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Closure, Anticoagulation, or Antiplatelet Therapy for Cryptogenic Stroke
With Patent Foramen Ovale: Systematic Review of Randomized Trials,
Sequential Meta-Analysis, and New Insights From the CLOSE Study

Guillaume Turc, MD, PhD; David Calvet, MD, PhD; Patrice Guérin, MD, PhD; Marjorie Sroussi, MD; Gilles Chatellier, MD, PhD;
Jean-Louis Mas, MD; on behalf of the CLOSE Investigators*

Background—We conducted a systematic review and meta-analysis of randomized controlled trials (RCTs) comparing patent
foramen ovale (PFO) closure, anticoagulation, and antiplatelet therapy to prevent stroke recurrence in patients with PFO-associated
cryptogenic stroke.

Methods and Results—We searched Medline, Cochrane Library, and EMBASE through March 2018. The primary outcome was stroke
recurrence. Pooled incidences, hazard ratios, and risk ratios (RRs) were calculated in random-effects meta-analyses. PFO closure was
associated with a lower risk of recurrent stroke compared with antithrombotic therapy (antiplatelet therapy or anticoagulation: 3560
patients from 6 RCTs; RR=0.36, 95% Cl: 0.17—0.79; 1>=59%). The effect of PFO closure on stroke recurrence was larger in patients with
atrial septal aneurysm or large shunt (RR=0.27, 95% Cl, 0.11-0.70; 1>=42%) compared with patients without these anatomical
features (RR=0.80, 95% Cl, 0.43—1.47; 1>=12%). Major complications occurred in 2.40% (95% Cl, 1.03—4.25; 1?=77%) of procedures.
New-onset atrial fibrillation was more frequent in patients randomized to PFO closure versus antithrombotic therapy (RR=4.33, 95%
Cl, 2.37-7.89; 1°=14%). One RCT compared PFO closure versus anticoagulation (353 patients; hazard ratio=0.14, 95% Cl, 0.00—1.45)
and 2 RCTs compared PFO closure versus antiplatelet therapy (1137 patients; hazard ratio=0.18, 95% Cl, 0.05-0.63; I>=12%). Three
RCTs compared anticoagulation versus antiplatelet therapy, with none showing a significant difference.

Conclusions—PFO closure is superior to antithrombotic therapy to prevent stroke recurrence after cryptogenic stroke. The annual
absolute risk reduction of stroke was low, but it has to be tempered by a substantial time at risk (at least 5 years) in young and
middle-aged patients. PFO closure was associated with an increased risk of atrial fibrillation. (/ Am Heart Assoc. 2018;7:
€008356. DOI: 10.1161/JAHA.117.008356.)
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D espite extensive pathogenic workup, approximately one
third of acute ischemic strokes are classified as
cryptogenic.” Observational studies have demonstrated a
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strong association between patent foramen ovale (PFO) and
cryptogenic stroke,®* suggesting that paradoxical embolism
through a PFO may be an important cause of otherwise
unexplained ischemic strokes, notably in younger patients.*®
Three randomized controlled trials (RCTs) published in 2012
and 2013 (CLOSURE | (STARFlex Septal Closure System in
Patients with a Stroke and/or Transient Ischemic Attack due
to Presumed Paradoxical Embolism through a Patent Foramen
Ovale),” PC Trial (Clinical Trial Comparing Percutaneous
Closure of Patent Foramen Ovale Using the Amplatzer PFO
Occluder with Medical Treatment in Patients with Cryptogenic
Embolism),® and RESPECT (Randomized Evaluation of Recur-
rent Stroke Comparing PFO Closure to Established Current
Standard of Care Treatment)’) failed to demonstrate the
superiority of PFO closure over antithrombotic therapy
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Clinical Perspective

What Is New?

» This systematic review and meta-analysis of randomized
controlled trials revealed that in patients 60 years or
younger presenting with cryptogenic stroke and a patent
foramen ovale (PFO), PFO closure was associated with a
lower rate of recurrent stroke compared with medical
therapy.

Although a 60% reduction in the risk of recurrent stroke was
observed after PFO closure, the annual absolute risk
reduction was low (1.0/100 person-years).

Patients with an associated atrial septal aneurysm or a large
shunt seemed to benefit more from PFO closure.

* PFO closure was associated with an increased risk of new-

onset atrial fibrillation.

What Are the Clinical Implications?

* There is now enough evidence to conclude that PFO closure
is superior to antithrombotic therapy to prevent stroke
recurrence after confirmed cryptogenic stroke in carefully
selected patients aged up to 60 years.

(antiplatelet therapy or anticoagulants) to prevent recurrent
stroke. Recently, the long-term analysis of the RESPECT trial '
and 3 other RCTs (Gore REDUCE (Gore Helex septal occluder
and antiplatelet medical management for reduction of
recurrent stroke or imaging-confirmed transient ischemic
attack in patients with patent foramen ovale),'" CLOSE
(Patent Foramen Ovale Closure or Anticoagulants versus
Antiplatelet Therapy to Prevent Stroke Recurrence),'” and
DEFENSE-PFO (Device Closure Versus Medical Therapy for
Cryptogenic Stroke Patients With High Risk Patent Foramen
Ovale)'®) reported a lower incidence rate of recurrent stroke
in patients randomized to PFO closure compared with
controls. We performed a systematic review and meta-
analysis of all randomized data allowing the direct comparison
of PFO closure, anticoagulation, and antiplatelet therapy to
prevent recurrent stroke in patients with cryptogenic stroke
and PFO. To this aim, we included published data from all
RCTs and unpublished data from the 3-arm CLOSE trial,
allowing head-to-head comparison of all the abovementioned
therapeutic strategies and calculation of the absolute risk of
stroke and corresponding number needed to treat. Because
traditional updated meta-analyses may sometimes lead to
false-positive results due to repeated significance testing,'*
we performed trial sequential analyses (TSA), a method similar
to interim analyses of a single RCT, in order to determine
whether enough evidence has been obtained to reach a
conclusion. "¢

Methods

The present study was prepared in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Statement.'” Upon request, the data,
analytic methods, and study materials will be made available
to other researchers for purposes of reproducing the results
or replicating the procedure. The analytic plan was prespec-
ified, but the study protocol was not registered. The following
comparisons were planned: PFO closure versus antithrom-
botic therapy (antiplatelet therapy or anticoagulation), PFO
closure versus antiplatelet therapy, PFO closure versus
anticoagulation, and anticoagulation versus antiplatelet ther-
apy. The end points of interest for the present meta-analysis
were defined before starting the literature search. Our primary
end point was fatal or nonfatal recurrent stroke.'' Secondary
end points were occurrence of a transient ischemic attack
(TIA),"® all-cause mortality, major bleeding, major procedural
complication, and new-onset atrial fibrillation.

Study Selection, Data Extraction, and Quality
Assessment

Studies eligible for the systematic review and meta-analysis
were RCTs published in any language comparing at least 2 of
the 3 following therapeutic strategies for preventing recurrent
stroke in patients with PFO and cryptogenic stroke or TIA:
transcatheter PFO closure, anticoagulation, and antiplatelet
therapy. We searched Medline, the Cochrane Library, and
EMBASE for articles published between January 1990 and
March 2018, using the terms and search strategy detailed in
Table S1. Two investigators (G.T., D.C.) independently
screened the titles and abstracts of all records, excluded
irrelevant articles, and obtained the full texts of the remaining
articles to identify those studies meeting the inclusion
criteria. Using standardized forms, relevant data for the
meta-analysis were independently extracted by the same
investigators, in duplicate (Table and Table S2). Subsequently,
the Cochrane Collaboration’s tool was used to assess the risk
of selection, performance, detection, attrition, and reporting
biases among the included RCTs."'? Trials with more than 2
and 4 high-risk components were considered as having a
moderate and high risk of bias, respectively.?°

Data Synthesis and Meta-Analysis

To take into account the time-to-event nature of the data, we
planned to use the hazard ratio (HR) as principal summary
measure. However, whenever no HR was reported, we
calculated the risk ratio (RR) based on count data. HRs were
obtained from the main articles or supplemental appendixes
of published studies. We also performed a post hoc analysis of
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the CLOSE trial to compare patients randomized to PFO
closure versus oral anticoagulation (intention-to-treat cohort).
For this analysis, survival curves were estimated with the
Kaplan—Meier method and HR with 95% confidence interval
(Cl) was calculated with a Cox model with Firth’s penalized
likelihood method.

