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KEY POINTS

� The foramen ovale fails to close after birth in up to 25% to 30% of individuals.

� Patients with patent foramen ovale (PFO) are mostly asymptomatic, but having a PFO has been
associated with embolic strokes, migraines (especially with aura), and rarely platypnea-
orthodeoxia syndrome.

� Transcatheter PFO closure may be considered for secondary stroke prevention in embolic stroke
patients with a high Risk of Paradoxical Embolism (RoPe) score.

� Atrial septal defects (ASDs), while often treated in childhood, may sometimes go undetected
into late adulthood.

� For ASD patients with significant shunt (Qp/Qs �1.5) or right heart volume overload, closure is
recommended, via surgery or transcatheter methods, considering expertise and anatomy.

Video content for this article is at http://www.interventional.theclinics.com.
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INTRODUCTION

Foramen ovale is a normal prenatal interatrial
communication, permitting the transfer of
oxygenated blood from the right atrium to
the left atrium.1 Typically, in around 75% of in-
dividuals, this opening naturally closes during
the neonatal period as pulmonary resistance
decreases and blood flow through the lungs in-
creases, resulting in higher left-sided resis-
tance.2 Nevertheless, in approximately 15% to
35% of adults, the foramen ovale persists,
leading to the condition known as patent fora-
men ovale (PFO).3,4 A possible link between
PFO and stroke was first proposed in the late
nineteenth century.5 Association between
PFO and embolic ischemic stroke, migraine
headaches, platypnea-orthodeoxia syndrome
(POS), and decompression sickness has been
described,6–8 and up to 40% to 50% of young
patients with embolic stroke of undetermined
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source may be diagnosed with PFO.9 Trans-
catheter PFO closure has emerged as an effec-
tive treatment to reduce the risk of recurrent
stroke.10–13

Anatomy and Pathophysiology
The human fetus develops in a relatively low ox-
ygen environment. Oxygenated blood from the
mother’s side of the placenta enters the fetal
side through numerous villi, which later merge
to form the umbilical vein. This vein then divides
to supply the hepatic circulation and join the
ductus venosus. The oxygenated blood from
the ductus venosus enters the right atrium and
is preferentially directed to the left atrium
through the foramen ovale. This mixed blood,
along with a small amount of blood from the pul-
monary veins, flows into the ventricle and
ascending aorta, supplying the carotid arteries
and the coronaries, ultimately supporting the
developing brain and heart of the fetus.14
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The formation of the interatrial septum is a
complex process. Initially, a primitive heart
tube forms, which is suspended from the meso-
cardium.15 The tube undergoes a looping pro-
cess, leading to the formation of the primary
atrium. The growth of the primary atrial septum
(septum primum) toward the atrioventricular
cushion results in an opening at its distal edge,
known as the primary atrial foramen or ostium
primum. As the muscular septum primum grows
downward, its superior portion becomes fenes-
trated. These fenestrations eventually merge to
form the foramen secundum, ensuring the
continued flow of blood from the right to the
left side of the system during the rest of gesta-
tion. Once the foramen secundum is fully
formed, the ostium primum closes, and the
septum primum becomes the flaplike valve of
the foramen ovale.16

Around 75% of individuals experience sponta-
neous fusion of the septum primum with the
septum secundum by the age of 2, resulting in
the closure of the PFO.17 However, in the remain-
ing individuals, a tunnel-like oblique crescent-
shaped defect persists, known as PFO.

Symptomatology and Clinical Manifestations
Stroke
While most patients with PFO are asymptomatic,
the most concerning clinical manifestation is
ischemic stroke caused by paradoxic embolism.
Paradoxic emboli originate in the systemic
venous circulation and pass into the systemic
arterial circulation through a PFO.18 Around
20% to 40% of ischemic strokes have an un-
known cause, termed as cryptogenic strokes,
and patients with cryptogenic stroke often
have a higher prevalence of PFO.19,20 A meta-
analysis of case-control studies found a signifi-
cant association between the presence of a
PFO, atrial septal aneurysm (ASA), or both and
ischemic stroke in patients under the age of 55
years (with odds ratios of 3.1, 6.1, and 15.6,
respectively).21

The Risk of Paradoxical Embolism (RoPe)
study conducted a patient-level meta-analysis
of 12 cryptogenic stroke cohorts, revealing a
correlation between the prevalence of PFO and
the likelihood of PFO being the underlying cause
of stroke when vascular risk factors like hyper-
tension, diabetes, smoking, and prior transient
ischemic attack (TIA) were absent and a cortical
infarct was present.22 In the same study, the
presence of a PFO along with an ASA was iden-
tified as a significant predictor of recurrent
stroke in the cryptogenic stroke cohorts.22 How-
ever, other studies like the Patent Foramen
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Ovale in Cryptogenic Stroke Study (PICSS) and
the Spanish right-to-left shunt multicenter study
(CODICIA) studies did not find PFO with an ASA
to be a significant predictor of an increased risk
of recurrent stroke.23,24

Migraine
Migraine is a prevalent condition affecting
approximately 10% of adults, with a higher inci-
dence in women.25 Over the past 2 decades,
research has indicated a link between PFO and
migraine, particularly migraine with aura.
Although migraine headaches have been linked
to PFO, routine screening for PFO is not recom-
mended in migraine patients.

