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Patent foramen ovale (PFO) is a common embryologic remnant that is
usually clinically occult. Yet, a PFO may manifest clinically in two
important ways, including serving as a conduit for emboli (bland,
septic, or gas) and as a pathway for venous admixture or right-to-left
shunt (as following pulmonary embolization or due to streaming of
blood). The diagnosis of PFO is made by contrast-enhanced trans-
esophageal echocardiography, usually using agitated saline injectate.
Treatment involves closure of the PFO, which is indicated when clin-
ical sequelae (e.g., paradoxic embolization and/or refractory hypoxemia
due to right-to-left shunt) prompt correction. Options include surgical
closure and deployment of a device from a catheter (e.g., a clam shell-
like device that straddles the PFO).
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Patent foramen ovale (PFO) is a
common embryologic remnant
that is usually clinically occult

but that can predispose to significant
clinical events, including hypoxemia
due to right-to-left shunt or paradoxic
embolization due to gas, bland, or sep-
tic emboli. The current paper reviews
the impact of PFO in clinical pulmo-
nary medicine. After discussing the de-
velopmental anatomy of PFO, we re-
view the epidemiology, general
mechanisms encouraging shunt and
paradoxic embolization, and then spe-
cific clinical events predisposing to
PFO-related morbidity. We then dis-
cuss diagnostic methods for detecting
PFO and treatment options, including

deployment of closure devices from
catheters and surgical closure.

DEVELOPMENTAL ANATOMY
The embryogenesis of a PFO relates

to the development of the atrial sep-
tum, which involves a series of events
(Figure 1). Septation of the atria begins
at approximately 30 days, with the
growth of the septum primum down-
ward toward the endocardial cushions.
The orifice that remains is called the
ostium primum. The endocardial cush-
ions then fuse and, together with the
completed septum primum, divide the
atrioventricular canal into right and
left segments. A second opening called
the ostium secundum appears in the

posterior portion of the septum pri-
mum. The septum secundum grows
downward, just to the right of the sep-
tum primum. Together with a flap of
the septum primum, the ostium secun-
dum forms the foramen ovale, through
which fetal blood passes from the infe-
rior vena cava to the left atrium. At
birth, the increased volume of pulmo-
nary blood flow returning to the left
atrium increases left atrial volume and
pressure sufficiently to close the fora-
men ovale functionally (1).

EPIDEMIOLOGY OF PFO
PFO is found commonly in the gen-

eral population. For example, a post-
mortem examination study of 965 hu-
man hearts revealed PFO in 27.3% (2).
With increasing age, the size of the
PFO was found to increase while the
frequency decreased from 34.3% in in-
dividuals �30 years old to 20.2% in
individuals �80 years old. Other echo-
cardiographic series using both saline
contrast and color doppler have found
PFO in 9.2% of 1000 patients and with
no gender predilection (3).

SEQUELAE OF PFO
A PFO most commonly appears as a

tunnel-like defect of varying length (2.4
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to 19.5 mm) between a thicker, less
compliant septum secundum and a
thinner, more compliant septum pri-
mum (4). Normally, left atrial pressure
is slightly higher than right atrial pres-
sure. However, transient elevations of
right-sided pressures (such as during
cough or Valsalva maneuver) can
cause a right-to-left pressure gradient
and shunting through a PFO as de-
tected by contrast microbubbles tra-
versing from the right to the left atrium
(5). This right-to-left shunting predis-
poses to hypoxia or paradoxical embo-
lism.

CLINICAL CONSEQUENCES
OF PFO: PARADOXIC
EMBOLISM AND
RIGHT-TO-LEFT SHUNT

PFO becomes clinically evident
when emboli cross or when right-to-
left shunt develops. Types of emboli

that can cross the PFO include gas,
bland emboli, and septic emboli. Para-
doxic gas embolism causing a ischemic
brain injury has been recently de-
scribed in sport divers. In a retrospec-
tive cohort review, the risk of decom-
pression illness was 4.5-fold greater
and there was a higher frequency of
ischemic brain lesions among divers
with PFO than in divers without PFO
(6). Iatrogenic paradoxic air embolism
has also been described in patients
with pulmonary hypertension. Two re-
ported instances occurred during sa-
line-enhanced echocardiography,
while two occurred when unused ports
of a multilumen catheter were being
flushed (7).

