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Background: In divers, the significance of a patent foramen
ovale and its potential relation to paradoxical gas emboli remain
uncertain.

Objective: To assess the prevalence of symptoms of decompres-
sion illness and ischemic brain lesions in divers with regard to the
presence of a patent foramen ovale.

Design: Retrospective cohort study.

Setting: University hospital and three diving clubs in Switzerland.

Participants: 52 sport divers and 52 nondiving controls.

Measurements: Prevalence of self-reported decompression
events, patent foramen ovale on contrast transesophageal echo-

cardiography, and ischemic brain lesions on magnetic resonance
imaging.

Results: The risk for decompression illness events was 4.5-fold
greater in divers with patent foramen ovale than in divers without
patent foramen ovale (risk ratio, 4.5 [95% CI, 1.2 to 18.0]; P 5

0.03). Among divers, 1.23 ± 2.0 and 0.64 ± 1.22 ischemic brain
lesions per person (mean ± SD) were detected in those with and
those without patent foramen ovale, respectively. Among controls,
0.22 ± 0.44 and 0.12 ± 0.63 lesion per person were detected (P <
0.001 for all groups).

Conclusions: Regardless of whether a diver has a patent fora-
men ovale, diving is associated with ischemic brain lesions.
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Scuba diving involves a risk for neurologic injuries
caused by decompression sickness, arterial gas embo-

lism, anoxia, and the toxic effects of high partial pressure
of breathing gases (1). Most neuroimaging studies for
detection of ischemic brain lesions have been performed
in divers with acute decompression-related injuries of
the central nervous system (2, 3). However, as a recent
study has shown (4), most divers may be neurologically
asymptomatic despite an increased prevalence of brain
lesions compared with nondiving controls. Reul and col-
leagues (4) found 80% of all brain lesions in a subgroup
of 27% of divers, possibly those with patent foramen
ovale who had paradoxical arterial gas embolism during
decompression (4). Knauth and coworkers (5) used
transcranial Doppler ultrasonography to detect a right-
to-left shunt in 87 sport divers; they reported that mul-
tiple brain lesions on magnetic resonance imaging
(MRI) occurred exclusively in those with a large right-
to-left shunt, which was presumed to be a patent fora-
men ovale (5). Detection of intravenously injected echo-
contrast bubbles in the cerebral vasculature is not
specific for a patent foramen ovale; moreover, compared
with transesophageal echocardiography, detection of
these bubbles has been found to be only 68% sensitive
in detecting a patent foramen ovale (6).

We used MRI and transesophageal echocardiogra-
phy to determine the prevalence of decompression ill-
ness symptoms and ischemic brain lesions in relation to
a patent foramen ovale in sport divers.

METHODS

Participants
Cranial MRI and contrast transesophageal echocar-

diography were performed in 52 sport divers and 52
healthy nondiving controls. Divers at three diving clubs
from three different areas in Switzerland were informed
about our study. We enrolled the first 57 divers who
responded, had 200 or more dives using compressed air,
and adhered to decompression tables. Claustrophobia
prohibited 5 divers from having cranial MRI. For the
control group, healthy nondiving persons from the hos-
pital staff were asked to participate in the study.

The study was approved by the institutional ethics
committee, and participants gave informed consent.

Health Status, Diving Habits, and Accidents
Before examining the participants, we used a ques-

tionnaire to ask them about their medical and diving
history. Diving history included average diving depth;
number of dives to a depth of 40 m or greater; and
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occurrence of symptoms of decompression illness, which
included symptoms of decompression sickness and of
arterial gas embolism (7). Signs of spinal decompression
illness were limb weakness, cutaneous sensory level, and
impaired bowel or bladder control; signs of cerebral de-
compression illness were blurred vision, dysarthria,
hemiplegia, or loss of consciousness. Onset of symptoms
in arterial gas embolism is much faster than in decom-
pression sickness, often occurring within minutes after
surfacing or during decompression (7).

Diagnostic Imaging
Magnetic resonance imaging was done by using a

1.5-T Magnetom Vision system (Siemens, Erlangen,
Germany) equipped with a head coil. The imaging pro-
tocol included T1-weighted, T2-weighted, and proton
density–weighted imaging. Images were reviewed inde-
pendently by two neuroradiologists blinded to study
group and to whether a patent foramen ovale was
present. A lesion was counted if it was hyperintense on
proton density–weighted and T2-weighted images.

