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IMPORTANCE A patent foramen ovale (PFO), an opening between the right and left atria
during normal fetal development that fails to close after birth, is present in approximately
25% of all adults. Paradoxical embolism, a venous thromboembolism that travels to the
systemic circulation typically through a PFO, accounts for about 5% of all strokes and 10% of
strokes in younger patients.
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OBSERVATIONS Approximately 50% of patients 60 years or younger with an embolic stroke
of undetermined source (cryptogenic stroke) have a PFO, compared with 25% of the general
population. The Risk of Paradoxical Embolism (RoPE) score incorporates clinical
characteristics (age, history of stroke or transient ischemic attack, diabetes, hypertension,
smoking, cortical infarct on imaging) to predict the likelihood that embolic stroke of
undetermined source was caused by a PFO. Among patients in the lowest RoPE score
category (score <3), PFO prevalence was similar to that in the general population (23%), while
PFO prevalence was 77% in patients with a RoPE score of 9 or 10. The PFO-Associated Stroke
Causal Likelihood (PASCAL) classification system combines the RoPE score and anatomical
criteria from echocardiography (large shunt, atrial septal aneurysm) to classify PFO as the
“probable,” “possible,” or “unlikely” cause of otherwise cryptogenic stroke. PFO closure
reduces recurrent ischemic stroke in patients 60 years or younger with cryptogenic stroke. In
a pooled analysis of 6 trials (3740 patients), the annualized incidence of stroke over a median
follow-up of 57 months was 0.47% (95% Cl, 0.35%-0.65%) with PFO closure vs 1.09%

(95% Cl, 0.88%-1.36%) with medical therapy (adjusted hazard ratio, 0.41[95% Cl,
0.28-0.60]). However, the benefits and harms of closure were highly heterogeneous across
the trial populations. In patients categorized as PASCAL “probable” (ie, younger patients
without vascular risk factors and high-risk PFO anatomical features), there was a 90%
decreased relative rate of recurrent ischemic stroke after PFO closure at 2 years (hazard ratio,
0.10 [95% Cl, 0.03-0.35]; absolute risk reduction, 2.1% [95% Cl, 0.9%-3.4%]). PASCAL
“unlikely” patients (eg, older patients with vascular risk factors and no high-risk PFO
anatomical features) did not have a lower recurrent stroke rate with PFO closure but had
higher risk of procedure- and device-related adverse events, such as atrial fibrillation.

CONCLUSIONS AND RELEVANCE Patent foramen ovale is present in approximately 25% of all
adults and is a common cause of stroke in young and middle-aged patients. The PASCAL
classification system can help guide patient selection for PFO closure. Percutaneous PFO
closure substantially reduces the risk of stroke recurrence in well-selected patients younger
than 60 years after cryptogenic stroke.
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patent foramen ovale (PFO), a persistent small conduit

from fetal circulation permitting a right-to-left interatrial

shunt, is present in approximately 25% of all adults and may
be an incidental finding on echocardiogram. However, up to 30%
of all strokes are cryptogenic, defined as unexplained despite an ex-
tensive evaluation for causes of stroke. Among patients with cryp-
togenic stroke, approximately 50% have a PFO, which may result
in paradoxical embolism, in which a venous embolus directly ac-
cesses the cerebral arterial circulation. Over the last several de-
cades, devices designed to close a PFO have been shown to be ef-
fective in preventing stroke recurrence in well-selected young and
middle-aged patients with PFO."® In 2020, an international work-
ing group of stroke experts recommended that stroke nomencla-
ture be updated to remove PFO-associated stroke from the cryp-
togenic category.”

This review presents the epidemiology of PFO-associated
stroke, compares device closure with medical therapy, and dis-
cusses algorithms for the probabilistic identification of causal vs
incidental PFO to support clinical decision-making. It also reviews
other aspects of clinical management of PFO-associated stroke
(see Box).

