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Abstract Objectives: To assess 
the relationship between the time
period before hyperbaric oxygen-
ation therapy (HBO) and clinical
outcome in patients with iatrogenic
cerebral air embolism. Design and
setting: Retrospective study in a hy-
perbaric chamber and medical inten-
sive care unit of a university 
hospital. Patients: All patients with
air embolism from 1980 to 1999. 
Interventions: We retrieved the
cases of 86 patients who benefited
from an identical HBO and analyzed
the relationship between the time
period before HBO and clinical out-
come. Results: Patients treated with
HBO less than 6 h had a better out-
come than those treated later. In pa-
tients treated within this delay the
cause was venous air embolism in
84% and arterial air embolism in on-
ly 16% of cases. After this delay the
cause was venous air embolism
(53%) and arterial air embolism
(47%). Patients with venous air em-
bolism and recovery had a shorter

delay than patients with sequelae or
death (2 h 15 min vs. 4 h). Patients
with venous air embolism treated
less than 6 h had a better outcome
than those treated later. In patients
with arterial air embolism the time
period before HBO was longer than
in venous air embolism (8 h vs. 3 h)
and the outcome worse (recovery in
35% vs. 67%). In patients with arte-
rial air embolism no difference in
the time period was found between
patients with recovery and sequelae
or death. Conclusions: We stress the
beneficial effect of an early HBO in
air embolism, the importance of an
increased awareness of physicians
concerned with this severe compli-
cation, and the need to develop tech-
niques to detect air emboli in the ce-
rebral circulation.
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Iatrogenic cerebral air embolism: 
importance of an early hyperbaric oxygenation

Introduction

Cerebral air embolism is an iatrogenic complication of
numerous invasive medical procedures performed in an-
esthesia and intensive care [1]. It may occur if an entry
in the arterial or venous circulation is created. Anesthe-
tists and physicians of intensive care units face this se-
vere complication on the occasion of high-risk interven-
tions as carried out in cardiovascular surgery using extra-
corporeal circulation or in neurosurgery, but also in their

daily work with patients having central venous catheter-
ization [2].

The pathophysiology of cerebral air embolism is
marked by a cerebral edema secondary to the capillary
leak syndrome and by local ischemia due to the arterial
occlusion caused by the embolus [3, 4]. These lesions
are multifocal, which explains the variety of the neuro-
logical deficits found. Neurological sequelae and even
death characterize the outcome of iatrogenic cerebral air
embolism in a high percentage of cases.
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The current treatment associates the immediate stop
of the embolic procedure, the attempt to eliminate intra-
vascular air, external cardiac massage, and a supplemen-
tary oxygenation. Hyperbaric oxygenation (HBO) is in-
dicated in the presence of neurological deficits [5]. HBO
diminishes the volume of intravascular gas bubbles by
enhancing the ambient air pressure. It favors the denitro-
genation of the cerebral tissue and diminishes the cere-
bral edema. It enhances the partial pressure of dissolved
oxygen in the blood and leads to a better oxygenation of
ischemic tissues [6]. This physiological mode of action
seems to be obvious enough to admit HBO for this spe-
cific indication despite of the lack of prospective studies
in humans confirming its efficacy so far [7]. Thus a
study with a group as control seems to be unethical. The
described mechanisms suggest that HBO is the more ef-
ficacious the earlier it is started after the occurrence of
the embolism.

The aim of this retrospective study was to evaluate
the impact of the time period before admission to the hy-
perbaric chamber on the clinical outcome of patients
with iatrogenic cerebral air embolism.

Materials and methods

The Department of Intensive Care and Hyperbaric Medicine of
Salvator University Hospital of Marseille, France, has a separate
unit for HBO. We reviewed the records of all patients admitted to
the hyperbaric chamber for iatrogenic cerebral air embolism from
1980 to 1999. In each retrieved case we analyzed the following
parameters: patients’ characteristics (age, sex), time of the occur-
rence of air embolism and time of the admission to the hyperbaric
chamber, cause of the embolism and its initial treatment prior to
HBO, clinical signs (especially neurological symptoms) and their
progression from the occurrence of the air embolism until the dis-
charge from the Department. Therefore the details of the physical
examination were retrieved in the records made by the physicians
providing the initial care, the transfer to the hyperbaric chamber,
and the care during the stay in the Department.