For each end point of the present meta-analysis, the HRs
or RRs in the intention-to-treat population of each study and
their corresponding 95% CI were pooled. We decided a priori
to use a random-effects model to calculate pooled estimates
because we assumed that the true effect size might differ
from trial to trial, as by design the following factors differed
across studies: (1) devices used in the intervention group;
(2) type of antithrombotic medication in the control group;
and (3) inclusion criteria regarding the anatomy of PFOs. The
DerSimonian and Laird method was used for the main
analyses.”’ However, because most of the meta-analyses
relied on studies with few events, which may lead to a too-
narrow coverage for the overall Cls, we performed sensitivity
analyses based on likelihood approaches (Table $3).2% Hetero-
geneity across studies was assessed using Cochran’s Q
(reported as a P value) and the |2 statistics. Heterogeneity was
classified as moderate (1%>30%), substantial (I>>50%), or
considerable (1>75%).7 Potential sources of heterogeneity
were investigated by (1) stratifying studies according to the
type of medical treatment in the control group (antithrombotic
therapy or antiplatelet therapy alone); (2) conducting a
subgroup analysis based on PFO anatomical features
(higher-risk PFOs, defined as PFO associated with atrial
septal aneurysm or large shunt,®** versus lower-risk PFOs);
and (3) by meta-regression. Potential publication bias was
investigated using funnel plots and Egger’s test.?

Trial Sequential Analysis

We performed a TSA whenever our meta-analysis suggested
the superiority of one therapeutic strategy over another.
Indeed, traditional meta-analytic methods may sometimes lead
to false-positive results, especially when pooled estimates are
updated with the publication of new trials in cumulative meta-
analyses.'* The aim of this approach is to determine whether
enough evidence has been obtained to reach a conclusion
regarding the superiority of one treatment over another, or if a
new RCT addressing the same comparison should be under-
taken.'®1° Briefly, in TSA, a cumulative meta-analysis of RCTs
is similar to several interim analyses of a single RCT, with the
construction of specific trial sequential monitoring boundaries
by using the Lan—DeMets o spending function approach.'® '
In the present TSA, the low-bias heterogeneity-adjusted
information size method was used to determine the required
information size.?® A description of the interpretation of the
TSA plot to determine whether a given meta-analysis would

correspond to a false-positive, true-positive, false-negative, or
true-positive result is provided in Figure S1.

Pooling Incidence Rates and Calculation of
Number Needed to Treat

Incidence rates (absolute risks) of stroke recurrence per
100 person-years in each treatment arm were obtained
from published (CLOSURE I, PC Trial, RESPECT, Gore
REDUCE) or unpublished data (CLOSE). For the DEFENSE-
PFO trial, the number of person-years during the first
2 years of follow-up was estimated using the published
Kaplan—Meier curve with the respective number of patients
at risk at each time point. The 95% Cl of the incidence was
calculated using the Wilson method.”” Estimates of the
incidence of recurrent stroke were pooled after Freeman—
Tukey double arcsine method and then back transformed
onto the original scale.”® The number needed to treat (with
its 95% Cl) to prevent 1 recurrent stroke during 1 person-
year exposure was calculated based upon the pooled
incidence of recurrent stroke in the antithrombotic group
and the pooled risk ratio for stroke recurrence (PFO closure
versus antithrombotic therapy).?’

In patients allocated to PFO closure, the incidence rates of
any new-onset atrial fibrillation and of major procedural
complication (as defined in each study’s protocol) were
calculated for 100 patients treated. Regarding the incidence
of new-onset atrial fibrillation, we performed an exploratory
analysis based on the type of PFO closure device by pooling
published data from CLOSURE |, PC Trial, RESPECT, Gore
REDUCE, and DEFENSE-PFO with unpublished data from
CLOSE, in which the choice of the device was left to the
discretion of the investigator. Statistical analysis was per-
formed using STATA 11.0 (Statacorp), SAS 9.4 (Cary, NC), and
R 3.4.1 (R Foundation for Statistical Computing).

Results

The PRISMA flowchart of literature search and study selection
is presented in Figure S2. We identified 9 articles reporting
the results of 8 different RCTs meeting the inclusion
criteria.” '#3%3"  Four studies (CLOSURE I,/ PC trial,®
RESPECT,'® and DEFENSE-PFO '®) compared PFO closure with
antithrombotic therapy (oral anticoagulation or antiplatelet
therapy at the discretion of the investigator). Two studies
(Gore REDUCE'" and CLOSE'?) compared PFO closure with
antiplatelet therapy. The CLOSE study also allowed the post
hoc comparison of PFO closure versus anticoagulation. Three
studies (PICSS (Patent foramen ovale in cryptogenic stroke
study),®° Shariat et al,>' and CLOSE'?) compared oral antico-
agulation with antiplatelet therapy.
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PFO Closure Versus Antithrombotic Therapy

The meta-analysis of PFO closure versus antithrombotic
therapy comprised a total of 3560 patients from 6
studies.”®%7'3 Key features of the design of included trials
are summarized in Table. The upper age limit for enrollment
was 60 years in all trials except DEFENSE-PFO, and median
follow-up duration ranged from 2 to 5.9 years (Table S2).
Three trials (PC Trial,® RESPECT,'® and DEFENSE-PFO'®) used
the Amplatzer occluder device, the CLOSURE | study used the
Starflex device,” the Gore REDUCE study used the Cardioform
or Helex device,'! and choice of the device was left to the
discretion of the investigator in the CLOSE trial.'? For this
analysis, the comparator was the one used in the design of
each study: antiplatelet therapy or/and anticoagulation at the
discretion of the investigator in CLOSURE |, PC Trial,
RESPECT, and DEFENSE-PFO; antiplatelet therapy in CLOSE
and Gore REDUCE.

We did not find evidence of publication bias. Overall, none
of the included studies was considered to be at high risk of
bias (Figure S3). There was no blinding of participants and
personnel to the treatment arm, but outcomes were
adjudicated in a blinded fashion in all studies except in
the DEFENSE-PFO trial, for which this point was not
specified in the original publication.13 The risk of attrition
bias was judged sizeable in 3 of 6 studies, because of a
relatively high dropout rate (>10%) in comparison to the low
incidence of recurrent stroke, and a differential dropout rate
between the closure and medical therapy arms.®'®'" A
possible selective reporting bias could not be excluded in
the PC Trial because the Clinical Events Committee
discounted potential primary end point events more often
in the antithrombotic therapy group than in the PFO closure
group.®3?

Recurrent stroke

A total of 37 strokes occurred among 1889 patients
randomized to PFO closure, compared with 79 strokes among
1671 patients randomized to antithrombotic therapy (pooled
RR 0.36, 95% Cl, 0.17-0.79, P=0.01; 1>=59%; Figure 1A). In
the trial sequential analysis (Figure 2), the cumulative Z score
curve crossed the monitoring boundary, suggesting a “true-
positive” result regarding the superiority of PFO closure over
medical therapy (Figure S1).2¢ The HR for stroke recurrence
was provided in 5 out of 6 RCTs (pooled HR 0.40, 95% ClI,
0.20-0.82, P=0.01; 1>=54%; Figure 1B).””®'°"'2 The random-
effects pooled incidence of stroke recurrence per 100 per-
son-years was 0.29 (95% Cl, 0.02—0.76; 1>=83%) in the PFO
closure group (Figure S4) and 1.27 (95% Cl, 0.84-1.78;
1?=53%) in the antithrombotic therapy group (Figure S5). The
number needed to treat to prevent 1 recurrent stroke during
1 person-year of follow-up was 131 (95% Cl, 101-400).

There was no significant difference in the effect of PFO
closure in studies where only antiplatelet therapy, as opposed to
any antithrombotic medication, was allowed in the control group
(random-effects meta-regression: P=0.16). In a subgroup anal-
ysis restricted to studies in which only antiplatelet medication
was allowed (Gore REDUCE'' and CLOSE'?), PFO closure
remained superior to antiplatelet therapy (pooled HR 0.18, 95%
Cl, 0.05-0.63, P=0.007, I2=12%; Figure 1B). This result was
confirmed by the cumulative Z score curve crossing the
monitoring boundary in trial sequential analysis (data not shown).

There was a significant difference in the effect of PFO
closure to prevent stroke recurrence in patients with higher-
risk anatomical features (atrial septal aneurysm or large
shunt, Table S4), as opposed to patients without (Figure 3;
random-effects meta-regression: P=0.01). In patients with
higher-risk anatomical features, the pooled RR for PFO closure
was 0.27 (95% Cl, 0.11-0.70, P=0.01; I2:42%), whereas it
was 0.80 (95% Cl, 0.43-1.47, P=0.41; 1>=12%) in patients
with lower-risk anatomical features.