Methods

A comprehensive search strategy was developed in collaboration
with a university librarian to query PubMed for English-language
studies of PFO and stroke, published from January 1, 2014, to May
17, 2025 (Supplement). Identified articles were manually evalu-
ated, along with their relevant references, and additional key pub-
lications and clinical trials were included. A total of 867 articles were
identified. Of these, we included 79 articles (27 systematic reviews/
meta-analyses, 23 cohort studies, 15 randomized clinical trials,
8 expert statements or position papers, and 6 guidelines).

|
Embryology of Patent Foramen Ovale

During normal prenatal development, the foramen ovale is formed
by the incomplete closure of the septum primum and septum se-
cundum, 2 structures in the fetal interatrial septum. The foramen
ovale allows oxygenated blood from the placenta to bypass the non-
functional fetal lungs and access the fetal arterial circulation. At birth,
blood flow through the pulmonary vasculature increases, causing a
marked increase in left atrial pressure that pushes the septum pri-
mum against the septum secundum, functionally closing the fora-
men ovale, which then seals over the first year of life. However, in
approximately 25% of individuals, the edges of the septum pri-
mum and secundum do not fully fuse, leaving a small opening, re-
sultingina PFO.

Pathophysiology of PFO-Associated Stroke

Most PFOs have a small diameter (mean, 4.9 mm [range, 1-19 mm])
and do not cause hemodynamically significant shunting of blood.
However, they are large enough to permit emboli from a venous
thrombus to bypass filtration in the pulmonary vasculature and ac-
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Box. Questions Commonly Asked About Patent Foramen Ovale
(PFO) and Stroke

How Is the Diagnosis of a Cryptogenic Stroke Established?

Initial evaluation of stroke includes head computed tomography
angiography or brain magnetic resonance angiography to
assess for large-vessel atherosclerosis, electrocardiography

to assess for atrial fibrillation, and echocardiography to evaluate
for a cardioembolic source. If this testing is unrevealing, the
diagnosis of cryptogenic stroke is made. If the infarct appears
embolic based on neuroimaging findings, it is classified as an
embolic stroke of undetermined source.

Among Patients With a PFO-Associated Stroke, Which Factors
Suggest That the PFO Is a Causal Rather Than Incidental Finding?
Absence of vascular disease risk factors such as diabetes,
hypertension, and smoking, and presence of a cortical infarct on

a neuroimaging study, especially in patients younger than 60
years, suggest that a PFO is the cause of stroke. Other factors that
increase this likelihood are a PFO with a large shunt or an atrial
septal aneurysm and a cerebral infarction that occurred during

a Valsalva maneuver or in the presence of a deep venous
thrombosis.

Do All Patients With Cryptogenic Stroke Who Have a PFO Benefit
From PFO Closure?

Randomized trials have demonstrated reduced rates of recurrent
stroke after closure of a PFO in selected patients 60 years or
younger with cryptogenic stroke. However, those classified by the
PASCAL (PFO-Associated Stroke Causal Likelihood) system as
“unlikely” to have had a stroke causally related to their PFO do not
appear to benefit from PFO closure and have a higher risk of
device-related adverse events such as atrial fibrillation.

cess the systemic arterial circulation. This “paradoxical embolism”
can cause symptomatic strokes by occluding a branch in the cere-
bral arterial circulation (Figure 1). Another potential mechanism for
PFO-associated stroke is in situ thrombus formation around the in-
teratrial tunnel, giving rise to a cerebral embolism.®*°

Clinical Epidemiology of PFO-Associated Stroke

Prior to the advent of contrast echocardiography, paradoxical em-
boli were considered a rare cause of stroke, with only 128 cases re-
ported before 1972.° Subsequent epidemiologic studies reported
anincreased prevalence of PFO in patients with otherwise crypto-
genic stroke.'®" In a meta-analysis of 23 case-control studies
(n = 1154 cases and 1852 controls), the summary odds ratio for PFO
in patients with cryptogenic stroke vs control patients with ische-
mic stroke of known cause was 2.9 (95% Cl, 2.1-4.0)." However,
among those younger than 55 years, the odds ratio for presence of
aPFO was 5.1(95% Cl, 3.3-7.8). These associations have been used
to estimate that among patients with cryptogenic stroke, PFO is the
likely cause of stroke (rather than an incidental finding) in 80% of
patients younger than 55 years (95% Cl, 75%-84%) compared with
52% (95% Cl, 34%-66%) in older patients.”'? It has been esti-
mated that approximately 5% of all ischemic strokes and 10% of all
ischemic strokes in young and middle-aged adults can be attrib-
uted to a PFO."”
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Figure 1. Mechanism of Patent Foramen Ovale

@ Anatomy and pathophysiology of patent foramen ovale (PFO)-associated stroke

In normal fetal development, the foramen ovale (an opening between
the septum primum and septum secundum) allows oxygenated blood
to pass through to systemic circulation. {

At birth, increased left atrial pressure and lowered right atrial pressure
push the septa together, closing the foramen ovale. The septa fuse in
the first year of life; however, they fail to fully fuse in 25% of
individuals, resulting in a PFO.
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Assessment and Diagnosis of PFO-Associated Stroke

The diagnosis of PFO-associated stroke requires (1) determining if the
strokeis cryptogenic; (2) detectinga PFO; and (3) determining whether
the PFO is the likely cause of stroke or an incidental finding.

