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Large amounts  of gas were seen in the venous
circulation in all of these cases.  If we postulate that, in a
rapid ascent,barotrauma causes expanding gas in the alveoli
to leak into the pulmonary veins, then one would expect
most of the gas to be in the arterial system, but this is not
the case.  This pattern of distribution of the gas may
indicate that the lungs trap gas bubbles more effectively than
other tissues, such as the brain,4 once the gas has passed
thought the systemic circulation.  Alternatively the gas may
enter the venous circulation through the pulmonary
lymphatic system as has been suggested in neonatal
systemic air embolism.5

Conclusions

Decomposition and resuscitation can result in
intravascular gas at autopsy.  In view of the possible confu-
sion arising from the production of decompositional gas, in
performing diving autopsies it is important to
autopsy the body as soon as possible after death.  Analysis
of the gas for hydrogen and carbon dioxide may indicate
whether the gas is due to decomposition or not.  In deep
diving fatalities some gas formation due to decompression
does occur.2,3  It is not clear whether decompression makes
any contribution to intra-vascular gas formation in diving
fatalities during more superficial dives.
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OPEN CHAMBER CARDIAC SURGERY:
A CLINICAL INJURY MODEL FOR

ARTERIAL GAS EMBOLISM

Simon Mitchell, Ora Pellett and Des Gorman

Summary

Cerebral arterial gas embolism (CAGE) can occur
in divers breathing compressed gas and as a consequence
of some medical procedures.  Open chamber left heart
surgery, in particular, is invariably complicated by CAGE,
although manifestations may be “subclinical”.  This paper
discusses the utility of open chamber left heart surgery as a
clinical injury model for CAGE in divers and other groups.
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Review

Cerebral arterial gas embolism (CAGE) may occur
in compressed gas diving following either pulmonary
barotrauma or right to left shunting of venous inert gas
bubbles.1  Clinically, in divers, there is rapid onset of
neurological phenomena such as altered consciousness,
visual changes, cognitive changes, and sensorimotor
deficits.  The  natural history of CAGE in divers is complex
and may include death (often by drowning), persistent
neurological symptoms, spontaneous recovery and relapse
despite initial spontaneous recovery.  CAGE is one of
several mechanisms of bubble-induced injury collectively
referred to as decompression illness (DCI).2  The
contribution of CAGE to morbidity in many cases of DCI is
difficult to assess since several injury mechanisms may be
involved simultaneously.  This difficulty complicates the
study of therapeutic intervention targeted at CAGE and is
compounded by the usual absence of any pre-morbid data,
a variable extent of injury and an even greater variation in
the time from onset of illness in divers to presentation for
treatment.

Cerebral arterial gas embolism also occurs in
cardiac surgery.  Any operation supported by a
cardiopulmonary bypass (CPB) circuit carries the risk of
CAGE as there are numerous ways in which air can be
introduced into the body from the circuit.  These include:
incomplete pre-bypass de-airing of the circuit;3 the use of a
bubble oxygenator;4 low blood volume in the venous
reservoir;5 high blood flow rates and entrainment of air into
the venous inflow to the CPB machine.6  In operations where
the heart is not opened (closed chamber procedures), such
as coronary artery bypass grafting (CABG), the CPB
circuit is the main source of emboli.  However, there is much
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greater risk of CAGE in those procedures involving open
chamber surgery of the left heart, such as valve
replacement and repair of congenital defects.  Air introduced
to the heart chambers during these procedures may be ejected
into the aorta when the heart is closed, resuscitated and
allowed to work.  Surgeons attempt to remove intracardiac
air before cardiac ejection using “de-airing” techniques.
However, studies utilising echocardiographic or Doppler
techniques have documented that conventional de-airing
techniques are not completely effective.7-12  Recent
studies have suggested that these  conventional techniques
fail because air is trapped in the pulmonary veins during
surgery7,11 and is not dislodged until the heart is
resuscitated and pulmonary blood flow increases to normal
levels.7  These bubbles will pass to the left heart and in turn
into the aorta.  A novel and effective de-airing technique
which allows the heart to develop physiological output
without ejection into the systemic circulation has been
reported13 but is not yet widely used.

The use of cardiac surgery patients in a study of
CAGE pathophysiology or treatment confers the following
significant advantages over a group of divers with DCI:
premorbid neurological and neurocognitive function can be
assessed so that each patient can serve as their own control;
the exposure to bubbles can be quantified using Doppler
devices; and any treatment can be given at the same time in
relation to the emboli exposure.  However, before cardiac
surgical patients are used in this way, a relationship between
bubble exposure and outcome must be demonstrated.
Moreover, to allow for reasonable group sizes in a trial of
different treatments, adverse outcomes must occur
frequently.