Regarding bland embolization, the
presence of PFO predisposes to isch-
emic stroke with an odds ratio of 3.10,
an association which increases in the
presence of atrial septal aneurysm (odd

ratio of 15.59 (8)). The cooccurrence of
both cardiac abnormalities has been
shown to be a significant predictor of
recurrent stroke (9). Also, the diameter
of a PFO has been found to be an in-
dependent risk factor for ischemic
events (10).

Under physiologic conditions, right-
to-left shunt through a PFO occurs
when right-sided pressures increase
during Valsalva-like maneuvers, such
as coughing and straining (11). Patho-
logically, high right atrial pressures
promote right-to-left shunt and can oc-
cur in several conditions, as outlined in
Table 1. Also, right-to-left shunt has
been observed with normal right-sided
pressures, due to streaming effects, es-
pecially with anatomic changes in the
chest (Table 1).

The sections that follow examine the
impact of PFO in specific clinical cir-
cumstances.

FIGURE 1. Atrial septal development. A, The plane of the coronal sections. B, Early appearance (during the fourth week, about 28 days)
of the septum primum, interventricular septum, and dorsal endocardial cushion. C, Section of the heart (about 32 days) showing perforation
in the dorsal part of the septum. D, Section of the heart (about 35 days) showing the foramen secundum. E, The heart after it is partitioned
into four chambers (about 8 weeks). Used with permission from Color Atlas of Clinical Embryology, Ch. 11, 202.
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VENOUS
THROMBOEMBOLISM

In patients with venous thromboem-
bolism, PFO offers a conduit for para-
doxic embolization following occlusion
of pulmonary arteries. Indeed, the
prevalence of PFO in patients with ve-
nous thrombophlebitis is higher than
in the general population (17.5%–35%),
raising the possibility that PFO protects
against hemodynamic collapse in pul-
monary embolism (PE) by decompress-
ing acutely elevated right heart pres-
sures (12,13). A recent case report in
which right-to-left shunt was found to
resolve 1 month after massive PE sup-
ports this possibility (14). On the other
hand, PFO can also be associated with
adverse outcomes in patients with PE.
For example, in one series, the presence
of PFO conferred a 10-fold increased
mortality risk and a 5-fold increased
risk of major adverse advents during
the hospital course. The risk of periph-
eral arterial embolism is also increased
in these patients (13).

POSTPNEUMONECTOMY
Anatomic changes following pneu-

monectomy can predispose to shunt
through a PFO; for example, shunt in-
creases with upright posture. Indeed, a
distinct syndrome of dyspnea with hy-
poxemia associated with sitting or
standing from recumbency, referred to

as the “platypnea-orthodeoxia syn-
drome,” was first described by Burch-
ell and coworkers in 1949 (15). Later,
this syndrome was reported after
pneumonectomy by Schnable and co-
workers (16). The syndrome occurs af-
ter predominantly right-sided pneu-
monectomy and usually appears 1 to
12 months following surgery (17), al-
though the onset may be as soon as 1
day postoperatively (18–20).

Earlier reports attributed this phe-
nomenon to several features: develop-
ment of an interatrial pressure gradient
induced by increased pulmonary vas-
cular resistance, the weight of the re-
sulting right-sided hydrothorax on the
right atrium, and decreased right ven-
tricular compliance (16,21,22). More re-
cent reports indicate that the postpneu-
monectomy rotation of the heart shifts
the right atrium while the inferior vena
cava remains fixed. The right atrial or-
ifice straddles the limbus of the inferior
vena cava, leading to directional
streaming of blood from the inferior
vena cava into the left atrium through
the PFO. Also, the weight of the heart
in the shifted position pulls downward
to newly open or widen the PFO (23).
This mechanism has been confirmed
angiographically (24) as well as by
magnetic resonance imaging (MRI)
(23). Hypovolemia further exacerbates
the platypnea in these patients by de-
creasing the cardiac output. Blood

transfusion in one such patient amelio-
rated the desaturation (25).

