapy.

Numbers 4167 and 4170 were new and supplied direct
from a potential Australian distributor.

Number 0085. This was an Orca EDGE decompression
meter simulator. It alows a simulation of dives,
without the necessity of a compression chamber and
wasfoundtoaccurately simulatethereadingsobserved
on the meters tested.

Asanadditional check, thethreedivemetersweresubjected
to the same hyperbaric exposure, and comparisons were
made between the readings of maximum depth, divetime
and no-decompression time, surface interval and the
scrolling depth and time allowed for repetitive dives. As
well asthis, inthefirst seriesof dives, oneof themeterswas
placedinanicewater bath beforethe hyperbaric exposure.

All the dives were carried out in acompression chamber,
with direct observation by two or more researchers.

It was decided to restrict the dives to no-decompression
exposures, and alwaysto commencetheascent prior tothe
expiry of the no-decompression, as shown on the meter.

The descent rates were kept at 18m (60ft) per minute and
theascent rateswerein accordancewiththe new, modified
ascent recommended by the manufacturer as described
above.
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Thedepthschoseninthefirst serieswereconstant, ie. there
was no variation in the depth between the first and
subsequent dives. The three depths chosen for testing
were: 17m (56ft), 31m (102ft), and 43m (141ft), ie. depths
halfway between table depths used in the RNPL/BSAC
tables, in an attempt to reduce the biasin either direction.

The second series included repetitive dives to different
depths.

Thethird seriesinvolved multi-level diving, ie. staying at
different depths during the samedive. Thisduplicatedthe
repetitivedive profilethat caused decompression sickness
inadiver, and led to theinitiation of the project.

NONE of the dives tested required decompression
according to the meter.

RESULTS
DIVE PARAMETERS

Dive parameters, including depths, maximum depth,
durations, surfaceinterval sandtemperatures, wererecorded
accurately. No significant discrepancies between meters
were observed.

SINGLE DEPTH DIVE

Theno-decompressiontimespermitted by themeterswere
compared to those depicted in the manual and seen during
the “scrolling” of the meter on the surface. Only small
discrepancies were noted.

Although the manual states that at 60ft the no-
decompression timeis 53 minutes, in practiceitis54. At
90ft it is stated to be 24 minutes, in practiceit is over 25.
At 120ft the no-decompression time is stated to be 11
minutes, whereas in practice it was 12. At 140ft the no-
decompressiontimewasstated to beseven minutes, whereas
in practice it was nine. At 150ft, the no-decompression
time was said to be seven minutes; in practiceit was over
eight.

REPETITIVE DIVES TO THE SAME DEPTH

Ten repetitive dive combinationswere performed without
requiring decompression according to the EDGE meter.
These are reproduced astables 1, 2 and 3.

In al the repetitive dive series performed above,
decompression was omitted with the use of the EDGE
meter, compared totheUSNavy and RNPL/BSACtables.
However, in comparing the omitted decompression from
both USNavy and RNPL/BSAC tables, two minutesextra
decompression could be credited to the EDGE for each
dive to make allowance for the slower ascent rate at the
shallower depths. If thisisdone, theresultsareasfollows:

In the repetitive dive series to 17m (56ft) there was
omitted decompression of between 10 and 46 minutes
(US Navy) and between 66 and 302 minutes (RNPL/
BSACQC).
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TABLE ONE - REPETITIVE 17M (56 FT) DIVES

DIVE BOTTOM SURFACE
NUMBER TIME INTERVAL
la 60 mins 60 mins
2a 45 mins 11 mins
3a 8 mins
1b 60 mins 120 mins
2b 56 mins
1c 60 mins 60 mins
2c 45 mins 11 mins
3c 8 mins 120 mins
4c 41 mins

OMITTED DECOMPRESSION STOPS

USNAVY RNPL/BSAC*

0 10 mins
14 mins 90 mins
26 mins 90 mins

0 10 mins
14 mins 60 mins

0 10 mins
14 mins 90 mins
26 mins 90 mins
14 mins 120 mins

* BSAC 18m tablewas used until the maximum tabul ated bottom time was exceeded, then RNPL 20m table was used.

TABLE TWO - REPETITIVE 31M (102 FT) DIVES

DIVE BOTTOM SURFACE
NUMBER TIME INTERVAL
la 17 mins 300 mins
2a 17 mins
1b 17 mins 120 mins
2b 17 mins 277 mins
3b 17 mine
1c 17 mins 60 mins
2c 17 mins 37 mins
3c 15 mins 134 mins
4c** 17 mins
1d 18 mins 30 mins
2d 16 mins 30 mins
3d 13 mins 30 mins
4d 11 mins 30 mins
5d 8 mins

OMITTED DECOMPRESSION STOPS

USNAVY RNPL/BSAC*
0 0
3 mins 10 mins
0 0
7 mins 15 mins
7 mins 115 mins
0
23 mins 30 mins
54 mins 105 mins
34 mins 155 mins
0 0
23 mins 30 mins
54 mins 105 mins
54 mins 125 mins
54 mins 155 mins

* BSAC 32m tablewas used until the maximum tabul ated bottom time was exceeded, then RNPL 35m tablewas used.

In the repetitive dive series to 31 m (102ft) there was
omitted decompression of between -1 and 175 minutes
(US Navy) and between 6 and 315 minutes (RNPL/
BSACQC).

In the repetitive dive series to 43m (141 ft) there was
omitted decompression of between 20and 275 minutes
(US Navy) and between 112 minutes and “off the
page” (RNPL/ BSAC).

REPETITIVE DIVES TO DIFFERENT DEPTHS

Repetitive dive combinations were performed which did
not require decompression, according the EDGE meter.

These are displayed in table 4 (page 125). Omitted
decompression in this series was considerable, and far in
excess of that which could be credited because of the
slower ascent rate of the EDGE.

Table 5 shows an empirically unacceptable repetitive
diving combination, which can be performed without any
decompression according to the EDGE meter. The
combination of diveswould have required 100 minutes of
decompression (including ascent times) according to the
USNavy tablesand over five hoursaccording to the Royal
Navy tables.