Is the Stroke Otherwise Cryptogenic?

The term “cryptogenic stroke” is a diagnosis of exclusion when no
source of stroke is identified after acomprehensive workup.™ Evalu-
ation for the cause of stroke includes a history and physical exami-
nation and assessment of (1) infarct location, volume, and number
on brain magnetic resonance imaging or head computed tomogra-
phy (CT) that often is suggestive of etiology (eg, lacunar infarct in-
dicates small vessel disease); (2) large vessel patency with CT an-
giogram, magnetic resonance angiogram, or carotid ultrasound;
(3) valvular or atrial disease, including left atrial thrombosis with
transthoracic echocardiography (TTE); (4) cardiac rhythm with elec-
trocardiogram (ECG) and telemetry; and (5) complete blood cell
count and coagulation laboratory tests.' Additional testing may in-
clude digital subtraction angiography (an endovascular technique
using fluoroscopy that provides direct visualization of the blood ves-
sels), transcranial doppler to detect right-to-left shunt, prolonged
cardiac rhythm monitoring (eg, Holter monitor or implantable loop
recorder), if ECG or telemetry does not identify atrial fibrillation, lum-
bar puncture if vasculitis is suspected, evaluation for occult malig-
nancy (eg, thoraco-abdomino-pelvic CT), and genetic testing for gene
variants associated with increased stroke risk such as in CADASIL
(cerebral autosomal dominant arteriopathy with subcortical in-
farcts and leukoencephalopathy). This testing helps determine the
etiology of strokes, which most commonly includes cardioembo-
lism from atrial fibrillation (27.7%), small vessel disease (23.7%), large
artery atherosclerosis (23.3%)," and other more rare causes such
as moyamoya disease and vasculitis (5.3%)."®"®If no cause for stroke
is identified, it is considered cryptogenic (20.0%).”

The term embolic stroke of undetermined source was intro-
duced in 2014 to standardize the definition of strokes with an em-
bolic appearance on neuroimaging with no clear mechanism after
diagnostic workup.'® Embolic stroke of undetermined source may
be caused by covert paroxysmal atrial fibrillation and emboli from
nonstenotic intracranial and extracranial large vessel atherosclero-
sis and can affect patients both with and without a PFO.29-%!

Among patients with otherwise cryptogenic stroke and PFO, the
duration of cardiac monitoring that should be performed to detect
covert atrial fibrillation, defined as atrial fibrillation not detected by
routine ECG, is uncertain.?? Additionally, although longer duration
of cardiac monitoring (up to 3 years) is associated with increased
likelihood of detecting atrial fibrillation, it is unclear whether atrial
fibrillation first identified during long-term follow-up should be con-
sidered a cause of an initial stroke,?*>%” particularly when the par-
oxysmal atrial fibrillation burden (ie, the proportion of total moni-
tored time that the patient is the patient is in atrial fibrillation) is
extremely low, such as less than 0.1% (ie, the proportion of total
monitored time that the patient is in atrial fibrillation).283' The 2021
American Heart Association/American Stroke Association guide-
line recommends cardiac monitoring to evaluate for atrial fibrilla-
tion for at least 24 hours after an ischemic stroke.3? In contrast, a
consortium of 8 European societies proposes 6 months of cardiac
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monitoring for patients with cryptogenic stroke at high risk of atrial
fibrillation (eg, uncontrolled hypertension or diabetes, left ventricu-
lar hypertrophy, left atrial enlargement, or heart failure) before mak-
ing a decision about PFO closure. 3334