PULMONARY HYPERTENSION
Approximately 26% to 29% of pa-

tients with pulmonary hypertension
have been found to have a PFO (26,27).
The presence of a PFO in these patients
does not lead to any detectable influ-
ence on resting hemodynamics or exer-
cise intolerance. Additionally, based on
a mathematical model of survival for
patients with primary pulmonary hy-
pertension, the presence of a PFO is not
associated with an adverse effect on
survival (26). Following lung trans-
plantation for severe pulmonary hy-
pertension, leaving the PFO with a
small shunt uncorrected does not lead
to unfavorable outcomes (27). How-
ever, long-term follow-up in this set of
patients is not available.

DIAPHRAGMATIC PARALYSIS
Though very uncommon, unilateral

diaphragmatic paralysis can predis-
pose to right-to-left shunt through a
PFO. Indeed, a recent report presented
the third available case of idiopathic
right hemidiaphragmatic paralysis
leading to right-to-left shunting
through a PFO (28–30). This patient’s
oxygenation dramatically improved af-
ter closure of the PFO with a Cardi-
oSEAL atrial septal umbrella device
deployed during cardiac catheteriza-
tion. Similar to patients with a pneu-
monectomy, the mechanism of shunt-
ing in this setting is thought to be
directional streaming of inferior vena
caval blood promoted by shift of the
interatrial septum. This mechanism has
been visualized during corrective sur-
gery by Murray and coworkers (29). In
addition to resolution of shunt by clos-
ing the PFO, improvement of the dia-
phragm paralysis can lead to shunt res-
olution. For example, in a report by
Cordero and coworkers, the shunt re-
solved once the hemidiphragm sponta-
neously improved after 6 weeks (30).

OBSTRUCTIVE AIRWAYS
DISEASE

Chronic obstructive pulmonary dis-
ease (COPD) can also predispose to
shunting through a PFO. For example,
Begin and coworkers (31) reported a
PFO with a right-to-left shunt follow-
ing an episode of right heart failure in

TABLE 1. Conditions predisposing to right-to-left shunt across a patent foramen
ovale.

With increased right-sided pressures
Associated with pulmonary hypertension

Pulmonary embolism
Primary pulmonary hypertension
Chronic obstructive pulmonary disease
Asthma
Mechanical ventilation and PEEP
High altitude pulmonary edema

Associated with decreased right ventricular compliance
Right ventricular infarction

Associated with increased right atrial pressure
Right atrial myxoma
Carcinoid heart disease
Triscuspid stenosis
Cardiac tamponade

Without increased right-sided pressures
Post-pneumonectomy
Hemidiaphragmatic paralysis
Ascending aortic elongation/enlargement
Some cases of platypnea-orthodeoxia
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a patient with COPD. In a prospective
study of 20 patients with severe COPD
(forced expiratory volume in the first
second less than 50%) and 20 control
subjects (forced expiratory volume in
the first second/forced vital capacity
ratio �70%), PFO was detected in 70%
of patients with COPD using trans-
esophageal echocardiography (TEE).
Patients with PFO had higher pulmo-
nary artery systolic pressures (38.3 mm
Hg � 7.3) and had greater desaturation
by pulse oximetry (2.6% � 1.4%) after
Valsalva maneuver. The degree of ox-
ygen desaturation correlated with the
severity of the pulmonary hyperten-
sion. Furthermore, repeated hypoxic
episodes may exacerbate the pulmo-
nary hypertension (32).

Regarding PFO and asthma, one
death in a patient with acute severe
asthma has been attributed to severe
right-to-left shunt through a PFO re-
sulting from pulmonary hypertension
(33).