To avoid the safety factors inherent in “rounding up” of
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DIVE
NUMBER

la
2a
3a
4a * %

1b
2b
3b
4b
5b

1c
2c
3c
4c
5c
6c
7c
8c

TABLE THREE - REPETITIVE 31 M (102 FT) DIVES

BOTTOM

TIME

7 mins
7 mins
7 mins
7 mins

7 mins
7 mins
7 mins
7 mins
7 mins

8 mins
8 mins
8 mins
8 mins
8 mins
8 mins
8 mins
8 mins

SURFACE
INTERVAL USNAVY
60 mins 1 min
105 mins 9mins
165 mins 9mins
9mins
30 mins 1 min
30 mins 9mins
30 mins 32 mins
30 mins 57 mins
30 mins 57 mins
60 mins 1 min
60 mins 9mins
60 mins 21 mins
60 mins 32 mins
60 mins 57 mins
60 rains 57 mins
60 mins 57 mins
60 mins 57 min
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OMITTED DECOMPRESSION STOPS

RNPL/BSAC*

0
10 mins
25 mins
85 mins

0
10 mins
25 mins
185 mins
105 mins

0
15 mins
55 mins
105 mins
115 mins
160 mins
off tables
off tables

* BSA C 44m tablewas used until the maximum tabul ated bottom time was exceeded, then RNPL 45m tablewasused.
*x Dive combination ‘& was repeated twice; the same results being obtained each time.

First dive
Second dive
Third dive

Fourth dive

15m (49 ft)
25m (82 ft)
35m (115 ft)
45m (148 ft)

TABLE FIVE

duration 75 minutes
duration 25 minutes
duration 10 minutes

duration 8 minutes

TABLE SIX

surface interval 3 hours

surface interval 2 hours

surface interval 1 hour

REPETITIVE DIVESCHOSEN TO AVOID ANY SAFETY FACTORSFAVOURING THE TABLES
COMPARED TO THE EDGE DUE TO THE ROUNDING-UP OF DEPTHS, DURATIONS OR SURFACE

DIVE
NUMBER

DIVE
DEPTH

la
2a
3a

1b
2b
3b
4b

INTERVALS
BOTTOM SURFACE
TIME INTERVAL USNAVY

70 ft 40 mins 67 mins
110 ft 10 mins 32 mins

70 ft 30 mins

TOTAL:

120 ft 15 mins 46 mins
120 ft 10 mins 34 mins
120 ft 15 mins 27 mins
120 ft 5mins

TOTAL:

OMITTED DECOMPRESSION STOPS

RNPL/BSAC*

1 min 10 sec
8 min 50 sec
19 min 10 sec

29 min 10 sec
2mins
8 mins
32 mins
32 mins

74 mins

3 min 15 sec
4 min 15 sec
3 min 15 sec

10 min 45 sec
4 min 30 sec
4 min 30 sec
4 min 30 sec
4 min 30 sec

18 mins
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TABLE FOUR - REPETITIVE DIVESTO DIFFERENT DEPTHS

DIVE DIVE DEPTH BOTTOM SURFACE OMITTED DECOMPRESSION STOPS
NO. ft m TIME INTERVAL USNAVY RNPL/BSAC*

la 56 17 60 mins 30 mins 0 10 mins
2a 108 33 12 mins 102 mins 34 mins 155 mins
3a 56 17 38 mins 4 mins off tables
1b 102 31 16 mins 219 mins 0 0

2b 122 37 10 mins 14 mins 4 mins 10 mins
3b 132 40 6 mins 26 mins 85 mins
1c 62 19 50 mins 30 mins 10 mins
2c 102 31 11 mins 180 mins 34 mins 155 mins
3c 102 31 13 mins 30 mins 23 mins 155 mins
4c 62 19 35 mins 33 mins off tables
1d 55 17 60 mins 60 mins 0 10 mins
2d 115 35 10 mins 60 mins 30 mins 155 mins
3d 55 17 45 mins 60 mins 26 mins off tables
4d 115 35 5mins 60 mins 30 mins off tables
5d 115 35 10 mins 60 mins 46 mins off tables
6d 115 35 Omins 46 mins off tables
le 49 15 75 mins 180 mins 0 10 mins
2e 82 25 25 mins 120 mins 18 mins 85 mins
3e 115 35 10rains 60 mins 30 mins off tables
4e 148 45 8 mins 57 mins off tables

* BSAC tables were used until maximum tabulated bottom time was exceeded, then RNPL tables used.
“Off tables” indicates that bottom exceeds the bottom times permitted by the table.

depths, durations and surfaceinterval swith the use of the
US Navy tables, two repetitive dive series (Table 6, page
124) were carefully chosen so as to avoid such safety
factors.

With these two exposures, the EDGE omitted
decompression and ascent time of 19 and 56 minutes
compared to the US Navy table.

MULTI-LEVEL DIVING

The acceptability of single multi-level dives could not be
assessedintheabsenceof any tested authoritativestandards
for comparison, however, it is considered that repetitive
multi-level diving would have at least similar problemsto
repetitive fixed level diving, using the meter.

A multi-level repetitivediveprofilewasperformedwithout
reguiring decompression accordingtothe EDGE meter. It
is shown astable 7 on page 126.

Converting time at different depths using the US Navy
residual nitrogen proposed by Graver® indicates a stop of
14 minutes at 10ft (3m) on the second dive. The EDGE
ascent rate (4 mins from 90ft) constituted some
decompression for each dive.

This was a reconstruction of a dive schedule in which a
diver using the EDGE meter was “bent” and required
recompression treatment. The dive was considered safe
according to the meter, but unsafe according to the US
Navy tables (omitted decompression of over 30 minutes).
Using multi-level dive calculations by Graver,® there was
an omitted decompression of 14 minutes by the residual
nitrogen method.

DISCUSSION

This study compared the EDGE to the established tables,
asstipulatedinthedivingmanuals, to determineitsrel ative
safety. No judgement is made of its adherence to the
theoretical principles on which it or the tables were
originally based. The US Navy and Roya Navy/BSAC
tables have been tested, and have an acknowledged
decompression prevalence. The relevance of theories of
Haldane and others, including the half times, number of
tissues, Doppler data, etc. is conjectural and still requires
clarification.

Theresults showed that the meterswere less conservative
than the tables, and would result in repetitive diveswhich
proponentsof the established decompression tableswould
consider unacceptable.
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TABLE SEVEN - REPETITIVE MULTI-LEVEL DIVES

DIVE ONE

87ft (26.5m) for 15 minutes bottom time. Ascend to 60ft (18m) in one minute, and remain for 15 minutes. Ascend to
surface in six minutes with a precautionary stop at 10ft (3m) for three minutes included in ascent time.

Surface interval of 90 minutes.

DIVETWO

87ft (26.5m) for 15 minutes bottom time. Ascend to 60ft (18m) in one minute, and remain for 18 minutes. Ascend to
surface in six minutes with a precautionary stop at 10ft (3m) for three minutes included in ascent time.

Apart from the observations that the EDGE allows diving
protocol sthat appear both radical and dangerous, thereare
many promational claims and theoretical arguments that
are contentious.

SINGLE DIVES

On the surface, scrolling of the no-decompression times
for the EDGE for any depth (“bottom time”) isusually an
underestimate of the actual time that is available to the
diver using the meter, probably because less nitrogen is
absorbed during thedescent thanwhileat maximum depth.
The*"bottomtime” is, by convention, asummation of these
times.