Transient ischemic attack

A total of 64 TIAs occurred among 1889 patients randomized
to PFO closure, compared with 64 TIAs among 1671 patients
randomized to medical therapy (pooled RR 0.85, 95% ClI,
0.60-1.21, P=0.38; I’=0%; Figure S6).

All-cause mortality and major bleeding

Vital status was available for 1844 patients randomized to
PFO closure and 1667 patients randomized to antithrombotic
therapy, of whom 13 and 15 died during follow-up, respec-
tively (pooled RR 0.79, 95% Cl, 0.39-1.60, P=0.51; 1°=0%;
Figure S7). No death was related to the occurrence of a stroke
or a procedural complication. Major bleeding occurred in 34
out of 1820 patients randomized to PFO closure versus 28 out
of 1583 patients randomized to antithrombotic therapy
(pooled RR 0.97, 95% Cl, 0.43-2.20, P=0.94; 1°>=37%;
Figure S8).

Major procedural complications and new-onset atrial
fibrillation

Major procedural complications occurred in 52 out of 1844
patients randomized to PFO closure (random-effects pooled
incidence per 100 patients treated: 2.40, 95% CI, 1.03—4.25;
1?=77%, Figure S$9). New-onset atrial fibrillation (irrespective of
its duration) was present in 93 out of 1844 patients
randomized to PFO closure versus 17 out of 1667 patients
randomized to antithrombotic therapy (pooled RR 4.33, 95%
Cl, 2.37-7.89, P<0.001; I>=14%; Figure S10). An exploratory
analysis of the random-effects pooled incidence of new-onset
atrial fibrillation according to the type of PFO closure device is
presented in Figure S11. The pooled incidence of new-onset
atrial fibrillation per 100 patients treated was 4.56 (95% Cl,
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Figure 1. Pooled risk ratio (A) and hazard ratio (B) of recurrent stroke in patients randomized to PFO closure vs antithrombotic
therapy (random-effects meta-analysis). The closure and antithrombotic columns denote the number of events divided by the total
number of patients in each treatment group. The DEFENSE-PFO trial was not included in (B) because no HR was reported in the
original publication. Cl indicates confidence interval; CLOSE, Patent Foramen Ovale Closure or Anticoagulants versus Antiplatelet
Therapy to Prevent Stroke Recurrence; CLOSURE |, STARFlex Septal Closure System in Patients with a Stroke and/or Transient
Ischemic Attack due to Presumed Paradoxical Embolism through a Patent Foramen Ovale; DEFENSE-PFO, Device Closure Versus
Medical Therapy for Cryptogenic Stroke Patients With High-Risk Patent Foramen Ovale; Gore REDUCE, Gore Helex septal occluder and
antiplatelet medical management for reduction of recurrent stroke or imaging-confirmed transient ischemic attack in patients with
patent foramen ovale; HR, hazard ratio; PC trial, Clinical Trial Comparing Percutaneous Closure of Patent Foramen Ovale Using the
Amplatzer PFO Occluder with Medical Treatment in Patients with Cryptogenic Embolism; PFO, patent foramen ovale; RESPECT,
Randomized Evaluation of Recurrent Stroke Comparing PFO Closure to Established Current Standard of Care Treatment; RR, risk ratio.
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Figure 2. Trial sequential analysis of the risk of recurrent stroke
in patients randomized to PFO closure vs antithrombotic therapy.
The cumulative Z-curve crosses the monitoring boundary (red
dashed line) before reaching the required information size (RIS,
red vertical line), providing evidence for the superiority of PFO
closure over antithrombotic therapy to prevent recurrent stroke.?®
CLOSE indicates Patent Foramen Ovale Closure or Anticoagulants
versus Antiplatelet Therapy to Prevent Stroke Recurrence;
CLOSURE |, STARFlex Septal Closure System in Patients with a
Stroke and/or Transient Ischemic Attack due to Presumed
Paradoxical Embolism through a Patent Foramen Ovale;
DEFENSE-PFO, Device Closure Versus Medical Therapy for
Cryptogenic Stroke Patients With High-Risk Patent Foramen
Ovale; Gore REDUCE, Gore Helex septal occluder and antiplatelet
medical management for reduction of recurrent stroke or imaging-
confirmed transient ischemic attack in patients with patent
foramen ovale; PC trial, Clinical Trial Comparing Percutaneous
Closure of Patent Foramen Ovale Using the Amplatzer PFO
Occluder with Medical Treatment in Patients with Cryptogenic
Embolism; PFO, patent foramen ovale; RESPECT, Randomized
Evaluation of Recurrent Stroke Comparing PFO Closure to
Established Current Standard of Care Treatment.

3.58-5.63; 1°=1%). The pooled incidence of new-onset atrial
fibrillation per 100 patients treated with nitinol double disk
devices (Amplatzer or Figulla Flex Il) was 3.65 (95% Cl, 2.48—
5.01; 1>=0%), compared with 5.61 (95% Cl, 4.11-7.29; 1?=0%)
for patients treated with other devices (P=0.02 for compar-
ison). A descriptive summary of the occurrence of new-onset
atrial fibrillation in the 6 RCTs is presented in Table S5.
Altogether, 93 patients randomized to the PFO closure group
had new-onset atrial fibrillation, 5 of whom had a recurrent
stroke. Atrial fibrillation was considered to be transient in
most instances (Table S5).

PFO Closure Versus Anticoagulation

The 3-arm CLOSE study was the only one in which patients
were randomized to PFO closure or oral anticoagulation, but
the head-to-head comparison of these 2 groups was not
prespecified in the study statistical analysis plan.®* The

baseline characteristics of patients randomized to PFO
closure (n=173) and anticoagulation (n=180) were similar
and have been described in the supplemental appendix of the
original publication.'? In the anticoagulation group, 3 patients
had a recurrent stroke over a follow-up of 967 patient-years,
compared with none in the PFO Closure group over a follow-
up of 963 patient-years (intention-to-treat analysis). The
Kaplan—Meier cumulative estimates of the probability of
stroke-free survival are presented in Figure 4 (log-rank test:
P=0.08). In Cox regression, the corresponding HR was 0.14
(95% Cl, 0.00—1.45; P=0.26). Subgroup analyses based on the
type of oral anticoagulant (vitamin K antagonists or direct oral
anticoagulants) could not be conducted because of the small
number of patients taking direct oral anticoagulants (n=13;
7.2%).

Anticoagulation Versus Antiplatelet Therapy

The PICSS study evaluated transesophageal echocardio-
graphic findings in patients randomly assigned to warfarin
or aspirin in the Warfarin-Aspirin Recurrent Stroke Study.*° Of
the 630 patients with stroke enrolled, 98 patients had a
cryptogenic stroke associated with a PFO. Four of the 42
patients randomized to warfarin met the primary end point of
recurrent stroke or death at 2 years, versus 10 out of the 56
patients randomized to aspirin (HR 0.52, 95% Cl, 0.16—1.67,
P=0.28). No separate information on recurrent stroke was
provided, and this study was therefore not included in a meta-
analysis. In a single-center randomized controlled trial, Shariat
et al compared warfarin and aspirin in patients with PFO and
cryptogenic stroke or TIA.3" Five of 21 patients randomized to
warfarin had a recurrent stroke or TIA versus 2 of 23 patients
randomized to aspirin (HR 0.33, 95% Cl, 0.06—1.7). No
separate information on recurrent stroke was provided, and
this study was therefore also not included in a meta-analysis.
In the CLOSE trial, the comparison of anticoagulation versus
antiplatelet therapy was prespecified. As previously reported,
in the intention-to-treat analysis, 3 out of 187 patients
(1011 patient-years) in the anticoagulation group had a
recurrent stroke, versus 7 out 174 patients (926 patient-
years) in the antiplatelet therapy group (HR 0.44, 95% ClI,
0.11-1.48)."?