ACUTE RESPIRATORY
FAILURE

In one study of 46 patients, PFO was
detected in 15% of patients with acute

respiratory failure requiring mechani-
cal ventilation. In these individuals, ad-
dition of positive end-expiratory pres-
sure (PEEP) increased the shunt
fraction in 86% (34). This mechanism
may account for the failure of oxygen-
ation to improve with PEEP in some
patients on mechanical ventilation.

PFO may affect the mechanism by
which prone posture enhances oxygen-
ation in patients with ARDS. Under
usual circumstances, prone positioning
produces an improvement in oxygen-
ation in 70% of the patients with ARDS
with a mean increase of partial pres-
sure of arterial oxygen/fraction of in-
spired oxygen (Pao2/Fio2) ratio by 63
(35). The mechanism of improved oxy-
genation lacking a PFO has been sug-
gested to be modification of ventilation
distribution and improvement of the
ventilation/perfusion relationship (36).
In contrast, prone positioning in ARDS
patients with a PFO may improve ox-
ygenation due to decreased right-to-
left shunting. Legras and coworkers
have described a patient with PFO who
developed ARDS and refractory hy-
poxemia. Prone position on the same
ventilator settings was associated with

an immediate and dramatic improve-
ment in oxygenation, i.e., the Pao2/
Fio2 ratio increased from 59 to 278. A
contrast-enhanced transcranial doppler
(TCD) detected a significant decrease
in the right-to-left shunt in the prone
position (37). This case report high-
lights use of prone positioning as a
possible mechanism of decreasing the
right-to-left shunt. Another patient
with refractory hypoxemia in the late
phase of ARDS was found to have a
right-to-left shunt on a contrast-en-
hanced echocardiogram and under-
went surgical correction of the PFO to
improve oxygenation (38).

HIGH-ALTITUDE
PULMONARY EDEMA

The presence of a PFO may predis-
pose to the development of pulmonary
edema at high altitude. For example, in
one study of 12 climbers, 5 were de-
tected to have PFO by contrast doppler
echocardiography, two of whom (40%)
developed high-altitude pulmonary
edema. The right-to-left shunting in-
duced by high-altitude pulmonary hy-
pertension may exacerbate the hypox-

TABLE 2. Summary of selected studies reporting right-to-left shunt through a patent foramen ovale complicating other clinical
events. (5,44–64)

Associated Abnormalities Reference Year
Number
of Cases

Right atrial myxoma Dear et al. (44) 1958 1
Right ventricular infarction Rietveld et al. (45) 1983 1
Cardiac tamponade Fraker et al. (46) 1984 1
Metastatic cardiac disease Gallerstein et al. (47) 1984 1
Right atrial myxoma Rosso et al. (48) 1985 1
Presumed right ventricular dysfunction Strunk et al. (49) 1987 4
Pulmonary hypertension due to RA and Sjogren’s syndrome Inoue et al. (50) 1990 1
Right ventricular infarction Gudipati et al. (51) 1991 1
Aneurysmal dilatation of septum primum Langholz et al. (5) 1991 2
Left ventricular assist device Baldwin et al. (52) 1991 2
Pericardial effusion Adolph et al. (53) 1992 1
Cardiac tamponade Thompson et al. (54) 1992 1
Ascending aortic aneurysm Laybourn et al. (55) 1997 2
Aortic elongation Popp et al. (56) 1997 1
Heart transplantation Ouseph et al. (57) 1997 1
Carcinoid heart disease Boglioli et al. (58) 1997 1
Kyphoscoliosis and atelectasis Allen et al. (59) 1997 1
Right atrial myxoma Saito et al. (60) 1998 1
Surgical removal of hydatid cyst Patakas et al. (61) 1999 1
Aortic aneurysm, eventration and idiopathic Godart et al. (62) 2000 9
Aortic aneurysm with atrial septal aneurysm Faller et al. (63) 2000 1
Left ventricular assist device Kilger et al. (64) 2000 1

Used with permission from Ghamande S, Ramsey R, Rhodes JF, et al. Right hemidiaphragmatic paralysis causing a right-to-left internal shunt: a case
report and literature review. Chest. 2001;120:2094–2096.
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emia, setting up a vicious cycle of
worsening hypoxemia, worsening pul-
monary hypertension, and worsening
right-to-left shunt (39).

