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Monitoring for atrial fibrillation prior 
to patent foramen ovale closure after 
cryptogenic stroke

Hans-Christoph Diener1 , Rolf Wachter2, Andrew Wong3, 
Vincent Thijs4,5, Renate B Schnabel6,7, George Ntaios8 ,  
Scott Kasner9, Peter M Rothwell10, Rod Passman11,  
Jeffrey L Saver12, Bert A Albers13 and Richard A Bernstein14

Abstract

Background: Patients who had a cryptogenic stroke (CS) suspected to be causally related to a patent foramen ovale 
(PFO) are candidates for percutaneous PFO closure. In such patients, it is important to screen for atrial fibrillation (AF). 
Limited guidance is available regarding AF monitoring strategies in CS patients with PFO addressing optimal monitoring 
technology and duration.

Aim: To provide a narrative review of cardiac rhythm monitoring in CS patients considered for PFO closure, including 
current practices, stroke recurrences after CS, findings from monitoring studies in CS patients, and predictors for AF 
detection published in the literature. To propose a personalized strategy for cardiac monitoring in CS patients, account-
ing for aspects predicting AF detection.

Summary of review: AF detection in CS patients is predicted by age, left atrial enlargement, prolonged PR interval, 
frequent premature atrial contractions, interatrial conduction block, diabetes, prior brain infarctions, leukoaraiosis, 
elevated B-type natriuretic peptide (BNP)/N-terminal pro B-type natriuretic peptide (NT-proBNP) levels, and a family 
history of AF, as well as composed scores (e.g. CHA2DS2-VASc, atrial fibrillation in embolic stroke of undetermined 
source (AF-ESUS)). The causal role of the PFO may be accounted for by the risk of paradoxical embolism (RoPE) score 
and/or the PFO-Associated Stroke Causal Likelihood (PASCAL) classification.

Conclusion: A personalized approach to AF detection in CS patients is proposed, accounting for the likelihood of AF 
detection and aimed at obtaining sufficient confidence regarding the absence of AF in patients considered for PFO clo-
sure. In addition, the impact of high-risk PFO features on the monitoring strategy is discussed.

 1 Department of Neuroepidemiology, Institute for Medical Informatics, Biometry and Epidemiology (IMIBE), Medical Faculty of the University of 
Duisburg-Essen, Essen, Germany

 2 Department of Cardiology, University Hospital Leipzig, Leipzig, Germany
 3 Neurology Department, Royal Brisbane and Women’s Hospital and the University of Queensland, Brisbane, QLD, Australia
 4 Stroke Theme, The Florey Institute of Neuroscience and Mental Health, Heidelberg, VIC, Australia
 5 Department of Neurology, Austin Health, Heidelberg, VIC, Australia
 6 Department of Cardiology, University Heart & Vascular Center Hamburg, Hamburg, Germany
 7 German Centre for Cardiovascular Research (DZHK), Partner Site Hamburg/Kiel/Lübeck, Hamburg, Germany
 8 Department of Internal Medicine, Faculty of Medicine, School of Health Sciences, University of Thessaly, Larissa, Greece
 9 Department of Neurology, Perelman School of Medicine at the University of Pennsylvania, Philadelphia, PA, USA
10 Wolfson Centre for Prevention of Stroke and Dementia, Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK
11 Northwestern University Feinberg School of Medicine, Chicago, IL, USA
12 Department of Neurology and Comprehensive Stroke Center, David Geffen School of Medicine at UCLA, Los Angeles, CA, USA
13 Albers Clinical Evidence Consultancy, Winterswijk Woold, The Netherlands
14 Department of Neurology, Northwestern University Feinberg School of Medicine, Chicago, IL, USA

Corresponding author:
Hans-Christoph Diener, Department of Neuroepidemiology, Institute for Medical Informatics, Biometry and Epidemiology (IMIBE), Medical Faculty 
of the University of Duisburg-Essen, Hufelandstraße 55, 45147 Essen, Germany. 
Email: hans.diener@uk-essen.de; hans.diener@uni-duisburg-essen.de

1124412WSO International Journal of Stroke X(X)Diener et al.

Systematic Review

https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/wso
mailto:hans.diener@uk-essen.de
mailto:hans.diener@uni-duisburg-essen.de


Diener et al. 401

International Journal of Stroke, 18(4)

Keywords
Cryptogenic stroke, atrial fibrillation, patent foramen ovale closure, cardiac rhythm monitoring, stroke recurrence, 
monitoring strategy

Received: 26 April 2022; accepted: 14 July 2022

Introduction

Percutaneous closure of patent foramen ovale (PFO) is a safe 
and effective therapy to prevent recurrent stroke in selected 
patients 18–60 years of age who had a cryptogenic stroke 
(CS) with a suspected causal role of a PFO. Randomized tri-
als1–6 have reported decreased recurrent stroke rates from 
percutaneous PFO closure plus medical therapy compared to 
medical therapy alone, particularly antiplatelet therapy.