Discussion

In our meta-analysis that included 3560 patients enrolled in 6
RCTs, patients <60 years of age with a cryptogenic ischemic
stroke and a PFO had a 64% lower risk of stroke recurrence
when assigned to the PFO closure group than to the
antithrombotic group. Our trial sequential analysis provides
further support to the argument that this conclusion is not a
false-positive result. Indeed, concluding that a cumulative
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Figure 3. Pooled risk ratio of recurrent stroke in patients randomized to PFO closure vs antithrombotic therapy, according to PFO anatomical
features (random-effects meta-analysis). For the present meta-analysis, we defined higher-risk anatomical features as follows (Table S4): For
CLOSURE I, PC trial and RESPECT: presence of an atrial septal aneurysm (ASA), regardless of shunt size, For CLOSE and DEFENSE-PFO: presence
of an ASA and/or a large shunt (i.e., all included patients), For Gore REDUCE: moderate or large shunt (Nota bene: presence or absence of ASA
could not be analyzed because it was not recorded in patients randomized to the antiplatelet group). Number of recurrent strokes in each group
were extracted from the original publications of the randomized trials or calculated using published data by Kent et al.** The Closure and
Antithrombotic columns denote the number of events divided by the total number of patients in each treatment group. Cl indicates confidence
interval; CLOSE, Patent Foramen Ovale Closure or Anticoagulants versus Antiplatelet Therapy to Prevent Stroke Recurrence; CLOSURE |,
STARFlex Septal Closure System in Patients with a Stroke and/or Transient Ischemic Attack due to Presumed Paradoxical Embolism through a
Patent Foramen Ovale; DEFENSE-PFO, Device Closure Versus Medical Therapy for Cryptogenic Stroke Patients With High-Risk Patent Foramen
Ovale; Gore REDUCE, Gore Helex septal occluder and antiplatelet medical management for reduction of recurrent stroke or imaging-confirmed
transient ischemic attack in patients with patent foramen ovale; PC trial, Clinical Trial Comparing Percutaneous Closure of Patent Foramen Ovale
Using the Amplatzer PFO Occluder with Medical Treatment in Patients with Cryptogenic Embolism; PFO, patent foramen ovale; RESPECT,
Randomized Evaluation of Recurrent Stroke Comparing PFO Closure to Established Current Standard of Care Treatment; RR, risk ratio.

meta-analysis is significant at the wusual nominal 0.05
threshold may correspond to a false-positive result when
the required information size has not been reached, as in the
present study.'® By contrast, the TSA provides an adjusted,
more stringent level of statistical significance, in order to limit
the risk of type | error.”> The absolute risk of stroke
recurrence was low in both groups: 0.29 and 1.27 per
100 person-years in the closure group and the antithrombotic
group, respectively. This absolute difference translates into a
number needed to treat to prevent 1 recurrent stroke at
1 year of 131. This may seem like a sizeable number but it
has to be tempered by a substantial time at risk in those
young and middle-aged patients. Indeed, although there are
currently no data available regarding the very long-term risk
(>10 years) of stroke recurrence in patients with PFO-
associated “cryptogenic” stroke, a follow-up of 5 years or
more was achieved in more than 50% of patients enrolled in

RESPECT and CLOSE. In those studies, the Kaplan—Meier
curve of the antithrombotic therapy group did not suggest a
decline in the rate of recurrent stroke over time.

In line with subgroup analyses from the RESPECT trial, our
meta-analysis suggests that patients with atrial septal
aneurysm or large shunt may benefit more from PFO closure
than patients without those anatomical features. This finding
has pathophysiological plausibility, because it has been
suggested that increased septal mobility may enhance the
probability of paradoxical embolism by mechanically directing
blood flow from the inferior vena cava into the PFO.%° It has
also been shown that patients with both PFO and atrial septal
aneurysm constitute a subgroup at substantial risk for
recurrent stroke, compared with patients with PFO alone.®
Considering the low incidence rate of recurrent stroke in
patients with cryptogenic stroke and PFO, closure confined to
selected patients with anatomical features associated with a
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Kaplan—-Meier cumulative estimates of the probability of stroke
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Figure 4. Kaplan—Meier cumulative estimates of the probability of recurrent stroke in patients
randomized to PFO closure vs anticoagulation therapy in the CLOSE trial. This post hoc analysis was
performed in the intention-to-treat cohort. The inset shows the same data on an enlarged y axis. Cl
indicates confidence interval; CLOSE, Patent Foramen Ovale Closure or Anticoagulants versus Antiplatelet
Therapy to Prevent Stroke Recurrence; PFO, patent foramen ovale.

higher risk of stroke recurrence could be a more appropriate
approach to enhance the benefits of PFO closure. In the
CLOSE and DEFENSE-PFO trials, where only patients with
higher-risk anatomical features could be enrolled, no recur-
rent stroke was observed after PFO closure. This may suggest
that PFO harboring these anatomical features would be more
likely causally related to the index stroke and therefore better
candidates for PFO closure.

We observed in our meta-analysis a relatively large
heterogeneity between trials that can be partly explained by
the choice of antithrombotic treatment in control groups.
Indeed, in the antithrombotic groups, antiplatelet drugs or oral
anticoagulants were used according to physician preference
in all but 2 trials.'"'? This could have confounded trial results
if oral anticoagulants and antiplatelet drugs have different
impacts on the risk of stroke recurrence. However, we did not
observe a higher risk of stroke recurrence in studies in which
only antiplatelets were allowed (1.33% versus 1.30%).

It remains unproven whether oral anticoagulation in some
casescould be an alternative to PFO closure to prevent recurrent
stroke. CLOSE was the only study allowing a randomized
comparison of these 2 strategies. Even though the point
estimate seemed to favor PFO closure (HR=0.14), that associ-
ation was not significant and the wide Cl provided very little
indication of the underlying effect size, which could range
between an unlimitedly large decrease in hazard to a clinically
meaningful 45% increased hazard of recurrent stroke. Of note,
the effectiveness of direct oral anticoagulants to prevent stroke
recurrence in patients with PFO-associated stroke has not been
adequately studied until the current time, because only 13
patients were treated with a direct oral anticoagulant in a
randomized trial. However, even if a future randomized con-
trolled trial shows the noninferiority of oral anticoagulation over
PFO closure to prevent recurrent stroke, 1 remaining question
would be whether long-term or even lifetime anticoagulation
should be maintained in these young and middle-aged patients.
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Our meta-analysis did not provide evidence for a difference
in the risk of recurrent TIA between groups (RR 0.85, 95% Cl,
0.60—1.21, P=0.38; 1>=0%) in contrast to the protective effect
with regard to the risk of stroke. One reason could be that the
diagnosis of TIA is difficult because symptoms are often
nonspecific and, by definition, are not associated with
objective neuroimaging findings.'® TIA remains subject to
diagnostic inaccuracy that could lead to background noise
responsible for a potential watering-down effect of PFO
closure.®® Another reason could be that the optimal duration
of dual antiplatelet therapy after device implantation is
unknown. It can be hypothesized that a too-short dual
antiplatelet therapy may expose patients to higher risk of
small local thrombus formation, ultimately leading to a TIA.
Against this hypothesis, no heterogeneity was found between
trials with regard to the TIA end point, in spite of different
durations of dual antiplatelet therapy by study design.

Contrasting with a recent analysis of administrative data
suggesting a 7% rate of serious periprocedural complications
and death after PFO closure,37 we observed a low rate of
major procedural complications (2.4%; 95% Cl, 1.03—4.25),
none of which led to death. Although this result might be
explained by a lower prevalence of medical comorbidities and
an upper age limit of 60 years in most trials, its interpretation
should be subject to caution because a considerable hetero-
geneity was observed across studies (1°=77%). This hetero-
geneity may reflect the variations in the definition of major
procedural complications across trials, especially regarding
the inclusion of atrial fibrillation. New-onset atrial fibrillation
was 4.3 times more frequent in patients assigned to the
closure group than in those assigned to the antithrombotic
group. Pathophysiology of new-onset atrial fibrillation is not
unique. It has been hypothesized that early events of atrial
fibrillation after PFO closure are likely to be triggered by local
inflammation.®® Interestingly, our analysis suggests that
absolute risks of new-onset atrial fibrillation could differ
according to type of devices used in trials. The Amplatzer
septal occluder device might have a better safety profile with
regard to the risk of AF compared with other devices.
However, comparisons should be interpreted with caution
because patients were not randomized according to types of
device. Atrial fibrillation related to closure was transient in 2
out of 3 patients, and its clinical relevance, determinants, and
overall risk of stroke require further investigation.

Our study has several potential limitations. First, the rates
of patients lost to follow-up and crossover in the included
studies were relatively high taking into account the low
number of events, which may have led to an attrition bias.>?
Second, there were was a slight imbalance in referral for end
point adjudication in the PC trial, which might correspond to a
reporting bias.®%%3% However, no evidence of selective
reporting was reported in the other RCTs included in this

meta-analysis.>®> Third, our study has the limitations of
aggregate data meta-analyses. In particular, the definitions
of some end points, such as major procedural complications,
varied markedly across studies. However, the definition of our
primary end point was virtually identical in all included
studies.