OBSTRUCTIVE SLEEP APNEA
PFO may have special implications

in patients with obstructive sleep ap-
nea (OSA). In a prospective study of
OSA patients who lacked any other
pulmonary disease, contrast-enhanced
TEE detected PFO in 69%. The mean
pulmonary artery systolic pressure in
these patients was 32 � 10.3 mm Hg,
which was significantly higher than in
control subjects. The mean pulmonary
systolic pressure did not correlate with
the respiratory disturbance index (RDI)
or with the extent of desaturation after
a Valsalva maneuver. One third of
these patients with OSA and PFO ex-
perienced significant desaturation after
a Valsalva maneuver. However, there
was no correlation between the RDI
and the degree of oxygen desaturation
(40).

Contributing to the pulmonary hy-
pertension and right-to-left shunt in
OSA patients are acute elevations of
catecholamine levels (41–43) that fol-
low episodes of apnea and that may
further increase the right-to-left shunt-
ing in the presence of PFO.

In addition to the aforementioned
conditions with which PFO has been
associated with clinical sequelae, scat-
tered reports regarding other condi-
tions are available (Table 2).

DIAGNOSIS OF PFO
As noted, arterial embolization and/or

hypoxemia may prompt diagnostic suspi-
cion of PFO. Specific diagnostic clues may
be orthodeoxia, paradoxic worsening of
hypoxemia with application of PEEP in

ARDS, desaturation during Valsalva ma-
neuver, and stroke complicating PE. Diag-
nostic modalities to detect PFO include
echocardiographic techniques, oximetry
during maneuvers, dye dilution tech-
niques, lung scanning, MRI, and cardiac
catheterization.

The diagnostic performance of each
of these techniques for detecting PFO is
summarized in Table 3 and each is dis-
cussed below.

Contrast-Enhanced TEE
Contrast-enhanced TEE is widely

considered the diagnostic procedure of
choice for detecting PFO (70,71) (Figure
2). The diagnosis of right-to-left shunt
is confirmed by the appearance of con-
trast in the left-sided chambers of the
heart, with the timing of the appear-
ance indicating whether the shunt is
intracardiac or intrapulmonary. In in-
tracardiac shunt, the contrast appears
in the left-sided chambers within three
cardiac cycles of injection, whereas in
intrapulmonary right-to-left shunt, the
bubbles appear later (i.e., 4 to 6 cycles
after injection) because of a need to
traverse the pulmonary circulation
(64). Several technical considerations
are important. First, the maximum
number of microbubbles required for
diagnosis has been reported to be 1 to 5
(65,72,73). Notably, the correlation be-
tween the size of the PFO and the de-
gree of left atrial opacification is low
(64). Second, to visualize the PFO, a
high echocardiographic cut through
the right and left atria is recom-
mended. Third, because of its superior
resolution, TEE is preferred to trans-
thoracic echocardiography. With post-
mortem findings as the gold standard,
TEE has been shown to have the fol-
lowing diagnostic performance for de-

tecting PFO: 89% sensitivity, 100%
specificity, 100% positive predictive
value, and 96% negative predictive
value.

Color doppler TEE is complemen-
tary to contrast-enhanced TEE for diag-
nosing a PFO. In the same postmortem
correlation study cited above (64), de-
tection of a turbulent color jet within
the atrial septum by color doppler TEE
was 100% sensitive and specific for di-
agnosing a PFO.

Transcranial doppler
TCD is an alternative noninvasive

method for diagnosing right-to-left
shunt. The technique is based on the
intracranial detection of intravenously
injected agitated saline. In the presence
of a right-to-left shunt, like paradoxic
emboli, the contrast agent enters the
arterial circulation and produces bub-
ble signals in the TCD recording (68).
Compared to a contrast TEE, TCD has
68% to 100% sensitivity and 92% to
100% specificity in diagnosing a PFO
(65,66,68). A technical limitation of
TCD is that a bilateral temporal win-
dow to the middle cerebral arteries
may not always be available.