Identification of PFO

Most patients in high-income countries who have a stroke initially
undergo transthoracic echocardiography to evaluate for structural
heart disease or a thrombus, and PFO may be identified with this
testing. Patients being evaluated for PFO as a cause of stroke typi-
cally undergo TTE with a bubble study, which is performed by in-
jecting agitated salineinto a vein while the patient performs a Valsalva
maneuver to increase right atrial pressure. PFO is diagnosed by vi-
sualizing microbubbles in the left atrium within 3 cardiac cycles, in-
dicating a right-to-left shunt across the atrial septum. A transtho-
racic echocardiograph with bubble study has a pooled sensitivity of
71% (95% Cl, 50%-86%) and specificity of 99% (95% Cl, 93%-
100%) for identifying a PFO>? but is considered inadequate to rule
out a PFO. Transcranial doppler ultrasound with a bubble study is
another noninvasive study that can detect right-to-left shunting and
has a pooled sensitivity of 96% (95% Cl, 93%-98%) and specificity
of 90% (95% Cl, 83%-95%) for detection of PFO.3> However, be-
cause TCD detects microbubbles within the cerebral circulation, it
does not directly visualize the atrial septum and cannot differenti-
ate PFO from other shunts.

The criterion standard for PFO identification is TEE with a bubble
study (see related video) to evaluate the shunt size and anatomy of
the PFO, as well as surrounding structures such as an atrial septal
aneurysm or a Eustachian valve, which is an embryological rem-
nant in the right atrium that may increase blood flow across a PFO.
Transesophageal echocardiography, which involves insertion of an
ultrasound probe into the esophagus to visualize the heart, is typi-
cally performed with patients receiving conscious sedation. A meta-
analysis of 4 prospective studies (n = 164) comparing TEE and bubble
study with PFO identification during autopsy, cardiac surgery, or
cardiac catheterization yielded a sensitivity of 89% (95% Cl, 81%-
95%) and specificity of 91% (95% Cl, 82%-97%).3® However, some
PFOs may still be missed due to patientintolerance of the TEE probe
because of anxiety or uncontrolled gag reflex, difficulty perform-
ing the Valsalva maneuver while sedated, or limited operator
experience.

Determining if the PFO Is Causal or Incidental

Risk of Paradoxical Embolism Score and PASCAL Classification
Among patients with otherwise cryptogenic stroke, a PFO is more
likely to be identified in those without typical stroke risk factors.?”
The Risk of Paradoxical Embolism (RoPE) score (Table 1, top) was
developed from an analysis of 8 databases that included 3023 pa-
tients with cryptogenic stroke who were systematically evaluated
for PFO.3® The RoPE score includes 6 clinical characteristics
(age, history of stroke or transient ischemic attack [TIA], diabetes,
hypertension, smoking, cortical infarct onimaging) and ranges from
0to 10 (Table 1, top; Table 2).38 The variation in prevalence across
RoPE score stratum can be used to estimate the PFO-attributable
fraction—the likelihood that a PFO identified in a patient with cryp-
togenic stroke is causally related to the stroke—according to Bayes
theorem (Table 2). Among patients in the lowest RoPE score cat-
egory (score <3, older patients with multiple stroke risk factors), the
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prevalence of PFO was 23%, similar to that in the general popula-
tion, suggesting a PFO-attributable fraction near zero.3® The preva-
lence of PFO in patients with cryptogenic stroke and a RoPE score
of 9 or 10 was 77%, suggesting a PFO-attributable fraction of ap-
proximately 90% in these patients.®

The RoPE score has been independently validated in studies of
patients with otherwise cryptogenic stroke.*>*3 For example, in the
ASTRAL database of 455 patients with PFO and otherwise crypto-
genic stroke, the prevalence of PFO in each RoPE score stratum was
similar to thatin the RoPE database—ranging from 23% (95% Cl, 21%-
26%) in those with a RoPE score 3 or less to 72% (95% Cl,
68%-75%) in those with a RoPE score of 9 or 10.** Because an
attributable fraction is estimated and not a directly observable quan-
tity, validation of the PFO-attributable fraction requires random-
ized data that examines the agreement between PFO-attributable
fraction and the observed relative treatment effect of PFO closure
across different RoPE strata.

Several limitations of the RoPE score have been noted. Studies
have shown that patients with high RoPE scores may have a low risk
of stroke recurrence.®® In a study of 1324 patients with PFO-
associated stroke, Kaplan-Meier estimates for stroke/TIA 2-year re-
currence rates were 2% (95% Cl, 0%-4%) in patients with a RoPE
score of 9 or 10, so the absolute benefit of PFO closure in patients
most at risk of having a recurrent PFO-attributable stroke may be
limited. Additionally, the RoPE score does not incorporate PFO ana-
tomical features associated with increased paradoxical embolism
risk***>—ie, a large shunt size (defined as >20 bubbles appearing
within the right atrium within 3 cardiac cycles after venous injec-
tion of agitated saline) and atrial septal aneurysm (defined as =10
mm of excursion of the septal wall from midline).