Data on PFO closure and improvement of
migraine are debatable. Studies have demon-
strated that closing PFO in patients with large
PFO detected through transcranial Doppler
(TCD) with subclinical brain magnetic resonance
imaging (MRI) lesions resulted in a significant
decrease in both the frequency and severity ofmi-
graines.26 These brain lesions may suggest silent
thromboembolism and could put these patients
at higher risk of future embolic events. Similarly,
PFO closure significantly reducedmigraine symp-
toms in patients with high-risk PFO characteris-
tics, such as a curtain shunt pattern on TCD and
transesophageal echocardiogram (TEE) (indi-
cating more extensive shunting), right-to-left
shunting during normal respiration, ASA, and
presence of eustachian valve.27

The Migraine Intervention with STARFlex
Technology (MIST) and percutaneous closure of
patent foramen ovale in patients with migraine
(PREMIUM) randomized control trials, which
involved patients with migraine and PFO, found
no difference between PFO device closure and
sham treatment in terms of headache cure at
the 6-month endpoint and no difference in reduc-
tion in responder rate.28,29 Likewise, the percuta-
neous closure of PFO in migraine with aura
(PRIMA) study, which focused on patients with
migraine with aura, showed no statistically signif-
icant difference between the PFO device closure
group and the medical management group in
terms of reducing monthly migraine days.30 On
the other hand, there has been some limited
evidence that clopidogrel might decrease
migraine episodes in patients after transcatheter
PFO closure.31,32 Future trials bear the responsi-
bility of identifying individuals who would derive
the most benefit from PFO closure, primarily by
considering high-risk PFO characteristics, best
evaluated through TEE. In addition, they may
also include individuals with subclinical brain le-
sions on imaging for assessment.
alth and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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Decompression sickness
Decompression sickness occurs when a diver
surfaces from a dive and nitrogen bubbles,
which typically dissipate in the lungs, enter the
systemic circulation through a right-to-left shunt-
ing pathway like PFO. These bubbles may then
embolize to the brain, causing ischemic lesions.
Although rare, there have been reports of para-
doxic embolism through a PFO, which has been
identified as a cause of conditions like myocar-
dial infarction or renal embolism.33,34 A prospec-
tive, nonrandomized study involving 104 scuba
divers with a history of significant decompres-
sion sickness found that transcatheter PFO
closure was associated with a reduction in symp-
tomatic and asymptomatic decompression sick-
ness, as evidenced by ischemic brain lesions
observed on MRI.35 To date, the guidelines do
not recommend routine PFO closure in patients
with prior decompression illness without a prior
PFO-associated stroke.36

Platypnea-orthodeoxia syndrome. POS is an
uncommon condition characterized by dyspnea
and hypoxia that worsen when a person is up-
right but improve when they lie down. In most
adults with PFO, significant right-to-left shunt
resulting in hypoxia is not present; however, per-
turbations in right heart physiology can induce
right-to-left shunt such as in pulmonary throm-
boembolism, right ventricular myocardial infarc-
tion, pneumothorax, hydrothorax, pericardial
effusion, or after pneumonectomy or in chronic
situations such as pulmonary hypertension,
severe tricuspid regurgitation, pulmonic valve
stenosis, or regurgitation.37,38 However, the sub-
acute and chronic development of POS often
occurs in the absence of these clinical events,
suggesting that another process may play a role.

To diagnose this condition, it may be neces-
sary to perform a transthoracic echocardiogra-
phy (TTE) or TEE with bubble contrast and
agitated saline both in recumbent and upright
positions.39 Cardiac MRI or CT can be used to
detect any abnormalities in the aorta.40 Trans-
catheter PFO closure can improve symptoms in
individuals with POS.41

Diagnosis
Various ultrasound methods, such as TTE, TEE,
and TCD, can be employed to identify PFO. In
recent times, three-dimensional echocardiogra-
phy (3DE), CT, and MRI have also been utilized
for this purpose.

Echocardiography
Agitated saline is a commonly used method to
diagnose right-to-left shunts. The criteria for a
scargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
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positive contrast study on TTE or TEE vary, but
it is generally agreed upon that a right-to-left
shunt is diagnosed if at least 3 micro-bubbles
appear in the left atrium, either spontaneously
or after provocative maneuvers such as cough-
ing or performing the Valsalva maneuver, within
3 cycles of complete opacification of the right
atrium.8 During the Valsalva maneuver, the
increased filling of the right atrium raises its
pressure, leading to the opening of the foramen
ovale. A proper Valsalva maneuver can be
achieved by applying a calibrated strain
(40 mm Hg measured by spirometry) sustained
for 10 seconds.42 Studies have indicated that
the sensitivity of detecting a PFO is improved
when contrast injection is performed through
the femoral vein rather than the antecubital
vein.43 When contrast is flowing through the
inferior vena cava, it is directed toward the
interatrial septum, often potentiated by a eusta-
chian valve, while contrast injected through the
superior vena cava is directed toward the
tricuspid valve.44 Most echocardiographic labo-
ratories still prefer using the antecubital vein
because of its easy accessibility.

Studies have demonstrated that TEE exhibits
a very pronounced correlation with autopsy find-
ings, exhibiting a sensitivity and specificity of
nearly 100% in diagnosing PFO.45 Because of
its exceptional sensitivity and superior image
resolution, which allows for detailed analysis of
the interatrial septal area and PFO morphology,
TEE is currently considered the gold standard
for diagnosing and characterizing PFO. In some
cases, obtaining a good Valsalva maneuver dur-
ing TEE may be challenging, particularly if the
patient is heavily sedated, in comparison to
TTE or TCD examinations.46

Advanced imaging: 3DE, CT, and MRI
Advanced imaging techniques such as 3DE using
reconstruction methods and real-time analysis
have been utilized to assess various medical con-
ditions, including PFO. In a recent comparison,
real-time 3D TTE demonstrated significantly
higher diagnostic accuracy than contrast TTE,
with a sensitivity of 83% versus 44% (P<.001).47