The*"bottomtime” recordedinthe EDGE manual and used
for favourable comparison with other dive tables' no-
decompressiontimesismisleading. It doesnotincludethe
time taken to reach depth. Descent rateis conventionally
accepted as 60ft or 18m per minute. To obtain the bottom
timesusedinthemanual, it appearsthat themanufacturers
havepresumedthat thediver isinstantaneously transported
tothat particular depth. Theresultisthat themoregradual
nitrogen load experienced with descent, when added tothe
actual timeat thebottom, givesagreater “ bottomtime” for
the EDGE than the manual or scrolling depicts.

The manufacturer’s selection of depths to compare the
EDGEwith USNavy andtheRNPL/BSA Ctablesresulted
in the “rounded up” depths being used, thereby showing
theEDGE inamorefavourablelight thanif random depths
were chosen, ie. if adepth of 18m or 60ft is chosen, then
the EDGE looks more conservative than the US Navy
tables, or the RNPL/BSAC tables. If, however, adepth of
141 ft or 43m is chosen, then the advantage of the EDGE
decompression isimmediately lost, asthe decompression
according to the US Navy tableshasto be carried out asif
the dive was at 150ft, and with the RNPL/BSAC tables as
if thedivewasat 44m. Inthesecases, theno-decompression
limits are more conservative with the established tables
thanwiththeEDGE. Thusthedepthschosenfor comparison
will have a great bearing on the apparent safety of one
procedure compared to another.

The same anomaly is found with no-decompression
durations,ie. withano-decompressiondivefor 20 minutes,
the US Navy will permit adiveto 100ft, the RNPL/BSAC
table allows no-decompression to 30m, and with this

duration the EDGE compares favourably with the other
tables. If, however, a six minute maximum depth no-
decompression time is chosen, then the EDGE would
allow 160ft depth, whereastheUSNavy allowsonly 140ft.
If amaximum depth no-decompression dive of 24 minutes
was chosen, the EDGE would compare less favourably
and allow a greater depth than the RNPL/BSAC tables.

When one considers these three factors, and modifies the
EDGE no-decompression limitsaccordingly, it isevident
that the EDGE no-decompressionfixed level divingisless
conservativethan both Bassett and Spencer tabl es, although
both these are quoted in the manual.

Evenwithout such corrections, thecomparison of Spencer’s
no-decompressionlimitswiththoseof the EDGE, doesnot
really lend support to the claim that the EDGE isbased on
Spencer’ sfigures. Inthe 30-80ft range, the EDGE alows
the same or more time without imposing decompression
requirements. Spencer’s exposures do not exceed 130ft,
but at that depth the EDGE allows almost twice as much
time as Spencer. Although Spencer’s work is quoted on
many occasions in the manual, the manner in which the
two arerelated is not clear.

SAFETY FACTORSWITH ESTABLISHED TABLES

With the use of diving tables, thereisno possibility of the
tables encompassing the vast numbers of combinations of
depthsand durations availablewiththe EDGE meter. The
tables use increments of water depth and time segments,
thereby compelling thediver to* pigeon hole” hisdiveinto
one of the established depth/duration “boxes’.

Oneof themost obvioussafety factorsisthe* rounding up”
of the depth and duration so asto decompress according to
a greater depth and greater duration. Thus, if a diver
descends to a depth of 17m (56ft) for a period of 62
minutes, he will decompress asif he has been to 18m for
66 minutes (RNPL/BSAC tables), 20m for 65 minutes
(RN 1972tables), or 60ft for 70 minutes (USNavy tables).

Thisrounding up resultsin asafety factor in favour of the
established tables. In each case, as one approaches the
designated depths and durations, theless safethedivewill
be, as more inert gas is absorbed into the tissues for the
same decompression obligation.
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This safety factor contributes to the relatively acceptable
results when divers use these tables. Attemptsto use the
maximum depth/duration to approach the no-
decompression limits, have resulted in unacceptable
incidences of decompression sickness.®!® Asit calculates
decompression requirements for the precise depth and
time, this safety factor is omitted with the EDGE diving
computer.

Although the slower ascent rate with EDGE may be of
benefitin reducing the danger of pulmonary overload with
venous gas emboli, it will also add to the nitrogen load in
the tissues, when performing repetitive dives.

MULTI-LEVEL DIVING

Huggins' report* receives acknowledgment by the
manufacturer as a theoretical basis of the meter’s
development. Four of the ten profiles Huggins used
finished with significant stops at 25ft or 30ft (8 or 9m).
These would act as decompression stops. Huggins states
“[t]his study is only the first step in validating the Multi-
Level diving procedures. More research needs to be
conducted to increase sample size”. An interest in the
Multi-Level tables has been expressed by the US Navy,
and perhaps trials by this group may clarify the issues.

Huggins' dive schedules could confuse the effect of
repetitive diveswith multi-level dives. It seemsthat there
is little sound experimental evidence for any multi-level
calculation system.

For asingle multi-level dive in which the depth plateaus
are gradually diminishing, ie. five minutes at 120ft, 20
minutes at 60ft and 30 minutes at 30ft, decompression
would not be considered necessary by most authoritiesand
was not required by the meter.

If, however, theoppositesituationisproduced, ie. thedive
gets deeper as it progresses then the nitrogen load in the
“dower” tissuesislikely to contribute more than usual to
bubbleswhich are subsequently developedinthe*fast” or
“medium” tissues during or following ascent. These
multi-level tables have yet to be competently tested.

REPETITIVE DIVES

“Rounding up” of surface intervals with the US Navy
tables also adds a safety factor over the EDGE, with
repetitive diving. A dive to 60ft (18m) for 20 minutes
would be interpreted as moving into repetitive group D
according to the US Navy manual, and therefore asurface
interval of, say, five hours, would be calculated in the US
Navy diving tablesto be equivalent to asurfaceinterval of
two hours and 39 minutes, ie. moving into group B.
AccordingtotheRNPL/BSACtables,itwouldbecal culated
as a four-hour surface interval. With the EDGE, it is
evaluated strictly as a five-hour surface interval, ie. the
EDGE losesthe safety factor applied in both other tables.

Because of thelossof safety factorsinvolvedin®rounding
up” depths, durations and surface intervals, the EDGE is
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likely to require much less decompression time with most
arbitrarily chosenrepetitivediveprofiles. Thismust make
it moredangerousto usethanthetables, whichincorporate
these saf ety factors.

Evenwhendivesarechosen specifically toavoidthesafety
factors inherent in the US Navy tables, the EDGE till
allowsmuch greater durationsfor repetitivedives. Thisis
demonstrated by the dive seriesin Table Six.