The PFO-Associated Stroke Causal Likelihood (PASCAL) classi-
fication system includes the RoPE score and echocardiographic find-
ings, with high-risk anatomical features defined as a large shunt
and/or an atrial septal aneurysm (Table 1, bottom). Based on the
PASCAL classification system, PFOis considered the “probable,” “pos-
sible,” or "unlikely” cause of otherwise cryptogenic stroke.

Other Potential Risk Factors for Paradoxical Embolism

Additional clinical factors not included in the RoPE score that may
be associated with increased risk of paradoxical embolism include
Valsalva at stroke onset; recent prolonged travel; sleep apnea; pres-
ence of a deep vein thrombosis or pulmonary embolism at presen-
tation; hypercoagulability; migraine; and other anatomical fea-
tures, such as the presence of a Chiari network or a Eustachian
ValVe.ﬂ'46-49

. |
Treatment of PFO-Associated Stroke

Percutaneous PFO closure is performed by insertion of a closure de-
vice via a catheter into the right atrium via the femoral vein. The
deviceis deployed across the PFO, where it covers the PFO and be-
comes integrated into the cardiac tissue over time (Figure 1).

The first 3 randomized trials of patients with PFO-associated
stroke treated with PFO closure and aspirin vs medical therapy
alone (eg, either antiplatelet or anticoagulation medications)
reported no statistically significant difference in the primary end
points of stroke, TIA, or embolic events at 2-year follow-up
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Table 1. Calculation of the RoPE Score and PASCAL Classification®

Characteristic Points
RoPE score calculator®
No history of hypertension 1
No history of diabetes 1
No history of stroke or transient ischemic attack 1
Nonsmoking 1
Cortical infarct on imaging 1
Age, y
18-29 5
30-39 4
40-49 3
50-59 2
60-69 1
270 0
Total RoPE Score (sum of individual points) X
PASCAL classification system®
High RoPE score High-risk PFO feature PFO-related
(=7) (LS and/or ASA) stroke
Absent Absent Unlikely
Absent Present
Present Absent Possible
Present Present Probable

Abbreviations: ASA, atrial septal aneurysm (defined as =10 mm of excursion
from midline); LS, large shunt (defined in the database as >20 bubbles in the left
atrium on transesophageal echocardiogram); PASCAL, PFO-Associated Stroke
Causal Likelihood; PFO, patent foramen ovale; RoPE, Risk of Paradoxical
Embolism; .

2 Adapted with permission from Neurology.>®

®The RoPE score assesses the probability that a PFO discovered in the setting of
an otherwise cryptogenic stroke was pathogenically related to the stroke
rather than an incidental finding. The RoPE score ranges from O to 10, with
scores of O to 3 indicating a negligible likelihood that the stroke is attributable
to the PFO and a score of 10 indicating an approximately 90% probability that
the stroke is attributable to the PFO.

€ PASCAL combines the RoPE score with the presence or absence of high-risk
PFO features to determine the likelihood that the PFO was causally related to
the index stroke.

(CLOSURE trial*® [909 patients]), at 2.5-year follow-up (RESPECT
trial' [980 patients]), and at 4-year follow-up (PC trial*' [914
patients]).>° However, a study of patients in the RESPECT trial at
mean follow-up of 5.9 years reported 21 additional strokes and a
recurrent ischemic stroke rate of 3.6% in the PFO closure group
(18/499 patients) vs 5.8% in the medical therapy group (28/481
patients) (hazard ratio [HR], 0.55 [95% Cl, 0.31-1.00]; P = .046).!
The extended RESPECT,*' REDUCE,? and CLOSE? trials, all pub-
lished in 2017, and the DEFENSE-PFO trial,*° published in 2018,
all reported benefit of PFO closure in patients with PFO-
associated stroke. Meta-analysis of 6 randomized trials (3560
patients) (Table 2) reported a lower rate of recurrent ischemic
stroke with PFO closure (2%) vs medical therapy alone (4.6%)
(relative risk, 0.44 [95% Cl, 0.23-0.85]; P = .01) at a median
follow-up of 57 months (IQR, 24-64).3352->4 Based on these
results, guidelines now recommend PFO closure in selected
patients (ie, aged <60 years with cryptogenic stroke).323355 The
heterogeneity in clinical trials for antithrombotic therapy regi-
mens that accompanies mechanical closure prohibits definitive
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recommendations that favors a single approach for all patients
(Table 2). Nonetheless, the European Stroke Organization guide-
lines suggest dual antiplatelet therapy for 1to 6 months following
closure, and long-term single antiplatelet therapy, in part because
the cause of the stroke is rarely certain.*