Oximetric Detection of PFO
Continuous monitoring of oxygen

saturation during various maneuvers
(e.g., Valsalva) has been used to detect
PFO. For example, Karttunen and co-
workers have shown that using TEE as
a gold standard, a fall in oxygen satu-
ration on the digitized oxygen satura-
tion curve during Valsalva and Muller
maneuvers detected PFO with 85%
sensitivity and 100% specificity (69). In
the same study, these investigators also
examined the diagnostic performance
of dye dilution techniques. Specifically,

TABLE 3. Comparative diagnostic performance of tests to detect patent foramen ovale.

Test

Number
of Patients
in Series

Sensitivity
%

Specificity
% PPV % NPV %

TEE(65) (with contrast) 9 89 100 100 96.2
TEE(65) (color doppler) 9 100 100 100 100
TTE(66,67) 31,49, 47–54 94–100 87.5–100 73.9–75
TCD(66,67,68) 31,49,36 68–100 92–100 100 83.3–100
Ear oximetry(69) 83 85 100 100 79
Dye dilution(69) 67 76 100 100 65

Abbreviations: TEE, transesophageal echocardiography; TTE, Transthoracic echocardiography; TCD, transcranial doppler; PPV, positive predictive val-
ue; NPV, negative predictive value.
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early detection of dye due to early tra-
versal into the left atrium (and before
transit through the lungs) diagnosed
PFO with 76% sensitivity and 100%
specificity. Technical features of the
test include the injection of indocya-
nine green dye with the supine patient
performing Mueller and Valsalva ma-
neuvers and detection of dye using a
dichromatic ear piece densitometer.

Perfusion Lung Scanning
Perfusion lung scanning has been

used to detect a right-to-left shunt be-
cause radionuclide particles bypass the
lung and are trapped in other organs
(e.g., brain, kidney, etc.) (74,75). Thus,

detection of 99m technetium-labeled
macroaggregated albumin in other end
organs can be used to suggest a right-
to-left shunt, but clarification of the site
by shunt source requires further test-
ing, such as with TEE. Perfusion lung
scanning has been used to quantitate
the magnitude of shunt, just as shunt
calculations while the patient breathes
100% oxygen.

Magnetic Resonance Imaging
Because it visualizes vascular struc-

tures well, MRI has been used to eval-
uate for PFO. Special techniques, such
as a gradient-echo imaging, allow visu-
alization of MRI contrast agent in its

first pass through the circulation. This
capability permits seeing PFO and
overcomes limitations of earlier spin-
echo techniques (23). Greater availabil-
ity of the gradient-echo capability will
permit broader application of MRI.

Cardiac Catheterization
Noninvasive tests have largely re-

placed cardiac catheterization for the
diagnosis of PFO. The utility of cathe-
terization lies in the opportunity to
measure pressures and to deploy de-
vices that can close the PFO during the
same intervention.

TREATMENT OF PFO
Paradoxic Embolism

Therapy for PFO has been described
in detail in patients with paradoxic em-
bolism. Antiplatelet therapy and anti-
coagulation have been found to be ben-
eficial in patients with stroke and PFO
when the risk of cerebral ischemia ex-
ceeded 0.8% and 1.4% per year, respec-
tively (76). In the same study, the ben-
efit obtained by PFO closure exceeded
that of other therapeutic options.

Surgical closure can be performed
with minimal morbidity and mortality
(77). Pericardial effusion, postcar-
diotomy syndrome, and atrial fibrilla-
tion have been reported following sur-
gery (77,78). Cerebrovascular events
recur in 8.8% to 19.1% after surgery,
and recurrence is more frequent in
older patients and in those with multi-
ple cerebrovascular events before PFO
closure.