There is a plethora of studies showing adverse
neurocognitive outcomes in patients after cardiac surgery.
Many (50-70%) cardiac surgical patients are reported as
suffering from post-operative cognitive deficits of some type,
and 2-5% are said to suffer a peri-operative stroke.14  It is
known that the incidence of post-operative neurocognitive
deficit is higher in coronary artery bypass graft (CABG)
patients than in patients undergoing forms of vascular
surgery which do not involve CPB,15 and it is generally
agreed that embolism of the cerebral circulation is an
important contributing factor to such deficits.16

The argument that embolic brain injury is common
and important in closed heart cardiac surgery such as CABG
is supported by studies in which any deterioration in
post-operative neurocognitive performance has been
correlated against emboli exposure measured using
Doppler devices.  Stump and colleagues17 reported a mean
left common carotid artery emboli count of 130 in patients
with neurocognitive deficit 5-7 days after CABG surgery
and of only 63 in patients without deficit.  Pugsley and
colleagues18 reported the percentage incidence of
neurocognitive deficit at 8 weeks after CABG surgery as 9,
23, 31, and 43 in patients exposed to <200, 201-500, 501-

1000 and >1000 middle cerebral artery (MCA) emboli
respectively.  Clarke and colleagues19 reported cerebral
complications after CABG surgery in 70% of patients
exposed to greater than 60 (mean 118) MCA emboli and in
only 30% of patients exposed to less than 60 MCA emboli.

Although these studies support the hypothesis of
embolic brain injury during surgical procedures involving
CPB, attribution of these injuries solely to bubbles is not
possible.  Although the Doppler devices used are more likely
to detect bubbles than solid emboli of the same size,20 CPB
does generate non-gaseous emboli such as antifoam
particles21 and fibrin-platelet aggregates.22  Indeed, there
is still a considerable uncertainty about the relative
importance of the different emboli generated by CPB.
Moody and his colleagues used an alkaline phosphatase
staining technique to demonstrate small capillary and
arteriolar dilatations (SCADs) in the brains of patients who
died after CPB and in dogs sacrificed after experimental
CPB.23,24   No SCADs could be demonstrated in control
patients or animals who had not undergone CPB.  The
SCADs exhibited menisci at their ends and appeared empty.
They were initially postulated to be air or fat emboli,23 but
subsequent work has shown that some of these lesions
exhibit granular birefringence.  Others have stained
positive for glycoproteins and glycolipids.24  These would
be unusual findings in bubbles, although a bubble may
acquire a lipid content as it strips surfactant from the vessel
endothelium.25

In view of this confusion, closed chamber
cardiosurgical procedures in which CPB is the principal
source of emboli are probably not a suitable clinical injury
model for CAGE in divers and other groups primarily
injured by bubbles.

A much greater degree of cerebral embolism in open
chamber procedures has been documented using Doppler
devices.  Stump and his colleagues26 recorded a mean of
1339 left common carotid artery emboli (range 38-4455)
throughout open chamber valve replacement surgery.  In
contrast, closed chamber CABG patients were only exposed
to a mean of 62 emboli (range 23 - 107).  Other researchers
have recorded similar results.7,9  This greater exposure in
valve surgery patients is almost certainly accounted for by
bubbles ejected from the left heart at the end of the
procedure.  Studies using transoesophageal
echocardiography in the investigation of de-airing
techniques support this contention.  Bubbles have been
observed emerging from the pulmonary veins soon after
heart ejection is resumed,7 or being trapped in sites like the
left ventricular apex and right upper pulmonary vein under
the influence of buoyancy, only to be “stirred up and
expelled away” with the resumption of cardiac ejection.11

Despite the greater bubble exposure in open
chamber surgery patients, comparisons of neurological
outcome between this group and closed chamber (CABG)
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surgery patients are confusing.27  However, such
comparisons are tenuous since CABG patients are usually
older and affected by other risk factors for poor outcome
such as carotid artery and cerebrovascular disease.  The most
recent review of this issue suggests that, on balance, open
chamber patients are at greater risk of adverse neurological
outcome.27

Nevertheless, for open chamber heart surgery patients
to be used as a model of CAGE, it is still important to show
a correlation exists between neurological outcome and
bubble exposure.  Surprisingly, there are no relevant
published studies.  However, we have produced some
relevant preliminary data from our randomised prospective
double blinded trial of lignocaine in cerebral protection in
open chamber left heart surgery at Green Lane Hospital,
Auckland, New Zealand.