In conclusion, there is now enough evidence to reasonably
conclude that PFO closure is superior to antithrombotic
therapy with regard to the risk of stroke recurrence in patients
with cryptogenic stroke. Patients with an associated atrial
septal aneurysm or a large shunt may benefit more from PFO
closure. This is a step forward that will benefit many patients.
Further individual participant data meta-analysis may answer
the question of the role of potential effect modifiers. Future
studies will also have to address the question of PFO closure
in patients not included in trials, such as those over 60 years
of age or those with a competitive cause of ischemic stroke,
but also the clinical relevance of atrial fibrillation induced by
PFO closure.
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Appendix:

Patent Foramen Ovale Closure or Anticoagulants versus Antiplatelet Therapy to Prevent Stroke Recurrence (CLOSE) investigators

Study site

Hoépital Sainte-Anne, Paris, France

Hépital Laennec, Nantes, France

CHU Rouen, France

Hoépital Henri Mondor, Créteil,
France

CHU Pierre Wertheimer, Lyon,
France

Hépital Gui de Chauliac,
Montpellier, France

CHU Dijon, France

CHU Jean Minjoz, Besancgon,
France

CHU Grenoble-Alpes, France

Hopital Bichat, Paris, France

Vascular neurologists

J.-L. Mas, G. Turc, V. Domigo, V.

Guiraud, E. Touzé, D. Calvet, C.
Lamy

B. Guillon, A. Schunck, F. Herisson,

S. De Gaalon, M. Sevin

E. Massardier

H. Hosseini

L. Mechtouff, N. Nighoghossian,
L. Derex, T. Cho
C. Arquizan, I. Mourand

M. Giroud, Y. Béjot
F. Vuillier, T. Moulin

O. Detante, K. Garambois
M. Mazighi, C. Guidoux, E.

Interventional cardiologists

E. Teiger, J.-M. Juliard, J.-L.

Dubois-Randé, P. Aubry

P. Guérin

J.-M. Juliard, P. Aubry

J.-L. Dubois-Randé, E. Teiger

R. Rossi, G. Rioufol

C. Piot

J.-C. Eicher

N. Meneveau

B. Bertrand
J.-M. Juliard, P. Aubry

Echocardiographers
O. Varenne, S. Menacer, M.

Sroussi, A. Nana, L. Cabanes

J.-M. Langlard, N. Piriou, P.
Jaafar

B. d'Héré, D. Stepowski, F.
Bauer

A.-M. Duval, P. Lim

G. Derumeaux, H. Thibaut, M.
Barthelet, S. Thivolet

C. Sportouch, S. Cade, F.
Cransac.

J.-C. Eicher, 1. L’Huillier

R. Chopard, V. Descotes- Genon

C. Saunier
E. Brochet, C. Guidoux, D.



CHU Nord, Amiens, France

Hépital Yves Le Foll, St-Brieuc,
France

CHU Salengro, Lille, France

CHU Bordeaux, France

Hépital Nord, St-Etienne, France
CHU Montpied, Clermont-Ferrand,
France

CHU La Cavale Blanche, Brest,
France

CHU La Timone, Marseille, France

CH Perpignan, France

CHU Nancy, France

Hopital Saint-Joseph, Paris, France

Meseguer, L. Cabrejo, P. Lavallée,
P. Amarenco

J.-M.Bugnicourt, S. Canaple, C.
Lamy, O. Godefroy

C. Vaduva, G. Couvreur, V. Golfier

C. Lucas, C. Cordonnier, H. Henon,
F. Dumont, N. Dequatre- Ponchelle,
D Leys

I. Sibon, F. Rouanet, P. Renou

P. Garnier

A. Ferrier, N. Bourgois, P Clavelou

F. Rouhart, S. Timsit, E. Le
Cadet, A. Tirel, Y. Mocquard
L. Milandre, E. Robinet-
Borgomano, N. Laksiri, C. Rey
D. Sablot, G. Runavot

C. Lacour, S. Richard, X. Ducrocq
M. Bruandet, M. Zuber, R.

Tamazyan

Messika-Zeitoun, L Lepage
C. Rey, L. Leborgne M.-P. Guillaumont,
F. Trojette, D. Malaquin
J.-M. Schleich F. Plurien, G. Taldir
M. Richardson, A.-S. Polge, D.
Montaigne, A Coisne

F. Godart, C. Rey

J.-B. Thambo P. Réant, S. Laffite, R.
Roudaut

J.-R. Lusson C. Comtet, D.Delsart

J.-R. Lusson J.-R. Lusson

P. Guérin Y. Jobic, F Le Ven, M.-C.
Pouliquen

A. Fraisse G. Habib, V. Chalvignac, F.
Thuny

C. Piot F.Targosz, P. Chopat, P.
Sultan

F. Marcon MC. Selton-Suty, O Huttin

J.-M. Juliard, P. Aubry Y. Antakly, P. Garcon, J. Serfaty



Hépital Tenon, Paris, France
Hépital Pontchaillou, Rennes,
France

CHU Caen, France

Hépital Lariboisiére, Paris, France

CH Lens, France

Essen University Hospital, Essen,
Germany

Fondation Hépital Rothschild,
Paris, France

CHU Limoges, France

Hépitaux Civils de Colmar, France
CHU Poitiers et CHRU Tours,
France

CHU Bretonneau, Tours, France
Goethe University Hospital,
Frankfurt, Germany

CH Mignot, Versailles, France

P. Favrole
J.-F. Pinel

F. Viader, M. Apoil, J. Cogez

P. Reiner, F. Buffon

C. Lefebvre, M. Bataille

C. Weimar, V. Zegarac

M. Obadia

F. Macian

F. Vuillemet
J.-P. Neau

D. Saudeau

O. Singer

F. Pico

J.-L. Dubois-Rande
J.-M. Schleich

J.-M. Juliard

J.-M. Juliard

F. Godard

T. Schmitz

J.-M. Juliard, P. Aubry

J.-R. Lusson

L. Quillet

J.-M. Juliard

N. Hammoudi

E. Donal, B. Lelong, C.
Chabanne

F. Labombarda, E. Saloux
M. Baudet, D. Logeart

F. Biausque, Y. Lefetz, M.
Clement —Dupont

B. Plicht, M. Eissmann, A.
Mahabadi

N. Iglesias Benyounes

N Darodes, B. Tanguy, D.
Mohty
R. Onea, S. Greciano, O. Roth

L. Christiaens

F. Patat
S. Fichtlscherer

C. Charbonnel



Table S1. Literature search strategy.

Database

Search strategy

Pubmed (Medline)

((("stroke"[MeSH Terms] OR "stroke"[All Fields])
OR ("transient ischaemic attack"[All Fields] OR
"ischemic attack, transient"[MeSH Terms] OR
("ischemic"[All Fields] AND "attack"[All Fields]
AND "transient"[All Fields]) OR "transient
ischemic attack"[All Fields] OR ("transient"[All
Fields] AND "ischemic"[All Fields] AND
"attack"[All Fields]))) AND ("foramen ovale,
patent"[MeSH Terms] OR ("foramen"[All Fields]
AND "ovale"[All Fields] AND "patent"[All Fields])
OR "patent foramen ovale"[All Fields] OR
("patent"[All Fields] AND "foramen"[All Fields]
AND "ovale"[All Fields]))) AND ("random
allocation"[MeSH Terms] OR ("random"[All
Fields] AND "allocation"[All Fields]) OR "random
allocation"[All Fields] OR "randomized"[All
Fields] OR “randomization”[All Fields] OR
“randomized controlled trial”[All Fields]) AND
("1990/01/01"[PDAT] : "2018/03/30"[PDAT])

Cochrane Library

("Stroke" or "Ischemic attack, transient") and
"Foramen ovale, patent” and ("Randomization"
or "Random allocation" or
"Randomized"):ti,ab,kw (Word variations have
been searched)

Embase

'cerebrovascular accident'/exp AND 'patent
foramen ovale'/exp AND 'randomized'
limit 1990-2018