Limited studies involving contrast-enhanced
MRI and cardiac CT demonstrated good agree-
ment with TEE in diagnosing PFO.39,47 However,
larger studies have revealed that both these mo-
dalities are less effective than TEE in detecting
PFO.48,49

Management
Treatment for preventing strokes in patients
with PFO is increasingly becoming evident, with
f Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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growing support for transcatheter PFO closure
in specific populations. Other available treatment
options include antiplatelet therapy or
anticoagulant therapy. It is important to consider
patient selection in therapeutic decision-making,
as not all PFOs are likely to be responsible for
strokes given the high prevalence of PFO in the
general population.50 Recent guidelines from
the Society of Cardiovascular Angiography and
Interventions (SCAI) provide valuable insights
for PFO management based on an expert panel
review of the available literature.36

Medical therapy
Currently, the decision whether antiplatelet ther-
apy or anticoagulant therapy is more suitable for
patients with cryptogenic stroke and PFO is
debatable, as evidenced in the medical arms of
published randomized PFO closure trials. In the
Warfarin-Aspirin Recurrent Stroke Study
(WARSS), no significant difference in recurrent
stroke or death prevention was found between
warfarin and aspirin in patients with cryptogenic
stroke.51 In the PICSS, which was a subset of the
larger WARSS study focusing on patients who
underwent TEE examination, it was observed
that warfarin-treated cryptogenic stroke patients
with PFO had comparable 2-year risk of stroke
or death compared with those receiving anti-
platelet treatment.23 The PFO-ASA study
showed that recurrent stroke occurred more
frequently with aspirin therapy in patients with
PFO and ASA, suggesting the need for addi-
tional preventive strategies for high-risk PFO
anatomy.8 A meta-analysis of retrospective
studies also indicates that anticoagulation might
be more beneficial than aspirin therapy in pre-
venting recurrent neurologic events in patients
with PFO and cryptogenic stroke.52 Considering
these findings, the recently published guidelines
by the SCAI recommend transcatheter PFO
closure as a preferred option over antiplatelet
or anticoagulant therapy for patients with cryp-
togenic stroke and PFO.50

PFO Closure Trials
For stroke
Data on PFO closure clinical trials are summa-
rized in Table 1 (Fig. 1).11–13,28–30,53–55 The
CLOSURE trial aimed to determine whether
percutaneous PFO closure using the STARFlex
device reduces the risk of recurrent stroke or
TIA in patients with cryptogenic stroke or
TIA.13 However, the trial found that PFO closure
did not significantly reduce the 30-day rate of
recurrent stroke/TIA, all-cause mortality, or
death from neurologic causes when compared
ado para Lucia Angulo (lu.maru26@gmail.com) en National Library of He
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to medical therapy. The trial included 909 pa-
tients and had a follow-up of 2 years. Adverse
events such as atrial fibrillation and periproce-
dural vascular complications were more com-
mon in the device group. The study is subject
to several limitations. Primarily, its statistical po-
wer is insufficient to detect a significant differ-
ence in the primary outcome. In addition,
scrutiny has been directed toward the inclusion
of patients with TIA. Furthermore, it is essential
to acknowledge that the STARFlex device is no
longer in circulation, raising concerns about the
applicability of the findings to contemporary
medical devices.

Similarly, the RESPECT (Randomized evalua-
tion of recurrent stroke comparing PFO closure
to established current standard of care treat-
ment) trial aimed to determine whether closing
a PFO using Amplatzer reduces recurrent stroke
in patients with cryptogenic ischemic stroke
compared to medical therapy alone.11 In an
intention-to-treat analysis, the study found that
PFO closure did not significantly reduce nonfatal
ischemic stroke, stroke mortality, or early all-
cause mortality when compared to medical ther-
apy at 2.6 years of follow-up. Subgroup analyses
suggested potential benefits for patients with
substantial shunts, ASAs, or superficial location
of infarcts. Moreover, the per-protocol analysis
demonstrated a significant decrease in rate of
recurrent stroke in the device group. Following
this, a prolonged follow-up of the RESPECT trial
spanning a median of 5.9 years revealed a sus-
tained advantage in the device group in both
types of analyses, demonstrating a 62% relative
reduction in the risk of stroke.11

The Gore REDUCE trial was a multicenter
study comparing septal occluders (the Helex de-
vice, a first-generation septal occluder which was
then replaced during the study by the Cardio-
form device, a second-generation device) with
medical therapy in patients aged 18 to 60 years
who had recently experienced a cryptogenic
stroke. Patients were randomly assigned (2:1)
to receive either transcatheter PFO closure or
antiplatelet therapy. The study involved exten-
sive testing to rule out other potential causes
of stroke, and individuals with significant cardio-
vascular risk factors were excluded.12 Over a me-
dian follow-up of 3.2 years, the device arm had a
lower rate of recurrent ischemic stroke than the
medical therapy group (1.4% vs 5.4%). This
reduction in stroke recurrence was statistically
significant and did not come with a significant in-
crease in serious adverse events. However, atrial
fibrillation occurred more frequently in the
closure group (6.6% vs 0.4%), with most cases
alth and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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Table 1
Clinical trials for transcatheter patent foramen ovale closure

Anticoagulation vs Antiplatelet Therapy for Treating Recurrent Strokes in Patients with PFO