However, even after PFO closure, patients with cryptogenic
stroke and PFO have a higher stroke risk at 4-year follow-up (2.5%
[95% Cl,1.5%-4.0%)]) after closure compared with the general popu-
lation (0.4% [95% Cl, 0.3%-0.6%]: HR, 6.3 [95% CI, 3.1-12.6]).®
Stroke recurrencerisk in patients after PFO closure is associated with
cardiovascular risk factors such as age and modifiable risk factors such
as hypertension, diabetes, dyslipidemia, and smoking status,®” un-
derscoring the importance of managing vascular risk factors even
after PFO closure.

Adverse Effects of PFO Closure

PFO closure is generally considered safe but serious adverse ef-
fects may occur, including atrial fibrillation/flutter (3.7%), vascular
complications consisting of hemorrhage/hematoma and vascular
complication requiring surgical repair (3.0%), hematoma/
hemorrhage (2.7%), cardiac tamponade/perforation (0.5%), pneu-
mothorax/hemothorax (0.1%), and death (0.3%), based on a ret-
rospective cohort study using claims data from 1887 patients.”® In
ananalysis of pooled individual patient data from 6 randomized clini-
caltrials (RCTs) of device closure of PFO after stroke,>® the number
of patients experiencing any serious adverse event was similar in the
PFO closure group (28.7%) and medical therapy group (26.4%) (risk
difference, 1.97% [95% Cl, -0.89% to 4.82%]) over a median
follow-up of 57 months. However, atrial fibrillation was higherinthe
PFO closure group (5.0%) than the medical therapy group (1.1%) (risk
difference, 3.77%[95% Cl, 2.65%-4.89%]), although more than one-
half of this risk difference was due to periprocedural atrial fibrilla-
tion, which is often transient.®° The risk of atrial fibrillation onset
beyond the periprocedural period (>45 days after the procedure) was
2.4%inthe PFO closure group vs 0.8% in the medical therapy group
(risk difference, 1.38% [95% Cl, 0.56%-2.19%]1).>° Additionally, ve-
nous thromboembolism was 1.4% in the PFO closure group vs 0.5%
inthe medical therapy group (risk difference, 0.87%[95% Cl, 0.22%-
1.51%]); bleeding was similar across treatment groups (1.4% with clo-
sure vs 1.7% with medical therapy).>® Other rare potential device-
related complications that were not quantified in these trialsinclude
nitinol allergic reactions due to nickel exposure and device dislodge-
ment, fracture, and infection.

Variation in the Effects of PFO Closure Based on RoPE Score
and PASCAL Classification

The individual patient meta-analysis of 6 RCTs (n = 3740) investi-
gated the benefit of PFO closure in reducing recurrent stroke across
the RoPE score and the PASCAL classification system.>® In this pooled
analysis, the annualized incidence of stroke over a median follow-up
of 57 months was 0.47% (95% Cl, 0.35%-0.65%) with PFO closure
vs1.09% (95% Cl, 0.88%-1.36%) with medical therapy (adjusted HR,
0.41[95% Cl, 0.28-0.60]). For patients with a higher risk of para-
doxical embolus as the cause of their stroke (RoPE score =7), the
relative reduction in the rate of recurrent stroke was significantly
greater (HR, 0.21[95% Cl, 0.11-0.42]) compared with patients with
alower risk of paradoxical embolus as the cause (RoPE score <7; HR,
0.61[95%Cl, 0.37-1.00]; P = .02). (Figure 2).>° The reduction in risk
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of recurrent stroke is similar to the calculated attributable fractions
of 40% in those with RoPE scores less than 7 and 80% in those with
ROPE scores 7 or greater (Table 2).596162

Using the PASCAL classification system (Table 1, bottom), among
patients classified as PASCAL "probable” based on the presence of
high-risk anatomical features and a high RoPE score, PFO closure was
associated with a 90% relative decrease in the rate of stroke recur-
rence over a median 57 months (HR, 0.10 [95% Cl, 0.03-0.35]; ab-
soluterisk reduction, 2.1%[95% Cl, 0.9%-3.4%)]) (Figure 2A). PASCAL
"possible” patients had an intermediate degree of relative benefit
(HR, 0.38[95% Cl, 0.22-0.65]), although similar to PASCAL "prob-
able” patients on the clinically important absolute scale—with a 2-year
risk difference in recurrent stroke with closure of approximately
2% in both the PASCAL “probable” and "possible” categories™®
(Figure 2B). In contrast, patients in the PASCAL "unlikely” category
had noreductionintherate of recurrent stroke with PFO closure (HR,
114 [95% Cl, 0.53-2.46]). The difference in effects across PASCAL
strata was highly statistically significant (P = .003 over a median
follow-up of 57 months).