Table S2. PFO closure vs. antithrombotic therapy: Descriptive summary of included patients and data extracted for each endpoint of the present meta-

analysis.
Closure 1 (2012)* PC Trial (2013)? RESPECT (20133; 2017%) | Gore REDUCE CLOSE (2017)® DEFENSE-PFO (2018)’
(2017)°
Age Closure: 46.349.6 Closure : 44.3+10.2 Closure : 45.7+9.7 Closure: 45.449.3 Closure: 42.9+10.1 Closure: 49 +15
Antithrombotic: Antithrombotic : Antithrombotic : Antiplatelet: 44.849.6 | Antiplatelet : Antithrombotic: 54 +12
45.719.1 44.6£10.1 46.2+10.0 43.8+10.5
Time from N/A Closure: median 4.3 130+70 days Median 102 (56-148) | Closure : 12.4 £7.7 Not provided
index event to (1.1-8.2) months days weeks
randomization Antithrombotic : Antiplatelet : 11.7 £7.6
median 4.5 (1.3-8.9) weeks
Follow-up 2 years Mean: Median 5.9 years (IQR 4.2- | Median 3.2 years Mean 5.31£2.0 years Median :
duration - Closure: 4.1y 8.0) (IQR 2.2-4.8) - Closure : 2.8 years
- Antithrombotic: 4.0y (IQR 0.9-4.2)
- Antithrombotic : 2.8
years (IQR 0.9-4.2)
Primary Closure : N=23/447 | Closure: N=7/204 All primary endpoint New brain infarction | All primary endpoint Closure: N=0/60
endpoint: Antithrombotic : Antithrombotic: events were recurrent [at 24 months] : events were recurrent | Antithrombotic: N=6/60
number of N=29/462 N=11/210 ischaemic strokes (see Closure: N=22/383 ischaemic strokes (see
events and HR HR 0.78 (0.45-1.35) | HR 0.63 (0.24-1.62) below) Antiplatelet: below) HR not provided
) HR 0.55 (0.31-0.999) N=20/177 HR 0.03 (0.00-0.26)
(395%C1) RR 0.51 (0.29-0.91)
Recurrent Closure: N=12/447 | Original definition: Closure: N=18/499 Closure: n=6/441 Group 1 and. 2 in the Closure: N=0/60
(ischemic) Antithrombotic: Closure: 1/204 (0.5%) Event Rate per (0.39 strokes per 100 | original publication*: Antithrombotic: N=5/60
stroke: N=13/462 Antithrombotic: 5/201 | 100 Patient-Year=0.58. patient-years) Closure: N=0/238.
number of HR 0.90 (0.41-1.98) | (2.4%) Antiplatelet: N=14/235 | HR not provided
HR 0.20 (0.02-1.72) Antithrombotic: Antiplatelet: HR 0.03 (0.00-0.26)
events and HR )
(95%Cl) o n=28/4$1; Event Rate per n=1.2/223|n the
RESPECT definition: 100 Patient-Year 1.07 antiplatelet-only
Closure: 1/204 HR 0.55 (0.31-0.999) group (1.71 strokes
Antithrombotic: 7/210 per 100 patient-
HR 0.14 (0.02-1.17) years) HR 0.23 (0.09-
0.62)
Transient Closure: N=13/447 Closure: N=5/204 Closure: N=17/499 Closure: N=21/441 Closure: N=8/238 Closure: N=0/60
ischaemic Antithrombotic: N=23/481 Antiplatelet: N=8/235 Antithrombotic: N=1/60




complication
according to
the definition
of each study,
excluding
device-related
complications

attack (TIA): Antithrombotic: Antithrombotic: HR 0.64 (0.34-1.20) Antiplatelet: N= HR 0.97 (0.37-2.56)
number of N=17/462 N=7/210 8/223 HR not provided
events and HR | HR0.75(0.36-1.55) | HR0.71 (0.23-2.24) HR not provided
(95%Cl)
Major Closure : N=10/378 | Closure: N=1/204 Closure: N=13/499% Closure: N=8/441 Closure: N=2/238 Closure: N=0/60
bleeding Antithrombotic : Antithrombotic: Antithrombotic: Antiplatelet: Antiplatelet: N=5/235 Antithrombotic: N=2/60
N=4/374 N=3/210 N=14/481% N=6/223
All-cause Closure: 2/402 Closure: N=2/204 Closure: N=7/499 Closure: N=2/441 Closure: N=0/238 Vascular death:
mortality (0.5%) Antithrombotic: Antithrombotic: N=11/481 | Antiplatelet: Antiplatelet: N=0/235 Closure: N=0/60
Antithrombotic: N=0/210 No death related to stroke | N=0/223 No death related to Antithrombotic: N=0/60
4/458 (0.9%) No death related to or procedural No death related to stroke or procedural
No death related to | stroke or procedural complication stroke or procedural | complication
stroke or complication complication
procedural
complication
Major N=13/402 N=0/204 N=12/499 N=11/441 N=14/238 N=2/60
procedural

*Another intervention group in the three-arm CLOSE consisted of oral anticoagulation, the control group being antiplatelet therapy.® The oral

anticoagulation group was not described in the present table focusing on the intervention of PFO closure.

tTheses numbers were based on the following data provided in the original publication of the RESPECT trial:
- Antithrombotic group: 0.34 events per 100 patient-years during a follow-up of 2608 patients-years: N=9.

- PFO closure group: 0.48 events per 100 patient-years during a following-up of 3080 patients-years: N=15. The addition of 7 periprocedural events of atrial
fibrillation leads to a total number of 22.




$The number of major bleedings in the RESPECT trial was obtained from the Amplatzer™ PFO Occluder for the Prevention of Recurrent Ischemic Stroke
Sponsor’s executive summary circulatory system devices panel.?

“Antithrombotic” denotes patients randomized the antithrombotic group; “Closure” denotes patients randomized to the PFO closure group.
Abbreviations: Cl: confidence interval; IQR: interquartile range; HR: hazard ratio; N: number; N/A: not available; PFO: patent foramen ovale; RR: relative risk;

TIA: transient ischaemic attack.



Table S3. Sensitivity analyses: results obtained with the DerSimonian & Laird method and with
likelihood approaches to meta-analysis.

Method

DerSimonian

and Laird

Maximum
likelihood (ML)

Restricted
Maximum

Likelihood (REML)

Profile likelihood
(PL)

Recurrent stroke
RR (95%Cl)

0.36 (0.17-0.79)

0.40 (0.21-0.78)

0.35(0.16-0.80)

0.40 (0.12-0.78)

Recurrent stroke
RR (95%Cl) —
Subgroup analysis:
anatomical features

Higher-risk:
0.27 (0.11-0.70)

Lower-risk :
0.80(0.43-1.47)

Higher-risk:
0.28 (0.13-0.61)

Lower-risk :
0.83 (0.49-1.41)

Higher-risk:
0.28 (0.11-0.68)

Lower-risk :
0.83(0.49-1.41)

Higher-risk:
0.28 (0.10-0.71)

Lower-risk :
0.83 (0.33-1.42)

TIA
RR (95%Cl)

0.85 (0.60-1.21)

0.85 (0.60-1.21)

0.85 (0.60-1.21)

0.85 (0.60-1.23)

Death
RR (95%Cl)

0.79 (0.39-1.60)

0.79 (0.39-1.60)

0.79 (0.39-1.60)

0.79 (0.38-1.98)

Major bleeding
RR (95%Cl)

0.97 (0.43-2.20)

1.00 (0.58-1.73)

0.98 (0.46-2.09)

1.00 (0.41-2.15)

Atrial fibrillation
RR (95%Cl)

4.33 (2.37-7.89)

4.33 (2.37-7.90)

4.52 (2.33-8.80)

4.33(2.34-10.02)

Absolute risk (95%Cl)

of recurrent stroke 0.29% 0.40% 0.40% 0.40%

in the Closure group |(0.02-0.76) (0.11-0.87) (0.09-0.92) (0.08-0.97)
Absolute risk (95%Cl)

of recurrent stroke

in the

Antithrombotics 1.27% 1.28% 1.32% 1.28%
group (0.84-1.78) (1.01-1.57) (1.00-1.67) (1.01-1.87)
Absolute risk (95%Cl)

of major procedural |2.40% 2.65% 2.65% 2.65%
complication (1.03-4.25) (1.27-4.51) (1.15-4.76) (1.06-4.98)
Absolute risk (95%Cl)

of atrial fibrillation in | 4.56% 5.10% (4.15- 5.06% 5.10%

the Closure group (3.58-5.63) 6.15) (4.01-6.24) (3.87-6.27)




Table S4. PFO anatomical features in randomized controlled trials.

patients with
higher-risk
PFOs

311/851 (37%)

98/414 (24%)

absence : 349/980 (36%)

shunt :
521/641 (81%)

shunt: 663/663
(100%):

Closure 1 (2012)* PC Trial (2013)? RESPECT (20133; 2017°) | Gore REDUCE CLOSE (2017)° DEFENSE-PFO (2018)’
(2017)°
Definition of 210mm 215mm 210mm Not specified >10mm Hypermobility:
ASA 210 mm *
ASA: 215 mm
Definition of 225 bubbles >20 bubbles >20 bubbles Moderate: 6-25 >30 bubbles Maximum separation of
large shunt bubbles the septum primum
Large: >25 bubbles from the secundum >2
mm
Number (%) of | ASA present : ASA present : ASA presence vs. ASA Moderate or large ASA present or large ASA present or large

shunt: 120/120 (100%)

* For the meta-analysis presented in Figure 3, hypermobility (=10 mm excursion) or ASA (=15 mm excursion) were analyzed jointly.