Methods

The subjects were 23 patients undergoing left heart
valve replacement surgery and who were enrolled in the
lignocaine trial.  This trial was approved by the North Health
Ethics Committee in August 1994.  There were 15 males
and 8 females, and the mean age was 54.9 (SD 10.1).  All
patients underwent a battery of 11 neurocognitive tests
before surgery.  All tests were performed by the same
research psychologist and in most cases were conducted
within the same designated office at the hospital.

The right common carotid artery was continuously
monitored for emboli activity from 5 minutes before
cardiac cannulation until 20 minutes after withdrawal of
CPB, using a Rimed Flowlink 300 colour flow Doppler
(Rimed, Tel Aviv, Israel) interfaced to a purpose built
emboli counting microprocessor.  The nature and use of this
device has been described in more detail elsewhere.5

Doppler signal processors may be confounded in many
ways,28 and emboli “counts” are not exact.  We therefore
refer to the count as an “index of microembolic activity”
(IMA). Nevertheless, calibration of our device has shown
that increases in IMA are directly proportional to emboli
numbers.5

The neurocognitive tests were repeated for all
patients at 6 to 8 days, eight weeks and six months after
surgery.  Once again, all tests were conducted by the same
research psychologist.  Both the patients and the
psychologist were blinded to the emboli exposure.

Only the change between the pre-operative and eight
day performance in a computer generated test of reaction
time (psychomotor speed) was analysed before the 1997
SPUMS Annual Scientific Meeting.  A univariate linear
regression was performed for the relationship between
emboli exposure and any change in reaction time at eight
days after surgery using the Systat statistical package.

Results

IMA ranged from 247 to 6,959 with a mean of 2,334
(SD 1694) for the 23 patients.  Most emboli (mean fraction
of total = 0.73 (SD 0.26) were recorded at the end of the
procedure when the heart began to eject.  Almost all signals
were ultrasonically typical of bubbles.  The regression plot
for the relationship between IMA and change in reaction
time at 8 days post surgery is shown in Figure 1.  Note that
an increase in reaction time (indicating a  in performance)
is plotted as a negative value.  There was a significant
decline in performance as IMA increased (p < 0.025).

Figure 1.  Relationship between change in reaction time at
8 days after surgery and perioperative emboli exposure An
increase in reaction time is plotted as a negative value.
R=0.52.  p<0.025.

Discussion

These preliminary results suggest that increased
exposure to emboli in open chamber left heart surgery is
associated with a decline in neurocognitive performance.
Given that the vast majority of the emboli are bubbles, this
finding would support the use of open chamber cardiac
surgery as a clinical injury model for CAGE in divers and
other groups.  However, this preliminary data must be
interpreted with caution.  First, all patients were part of a
randomised, double blinded trial of lignocaine in cerebral
protection during cardiac surgery which was not unblinded
for this analysis.  It follows that approximately half of these
patients have received a drug which may have modified their
neurocognitive outcome.  Second, this analysis describes
outcome in 1 of 11 tests, at 1 of 3 points in time, for 23 of 60
patients.  We must wait for completion of all patient follow
up, for unblinding of the lignocaine trial and the analysis of
results for all tests at each follow up before drawing firm
conclusions.  This data will be reported in due course.
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Abstract

Background
Cerebral arterial gas embolism (CAGE) invariably

occurs at termination of cardiopulmonary bypass (CPB) in
left heart valve surgery.  CAGE is not prevented by
conventional left heart “de-airing” methods and has been
linked to post-operative stroke and neurocognitive deficits.
We have developed and assessed a novel de-airing
technique which utilises high flow left ventricular and
aortic venting from the working heart into the CPB venous
line, prior to aortic declamping.  This technique allows the
heart to establish physiological output before the aortic
clamp is removed.  Ejected emboli pass to the CPB circuit,
rather than the systemic circulation, and are removed by the
circuit’s protective elements.

Methods
The right common carotid artery was monitored

throughout the left heart valve surgery using a colour flow
Doppler interfaced to an emboli counting microprocessor
in 21 consecutive patients de-aired conventionally (group
1), 9 consecutive patients de-aired by the novel technique
(group 2) and 4 coronary artery bypass graft patients who
did not require de-airing (group 3).

Results

The mean emboli count recorded after aortic
declamping was 2,580 ± 321 (SEM) and 293 ± 110 in the
group 1 and group 2 patients respectively (p=<0.001).  The
efficacy of the novel technique improved during the series:
four of the last five group 2 patients were exposed to
similar trivial numbers of emboli after aortic declamping
(less than 20) as the group 3 patients.

Conclusions
Cerebral arterial gas embolism associated with left

heart valve surgery is significantly reduced by the novel
de-airing technique.
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