For HBO an identical home-made procedure was used for all
patient. This protocol was designed by Ohresser in the 1970. It
consisted of the immediate compression to six atmospheres abso-
lute (609 kPa or 50 m depth) for 10 min followed by the decom-
pression to two atmospheres absolute (203 kPa or 10 m depth) for
60 min with 100% oxygen ventilation. The use of an elevated
pressure permitted an important reduction in blocked gaseous vol-
ume in the circulatory system whereas the prolonged time at an el-
evated FIO2 facilitates the elimination of nitrogen and permits a
better oxygenation of ischemic tissues. Immediately before and af-
ter the HBO course a complete neurological examination was car-
ried out. Sedation of patients under mechanical ventilation was
discontinued if the respiratory status did not prevent this in order
to assess the neurological status. Patients without a total recovery
from neurological disorders had a second course 24 h later with
compression to two atmospheres absolute (203 kPa) and 100%
oxygen ventilation for 1 h. Finally, we repeated the neurological
examination 1 month after the accident. We distinguished patients
with a total recovery from all the neurological deficits considered
as the group having a good outcome and those with neurological
sequelae or death defined as the group with a poor outcome.

The time period before HBO was compared between patients
with good outcome and patients with poor outcome by Mann-

Whitney U analysis because the values were not distributed nor-
mally. Variables were expressed as median (25%–75%). The cut-
off of the time period before HBO which improved the outcome
has been evaluated by χ2 analysis. In the presence of a difference
we used χ2 analysis again to check the data for a possible inherent
bias such as age, hemodynamic disturbance, or arterial/venous
cause. In the latter case subgroups were formed, and statistical
analysis was carried out in each subgroup separately. Differences
were considered significant at p<0.05. Statistical calculation was
performed using the StatView and SigmaStat software.

Results

Between 1980 and 1999 a total of 86 patients were ad-
mitted to the HBO chamber with iatrogenic cerebral air
embolism (55 men, 31 women; aged 17–85 years, mean
52±19). In 63 cases (73%) the embolism had a venous
cause. The principal cause in these cases was the manip-
ulation of a central venous catheter (52 cases, 60%). In
44 cases (51%) the catheter was disconnected uninten-
tionally, in 5 (6%) the embolism occurred when the cath-
eter was placed, and in 3 (3%) when it was removed. Ve-
nous air embolism occurred in the context of hemodialy-
sis in 4 cases (5%), during neurosurgery in 4 (5%), and
during other invasive procedures in 3 (3%). In 23 cases
(27%) the cause of the embolism was located in the arte-
rial system. In 14 cases (16%) the arterial gas embolism
occurred during extracorporeal circulation (16%), in 5
(6%) during arteriography, and during others procedures
in 4 (5%). Prognosis by cause is shown in Table 1.

The initial neurological symptoms included impaired
consciousness (70%), focal motor deficits (60%) with
unilateral left deficit (32%), unilateral right deficit
(22%), or bilateral deficit (6%), seizures (11%), visual
disturbance (10%), dysarthria/aphasia (5%), and vertigo
(5%). In 26% of patients there were hemodynamic dis-
turbances such as hypotension, circulatory collapse, and
cardiac arrest. In 23% of cases respiratory disturbances
such as dyspnea, cough, or chest pain were present. Me-
chanical ventilation of the patient was necessary in 51%
of cases. Fifty percent of patients benefited from HBO
within 3 h 30 min (2–7 h).
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Table 1 Prognosis according to cause

n Good Poor 
outcome outcome

Venous air embolism
Central venous catheter 52 36 16
Dialysis 4 4 0
Neurosurgery 4 0 4
Others 3 1 2

Arterial air embolism
Extracorporeal circulation 14 6 8
Arteriography 5 2 3
Others 4 1 3



After the first course of HBO an improvement in neu-
rological status was noted in 55% of cases (n=47). The
recovery was full in 40% of patients (n=34). A second
course of HBO benefited 41% of patients; 16 of these
had a complete recovery.

At the time of discharge from the Department 50 of
86 patients (58%) had a good outcome with total recov-
ery from neurological disorders. In 36 patients (42%)
there was a poor outcome, with lasting neurological se-
quelae present in 29 cases (34%) consisting of coma in 8
cases (9%) and focal motor deficit in 21 cases (24% with
unilateral left deficit in 12 cases and unilateral right defi-
cit in 9 cases). Seven patients (8%) died during hospital-
ization.

Patients with a good outcome had a time period be-
fore HBO shorter than patients with a poor outcome: 3 h
(1/4 h) vs. 4 h 45 min [3 h 15 min/8 h 30 min; p<0.005,
U test). Patients treated by HBO less than 6 h after air
embolism had a better outcome than those treated after
6 h (χ2 test, p<0.05; Table 2).