Table S5. Description of the events of new-onset atrial fibrillation and subsequent risk of stroke.

Trial New-onset atrial fibrillation Description, risk of recurrent stroke
(any event)
CLOSURE 11 Closure: N=23/402 (5.7%) Closure group: 14/23 (61%) patients had AF within 30 days of the procedure;
Antithrombotic: N=3/458 (0.7%) AF was transient in 17/23 (74%) patients, persistent in 6.
Risk of recurrent stroke: 3/12 strokes in the closure group vs 1/13 in the medical
group (after implantation of off-study device) occurred in patients with AF.
PC Trial? Closure: N=6/204 (2.9%) Closure group: AF was considered serious in 2 patients, minor in 4. AF was
Antithrombotic: N=2/210 (1.0%) transient in 2 patients; converted to sinus rhythm in 3 patients; sustained in the
remaining patient.
Risk of recurrent stroke: no patient with AF in the closure group had a recurrent
stroke.
RESPECT* Closure: N=22/4991 (4.4%) Closure group: 7 had periprocedural AF (serious and nonserious events); all
Antithrombotic: N=9/4817 (1.9%) resolved before the patients’ discharge from the hospital.
15 patients had AF after the periprocedural period.
Risk of recurrent stroke: 1/22 patients with AF in the closure group had a recurrent
stroke vs 3/9 in the medical group.
Gore Closure: N=29/441 (6.6%) Closure group: Serious AF in 10/29 (34%).
REDUCE® Antiplatelet: N=1/223 (0.4%) 83% of AF detected within 45 days after the procedure, 59% resolved within 2
weeks after onset. Serious AF or flutter in 19 patients.
Risk of recurrent stroke: 1/29 patients with AF in the closure group had a recurrent
stroke.
CLOSE® Closure: N=11/238 (4.6%) Closure group: 10/11 patients had transient AF within 1 month of the procedure.
Antiplatelet: N=2/235 (0.9%) Those 10 patients were treated oral anticoagulation, discontinued in 7
(median=0.5 years; 0.2 to 2.1). AF did not recur during follow-up (median=4.4
years; 1.4 to 5.0).
Risk of recurrent stroke: no patient with AF in the closure group had a recurrent
stroke.




DEFENSE- Closure: N=2/60 (3.3%) *  Closure group: AF developed in 1 patient 1 day after the procedure and in the

PFO’ Antithrombotic: N=0/60 (0.0%) other one during follow-up.

* Risk of recurrent stroke: no patient with AF in the closure group had a recurrent
stroke.

tTheses numbers were based on the following data provided in the original publication of the RESPECT trial:

- Antithrombotic group: 0.34 events per 100 patient-years during a follow-up of 2608 patients-years: N=9.

- PFO closure group: 0.48 events per 100 patient-years during a following-up of 3080 patients-years: N=15. The addition of 7 periprocedural events of atrial
fibrillation leads to a total number of 22.



Figure S1. Guide to the interpretation of a trial sequential analysis (TSA) plot.
Adapted from Miladinovic et al.® and Brok et al.*°
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This plot represents the upper-half of a two-sided trial sequential analysis plot. Each solid curve
represents a different TSA, in which each dot corresponds to one study. The horizontal solid green
line denotes a cumulative Z-score of 1.96, which corresponds to the classical P=0.05 significance
threshold. The vertical solid red line corresponds to the required information size (number of
participants and events necessary to detect or reject an a priori assumed intervention effect). The
dotted red curve corresponds to the trial sequential monitoring boundary, constructed by using the
Lan—DeMets a spending function approach.

Violet curve: False positive (FP) result: even though the cumulative Z-curve crosses the Z=1.96 line,
hence suggesting a significant result, it does not cross the monitoring boundary, which indicates a
potentially spurious result. Further randomized trials are needed to reach a definitive conclusion.

Blue curve: True positive (TP) result: the cumulative Z-curve crosses the monitoring boundary before
reaching the required information size, hence providing strong evidence for the superiority of one
intervention over the other.

Grey curve: False negative (FN) result: the cumulative Z-curve does not cross the monitoring
boundary or the Z=1.96 line, suggesting a negative result. However, the required information size has
not been reached, suggesting that the meta-analysis does not have sufficient statistical power to
draw a definitive conclusion. Further randomized trials may be needed to reach a definitive
conclusion.

Black curve: True negative (TN) result: the cumulative Z-curve does not cross the monitoring
boundary or the Z=1.96 line, even though the required information size has been reached.



Figure S2. PRISMA flow chart of literature search and study selection.

Records identified through database searching
N=303

v
N=262 records screened

>  Duplicates removed (N=41)

Excluded on basis of

=
1

13

v

> title/abstract (N=249)

Full-text articles excluded (N=5)
Reasons:
- Existence of a more recent publication
of the results of the same study
(RESPECT) (N=1)
- No medical therapy arm (N=2)
- No randomization (N=2)

Studies included (N=8) in qualitative synthesis

A 4

Studies included (N=6) in quantitative synthesis
(meta-analysis)




Figure S3. Assessment of the risk of bias among included randomized controlled trials, using the

Cochrane Collaboration’s tool.
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Figure S4. Random-effects pooled incidence of recurrent stroke per 100 person-years in the PFO closure group.

Study Events/Patient-years ES (95% ClI)

CLOSURE | (2012)' 12/780 E = 1.54 (0.80, 2.67)
PC Trial (2013)? 1/845 —I—E— 0.12 (0.00, 0.66)
RESPECT (2017)* 18/3080 E—I— 0.58 (0.35, 0.92)
Gore REDUCE (2017)° 6/1529 —é—I— 0.39 (0.14,0.85)
CLOSE (2017)° 0/1292 l—é 0.00 (0.00, 0.29)
DEFENSE-PFO (2018)’ O/NA* = : 0.00 (0.00, 3.77)

Overall (12 = 82.94%, p = 0.00) <> 0.29 (0.02, 0.76)

| | T |
0% 1% 2% 3%

ES denotes effect size (incidence of stroke per 100 patient-years).
*NA: not available in the original publication. This incidence of stroke per 100 patient-years in DEFENSE-PFO was estimated on data of the first two years of
follow-up, using the published Kaplan Meier curve with the respective number of patients at risk at each time point.



Figure S5. Random-effects pooled incidence of recurrent stroke per 100 person-years in the antithrombotic therapy group.

Study Events/Patient-years ES (95% CI)

Antithrombotic therapy i

CLOSURE | (2012)’ 13/757 i = 1.72 (0.92, 2.92)

PC Trial (2013)? 7/835 —I—i— 0.84 (0.34, 1.72)

RESPECT (2017)* 28/2608 —Ii— 1.07 (0.71, 1.55)

DEFENSE-PFO (2018)/ 5/NA* i = > 5.26 (1.73, 11.86)

Subtotal (142 =67.99%, p =0.02) <> 1.30 (0.63, 2.18)
i

Antiplatelet therapy i

Gore REDUCE (2017)° 12/703 : = 1.71 (0.89, 2.96)

CLOSE (2017)5 14/1220 : 1.15 (0.63, 1.92)

Subtotal (1"2=.%,p=.) 1.33 (0.86, 1.91)
Heterogeneity between groups: p = 0.877

Overall ("2 = 53.32%, p = 0.06); 1.27 (0.84, 1.78)

0o

T T T T T T T T
0% 1% 2% 3% 4% 5% 6% 7%

ES denotes effect size (incidence of stroke per 100 patient-years).
*NA: not available in the original publication. This incidence of stroke per 100 patient-years in DEFENSE-PFO was estimated on data of the first two years of
follow-up, using the published Kaplan Meier curve with the respective number of patients at risk at each time point.