Author, Year
of Publication Type of Study

Number of
Patients
Included

Age in
Years Study Population Treatment

Follow-up
in Years

Primary
Endpoint

Outcome by
Medical Treatment

Mohr et al,
2002

Randomized
double-blind
clinical trial

2206 63 � 11.3 Patients with
cryptogenic
stroke

Warfarin vs
aspirin

2 years Death or
recurrent
stroke

HR 5 1.13;
CI (0.92-1.38),
P 5 0.25

Homma et al,23

2002
Randomized
double-blind
clinical trial

630 59 � 12.2 Patients with
cryptogenic
stroke

Warfarin vs
aspirin

2 years Death or
recurrent
stroke

HR 5 0.52;
CI (0.16-1.67),
P 5 0.28

Mas et al,8

2001
Prospective
multicenter
study

581 18-55 Patients with
cryptogenic
stroke � high-risk
feature PFO

Aspirin vs
no aspirin

4 years Recurrent
neurological
events

HR 5 3.91;
CI (1.59-9.59),
P 5 0.003

Agarwal et al,52

2012
Meta-analysis of
observational
studies

Patients with
cryptogenic
stroke

Anticoagulation
vs antiplatelet

Recurrent
neurological
events

RR 5 0.58;
CI (0.41-0.82)
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Patent Foramen Ovale Transcatheter Closure Trials

Trial Name
Year
Published

Number
of Patients Age Indication

High-Risk
Features Population Device Used

Follow-up
(Years)

Primary
Endpoint Outcome

CLOSURE 2012 909 18-60 Cryptogenic
stroke/TIA

– PFO closure
vs medical
therapy

StarFlex 2 Composite of
stroke and
death

HR 5 0.78,
[0.45, 1.35],
P 5 0.37

PC 2013 414 18-60 Ttroke/TIA/
Thromboembolic
event

- PFO closure
vs medical
therapy

Amplatzer PFO
Occluder

4.1 Composite of
death, nonfatal
stroke, TIA, or
peripheral
embolism

HR 5 0.63,
[0.24, 1.62],
P 5 0.34

RESPECT 2017 980 18-60 Cryptogenic
stroke

- PFO closure
vs medical
therapy

Amplatzer PFO
Occluder

5.9 Recurrent
stroke or death

HR 5 0.55,
[0.31, 0.99],
P 5 04

CLOSE 2017 663 16-60 Cryptogenic
stroke/TIA

1 PFO closure
vs medical
therapy

Amplatzer PFO
Occluder 1
10 others

5.3 Recurrent stroke
or silent brain
infarction

HR 5 0.03,
[0, 0.26],
P < 0.001

Gore
REDUCE

2017 664 18-59 Cryptogenic
stroke/TIA

- PFO closure
vs medical
therapy

GSO and
HELEX

3.2 Recurrent stroke HR 5 .23,
[0.09, 0.62],
P 5 .002

DEFENSE-
PFO

2018 120 18-80 Cryptogenic
stroke/TIA

1 PFO closure
vs medical
therapy

Amplatzer PFO
Occluder

2.8 Composite of
stroke, vascular
death, or major
bleeding

0% vs 12.9%,
log P 5 .013

MIST 2008 147 20-61 Migraine - PFO closure
vs Sham
procedure

StarFlex 0.5 Cessation of
migraine
headache 91
to 180 days
after the
procedure

4.0% vs 4.1%,
P 5 0.51

PRIMA 2016 107 20-62 Migraine - PFO closure
vs medical
therapy

Amplatzer PFO
Occluder

1 Reduction in
monthly
migraine days

No difference

PREMIUM 2017 220 18-65 Migraine - PFO closure
vs Sham
procedure

Amplatzer PFO
Occluder

1 50% reduction
in migraine
attacks and
adverse events

No difference
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Fig. 1. Common patent foramen ovale occluder devices. [A] Amplatzer, Amplatzer Talisman, and Talisman are
trademarks of Abbott or its related companies. (Reproduced with permission of Abbott, ª2024. All rights
reserved; and [B] GORE� CARDIOFORM Septal Occluder. See Instructions for Use for complete device informa-
tion, including approved indications and safety information.)
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(83%) happening within the first 45 days after
the procedure. On the other hand, sustained
atrial fibrillation (lasting longer than 14 days)
occurred only in 2.7% of patients in the device
group.12

The DEFENSE-PFO trial enrolled 120 patients
who had recently experienced a cryptogenic
ischemic stroke and had a high-risk PFO.55 These
patients were divided into 2 groups: One under-
went transcatheter PFO closure using the
Amplatzer PFO occluder, while the other
received medical therapy. High-risk PFO was
defined as a PFO with ASA, hypermobility (septal
excursion of�10mm), or a size of�2mm. After a
2-year follow-up, the primary endpoint, which
included stroke, vascular death, or thrombolysis
in myocardial infarction (TIMI)-defined major
bleeding, occurred in 12.9%of themedical group
but was not observed in the PFO closure group
(P 5 .013). The closure group experienced no
ischemic strokes, vascular deaths, major bleeding
events, hemorrhagic strokes, TIAs, or systemic
embolisms.55

In a recent meta-analysis that included the
major clinical trials investigating PFO closure vs
medical therapy, it was found that recurrent
neurologic events were more frequent in the
medical therapy group than in the PFO closure
group.56 The former study also showed that pa-
tients with a low RoPe score (with vascular
comorbidities and without high-risk PFO fea-
tures) had higher hazard ratio of recurrent
neurologic events than patients with a high
RoPe score, defined as �7, or those with high-
risk PFO features on echocardiography. In short,
the greatest advantage of PFO closure is
observed in patients with the highest likelihood
that the initial stroke was directly linked to the
scargado para Lucia Angulo (lu.maru26@gmail.com) en National Library o
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PFO. This categorization has the potential to
assist in making personalized decisions for indi-
viduals with cryptogenic stroke and PFO.