The more radical nature of the EDGE can also be
demonstrated by recal culating the 102 or 141 ft dive series
of TablesTwoand Three. TheUSNavy tablesstill require
decompression stops, even whenthenext shallower depth,
the next shorter bottom time, and the next longer surface
interval are used. Because of this, the EDGE must be
considered unsuitable for repetitive dives.

FUTURE METERS

It isconsidered that the programme of the decompression
computer should incorporate:

1. Asafetymargininthemodd equivaenttothe® rounding
up” of depths and durationsto those designated in the
established tables, eg. 64ft depth should beread by the
computer as 70ft. This would ensure that the meter
does not exceed the durations allowed by the tables,
and thereby increase the likelihood of decompression
sickness.

2. Inrepetitive diving, the meter should be at least as
restrictive asthe US Navy tables.

3. Once descent has been completed in the multi-level
dives, no subsequent descents should be permitted
from that or any other plateau depth, until multi-level
diving is better researched.

CONCLUSIONS

Single fixed-depth no-decompression dives alowed by
the EDGE are comparabl eto the established USNavy and
RNPL/BSAC tables. Insomeinstances, the bottom times
are more conservative than the tables; at other times, they
are more radical. The comparisons, as quoted in the
Instruction Manual, give an impression of safety with the
EDGE meter, which is somewhat misleading.

The acceptance of the EDGE in the use of a single multi-
level dive, depends on one's philosophy or approach to
these theoretical dive tables. The EDGE meter, used on
certainmulti-level singledives, may givegreater durations
without greater decompression stress, eg. whenthediveis
performed in such away that the depth lessens asthe dive
progresses.

For repetitive dives with either single or different depths,
and using either the US Navy tables or the Royal Navy
tablesasaminimal acceptablestandard for decompression,
the EDGE meter could not be classified as either safe or
acceptable. Thisis so even when the “rounding up” and
safety factors are not applied.
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SUMMARY

TheEDGE seemssuitablefor measuring andrecordingthe
variousdiveparameters, suchasdepth, times, temperature,
etc. It seemssuitablefor somesinglefixed depthdivesand
onsomesinglemulti-level dives, if sufficient careistaken
to ensure a sensible dive plan, eg. diving from deep to
shallow.

Itsusein any repetitive dive situation, with either fixed or
multi-level dives, should be discouraged.
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DIVER NAVIGATION BY MEANS OF
ACOUSTIC BEACONS

Harry Hollien
SUMMARY

Diverstraditionally havedifficulty navigating underwater.
In air, they have vision plus all types of sensory cues to
accomplish this task. However, when submerged, the
diver’ svisual modality issharply impaired and in asense,
he or sheisleft virtually blind. Ordinarily divers attempt
to navigate by compass (dead reckoning) but research has
demonstrated that this approach leads to unacceptable
errors. Some other approach, then, needsto be devel oped.
In thisregard, we have carried out and reported a number
of experimentsfocused ontheabilitiesof diverstonavigate
by means of programmed acoustic signals. It has been
found that sound which “moves’ underwater (ie. viathe
UAPP or Underwater Auditory Phi Phenomena) greatly
aidssoundlocalizationand, ultimately, navigation. Indeed,
for diver retrieval this phenomenais so powerful that no
subject inany of our experimentshasever svumtoanarea
except that containing the signal source. Previousy
published datawill bereviewed briefly and new dataonthe
effects of experience and/or training on diver navigation
by acoustic signal will be presented.

INTRODUCTION

Diver navigationandretrieval of personnel continuestobe
a very serious problem. At present, only a very few
partially developed systems are available (explosives,
dead reckoning, beacons, etc.) that will permit even the
most limited (controlled) travel underwater. Thissituation
results from the fact that, when a person is submerged,
there are very few (to no) location markers and his or her
visionissharply limited. That is, in the normal situation
(ie. in air), humans utilize their vision for observing
markers, localizing objects and moving from place-to-
place. Underwater, however, human vision is greatly
limited, the diver quite often isfunctionally blind or close
to being so. Asstated, the consegquences of this condition
are quite serious; divers often are unableto | ocate objects
or team members, swimto desired | ocations/targetsand/or
find their way “home”. Thislatter problem can beapretty
grim one if the diver is saturated. Traditionaly, the
solution to the problem has been the use of an underwater
compass with the diver navigating by “dead reckoning”.
However, Andersonl hasreported an experiment wherein
hestatesthat “ evenfor well-trained subjects... theaverage
performance accuracy ... was plus or minus 53 feet from
the centerline of the measurement array or 3.98 degreesin
compass error ... in an operational situation when adiver
might be engaged in an underwater search task or in
accurate placement of underwater sensors, this level of
performancewouldbemarginal.” Indeedso. A navigational
error of thismagnitudewoul d becomecrucial, and possibly
fatal, for saturated divers or divers attempting to find a
moving vehicle. Toillustrate, if asaturated diver made an
error in navigating back to the underwater habitat aslarge
asthat reported by Anderson, he could easily missit, and
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being saturated hewoul d beunableto surfaceandreorientate
himself. Asamatter of fact, navigational errorsof thissize
would prove undesirable under amost any underwater
situation. Further, due to the nature of diving, the use of
complex, bulky (and often unreliable) electronic systems
for navigation has proved to be but minimally effective.
Hence, we suggest that some other type of sensory
mechanisms be substituted for vision to compensate for
theciteddeficit. Specifically, weproposethatitispossible
to utilize the diver's sound localization abilities as a
substitute.

DIVER HEARING

Knowledge about underwater auditory function is both
sparse and primitive. 1t would appear that a great deal of
data must be obtained before very many basic hypotheses
and postulates can be (inductively) generated. We have
found that, when attempting to predict underwater hearing
behaviours and mechanisms, immersing humans resulted
in effects that biased our predictions. In other cases,
existing variables (noise, reflective surfaces, stress, etc.)
appeared to change human behaviour in significant ways.
Perhaps the most important fact isthat it isimpossible to
directly duplicate normal researchtechniquesunderwater.
Rather, a great variety of life support systems must
necessarily beattachedtothediver withtheir concomitant,
and shifting, effects on the responses made to heard
stimuli. On the other hand, we believe that current
technology permitssystematic and appropriateresearchto
beappliedtothese problemswiththeresult that reasonable
solutions can occur. A brief review of some of the more
important findings in this area of inquiry would appear
appropriate to demonstrate that some useful concepts are
already available.