Nonsurgical closure of PFO is an at-
tractive alternative to surgery. Early
studies using clamshell and button de-
vices were hampered by frequent re-
currence of cerebrovascular events and
residual right-to-left shunting (79,80).
More recently, experience and better
technology have established placing
catheter-deployed devices as an attrac-
tive option. For example, in a multi-
center study using the atrial septal oc-
clusion system device for percutaneous
PFO closure, only 1 of 46 patients
(mean age 44 years) with PFO and par-
adoxical embolism experienced a re-
current transient ischemic attack (TIA)
within 7 months after the procedure
(81). In a more recent study, percutane-
ous PFO closure was achieved with a
success rate exceeding 95% and a
periprocedural complication rate of
10% using a variety of PFO occluding

FIGURE 2. A, TEE image depicting right atrium (RA) and left atrium (LA). B, Contrast
bubbles flow across the PFO from the right to the left atrium.
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devices. During a mean follow-up of
1.6 � 1.4 years, 10.3% of the patients
experienced recurrent thromboembolic
events. Recurrence was more common
in patients in whom a shunt persisted
after the procedure (82). The only de-
vice currently approved for PFO clo-
sure by the Food and Drug Adminis-
tration is the CardioSEAL septal
occlusion system. Approved under the
Humanitarian Device exemption path-
way in February 2000, this device is
indicated for the closure of PFO in pa-
tients with recurrent cryptogenic
stroke due to presumed paradoxical
embolism through a PFO after failure
of conventional drug therapy (i.e., ther-
apeutic INR on oral anticoagulants)
(83). In a retrospective study involving
63 patients with a follow up of 2.6 � 2.4
years, the CardioSEAL device was
used in 13 patients while the clamshell
and buttoned devices were used in 28
and 22 patients, respectively. Only one
of the patients who received the Cardi-
oSEAL device had a recurrent neuro-
logic event. Overall, the actuarial anal-
ysis revealed an annualized risk of
3.2% for recurrent stroke or TIA fol-
lowing transcatheter closure (84). An-
giographic data from 21 consecutive
patients who received the CardioSEAL
device demonstrated that although the
appearance of the atrial septum and
the size of the defect varied widely, the
CardioSEAL device appeared appro-
priate to the overall cardiac size in
most of the patients (4).

Hypoxemia
Many studies have reported success-

ful surgical closure of PFO in the set-
ting of right-to-left shunt and hypox-
emia. In a collective review of 39
patients, 29 (64%) were managed suc-
cessfully with surgical closure of the
defect, sometimes associated with sep-
tal aneurysm resection or coronary re-
vascularization. Twenty-six of the 29
patients experienced excellent immedi-
ate results while 3 patients died as a
complication of the procedure (17).

Transcatheter closure of the PFO can
also provide immediate and persistent
relief from hypoxia. In an early case
series, transcatheter closure corrected
hypoxia in all eight patients in whom a
clamshell device was used. Emboliza-
tion of the device occurred twice and
the device was reimplanted success-
fully during the same procedure. One

patient experienced nonsustained ven-
tricular arrhythmia (85). A subsequent
report of 11 cases further confirmed the
rapid resolution of hypoxia with vari-
ous devices, with one failure due to
kinking of the introducer sheath (62).
Complications included supraventricu-
lar arrhythmias in two patients and a
stroke in one patient.

SUMMARY
PFO occurs commonly in the general

population and most patients are
asymptomatic. Paradoxical embolism
and hypoxemia from a right-to-left
shunt occur in some patients, causing
considerable morbidity and mortality.
Right-to-left shunting is promoted by
an interatrial pressure gradient but
may develop due to preferential
streaming of inferior vena caval blood
through the PFO. A high index of sus-
picion is required to make a timely
diagnosis of PFO. Contrast-enhanced
TEE remains the gold standard for di-
agnosis. Transcatheter closure is an at-
tractive treatment for most symptom-
atic patients. Surgical closure may be
employed when transcatheter closure
is not available or has failed.
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