For migraine. In ameta-analysis that included 2
studies (PRIMA and PREMIUM trials), a total of
337 patients were analyzed, 176 randomized to
PFO closure and 161 to medical therapy alone.57

At 1 year of follow-up, the meta-analysis demon-
strated that PFO closure was associated with sig-
nificant reduction in monthly migraine days
(�3.1 days vs �1.9 days; P 5 .02), a notable
decrease in monthly migraine attacks (�2.0 vs
�1.4; P 5 .01), and a greater number of subjects
experiencing complete cessation of migraines
(9% vs 0.7%; P < .001).

Limitations of PFO clinical trials
In the CLOSURE (Evaluation of the STARFlex
septal closure system in patients with stroke
and/or TIA due to presumed paradoxic embolism
through a PFO) study, most events in both the
closure and medical therapy groups were found
to be unrelated to PFO and PTE.13 Various alter-
native explanations were identified, including
conditions like atrial fibrillation, subcortical
lacunar infarcts, aortic arch atheroma, complex
migraine, and vasculitis. This suggests that the
initial neurologic event might not have been
linked to PFO and PTE. The trial participants
may not have been the most suitable population
for studying PFO closure, as only a third of them
exhibited high-risk features likeASA, and approx-
imately half had significant shunting. In addition,
excluding patients with hypercoagulable testing
or deep vein thrombosis (DVT) might have
removed individuals whose stroke mechanism
was likely related to PTE.
f Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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The RESPECT trial has several limitations,
including a relatively high withdrawal rate of
17% in the medical therapy group and 9% in
the closure group.11 Moreover, some patients
did not adhere strictly to the trial protocol, which
had significant implications on outcomes.
Notably, in the intention-to-treat population,
three out of nine patients who experienced
recurrent ischemic stroke in the closure group
did not have the closure device in place at the
time of the recurrence. Despite these limitations,
an extended follow-up of the RESPECT trial, with
a median duration of 5.9 years, demonstrated
continued benefits in the closure group, with a
remarkable 62% relative risk reduction in stroke.

In the PC (Comparing Percutaneous closure
of PFO using the Amplatzer PFO Occluder with
medical treatment in patients with cryptogenic
embolism) trial, difficulty recruiting patients
and the inclusion of TIA in the primary endpoint
were the main limitations.53

It is important to note that some patients in
the antiplatelet-only group (14 in total) opted
for PFO closure outside of the trial. In addition,
there were differences in the dropout rates be-
tween the two study groups, which could intro-
duce bias either toward or away from a neutral
outcome. Moreover, the trial had a relatively
low number of total events, which makes it chal-
lenging to conduct detailed subgroup analyses
and draw firm conclusions.12

For DEFENSE-PFO, the trial had several limi-
tations, including early termination for patient
safety, resulting in insufficient statistical power
to establish the hazard ratio. Furthermore, the
lower-than-expected patient recruitment was
due in part to the publication of consecutive clin-
ical trials favoring PFO closure, especially the
CLOSE trial, which had similar stringent entry
criteria. In addition, because the trial was con-
ducted in only 2 centers, there is a possibility
of selection bias among enrolled patients,
although it cannot be entirely ruled out.55

CLOSE trial had few limitations, including a
lower-than-anticipated patient recruitment rate
and the absence of extended electrocardio-
graphic monitoring to identify hidden atrial fibril-
lation.54 It is important to note that when the trial
protocol was developed, prolonged electrocar-
diographic monitoring was not part of the
standard evaluation for cryptogenic stroke. How-
ever, it is worth mentioning that the effectiveness
of extended monitoring in young cryptogenic
stroke patients has not been established. In addi-
tion, the possibility of not detecting atrial fibrilla-
tion does not explain why the PFO closure group
had a lower rate of stroke recurrence.54
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Indications
Stroke
After the PC and RESPECT trials, the Amplatzer
PFO Occluder received Food and Drug Adminis-
tration (FDA) approval in October 2016 for treat-
ing PFO-associated stroke in patients aged 18 to
60 years. The 2021 American Heart Association
(AHA)/ASA guidelines suggested the following:
(1) A multidisciplinary team approach involving a
cardiologist and neurologist is needed for man-
aging nonlacunar ischemic stroke. (2) Choosing
PFO closure over medical therapy in patients
with high-risk PFO anatomy, such as ASA or large
shunt, is reasonable. However, it remains uncer-
tain whether transcatheter PFO closure provides
more benefits than medical therapy for patients
with low-risk PFO anatomy.58

Other conditions
The latest SCAI guidelines advise against the reg-
ular use of PFO closure for patients with migraine
or prior decompression illness. Nonetheless, they
do offer a conditional recommendation consid-
ering the low certainty of evidence, suggesting
closure may be considered for POS when other
potential causes of hypoxia have been ruled
out. In addition, closuremight also be considered
in cases of systemic embolism without a previous
PFO-associated stroke once other possible
embolic causes have been excluded.50

Devices
The GORE CARDIOFORM Septal Occluder,
which was FDA approved for PFO closure on
March 30, 2018, is a platinum-filled Nitinol wire
frame covered with expanded PTFE. The delivery
system is composed of a 10 Fr. (OD) 75-cm
braided, precurved delivery catheter with a radi-
opaque distal marker. The device has central,
left, and right atrial eyelets. Each eyelet is formed
of 5 petals to cover the septal wall. The device is
repositionable and retrievable. The device is
available in diameters of 20, 25, and 30 mm.

The Amplatzer PFO occluder is a self-
expanding, double-disk device made of 0.005-
inch nitinol wire and polyester patches sewn within
each disk to occlude blood flow. The waist is thin
and mobile, and the right atrial disk is larger than
the left atrial disk in contrast to the Amplatzer
ASO device. The device was approved for PFO
closureby theU.S.FDAonOctober28,2016.There
are 4 available sizes (18, 25, 30, and35mm). Sheath
size can be 8 or 9 Fr. depending on device size.