Initially, there was a substantial question about the
sensitivity and nature of underwater auditory function in
humans. However, it has been shown recently that the
auditory capability of the submerged ear is not nearly as
impaired as was thought. For example, when divers are
submerged, their hearing isconductively reduced but they
do not experience neurological impairments. That is,
although thereis aloss of sensitivity, adiver can detect a
sinusoidal signal between 125 and 8000 Hz at 60-70 dB
SPL .29 Thissensitivity to soundiswithinthenormal range
for conversational speech in air at a distance of one foot.
Thus, athough underwater hearing is accomplished
primarily by “boneconduction”, hearingfunction otherwise
isnormal as speech reception thresholds relate normally
(ie. plus 15 dB) to standard thresholds for sinusoids and
speech discrimination is norma once the sound can be
heard_ﬁ,lo,ll

Divers soundlocalizationability alsohasbeenfoundtobe
far superior to that which was originally predicted,’**® as
hasthepossibility that diverscan navigateby sound. 1121417
The combined results of these experiments result in the
suggestion that pulsed low-frequency sinusoids or glides
(up to 1 kHz) and broadband noise are superior to other
signals for localization purposes and there is no distance
effect.’® Further, it wasfound that the sensation of acoustic
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“movement” can be a powerful localization cue. %1t |t
also has been observed that the difference in the minimal
audible angle (MAA) in air and water is less than 10
degrees and the difference between absolute localization
precisioninair andinwater isapproximately +5degrees. 622
Finaly, Thompson and Herman® found that the pitch
discrimination of diversdoesnot differ markedly fromthat
of listenersin air. Thus, adiver is potentially capable of
identifying subtlepitch, quality and distancedifferencesin
acousticsignalsand should beabletoutilizethisinformation
in order to determine the location of various underwater
sound sources.

On the basis of the several sets of data discussed above, it
appeared that divers might be capable of localizing sound
sourcesunderwater and of potentially utilizing thisability
to navigate. For example, if they were ableto “home” on
abeacon, asubstantial improvement in underwater safety
would result. Accordingly, we consider it profitable to
study human behaviours and capabilities related to this
issue. Moreover, data from arelated set of experiments
convinced us that we had inadvertently uncovered a
perceptual characteristic related to underwater hearing
that could provide a powerful aid to diver navigation and
retrieval. Asaconsequence, wewere ableto hypothesise
that a line array of underwater projectors, energized in
sequence to produce an apparent auditory “movement”,
would provide an effective localization signal. In theory,
the array would produce an Underwater Auditory Phi
Phenomenon (UAPP) similar to that produced (visually in
air) by landing light systems for aircraft runways or on
theatre marquees. The resulting pilot investigations
suggested that the Phi characteristics were of such good
potential, that we devel oped and have partially carried out
(nine major experiments) an extensive research effort
designedtostudy itseffectivenessrelativetodiver retrieval
and navigation. This paper reviewsthe already published
information plusreportsnew dataresulting from oneof the
cited experiments.

METHOD

While much of our earlier work on sound localization and
underwater distance estimation abilities, plus the pilot
studiesassessing acousti c beaconsand the UA PP approach,
was carried out in the ocean, most of the current studies
were conducted in a quiet lake on a military reservation
(CampBlanding). LakeMagnoliaisalmost 1.5by 1.0km
in size and slopes gradually to a large central areawith a
depth of nearly 15 m. It proved to be an ideal site for the
highly controlled, basic research that we found necessary
tocarry outinitially. For thecited experiments, three J-11
transducers were positioned 3m apart in alinear array at a
depth of 7m perpendicular to a straight line 150m
experimental range as seen in Figures 1 and 2 (page 129).
The acoustic signals used in the “training” investigation
werechosen fromamongthoseeval uatedin pilot work and
earlier experiments.t” Specifically they were:

1. A 500Hz square wave of 500 msduration and with 25
ms rise/decay times.
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Figurel. Schematicdiagram of thebarge, thetransducer array and the plane (float to float) al soincluded aspart of thetarget.

Figure2. A schematic drawing of the range used in many of the UAPP experiments. A isthe equipment van, B agenerator
and Cistheshore. LineE carriesthe signal to the staging equipment on barge E. The J-11 sare placed 7m under the barge
(seealso Figure 1) and “hits’ are counted when the diver passesline H (between the floats anyway). Therangeisdepicted
by L and the starting point by K (I and Jrefer to other experiments).
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2. A 1.0kHz sguare wave of 500 msduration and with a
100 msrise/decay.

3. A 0.2-2.0kHz noise of 1 sec duration and with 50 ms
rise/decay times.

Depending upon the particular study, the divers generally
swam one or moretrialsinvolving:

1. asingle beacon (SB) source,

2. acompass (C) dead-reckoning procedure (no acoustic
signal),

3. amultiple beacon (UAPP) source, and/or

4. aprocedure utilizing a compass in conjunction with
one or more of the multiple beacon signals (MBC).

Inall cases, the diver/subjects participated in two or more
“visua” (V) swimsinwhichthey followedalinepositioned
alongthebottominadifferent part of therange. Thevisual
trials ordinarily bracketed the other trials and the mean of
thetwo swimswas used to obtain base-line datarel ativeto
the time each diver would need to swim 150 m (see range
D; Figure 2). Aswould be expected, the various multiple
beacon (MB) conditions were counter-balanced across
diversin order to minimize inadvertent learning effects.

Eachdiver (K) wastransported by boat to the starting point
located 150 m (or more) fromtheacoustictarget (seeagain
Figure 2). He descended to a depth of 7 m and was spun
approximately three times by a buddy diver. He then
indicated his preparedness to begin the trial by pulling
several times on his safety line which was attached to a
small buoy (hewould tow thebuoy during theentiretrial).
Thesafety lineand buoy al so servedtomaintai nappropriate
diver depth as the connecting line was 7m long and the
diver was requested to keep atight line between himself
andthebuoy. Thediver wastimedfromhis“ready” ; signal
to when he or she reached the acoustic target (G) or he
swam past the vertical plane (H) of the transducers. The
processesinvolvedintheseexperimentscan beunderstood
also by consideration of Figure 3, at least from thediver’s
point of view. Subjects for these experiments were both
male and femal e, trained and untrained diversdrawn from
the IASCP team and the University of Florida.

RESULTS
Basic Data

Table 1 provides basic data previously reported;'” that is,
it will serve as a summary for several of the earlier
experiments. All valuesare proportionsof themeanvisual
swimtrials. It should be noted that values of lessthan 1.0
indicate atrial time which is faster than the visual swim
and, conversely, trial swithvaluesgreater than 1.0required
moretimeto completethan did thevisual swim. Ascanbe
seen, thefastest trial (0.8) wasshared by diversM-1for the
noise signal (MB3) alone (ahit) and M-7 for the compass
swim (amiss), while the slowest time (5.7) wasturned in
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Sequencing
Equipment
(at Surface)

1 Transducer 2 Array 3

— Direction of Projector Activation =i

(Activation sequence is then reversed)
{upon which)
(apparent movement is reversed)
s Apparent Movement of Sound —ems——lg.