There were no significant differences between the two
groups with HBO before and after 6 h concerning age
(p=0.3) or frequency of hemodynamic disturbances
(p=0.22). There were no significant differences in the
percentage of patients undergoing mechanical ventilation
(45% admitted before 6 h compared to 55% admitted af-
ter 6 h; p=0.1) and in the percentage of patients with im-
paired consciousness (73% of patients admitted 6 h be-
fore compared to 63% admitted after 6 h; p=0.3). How-
ever, there is a significant bias concerning the venous or
arterial cause of the embolism. In the group of patients
with early HBO (less than 6 h) 84% had venous air em-
bolism (VAE) and only 16% arterial air embolism
(AAE). Compared with this, patients with late HBO (af-
ter 6 h) had an arterial origin of the gas embolism in
47% of the cases (p=0.002) (Table 3).

The time period before HBO in patients with AAE
was significantly longer than in those with VAE: 8 h 
(3 h 37 min/19 h 30 min) versus 3 h (1 h 30 min/4 h
52 min; p=0.005). The outcome in patients with an AAE
was markedly worse with a good outcome in only 35%
of cases compared with 67% in VAE (p=0.008; Table 3).
Consequently the data were divided into two subgroups
of patients with a VAE and with an AAE. Separate statis-
tical analysis was carried out in the two subgroups look-

ing for any correlation between the outcome and the time
period before HBO. In VAE the time period before HBO
was significantly shorter in patients having total recov-
ery than in those with sequelae or death: 2 h 15 min
(1/4 h] vs. 4 h (2 h 52 min/5 h 52 min; p=0.003). Analo-
gously, patients with VAE treated by HBO less than 6 h
after air embolism had a better prognosis than those
treated after 6 h (p<0.05, χ2 test; Table 4).

Patients with AAE treated by HBO less than 6 h after
air embolism had the same prognosis as those treated af-
ter 6 h (p=0.7, χ2 test with Yates correction; Table 5).
That is one patient in three fared favorably whatever the
time period in HBO. In the subgroup with AAE no dif-
ference in the time period before HBO was found be-
tween those with good or poor outcome: 18 h (3 h 40–
22 h 30] vs. 5 h (3 h 37–18 h; p=0.5).
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Table 2 Duration of hyperbaric oxygenation and prognosis in 86
patients; patients treated less than 6 h had a better prognosis than
those treated after 6 h (p<0.05)

<6 h (n=56) ≥6 h (n=30) Total

n % n %

Recovery 38 68 12 40 50
Sequelae or death 18 32 18 60 36

Table 3 Venous vs. arterial cause: difference in time period of hy-
perbaric oxygenation and in outcome

Venous (n=63) Arterial (n=23)

n % n %

Duration of treatment
<6 h 47 84 9 16
≥6 h 16 53 14 47

Outcome
Good 42 67 8 35
Poor 21 33 15 65

Table 4 Duration of hyperbaric oxygenation and prognosis in 63
patients with venous air embolism; patients treated less than 6 h
had a better prognosis than those treated after 6 h (p<0.05)

<6 h (n=47) ≥6 h (n=16) Total

n % n %

Recovery 35 74 7 44 42
Sequelae or death 12 26 9 56 21

Table 5 Duration of hyperbaric oxygenation and prognosis in 23
patients with arterial air embolism; patients treated less than 6 h
had the same prognosis than those treated after 6 h (p=0.7)

<6 h (n=9) ≥6 h (n=14) Total

n % n %

Recovery 3 33 5 36 8
Sequelae or death 6 67 9 64 15



Discussion

Manipulation of a central venous catheter is currently the
most frequent cause of cerebral air embolism and consti-
tutes the largest number of cases (60%) in our series.
The accident generally occurs on the occasion of an un-
intentional disconnection of the catheter but also during
its placement or removal. Other procedures with a high
risk are extracorporeal circulation, arteriography, neuro-
surgery, and hemodialysis. The poor outcome with neu-
rological sequelae or even death in many cases justifies
the measures undertaken to raise awareness of the physi-
cians concerned, to prevent the embolic accident, and to
facilitate its early diagnosis [8].

We show that the clinical outcome of patients with ce-
rebral air embolism is related to the time period before
HBO. This relationship was significant in the subgroup
with a venous cause (73% of the cases retrieved) but not
in the subgroup with an arterial cause.

When injected into the venous system, gas can either
embolize the pulmonary arteries and then pass through
the lungs to the arterial system [9, 10], or the gas embo-
lus can make its way through a right-to-left shunt, for ex-
ample, a patent foramen ovale or an interatrial shunt and
then cause cerebral air embolism [11]. In the case of an
arterial entry of the gas the embolus is distributed direct-
ly to the cerebral circulation. The severity of the lesion
depends on the nature of the gas, its quantity and on the
velocity of the injection [2]. The volume of the lethal de-
crease when the speed of the injection of air increases. A
study has shown that a dog can tolerate 1 l air injected at
interval within 1–2 h while 100 ml injected at once can
lead to death [12]. Our study found a difference in the
outcome as to whether the cerebral air embolism was
caused by venous or arterial injection.