Procedural Details
Transcatheter PFO closure is performed in
the cardiac catheterization laboratory under
alth and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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conscious moderate sedation. The procedure is
guided by both fluoroscopy and ultrasound, typi-
cally using intracardiac echocardiography (ICE) or
TEE. The femoral veins are accessed for venous
entry with an 11-Fr. sheath for the Gore device
(or 7-Fr. sheath which will be later exchanged to
an 8- or 9-Fr. delivery sheath for the Amplatzer
device) and an 8-Fr. (25 cm) sheath below for
ICE catheter. With the ICE catheter in the right
atrium, the interatrial septum is examined care-
fully to determine the complexity of the PFO. A
bubble study can be performed through the
opposite femoral venous sheath, but is not
required. A right-heart catheterization (RHC) is
performed using a 7-Fr. wedge catheter via the
right common femoral vein access.

Intravenous heparin is given to achieve the
appropriate activated clotting time (ACT) level
of >250 seconds. The same wedge catheter or
a multipurpose catheter with a 0.035-inch guide-
wire is advanced across the PFO into the left
atrium under ICE and fluoroscopic guidance.
Once across the PFO, once the guidewire is
placed in the left superior pulmonary vein, it is
exchanged for an extra-stiff 0.035-inch Amplatz
superstiff wire. The subsequent steps differ
depending on the device used.

For the GORE CARDIOFORM Septal
Occluder device
The delivery catheter is advanced over the
Amplatz wire in a monorail system and positioned
in the left atrium. The wire is then removed, and
the left atrial disk is deployed away from the roof
and appendage. The right atrial disk is then
deployed, straddling the septum. The occluder is
locked, the locking loop is verified (Video 1), and
the retrieval cord is removed to deploy the device.

For amplatzer devices
A delivery sheath (8 or 9 Fr. depending on the de-
vice size, 45� curve) is advanced across the PFO
over the Amplatz wire. The wire is then removed.
The device is loaded onto the delivery cable and
introduced into the delivery sheath in the left
atrium.The left atrial disk isopened,and the system
is pulled against the interatrial septum. The sheath
is withdrawn to expose the right atrial disk, and the
device position is confirmed before releasing it.

After the procedure, vascular closure devices
(such as VASCADE) can be used to obtain hemo-
stasis in the femoral venous accesses. Other
alternative strategies would include a figure-of-
8 suture and manual pressure.

Complications
Transcatheter PFO closure is generally a safe
procedure, with most complications being mild
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in nature. The most common reported complica-
tion is the development of atrial arrhythmias,
such as atrial fibrillation and atrial flutter, with
rates varying between studies.11,13,50–53 Device
thrombosis and embolization are uncommon
complications.59 Major bleeding due to vascular
injury occurred in less than 0.5% of cases in
RESPECT and PC trials.11,53 Pericardial effusion
or tamponade has been reported in about
0.3% of patients.28 Device erosion has been
associated with the Amplatzer septal occluder
used for atrial septal defect (ASD) closure but
generally considered low risk. With Gore de-
vices, however, there has been a report of 2
cases of pericardial tamponade thought to be
related to wireframe fracture and perforation.60

Air embolism is a potentially severe complication
that can be avoided through proper flushing and
careful fluoroscopy during device insertion into
the delivery sheath.

ATRIAL SEPTAL DEFECTS
Introduction
ASDs are recognized as one of the prevalent
congenital heart abnormalities in adults. The
estimated occurrence of ASDs in adults is 0.88
cases per 1000 individuals.61 Most patients
remain asymptomatic until their second to fourth
decades of life, thus leading to a delay in diag-
nosis. During this period, increased blood flow
in the pulmonary vasculature can trigger remod-
eling in the pulmonary blood vessels and conse-
quently impact the direction of shunting and the
perfusion of vital organs.

Anatomy and Pathophysiology
Four primary types of defects in the atrial
septum lead to ASDs. The most common is the
ostium secundum defect, accounting for around
80% of cases, arising from a lack of tissue at the
fossa ovalis. Ostium primum defects are linked
to tissue deficiency near atrioventricular valves
and often involve a cleft in the left-sided valve,
sometimes termed partial atrioventricular septal
defect. Sinus venosus defects are more common
in the upper part of the sinus venosus and often
coincide with anomalous pulmonary venous re-
turn. The least-frequent type, coronary sinus de-
fects, known as unroofed coronary sinuses, are
often overlooked in conventional imaging.62

In ASD cases, hemodynamics is guided by
Ohm’s law, tied to fluid flow in the pulmonary
vascular bed. Shunting is influenced by factors
such as end-diastolic filling pressures, compli-
ance, and defect size. Significant ASDs can
lead to right atrium and ventricle enlargement
over time due to increased left-to-right flow.
f Health and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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Fig. 2. Cardiac MRI demonstrating a large secundum
atrial septal defect. (A) Right atrium; (B) left atrium; ar-
row: atrial septal defect.
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While pulmonary pressures are usually lower
than systemic pressures, some cases develop
pulmonary hypertension, pulmonary vascular
remodeling, leading to bidirectional shunting
and cyanosis or Eisenmenger syndrome.62,63

Clinical Presentation
ASDs are usually asymptomatic, and the diag-
nosis is often incidental. However, a minority of
patients might exhibit signs of an unrepaired
ASD through a comprehensive medical history
and clinical evaluation. This history often un-
covers a gradual decline in exercise capacity,
sometimes marked by subtle or even obvious
shortness of breath during physical activity.
This alteration typically takes place over months
to years, although it can be more abrupt if pul-
monary arterial hypertension (PAH) is present.
Arrhythmias including atrial fibrillation or atrial
flutter may be the presenting sign. Paradoxic
embolism resulting in stroke or ischemia of other
organ systems may also occur.