Diver

( Actually some )
distance away

Figure 3. Thisdrawing portrays the procedure by which
thediver navigates. Thesound attractshimtothetarget by
first moving from left to right (from J-11-1 to J-11-3) and
then from right to left (J-11-3 to J-11-1) and so on.

by diver M5inresponsetothesinglebeacon (SB); thistrial
ended in amiss also. A hit was scored when the divers
either reached the transducers (G in Figure 2) or bisected
the transducer line between the buoys (H); a miss was
scored when the diver stopped before reaching the buoy
(evenif only by afew feet) or missed the area between the
buoys.

The primary conclusion that may be drawn from these and
related dataisthat thediverswere, infact, abletoeffectively
utilizethemultiplebeacon signalsto navigatetothetarget.
Indeed, whilethetimesfor some diverswere occasionally
high, no subject swam into any area other than that at, or
adjacent to, the target. Furthermore, in many instances
performance times are very close to those for the visual
swims, ie. where the divers simply swam the 150 m
distance following aline aong the bottom. In short, itis
clear that divers are able to “home” on the basis of heart
stimuli.

It was expected after the pilot study, the multiple beacon



SPUMS JOURNAL Volume 17 No. 3 July to September 1987

131

TABLE1

Navigation scores for each diver and condition; values are proportions of visual swimtimes. Data for subject M-7 are

incomplete as he did not return for the final set of trials.

CONDITION M-1 M-2 M-3
C 1.7 15 1.2*
SB 2.6* 24 27
MB1 24 41 3.6
MBC1 1.1 22 31
MB2 2.6* 1.8* 5.2*
MBC2 10 29 35
MB3 0.8* 2.3 39
MBC3 0.9* 17 2.4

MB1 =500 Hz; 500 ms; 25 ms, MB2 = 1 = kHz; 500 ms; 100 ms, MB3 = N2k; 1 sec; 50 ms,

M-4

1.2*
27
3.6
1.1*
32
1.3*
11+
1.1*

M-5 M-6 M-7 MEAN %
HITS
17 15 0.8 137 29
57 19* 2.6 2.94 29
2.3 39 2.0 3.13 14
1.4* 1.6* 1.0* 164 71
29 2.7* — 3.07 67
19 1.2* — 197 50
24 1.9 — 2.07 67
2.2* 14 09 115 57
* = hit

TABLE 1. Navigation scoresfor each diver and condition; values are proportions of visual swimtimes. Datafor subject
M7 are incomplete as he did not return for the final set of trials.

proved to be a more powerful cue than did the single
beacon with the noise signal associated slightly better
timesand scores. Moreover, even though thetimesfor the
beacon swims often were slower than for dead-reckoning,
accuracy was substantially greater and perhaps, most
important, thebeaconsprovided self-correctinginformation
not available from acompass. Finally, since greater than
expected variation was observed among diver
performances, alearning function wassuggested. Thatis,
all divers showed improvement as the experiment
progressed (no matter what the sequence of trials) with
some showing greater improvement than others.
Unfortunately, duetothestructureof theearly experiments,
the nature of thistraining function could not beisolated. 1t
was tested later and is reported below.

Training Effects

As stated, the results of the several previous experiments
suggested that amuch stronger learning functionexistedin
the development of diver navigation by UAPP than was
previously thought possible. Therefore, the effects of
learning (or training) on the diver’ s ability to perform the
cited tasks was studied. Only one MB signal wasused in
this experiment; it was the 0.2-2.0 kHz white noise of 1
second duration with a 100 ms rise/decay time and a 100
msoverlap. Nine certified divers served as subjects; four
were experienced with underwater research on hearing
and auditory localization whereasfivewerenot. Training
consisted of alecture, atrainingtrial with feedback andthe
multiple trials of the experiment itself. The diver's task
was to navigate a 150 m course (using the cited beacon)
either 10 times or until his performance plateaued. In
addition to the acoustical trials, the diver also swam three
150 m visual trials (as swim speed controls). Thediver's
learning curvewasassumedtohaveplateauedif heachieved
consecutive trialsin which:

Twowere“hits” and arrival timeswerelessthan 1.5 of
the mean visual swim time (VST);
threewerehitsand arrival wasless-thanor equal-to 1.5
of VST; or

threetrialswerewithin 3 m of thetarget and thetimes
werelessthan 1.2 VST.

Aswiththeearlier studies, a“hit” was defined asthe diver
navigatingtotheacoustical target, ie. arriving at one of the
transducers, passing between them (the water was turbid
and sometimes the subjects passed the target without
seeing it) or passing between a J-11 and an outlying buoy.

The datafrom this experiment can be utilized to establish
several relationships. First divers improved their
performance asafunction of continuedtrialsand adiver's
previous experience, or lack of it, with the underwater
hearing research turning out not to be a factor in the
determination of hisor her performance. Thus, sincethe
functions of al diver/subjects were similar, we would
suggest that it should be just as easy to train naive divers
to navigate acoustically, asit would beto train diverswith
previousexposure. Second, threemeasuresof performance
wereutilized (time, angleand atime/anglecomposite). Of
these, only the angle metric was found to dramatically
measure changein performance. Specifically, swimtimes
stabilized very quickly, ie. from 1.1 to 1.5 of visual swim
by the second trial. A similar observation could be made
for accuracy; indeed, there were only 4 per cent misses,
and very close ones at that, in all the trials after the fourth
and all diversarrived at one of the transducers 87 per cent
of the time from thefifth trial on. In other words, divers
improvedintheir navigational accuracy whilemaintaining
fairly constant swimming rates and, as may be seen from
observation of Figure4 (page132), most of theimprovement
in accuracy occurred within the first few trials. By that
time, subjects had reduced the angle metric to about 1.5
degrees, which correspondsto an error of lessthan 4 m at
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Figure 4. Graphed data depicting the function by which
diverslearn to navigate by UAPP. Asmay be seen, most
learning takes place within the first few trias.

the transducers. Moreover, a particular feature of the
multiple beacon approach is that it appears to be self
correcting.

CONCLUSIONS

Anintegrated and systematic programme of research has
been undertaken at the University of Floridain order to
developanoperationa systemfor acousticdiver navigation.
As can be seen from the cited data, the research that has
been completed to date has demonstrated that divers not
only can localize sound underwater reasonably well but
also can usethisability to navigate. To be specific, it was
found that (1) when a multiple sound source was used to
produce the Underwater Auditory Phi Phenomenon
(UAPP), thediversareableto navigateto thetarget almost
aswell asif they had avisual lineto follow and (2) even
untrained diverscouldlearnto“home” acoustically and do
so very quickly. Finally, substantial progress has been
made toward optimizing the parameters of the acoustic
signalsfor the purpose of diver navigation and researchin
thisregard is to be published soon.