After MRI, transesophageal echocardiography was
done by using an Acuson Sequoia C256 system (Se-
quoia, Mountain View, California) equipped with a
multiplane, 3.5- to 7-MHz probe. Echocontrast tests
(Physiogel [Braun, Emmenbruecke, Switzerland] with
air in a 9:1 ratio) were performed in the transversal and
longitudinal image plane by injection of 2 mL of con-
trast into an antecubital vein. Direct shunting of con-
trast bubbles into the left atrium through the foramen
ovale was detected by applying the Valsalva maneuver.

Statistical Analysis
Assuming a non-normal distribution of data, we

compared continuous data by using the Wilcoxon rank-
sum test or the Kruskal–Wallis test. Adjustment for
multiple testing was done by using the Bonferroni
method. Between-group comparison of categorical data
was done by using logistic regression for dichotomous
outcomes and Poisson regression for count data. Values
are expressed as the mean (6SD) or as odds or incidence
ratios with 95% CIs. A P value less than 0.05 was con-
sidered statistically significant.

RESULTS

Thirteen of 52 divers (25%) and 9 of 52 controls
(17%) had a patent foramen ovale (odds ratio, 1.47
[95% CI, 0.78 to 2.23]; P . 0.2). Divers were older
and smoked more than controls (Table). Diving habits
were similar among the two groups of divers (Table).

Spinal or cerebral symptoms of decompression sick-
ness occurred in 4 of 13 divers with and 4 of 39 divers
without a patent foramen ovale (odds ratio, 3.0 [CI, 1.4
to 7.2]; P 5 0.03) (Figure). Arterial gas embolism oc-
curred in 4 of 13 divers with and 2 of 39 divers without
patent foramen ovale (odds ratio, 6.0 [CI, 2.4 to 12.6];
P 5 0.007) (Figure). In a logistic regression model,
patent foramen ovale increased the risk for decompres-
sion illness events in divers by 4.5-fold (risk ratio, 4.5
[CI, 1.2 to 18.0]; P 5 0.03) during all dives.

There were 41 ischemic brain lesions in 19 divers
and 7 lesions in 6 controls (odds ratio, 5.8 [CI, 3.7 to
9.4]; P 5 0.003). Among divers with and those without

Table. Participant Characteristics*

Characteristic Divers Nondiving Controls P Value

With Patent Foramen
Ovale (n 5 13)

Without Patent Foramen
Ovale (n 5 39)

With Patent Foramen
Ovale (n 5 9)

Without Patent Foramen
Ovale (n 5 43)

Age, y 38 6 10† 35 6 8† 36 6 6 31 6 7 0.02
Men, % 10 (77) 30 (77) 8 (89) 30 (70) .0.2
Blood pressure, mm Hg 120/72 117/66 115/70 118/68 .0.2
Daily alcohol use, n (%) 2 (15) 4 (10) 2 (22) 1 (2) 0.15
Smoking, pack-years 9 6 12 6 6 9 3 6 4 1 6 3 0.07
Hypertension, n (%) 2 (15) 0 0 0 .0.2
Migraine, n (%) 2 (15) 1 (3) 0 0 .0.2
No medication, n (%) 10 (77) 39 (100) 9 (100) 43 (100) .0.2
Dives, n 721 6 519 758 6 1616 – – .0.2
Diving depth, m 26 6 7 25 6 7 – – .0.2
Dives deeper than 40 m, n 59 6 48 75 6 115 – – .0.2

* Values with the plus/minus sign are the mean 6 SD.
† P , 0.05 versus controls without patent foramen ovale.
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patent foramen ovale, 16 and 25 ischemic lesions were
detected, respectively (1.23 6 2.0 and 0.64 6 1.22
ischemic brain lesions per person); in contrast, 2 and 5
ischemic lesions were detected in controls with and
those without patent foramen ovale (0.22 6 0.44 and
0.12 6 0.63 lesion per person) (P , 0.001 for all
groups) (Figure). In a Poisson regression model, diving
increased the incidence of 1 or more ischemic brain
lesions by fivefold (incidence ratio, 5.2 [CI, 1.2 to 22];
P 5 0.03). Almost twice as many ischemic brain lesions
were seen in divers with patent foramen ovale than in
those without patent foramen ovale (incidence ratio, 1.8
[CI, 0.94 to 3.35]; P 5 0.07) (Figure).