Diagnosis
Physical examination
An outflow tract murmur during systole, caused
by increased pulmonary flow, and a fixed split
in the second heart sound due to delayed pul-
monic valve closure could be appreciated.
Ostium primum ASDs may have associated
mitral and tricuspid regurgitation murmurs.

Electrocardiographic
The electrocardiogram results show signs of an
enlarged right atrium (P-pulmonale), a shifted
electrical axis to the right, increased muscle
mass in the right ventricle (evident as a tall R
wave in V1), and a partial right bundle branch
block pattern (rSR’ or rsR’ pattern in leads V1-
V3) in cases of secundum ASDs. In primum
ASD, left-axis deviation might be observed.
First-degree atrioventricular block is a possible
finding in all types of ASDs.

Imaging
Echocardiography is the main modality for
diagnosing ASDs.61 TTE is limited by "septal
dropout," which can lead to incorrect positive
ASD diagnoses, but saline contrast echocardiog-
raphy improves accuracy. TTE reveals right atrial
and right ventricular enlargement, assesses
pulmonary artery pressure, and estimates the
left-to-right shunt using the pulmonary flow to
systemic flow (Qp/Qs) ratio, although this is infre-
quently utilized due to inaccuracy. TTE also iden-
tifies associated anomalies like pulmonary or
mitral valve disease. Complete evaluation
including cross-sectional imaging via cardiac
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MRI or CT before transcatheter ASD closure can
exclude partial anomalous pulmonary venous re-
turn, which if present would necessitate surgical
intervention (Fig. 2). Three-dimensional echocar-
diography, CT, and MRI are important tools for
ASD assessment, with MRI providing defect visu-
alization, shunt measurement, and right ventricu-
lar assessment, and contrast-enhanced cardiac
CT offering similar anatomic insight.

Invasive assessment
RHC is generally one of the final diagnostic
steps, especially when contemplating defect
repair. RHC is essential for assessing shunt flow
and is particularly valuable in quantifying shunt-
ing degree and direction, and additional left
heart catheterization including crossing the
ASD for pulmonary venous oximetry sampling
may be required if there is suspicion for bidirec-
tional or right-to-left shunt. Intracardiac echocar-
diography can be performed alongside RHC if
preoperative echo images are insufficient for
defect assessment, especially when considering
percutaneous closure. Intracardiac echocardiog-
raphy offers additional high-resolution visualiza-
tion of the interatrial septum and provides
real-time 2-dimensional imaging guidance dur-
ing percutaneous closure procedures.

Management
Indications for ASD repair
Decisions regarding repairing ASDs are based
on clinical and anatomic considerations. Small
alth and Social Security de ClinicalKey.es por Elsevier en julio 10, 2025. 
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ASDs might close naturally during childhood,
but larger defects can lead to hemodynamic
maladaptation and clinical symptoms if left un-
treated. Repair decisions involve factors like
defect size, location, shunt’s hemodynamic
impact, and presence of PAH. The current
guidelines from.

ACC/AHA advocate for the closure of ASD
when a significant shunt (Qp/Qs � 1.5) and
right-sided volume overload exist (Class I).63

This pertains to both symptomatic and asymp-
tomatic patients, as long as the pulmonary artery
systolic pressure is under 50% of the systemic
pressure and the pulmonary vascular resistance
remains lower than one-third of the systemic
vascular resistance. The closure, especially in
the presence of symptoms or right-sided heart
enlargement, aims to halt any further deteriora-
tion and facilitate the restoration of normal di-
mensions on the right side.

Contraindications for ASD repair
It is not recommended to close ASDs for patients
with substantial right-to-left shunt or severe PAH
(pulmonary vascular resistance [PVR] >8 Wood
units or irreversible pulmonary vascular occlusive
disease).63,64 Emerging data suggest that those
with pulmonary artery pressure less than two-
thirds of systemic arterial pressure, PVR less
than two-thirds of systemic resistance, or positive
response to pulmonary vasodilator testing
might be considered for closure, often using a
fenestrated device to ensure a proper "pop-
off." Relative contraindications for percutaneous
cases encompass defects larger than 36 mm,
inadequate margins for device anchoring, or de-
vice interference with atrioventricular valves or
venous drainage.64

Surgical repair approaches and results
Other than in secundum ASDs, the primary
method for ASD repair involves surgery, which
necessitates an open sternotomy approach and
the use of cardiopulmonary bypass for direct
visualization of the defect. Autologous pericar-
dial or synthetic patches made of materials like
polyester polymer (Dacron) or polytetrafluoro-
ethylene are often used for surgical repair.
Ostium primum defects can be more complex,
as the patch must be attached at the crux of
the ventricular septum and atrioventricular
valves. Mitral valve repair or even replacement
might be necessary. For sinus venosus defects,
where partial anomalous pulmonary venous re-
turn is common, patch closure diverts anomalous
drainage into the left atrium65; however, proof
of concept and a growing body of data suggest
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that transcatheter repair of sinus venosus de-
fects may eventually become an accepted stan-
dard.66,67 Surgical repair before 25 years of
age offers a 30-year survival rate comparable
to matched controls; however, repair between
25 and 40 years results in slightly attenuated sur-
vival.65 Although surgical ASD repair in adult-
hood reduces mortality significantly, it does not
notably impact the risk of present or future atrial
arrhythmias. Although mortality from ASD repair
is low, complications such as atrial arrhythmia,
bleeding, pneumothorax, and pericardial or
pleural effusions can occur.68

Percutaneous repair approaches and results
Transcatheter closure provides an established
alternative to surgical repair for secundum
ASDs. Commonly used devices in the US include
the Amplatzer Septal Occluder (Abbott) Gore
Cardioform ASD occlude (GCA) (W.L. Gore and
Associates), and Gore Cardioform Septal
Occluder (GSO) (W.L. Gore and Associates)
(Fig. 3, Video 2).