Finally, two features of this approach should be stressed.
First, when a UAPP signa constituted the underwater
beacon, not asinglediver ever swam to asector other than
that which contained the sound source. Thisrelationship
hasbeenfoundtoholdfor all trialswithinall experiments.
Second, the procedure clearly is self-correcting, at least
whenthetask isto bring thediver to afixed source. Weare
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now devel oping experiments which are designed to study
thepossibility that UAPPinformation may beemployedto
permit adiver to navigate freely underwater.
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A SPUMSMEMBER ISHONOURED

We reproduce below the citation of the Craig Hoffman
Memorial Award presented at TheUnderseaand Hyperbaric
Medical Society (UHMS) mesetinginBaltimore, Maryland,
USA, in May 1987.

The Undersea and Hyperbaric Medical Society takes
great pleasure in presenting

THE CRAIG HOFFMAN MEMORIAL AWARD
to
CARL EDMONDS

Thisaward is conferred upon the recipient for significant
contribution to diving safety. Dr Carl Edmonds has for
over 20 yearsbeen aleader inthe Australian diving saf ety
community. Hiscontributionstoworldwidediving saf ety
have benefited those involved in military, commercial,
scientific and sport diving.
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Dr Carl Edmonds accepting the Craig Hoffman
Memorial Award.

Dr Edmonds’ accomplishmentscover thegamut of diving.
His contributionsto thefield - marine animal injuries, his
work developing the civilian diving medical courses in
Australiaand the development of in-water decompression
techniques have al played major rolesin diving safety.

Additionally, hisworldwideinvolvement withtheundersea
medical community hasprovided ameansof disseminating
thisworks in diving safety for the benefit of all.

SPUMS congratulates Dr Edmonds, known to the diving
world in Australia simply as “Carl”, on being the first
Australian to be given an UHMS International Award.

DIVING AND SAFETY

POLICY OF THE VICTORIAN ASTHMA
FOUNDATION

Persons with asthma are at increased risk of potentially
fatal lung complications from undersea diving. Diving
itself may induceasthmaattacksand asthmarelated diving
deaths have been clearly documented. The exercise
associated with diving, the changes in body temperature,
the inhalation of dry gas mixtures and the potential for
inhalation of saline may all play arole in triggering an
attack of asthmain the hyperreactiveairwaysof asthmatic
subjects. Additionally, the occurrence of an asthmaattack
may |ead to pani creactionswith mishandling of equi pment
and errors of judgement.
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Theexpansionof lunggastrapped behind narrowed airway's
in asthma during ascent from depth and decompression
results in increased risk of tearing or rupture of the lung
surface leading to pneumothorax (potentially of tension
type), mediastinal emphysema and air embolism.

Similar risksof pulmonary barotraumaal soapply to patients
with lung cysts, emphysema, chronic airflow obstruction
associated with chronic bronchitis or with smoking and
lung scarring from any cause.

The Asthma Foundation of Victoria recommends the
following policy:-

1. Any person contemplating undersea diving should
have:-

(i) medical examination by a doctor experienced in
underwater and diving medicine (Guidelines for
examination are given in References 2, 3 below)

(ii) afull-plate chest x-ray

(iii) properly performed spirometry

(iv) adviceregardingtherisksof divingwithasthmaor
other lung diseases.

2. Persons currently suffering from asthma or from
symptoms of wheeze or chest tightness should be
advised not to dive.

3. Personswho haveapast history of asthmaor wheezing
attacks should not dive unless:

(i) they havenormal spirometry and anormal chest x-
ray; and

(ii) they have been demonstrated to have bronchial
reactivity within the normal range. Bronchial
reactivity is currently measured by broncho-
provocation tests using methacholine or
histamine.’ Hyperosmolar saline inhalation
challengeis currently undergoing evaluation asa
further test of bronchial hyper-reactivity8-9 and,
if large population studies demonstrate it to have
ahigh diagnostic sensitivity for asthma, may have
particular rel evanceto theassessment of asthmain
potential divers. Exercise testing provocation,10
if positive, is useful but a substantial proportion
(20-25%) of patients with clinically significant
asthma do not have exercise hyper-reactivity.
Provocationtestsarebest carried outinrespiratory
function laboratories experienced in their use and
having established ranges for normality.
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LETTERSTO THE EDITOR

39 Oswald Street
ROCKHAMPTON QLD 4700

Dear Sir,

As retiring President of SPUMS | wish to convey my
sincerethanksto the past Executive Committee who have
servedwithme. Their expertisehasmade my twoyearsas
President enjoyable.

| would also like to take this opportunity to thank the
organi sersand participantsinvol ved withthe 1987 Annual
Scientific Meeting held in Honiara. | am surethat all who
were present would agree that it was one of the best
SPUMS conferences to date.

Y ours sincerely
CJAcaott
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39 Oswald Street
ROCKHAMPTON QLD 4700

Dear Sir,

Due to the failure of financial arrangements for both the
June Conference on Heron Island and negotiations for
another date, it has been decided to change the venue for
next year’s Annual Scientific Meeting.

It will now be held in Fiji in June 1988.

Guest Speakers (in alphabetical order) will be
Dr William Runciman
Dr Robert Thomas
Dr John Williamson.

Members who wish to present a paper should contact
Dr CJ Acott
39 Oswald Street
ROCKHAMPTON QLD 4700

Y ours sincerely

CJAcott

BOOK REVIEWS

The Diving Emergency Handbook, 3rd (revised) edition.
John Lippmann and Stan Bugg.

JL Publications, PO Box 381, CARNEGIE VIC 3163,
Australia.

RRP $10.00

Wereviewedthisbook whenthefirst editionwaspublished
in 1985 and recommendedit strongly. Sincethenasecond
edition has been produced, in 1986, for the USA market
whereit is sold as the DAN Emergency Handbook, with
changes suggested by the Divers Alert Network (DAN)
organisation. Sales in Australia have been such that
reprinting was necessary and the authors have taken the
opportunity to revise and enlarge the book and make it
useful for most of the English speakingworld by givingthe
emergency numbers for Canada, New Zealand, UK, and
USA aswell asfor Australia

Major changes have been required by the setting up of the
Australian Diver Emergency Service (DES). Every diver
in Australia should know the DES toll free number (008
088 200) and when the book is opened it isthe first thing
that catches the eye.

Thetextisinthreesections, anindex of signsand symptoms
with their possible causes, alist of diving ailments with
appropriate first aid, and an appendix covering many
things. The pages dealing with arterial gas embolism,
severe bleeding, the blue ringed octopus, decompression
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sickness, nitrogen narcosis, pulmonary barotrauma, and
stings have been extensively revised to reflect current
therapies and arrangements for hyperbaric treatment.