The poor outcome found in the majority of cases of
arterial embolism might be due to the considerable ve-
locity of accidental air injection. However, we noted a
considerable difference to the subgroup with VAE con-
cerning the time period until the diagnosis is made and
HBO started. Probably the diagnosis was made much la-
ter because a majority of the embolic accidents occur
during extracorporeal circulation with patients undergo-
ing general anesthesia. In these cases neurological symp-
toms often become manifest only when the patient
comes out of anesthesia. Therefore anesthetists and sur-
geons should pay close attention to the risk of an embol-
ic event during typical surgical procedures. The study by
Ziser et al. [13] on 17 patients with arterial cerebral air
embolism due to extracorporeal circulation showed a
better outcome than in our series (total recovery in 47%
of cases versus 35% of our cases). Patients were treated
according to United States Navy practices with a profile
quite similar to the HBO used by our team. However, the
time period before HBO was shorter: 9.6 h vs. 15 h in
our study (median 8 h). In contrast to our data, an associ-

ation was found between the delay before HBO and the
performance of the therapy. In order to shorten the con-
siderable delay until the diagnosis of cerebral air embo-
lism is made, efforts should be made to develop and use
sensible techniques to detect air emboli in the cerebral
arterial circulation [14].

In the subgroup with VAE we found a better outcome
in patients treated by HBO early after air embolism than
in those treated later. This is consistent with the results of
experimental and clinical studies. Experimentation using
an animal model of brain ischemia has shown before that
the neurological lesion is reversible in temporary cerebral
ischemia caused by ligated carotid arteries if the ligature
lasts not longer than 2 h [15, 16]. A difference in the out-
come of experimentally induced cerebral ischemia de-
pending on the time period before HBO has been report-
ed in animal studies as well [17]. Human studies on the
ischemic stroke stress the importance of an early reperfu-
sion as a first-line objective in therapy [18]. In iatrogenic
cerebral air embolism the beneficial effect of an early
HBO has been previously reported [19, 20, 21]. However,
the time period before applying HBO and still seeing an
improved outcome has been reported within a large time
span ranging from 3 h [19] to 48 h [20]. Murphy et al.
[21] found a difference in the outcome of patients who
benefited from HBO less than 6 h after the embolism in
comparison with those having HBO later. Nevertheless
the small size of the study – a total of 16 patients – did
not allow a profound statistical evaluation. The 86 cases
included in our study provide sufficient data to confirm
this result. Our retrospective study stresses on the impor-
tance of early detection of the embolic accident. A pro-
spective study would allow us to confirm our results.

Ultrasound techniques such as transthoracic and
transesophageal echocardiography can visualize intrave-
nous or intracardiac air bubbles directly [22, 23]. If the
use of these diagnostic procedures is impossible, a close
monitoring of cardiorespiratory parameters may detect
the embolic event as well. As a consequence of pulmo-
nary air embolism a sudden increase in the pulmonary
artery pressure might be found by right-heart catheteriza-
tion, or a decrease in the partial pressure of end-tidal
CO2 by continuous capnography [24, 25].

With the diagnosis of cerebral air embolism made as
early as possible, the adequate treatment can be under-
taken, even during a lasting intervention, and the transfer
to the HBO chamber prepared as soon as possible.

The question remains as to whether hyperbaric treat-
ment is indicated for patients with a late diagnosis and
consequently an important delay before admission to the
hyperbaric chamber. The diagnosis is sometimes difficult
and is therefore evoked frequently late. Animal studies
have demonstrated the persistence of air bubbles in the
arterial system 48 h after intravascular penetration [26].
In humans Dexter et al. [27] points out that in the case of
important gas emboli the absorption time of bubbles can
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be up to 15 h. Anedoctal cases of human recovery from
severe cerebral air embolism treated late with HBO have
been reported [28, 29]. Therefore a prolonged delay until
the diagnosis of cerebral air embolism is made should not
discourage teams from the decision for hyperbaric treat-
ment. That is, although our study shows that outcome is
poorer statistically with regard to early treatment.

Conclusions

Early application of HBO seems to play an important
role in the clinical outcome of iatrogenic cerebral air em-
bolism. We found an association of the time period be-

fore hyperbaric treatment with the clinical outcome in
patients with a venous but not with an arterial cause. In
VAE the outcome was better in patients treated by HBO
less than 6 h. The outcome of our patients AAE was
markedly worse. This might be due to the important de-
lay in diagnosis and subsequent hyperbaric treatment,
but also related to other factors such as the velocity of
the air embolus.

Our findings stress not only the importance of an in-
creased awareness of anesthesists and surgeons concerned
with this severe complication but also the need to develop
techniques to detect air emboli in the cerebral circulation.
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