The Amplatzer Septal Occluder is particularly
popular due to ease of implantation and availabil-
ity in sizes suitable for larger defects. It is a self-
expandable, double-disk device made of nitinol
wire mesh that is tightly woven into 2 disks with
a 3- to 4-mm connecting waist between the 2
disks. GSO is described earlier in the PFO section.
It can be used to close secundum ASDs<17 mm.
Similar to the GSO, the GCA consists of a nitinol
wire frame covered by PTFE. It has left and right
atrial discs and an intra-disc region or waist be-
tween the discs that occupies the defect and pre-
vents shunting of blood between the left and
right atria. It is available in 5 sizes—27, 32, 37,
44, and 48 mm—and can treat a defect range of
8 to 35 mm.

Procedural Details
ASD closure, a catheter-based procedure, in-
volves conscious sedation, ICE, and fluoroscopic
guidance (Fig. 4). ICE offers benefits over TEE
due to avoidinggeneral anesthesia andenhanced
views of the right side of the interatrial septum.
The AcuNav ICE catheter (Siemens Medical Solu-
tions, Diamond Bar, CA) is commonly used.
Femoral venous access (into both femoral veins)
is established using ultrasound guidance. A com-
plete RHC measures shunt fraction, pressures,
and capillary wedge pressure. For complex septal
anatomy, TEEmay be preferred. The ICE catheter
evaluates the septum’s structure and measure-
ments. The deficient or absent rims are assessed
to ensure suitability for closure. “Stop-flow”
balloon sizing is performed by inflating a soft,
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Fig. 4. Intracardiac echocardiography guided implantation of a Gore Cardioform Septal Occluder for a small atrial
septal defect (ASD). (A) Balloon sizing of ASD using Biplane measurements, X1: 15-mm length between balloon
dots, X2: ASD size based on balloon indentation. (B) Deployment of left atrial disc. (C) Flattening of left atrial
disc on the atrial septum. (D) Deployment of right atrial disc. (E) Locking loop (arrow). (F) Device released. *Intra-
cardiac echocardiography catheter.

Fig. 3. Three-dimensional transthoracic echocardiogram showing an Amplatzer Septal Occluder.
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� PFO is linked to cryptogenic ischemic stroke,
migraine, decompression sickness, and
platypnea-orthodeoxia syndrome.

� Recent guidelines from the Society of
Cardiovascular Angiography and
Interventions (SCAI) recommend
transcatheter PFO closure as the preferred
option over antiplatelet or anticoagulant
therapy for patients with cryptogenic stroke
and PFO, emphasizing its effectiveness in
reducing the risk of recurrent stroke.

� Atrial septal defects (ASDs) are common
congenital heart abnormalities, often
asymptomatic until adulthood, with potential
delayed diagnosis and impact on pulmonary
vascular remodeling.

� ASDs, categorized into four primary types,
lead to hemodynamic changes, causing right
atrium and ventricle enlargement, and in
significant cases, pulmonary hypertension
and bidirectional shunting with potential
cyanosis.

� Diagnosis of ASDs involves physical examina-
tions, electrocardiography, and echocardio-
graphy; management decisions are based on
clinical factors, with repair options including
surgical and percutaneous closure, each
having specific indications, contraindications,
and potential complications.
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compliant balloon across the ASD while moni-
toring cessation of color Doppler flow across
the ASD. Once the flow is occluded, the size of
the balloon at the level of the ASD is measured
in 2 views to optimize device size selection. Sub-
sequent steps vary based on the device chosen.

For the Amplatzer Septal Occluder, the de-
vice is loaded onto the delivery cable and
inserted into the sheath. After positioning, the
device’s atrial disks are sequentially deployed
using fluoroscopy in left anterior oblique (LAO)
cranial projection. Once satisfactory positioning
is confirmed, the device is released by rotating
the delivery cable counterclockwise.

The GCA, once positioned, is deployed by
sliding and pushing mechanisms, ensuring
proper disc apposition and defect closure.

Complications
Risks tied to percutaneous closure encompass ar-
rhythmias, atrioventricular block, device erosion,
and thromboembolism. Device embolization
and malpositioning occur rarely (less than 1%),
usually due to improper sizing or placement.69–72

Other rare complications include wire frame frac-
ture in the case of Gore occluder devices and
thrombus formation on the device73

SUMMARY

PFO is present in up to 15% to 35% of adults. It
holds clinical significance, especially in embolic
stroke. Transcatheter closure is effective, particu-
larly in high-risk PFO cases, including ASAs.
PFO’s role in other conditions, like migraine and
decompression sickness, is an ongoing research
focus. Amultidisciplinary approach with interven-
tional cardiologists and neurologists is key for pa-
tient care. ASDs encompass various defect types,
with ostium secundum being the most prevalent.
Indications for repair depend on clinical and
anatomic factors, with guidelines suggesting
closure for significant shunts and right-sided vol-
ume overload. The choice of repair depends on
patient characteristics and defect type and size.
Percutaneous closure is exclusively utilized for
secundumASDs. Both surgical and percutaneous
repair methods have their advantages and
considerations.

CLINICS CARE POINTS
� The foramen ovale allows oxygenated blood
transfer, closing naturally in most but
persisting in 15% to 35%, leading to patent
foramen ovale (PFO).
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