Figure S6. Pooled risk ratio for transient ischaemic attack (TIA) in patients randomized to PFO closure vs. antithrombotic therapy (random-effects meta-

analysis).
Study Closure Antithrombotic RR (95% CI)
PFO closure vs. Antithrombotic therapy i
CLOSURE | (2012)' 13/447 17/462 . 0.79 (0.39, 1.61)
PC Trial (2013)? 5/204  7/210 = : 0.74 (0.24, 2.28)
RESPECT (2017)* 17/499  23/481 . : 0.71 (0.39, 1.32)
DEFENSE-PFO (2018)’ 0/60 1/60 < . E > 0.33 (0.01, 8.02)
Subtotal (I-squared = 0.0%, p = 0.962) @2* 0.73 (0.48,1.12) P=0.15
|
PFO closure vs. Antiplatelet therapy i
Gore REDUCE (2017)° 21/441  8/223 i L 1.33 (0.60, 2.95)
1
CLOSE (2017)° 8/238  8/235 il 0.99 (0.38, 2.59)
1
Subtotal (I-squared = 0.0%, p = 0.643) <::> 1.18 (0.64, 2.18) P=0.60
1
1
I
Overall (I-squared = 0.0%, p = 0.843) <:> 0.85 (0.60, 1.21) P=0.38
1
|
T T ' T T
0.2 0.5 1 2 3

« Favours PFQO Closure Favours Antithrombotic therapy —

The Closure and Antithrombotic columns denote the number of events divided by the total number of patients in each treatment group.



Figure S7. Pooled risk ratio of all-cause mortality in patients randomized to PFO closure vs. antithrombotic therapy (random-effects meta-analysis).

Study Closure Antithrombotic RR (95% CI)

PFO closure vs. Antithrombotic therapy

i
CLOSURE | (2012)! 2/402  4/458 - 0.57 (0.10, 3.09)
PC Trial (2013)2 2/204  0/210 : . > 5.15 (0.25, 106.54)
RESPECT (2017)4 7/499  11/481 - 0.61 (0.24, 1.57)
DEFENSE-PFO7 0/60  0/60 & : 1.00 (0.06, 15.63)

Subtotal (I-squared = 0.0%, p = 0.597) — 0.72(0.34,1.54) P=0.39

PFO closure vs. Antiplatelet therapy

ey
T
I
i
Gore REDUCE (2017)° 2/441 0/223 i = > 2.53(0.12, 52.56)
CLOSE (2017)8 0/238  0/235 < i 0.99 (0.06, 15.70)
Subtotal (I-squared = 0.0%, p = 0.650) <E:> 1.52(0.20, 11.69) P=0.69
|
Overall (I-squared = 0.0%, p = 0.770) <:> 0.79(0.39, 1.60) P=0.51
i
T T : T T T T
0.1 05 1 5 10 25 50
<« Favours PFQO Closure Favours Antithrombotic therapy —

The Closure and Antithrombotic columns denote the number of events divided by the total number of patients in each treatment group.



Figure S8. Pooled risk ratio of major bleeding in patients randomized to PFO closure vs. antithrombotic therapy (random-effects meta-analysis).

Study Closure Antithrombotic RR (95% ClI)

PFO closure vs. Antithrombotic therapy

CLOSURE I (2012)' 10/378 4/374 o 2.47(0.78, 7.82)
PC Trial (2013)2 1/204  3/210 o 0.34 (0.04, 3.27)
RESPECT (2017)* 13/499 14/481 —— 0.90 (0.43, 1.88)
DEFENSE-PFO (2018)" 0/60  2/80 ¢ 0.20 (0.01, 4.08)

Subtotal (I-squared = 32.0%, p = 0.220) <> 0.99 (0.42,2.32) P=0.99

PFO closure vs. Antiplatelet therapy

Gore REDUCE (2017)° 8/441  0/223 > 8.62 (0.50, 148.59)
CLOSE (2017)8 2/238  5/235 - 0.39 (0.08, 2.02)
Subtotal (I-squared = 73.8%, p = 0.051) 1.50 (0.06, 36.01) P=0.80

Overall (I-squared = 37.1%, p = 0.159) <> 0.97 (0.43,2.20) P=0.94

| | | | | |
0.025 0.2 05 1 5 10 40

<« Favours PFO Closure Favours Antithrombotic therapy —

The official number of major bleedings in the RESPECT trial was obtained from the Amplatzer™ PFO Occluder for the Prevention of Recurrent Ischemic
Stroke Sponsor’s executive summary circulatory system devices panel.® The Closure and Antithrombotic columns denote the number of events divided by
the total number of patients in each treatment group.



Figure S9. Random-effects pooled incidence of major procedural complication per 100 patients treated in the PFO closure group

Study Events/Total ES (95% CI)
:

CLOSURE | {2012)1 13/402 : = 3.23 (1.73, 5.47)
:

PC Trial {2013)2 0/204 — i 0.00 (0.00, 1.79)
|

RESPECT (201?’)4 12/499 :l 2.40 (1.25, 4.16)
:

Gore REDUCE {201?’)5 11/441 El 2.49 (1.25, 4.42)
:

CLOSE (2017)° 14/238 i = 5.88 (3.25, 9.67)
|

DEFENSE-PFO (2018)’ 2/60 : = > 3.33(0.41, 11.53)
I

Overall (I*2 =76.81%, p = 0.00) 2.40 (1.03, 4.25)

)

| | | | | | | | | | |
0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%

ES denotes effect size (incidence of major procedural complication per 100 patients treated).



Figure S10. Pooled risk ratio of new-onset atrial fibrillation in patients randomized to PFO closure vs. antithrombotic therapy (random-effects meta-

analysis).

Study Closure Antithrombotic
CLOSURE | (2012)' 23/402 3/458

PC Trial (2013)? 6/204  2/210
RESPECT (2017)* 22/499 9/481

Gore REDUCE (2017)° 29/441  1/223

CLOSE (2017)6 11/238 2/235
DEFENSE-PFO (2018)" 2/60 0/60

Overall (l-squared = 13.9%, p = 0.326)

=

RR (95% Cl)

8.73 (2.64, 28.87)
3.09 (0.63, 15.12)

2.36 (1.10, 5.07)

> 14.66 (2.01, 106.95)

5.43 (1.22, 24.24)

> 5.00 (0.25, 102.00)

4.33 (2.37,7.89) P <0.001

« Favours PFQO Closure

Favours Antithrombotic therapy —

The Closure and Antithrombotic columns denote the number of events divided by the total number of patients in each treatment group. For the RESPECT

trial, the calculation of the absolute numbers was based on the following data provided in the original publication of the trial*: For the antithrombotic group:

0.34 events per 100 patient-years during a follow-up of 2608 patients-years: N=9. For the PFO closure group: 0.48 events per 100 patient-years during a

following-up of 3080 patients-years: N=15. The addition of 7 periprocedural events of atrial fibrillation leads to a total number of 22.



Figure S11. Random-effects pooled incidence of new-onset atrial fibrillation per 100 patients treated in the PFO closure group, according to the closure

device (exploratory analysis)

Study Events/Total
T
Starflex !
CLOSURE | (2012)’ 23/402 ! =
CLOSE (2017)® 2/21 I o>
Subtotal (I"2= %, p=) —=::j|:=>
1
Amplatzer or Figulla i
PC Trial (2013)2 6/198 » ;
RESPECT (201 7)4 22/477 =
CLOSE (2017)° 5/156 O :
DEFENSE-PFO (20‘18):'r 2/60 L ! >
Subtotal (1"2 = 0.00%, p = 0.84) -

Gore Helex or Cardioform

Gore REDUCE (20‘17)5 29/441
Other device
CLOSE (20‘1?)Ei 3/58

Overall (12 = 1.22%, p = 0.42);

-

'3

ES (95% Cl)

5.72 (3.66, 8.46)
9.52 (1.17, 30.38)
5.02 (2.94, 7.54)

2.94 (1.09, 6.29)
4.41 (2.78, 6.60)
3.21 (1.05, 7.32)
3.33 (0.41, 11.53)
3.65 (2.48, 5.01)

6.58 (4.45, 9.31)

5.17 (1.08, 14.38)

4.56 (3.58, 5.63)
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Analysis based on published data from industry-sponsored studies (CLOSURE |, PC Trial, RESPECT and Gore REDUCE) in which only one or two predefined
device was allowed, and on original data from the CLOSE study, in which the type of device was left at the discretion of the investigator. The Amplatzer
device (St. Jude medical, ex- AGA medical) and the Figulla Flex Il device (Occlutech; n=1/18 patient with new-onset atrial fibrillation) were analyzed jointly
because these occluders correspond to double-disk nitinol devices. The numbers of patients with new-onset atrial fibrillation in the “other device” category
were as follows: Intrasept or Atriasept (Cardia) n=2/34; Premere (St. Jude medical) n=0/22; Gore Septal Occluder n=1/2.
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