DISCUSSION

Neurologic injuries related to decompression illness
in divers are due to regional gas nucleation that predom-
inantly occurs in fat-containing tissue (decompression
sickness) or invasion of gas into the systemic circulation
(arterial gas embolism). Both of these conditions may
manifest as ischemic lesions in the central nervous sys-
tem. In our study, 14 decompression illness events took
place in 9 of 52 divers (17%). Of these 9 divers, only 2
had one or more ischemic brain lesions on MRI. There-
fore, the presence of ischemic brain lesions does not
appear to correlate with neurofunctional manifestations
of decompression events; instead, it may primarily de-
pend on the global burden of decompression dives.

The frequency of asymptomatic divers with isch-
emic brain lesions in our study (19 of 43 [44%]) is
similar to that in a study by Reul and colleagues (27 of
52 [52%]) (4). That study and a neuroimaging mag-
netic resonance study in professional divers (8) appear to
be the only published controlled trials to date, and their
findings were discordant: Reul and colleagues (4) observed
an increased number of ischemic brain lesions compared
with nondiving controls, whereas Todnem and associ-
ates (8) found a similar number of lesions. This discrep-
ancy may be related to variable frequency in the occur-
rence of a patent foramen ovale, a condition that has
been implicated as a factor in the pathophysiology of
diving-related brain damage but never investigated in a
controlled fashion together with cerebral MRI (5, 9, 10).

In 1986, Wilmshurst and associates (11) suggested
that atrial septal defect and patent foramen ovale may be
relevant to paradoxical gas embolism among scuba
divers (11). Subsequent studies did not include a con-

trol group, cerebral neuroimaging, or transesophageal
echocardiography for diagnosis of patent foramen ovale.
In a study by Germonpre and colleagues (12), a control
group of asymptomatic divers was compared with 37
matched divers who had decompression sickness, but
neuroimaging was not performed. The prevalence of
patent foramen ovale was 60% among divers with de-
compression sickness and 36% among those without de-
compression sickness (P 5 0.06). However, these data
and those of Knauth and coworkers (5) do not indicate
whether it is diving or the presence of a patent foramen
ovale plus diving that causes brain damage. We found

Figure. Decompression sickness events and ischemic
brain lesions in divers and nondivers.

Top. Average number of decompression sickness events (white bars) and
arterial gas emboli (gray bars) and the frequency of these events per
10 000 dives. Bottom. Average number of ischemic brain lesions seen on
magnetic resonance imaging.
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that presence of a patent foramen ovale rather than div-
ing itself is responsible for a higher prevalence of clinical
events. However, the absolute frequency of decompres-
sion sickness or arterial gas embolism is quite low, and
from an epidemiologic point of view, clinical problems
related to diving in persons with patent foramen ovale
are not an important issue.

Because half of divers with ischemic brain lesions
are asymptomatic even after almost 1000 dives, the risk
of diving is related to the potential for neurologic long-
term effects of these lesions. In addition, patent foramen
ovale in divers was associated with a higher prevalence of
ischemic brain lesions.

Our study has some limitations. Selection bias of
divers with more frequent events of decompression ill-
ness events could have occurred, thus creating a ten-
dency toward more brain lesions in divers. However,
this is unlikely because the prevalence of patent foramen
ovale in divers and controls did not differ significantly
and the frequency of patent foramen ovale in divers was
lower than that observed in the general population (13).

Controls were selected from the hospital staff rather
than the general population. This may have accounted
for the statistical difference in age between all groups and
the trend toward more smokers among divers. Because of
the small number of outcome events, we did not adjust
for these potential confounders or effect modifiers.

In conclusion, diving itself, more than diving in the
presence of a patent foramen ovale, is associated with
the presence of ischemic brain lesions compared with
persons who do not dive. However, divers with a patent
foramen ovale have a 4.5-fold increase in decompression
illness events and two times more ischemic brain lesions
than divers without patent foramen ovale.
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