Intheappendi cestheproceduresfor omitted decompression
have been reduced to thosefor the USN tablesand the use
of 100 % oxygen at the surface, whichiswhat our reviewer
would do if he found himself in such a situation. The
decompression table section features* Dr Bruce Bassett’s
Revised Bottom Times “No-decompression”
Decompression Tables Arranged For Repetitive Diving
by John Knight and John Lippmann”. Thistablewith its
yellow highlightingisextremely easy to use and should be
more widely used for the reasons given on page 46. The
section on the administration of oxygen has been revised
and is clear and easy to follow.

A useful feature, following the provision for the owner to
enter useful telephone numbers, isthe spacefor recording
detailsof adivingaccident. Thereareclear diagramsof the
left-side-head-down position recommended for diving
accident victims. As before there are clear flow charts of
thefirst aid for diving accidentsand themanagement of the
UNCONSCI OUS person.

Therevised edition hasimproved an excellent publication
to the point where ever diver should buy a copy of the
revised edition, even if he or she had a copy of the first
edition. Itiseasly identified by the red REVISED across
the [sentence unfinished in origina Journal].

The Abalone Diver. Carl Edmonds.

National Safety Council of Australia, Victorian Division,
464 St KildaRoad, MELBOURNE VIC 3004, Australia.
1986. A Diving Medical Centre Publication. 209 pp.
Price $9.95.

This paperback is based on a survey conducted for the
Fishing Industry Research Committee. Carl Edmondswas
assisted by 18 other contributors. The book starts with a
history of abalone diving and a description of the survey
which covered 152 of thelessthan 300 active divers. The
chapter on the profile of abalone divers and their diving
habits is fascinating.

The survey revealed that the divers were critical of the
absenceof easily avail abletechnical anddivinginformation
andthat they distrusted officialdom. Sensibleandpractical
recommendations to improve the divers knowledge and
thesafety of their diving practicesaswell asfor monitoring
their health are found on pages 34 and 35.

Dysbaric osteonecrosis is well covered with a general
review, which includes clear instructionsfor the taking of
the necessary x-rays on page 44, and then a discussion of
the incidence in the surveyed divers. This section closes
with a discussion of joint replacement for dysbaric
0steonecrosis.
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Four chapters cover hearing loss, chronic ENT disorders
and recommendations on how abalone divers should be
cared for to prevent damage to nose and ears.

Eight chapters are devoted to the neurological and
psychiatric sequelae of diving and provide interesting
information. Chapter 17 reviewsthe diverstreated at the
Royal Australian Navy School of Underwater Medicinein
an eighteen month period. Itisof interest that neurological
deficitscould bedetected, beforetreatment, in 68 (78%) of
the87 diverswith decompression sickness. 84 of thesehad
complete resolution of the acute signs and symptoms
before being discharged from Naval care. Follow up
arrangementswereto review all patientsoneweek and one
month after theincident. Only 46 divers attended on both
occasions, a drop out rate of 48%. Seven divers had
developed neurological signs in the week and the three
who wereleft with neurological signsafter treatment were
still abnormal. However at one month only 2 divers had
detectablelesions. Thisclearly indicatesthecommonness
of neurological injury with decompressionsicknessandits
tendency to recur and then regress with time.

The final two chapters discuss miscellaneous medical
diseases of abalone divers and make general
recommendationsfor the better management of thedivers
health.

This book should be compulsory reading for all doctors
involved with abalone divers.

NEW ZEALAND CHAPTER OF SPUM S 1988
ANNUAL MEETING
Preliminary Notice
1to4 April 1988 at Furneaux Lodge in the
Marlborough Sounds.

For further details write to the convenor of this meeting
DrMikeDavis, POBox 35, TAI TAPU, New Zeadland
SPUMS ANNUAL SCIENTIFIC MEETING 1988.

Owingtocircumstancesbeyondthecontrol of theExecutive
Committee Heron Island is no longer the venue. The
Annual Scientific Meeting will now be heldin Fiji in June
1988.

Guest Speakerswill be: Dr William Runciman, Dr Robert
Thomas, and Dr John Williamson.

The conference organiser is
Dr CJ Acott
39 Oswald Street, ROCKHAMPTON QLD 4700

Members who wish to present a paper should contact Dr
Acott and inform him of the title of their paper, how long
thepresentation will takeand what sort of projector will be
needed.
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DIVER EMERGENCY SERVICE
008 088 200

Theduty supervisor of thelntensive CareUnit at the Royal
AdelaideHospital will answer thetelephoneandwhentold
that itisadiving emergency will contact the on-call diving
doctor. Thecall will be diverted to the diving doctor who
will offer the caller expert advice. Civilian and naval
doctors experienced in the treatment of diving accidents
from al over Australiawill be taking part in DES.

The diving casualty should contact DES on 008 088 200.
In most caseshewill be advised to attend thelocal hospital
unless he has easy access to one with a hyperbaric unit.
That hospital will be contacted by DESwith advice. The
hospital will notify the nearest hyperbaric unit and arrange
ahospital to hospital transfer. 1t will also notify the local
ambulance service. If necessary the hyperbaric unit will
alert the retrieval agency, such as the National Safety
Council of Australia(Victorian Division) whohaveportable
recompression chambers and aircraft to carry them. If
specialist transfer isnecessary thelocal ambulance service
will arrange it with the retrieval agency.

TheDESnumber 008 088 200canonly beusedinAustralia.
For accessto the same servicefrom outside Australiaring
ISD 61-8-223-2855.

THE MARINE STINGER HOTLINE
NEW NATIONAL NUMBER 008-079-909

TheMarineStinger Hotlineisnow toll free Australiawide.
The old number was only available in Queensland.
Arrangements have been made with Telecom to place a
recorded message onthe old number to direct callerstothe
new number.

For expert advice about the treatment of marine stingers
dial 008 079 909.

THE SAFETY SAUSAGE

Asanyonewho haslooked for adiver at seaknows, adiver
onthesurfaceisdifficult to spot. Thereisnow amodestly
priced aid to diver location.

The Safety Sausage (SPUMSJ. 1986; 16(2): 59), isared
plastic tube which can beinflated by the diver’ sregulator.
It can either be held vertically in the water to indicate the
diver’ spositiontoaboat or allowed tolieonthe surfaceto
aidrecognition by aircraft. Itismanufactured by TL Begg
and SonsLtd, PO Box 5216, Moray Place, Dunedin, New
Zesaland.

The Australian distributor of the Safety Sausage is RJ
Knight Pty Ltd, 80 Wellington Parade, EAST
MELBOURNE VIC 3002. They are available for
membersof SPUM Sat $7.00including postage. They will
soon be available through dive shops.



