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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
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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,



102

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
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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
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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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Figure5. Cardiac bradyarrhythmia associated with pial
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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



SPUMS JOURNAL Volume 17 No. 3 July to September 1987

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

SPUMS JOURNAL Volume 17 No. 3 July to September 1987

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

6p
rp

r_d_)/:\od

ACpp >

rd

27YCos 6d . 2YCosp

ro

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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Figure 2 appears, in colour, on page 116.
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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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1985.