Rates of device-related safety outcomes have been reported to
be higher in the PASCAL "unlikely” group than in the “probable” or
“possible” groups. For example, in the pooled analysis of 6 RCTs, the
absolute risk increase of postperiprocedural atrial fibrillation
(occurring >45 days after randomization) over a median follow-up
of 57 months was 4.41% (95% Cl, 1.02%-7.80%) in the PASCAL
"unlikely” category, 1.53% (95% Cl, 0.33%-2.72%) in the "possible”
category, and 0.65% (95% Cl, -0.41% to 1.71%) in the "probable”
category. The increased risk of atrial fibrillation among device-
treated patients in the PASCAL "unlikely” category likely is due to
their older age and increased vascular risk factors, which are asso-
ciated with procedure-related atrial fibrillation.**

While the PASCAL classification system considers a large shunt
oran atrial septal aneurysm as high-risk anatomical features for PFO,
a pooled analysis of 6 trials (n = 3740) indicated that patients with
both of these high-risk PFO features received the most benefit from
PFO closure.®3 These patients had both the highest recurrence rate
with medical therapy (5.9% at 2 years) and the lowest recurrence
with closure (0.4% at 2 years). At 2 years, their absolute risk reduc-
tion of recurrent stroke was 5.5% (95% Cl, 2.7%-8.3%), compared
with1.0% in patients with only 1or none of these high-risk features.

Medical Therapy (Anticoagulants and Antiplatelet
Medications)

A meta-analysis of 6 RCTs (1961 patients) compared anticoagu-
lants with antiplatelet therapies in patients with PFO-associated
stroke; 2 studies assessed warfarin vs aspirin, and 4 assessed direct
oral anticoagulants vs aspirin. Across these studies, anticoagula-
tion with warfarin or direct oral anticoagulants was associated with
alowerrisk for recurrent ischemic stroke (3.2%) compared with an-
tiplatelet therapy (5.5%; relative risk, 0.59 [95% Cl, 0.35-0.98];
P=.04).5%

Of the 6 randomized trials examining PFO closure vs medical
therapy for prevention of recurrent stroke, 4 trials allowed investi-
gators to select the medical therapy (antiplatelet therapy or antico-
agulation with warfarin), 1trial (REDUCE) had protocol-driven an-
tiplatelet therapy, and 1trial (CLOSE) randomized medically treated
patients to anticoagulants or antiplatelet medications. Approxi-
mately three-fourths of medically treated patients in the 6 trials
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Figure 2. Recurrent Ischemic Stroke Heterogeneity of Treatment Effect (HTE) Analyses for RoPE and PASCAL

m Hazard ratios of the primary outcome of recurrent ischemic stroke
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Statistically significant heterogeneous treatment effects of patent foramen
ovale (PFO) closure were seen for patients subgrouped both by Risk of
Paradoxical Embolism (RoPE) Score and by PFO-Associated Stroke Causal
Likelihood (PASCAL). The hazard ratios observed by RoPE strata correspond
very closely to anticipated relative event rate reductions shown in Table 1.
Patients classified as PASCAL “unlikely” do not benefit from PFO closure. The
hazard ratios in this figure are adjusted for age, sex, prior myocardial infarction,

diabetes, hypertension, hyperlipidemia, prior stroke or transient ischemic
attack, smoking status, index event (stroke vs transient ischemic attack), atrial
septal aneurysm, shunt size, and superficial infarction on neuroimaging.
Two-year absolute risk reductions are calculated as differences in Kaplan-Meier
event rates at 2 years.

Republished from JAMA.>°

received antiplatelet therapy. Thus, the comparative effectiveness
of PFO closure vs anticoagulation alone remains uncertain and war-
rants further study.

Consideration of PFO Closure in Patients Older Than 60 Years
Although PFO closure in patients 60 years or younger with PFO-
associated stroke is associated with decreased risk of stroke, the po-
tential benefit in older patients is uncertain. Among the 6 random-
ized trials, only 1 trial enrolled patients older than 60 years, and
the small sample size (34 older patients, only 13 of whom under-
went PFO closure) precluded conclusive results.®® The potential ben-
efits of PFO closure in older patients is an area of active investiga-
tion, with at least 1 ongoing RCT.®®

There have been 2 observational studies using propensity
score approaches.®”%8 |n an analysis of 130 propensity-matched
pairs of patients, PFO closure was associated with a significantly
lower risk of a composite outcome of ischemic stroke or TIA, with
an incidence of 4.25 (95% Cl, 2.77-6.53) per 100 person-years with
medical therapy and 2.10 (95% Cl, 1.05-4.19) per 100 patient-years
with PFO closure (HR, 0.45 [95% Cl, 0.24-0.84]; P = .01).°° A
propensity-matched cohort study including 5508 Medicare benefi-
ciaries (device, n = 1132; control, n = 4376) with a median age of 71
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years (IQR, 67-75) and a median follow-up of 2.58 years (IQR,
1.17-3.97)%8 also reported a significantly lower risk of recurrent
ischemic stroke in the PFO closure group (1.65 [95% Cl, 1.18-2.13]
per 100 patient-years) compared with the medically treated con-
trol group (2.66 [95% Cl, 2.33-3.00] per 100 patient-years) (HR,
0.62 [95% Cl, 0.44-0.88]; P = .007). However, both of these stud-
ies had biases that may have favored the device group. The former
study did not use a similarly defined time zero across study groups
(so-called "immortal time bias"®®). The latter study used “real world
data” that did not permit identification of cryptogenic strokes, and
there were imbalances between study groups, as reflected in mor-
tality outcomes.

Inthe absence of clear evidence, some guidelines, such as those
from the American Academy of Neurology, suggest that PFO clo-
sure may be reasonable for patients aged 60 to 65 years who have
high-risk PFO features such as a large shunt and an atrial septal an-
eurysm, despite RoPE score less than 7.5°7°

Choice of Closure Device and Future Directions

Most current PFO closure devices are double-disk occluders.
There are no trials comparing US Food and Drug Administration-
approved devices with respect to efficacy and safety; observational
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data and meta-analyses do not provide consistent conclusions fa-
voring one over another.”'”7>

Several new device types are under development, including bio-
absorbable double-disk devices that endothelialize and biode-
grade after placement.”® Additionally, a new suture-mediated tech-
nique, which may avoid nitinol allergic reactions, as well as other
device-related complications, such as dislodgement, fracture, in-
fection, and atrial fibrillation, is under evaluation.”” This technique
may also be used to close residual defects from failed device
closures.”®

|
Areas of Uncertainty and Practical Considerations

First, PFO closure is associated with an increased risk of periproce-
dural atrial fibrillation, which is often transient and resolves
spontaneously; it is unclear if these patients should receive
anticoagulation.”® Second, it is also uncertain if patients with tran-
sient ischemic attack should undergo PFO closure because these
individuals have not been included in most RCTs investigating PFO
closure. Third, because a PFO leads to right-to-left shunting, iden-
tification of venous thromboembolism may increase the possibility
that the PFO is causally associated with stroke. In studies of pa-
tients with PFO and cryptogenic stroke who underwent workup, the

Review Clinical Review & Education

frequency of deep venous thrombosis (DVT) ranged between 7%
and 27%.”° Presence of DVT is not currently included in risk strati-
fication scores for PFO-associated stroke, and there are no high-
quality data on the utility of screening for DVT in these patients. How-
ever, early evaluation for DVT, including lower extremity doppler and
consideration of pelvic magnetic resonance venography, has been
recommended by society guidelines.3?

Limitations

This review has limitations. First, the quality of the included studies
was not formally evaluated. Second, relevant studies may have been
missed. Third, included studies had variability in the diagnostic
workup of ischemic stroke, which resulted in substantial heteroge-
neity across studies.

. |
Conclusions

PFO is present in approximately 25% of all adults and is a common
cause of stroke in young and middle-aged patients. Percutaneous
PFO closure substantially reduces the risk of stroke recurrence in
younger patients after an otherwise cryptogenic stroke. The PASCAL
Classification System can help guide patient selection for PFO clo-
sure to optimize benefits and minimize adverse events.
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