Besides the term “cryptogenic stroke,” recent literature 
often refers to the concept of “embolic stroke of undeter-
mined source” (ESUS). This concept was introduced to 
have a well-defined diagnostic work-up leading to the diag-
nosis of ESUS.7 ESUS is diagnosed if the stroke is non-
lacunar, and no cause of stroke is identified by a standardized 
diagnostic work-up,7 including brain computed tomogra-
phy or magnetic resonance imaging, 12-lead electrocardi-
ography, precordial echocardiography, cardiac monitoring 
for ⩾24 h with automated rhythm detection, and imaging of 
extracranial and intracranial arteries supplying the area of 
brain ischemia. While CS and ESUS are not interchangea-
ble concepts by definition, it is important to recognize that 
the great preponderance of patients with CS diagnosed after 
extensive diagnostic work-up also meet the criteria for 
ESUS. Most recently, the term PFO-associated stroke was 
proposed for superficial, large deep, or retinal infarcts in 
the presence of a medium-risk to high-risk PFO and no 
other identified likely cause.8 Any of these diagnoses can-
not be rendered until atrial fibrillation (AF) as a competing 
cause has been appropriately excluded.

Cardiac rhythm monitoring is typically included in the 
diagnostic work-up after a stroke to detect paroxysmal AF 
as a potential cause. Moderate-to-high burden AF is a high-
risk source of cardioembolism, indicating guideline-
directed chronic oral anticoagulation (OAC).9 Clinical 
evidence does not support PFO closure in this situation. In 
case of low burden AF, insufficient data are available to 
indicate if anticoagulation, PFO closure, or both should be 
pursued. While longer-term monitoring may be utilized to 
obtain increased confidence about the absence of AF, there 
is no consistent approach regarding the selection of CS 
patients considered for PFO closure who are eligible for 
monitoring and the optimal monitoring technology and 
duration. A European survey10 reported various AF moni-
toring approaches in CS patients, with most centers (85%) 
using 24/48 h Holter monitoring and 30% using insertable 
cardiac monitors (ICMs) in selected patients. This variabil-
ity is also reflected by current guidelines and consensus 
statements11–17 (see Supplemental Table S1).

Because long-term monitoring in all patients is unlikely 
to be cost-effective, it is reasonable to tailor the monitoring 
strategy to the probability of AF detection in various patient 
groups. The aim of this narrative review is to explore avail-
able options for detecting AF and suggest a personalized 
AF monitoring approach, accounting for the likelihood of 
detecting AF.

Methods

As part of this review, a literature search was conducted to 
identify scientific literature reporting on risk factors or pre-
dictors for detection of AF in CS patients. The search strat-
egy is outlined in Table 1.

The search identified 22 articles reporting on studies 
utilizing a systematic ECG monitoring approach and 
reporting on risk factors or predictors for AF detection 
in a CS population (Figure 1 and Supplemental Figure 
S1 and Supplemental Table S2). These articles were 
used as a starting point for this review. While Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) principles were followed as much 
as possible, a number of PRISMA topics were not 
applied systematically, such as assessments of bias, het-
erogeneity of study results, confidence in the overall 
body of evidence, or the evaluation of data in a formal 
meta-analysis.

The review was conducted by neurologists, internists, 
and cardiologists with relevant expertise, based on their 
clinical experience and participation in clinical studies, 
publications and development of guidelines, or consensus 
statements related to (cryptogenic) stroke, ECG monitor-
ing, and/or PFO closure.

AF in CS and recurrent ischemic 
stroke

Medium-to-high burden AF predisposes to recurrent 
thromboembolic events. While there is evidence for a 
weak temporal relationship between AF episodes lasting 
<24 h and incident stroke,18,19 stroke risk was reported 
to be substantially increased in patients with AF epi-
sodes >24 h.20 Using monitoring by implantable cardiac 
rhythm management devices, an atrial tachycardia/AF 
burden of more than 5.5 h per day appeared to double the 
risk of thromboembolic events.21 The risk of stroke 
recurrence in the typically young CS patients considered 
for PFO closure is relatively low. In the control arms of 
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randomized trials on PFO closure, approximately 1.2 
strokes per 100 patients per year occurred.22 This sug-
gests that deferring PFO closure to pursue prolonged 
cardiac rhythm monitoring carries a small, but non-zero 
risk of recurrent stroke during the monitoring interval of 
approximately 0.1% per month. However, more data are 
required to reliably determine whether this risk is higher 
in acute and subacute phases.

Findings from AF detection studies 
in CS patients

Several studies have reported on detection of AF in CS 
patients, generally in those aged 60 years or older 
(Supplemental Table S3). Application of outcomes from 
these studies to younger patients typically considered for 
PFO closure is difficult, given the fact that age is a potent 
risk factor for AF.

The cryptogenic stroke and underlying AF (CRYSTAL 
AF) study23 randomized 441 CS patients of 40 years or 
older (mean age = 61.5 years, 22% with a PFO) to ICM 
monitoring or conventional follow-up. At 6 months follow-
up, ICM monitoring detected AF in significantly more 
patients than conventional follow-up (8.9% vs 1.4%, 
p < 0.001). In the ICM arm, 75% of first AF episodes were 
detected within 84 days after randomization. At 3 years, AF 
was detected in 30% of the patients in the ICM arm, while 
superiority of ICM monitoring over conventional methods 
was maintained.

Other studies on ICM monitoring in CS patients have 
reported AF detection rates ranging from approximately 
11% at 6 months to 25% or more after longer monitoring 
periods. Mostly, patients were older than in the CRYSTAL 
AF study. Superior AF detection compared to external car-
diac monitors or standard care was also reported from stud-
ies including patients with known stroke etiology.

Non-invasive long-term monitoring using 30-day exter-
nal event-triggered loop recording was evaluated in the 30 
day event monitoring belt for recording AF after a cerebral 

Table 1. Search strategy to identify literature reporting on risk factors/predictors of AF detection in CS patients.

Database PubMed

Search string (“cryptogenic stroke” [Title/Abstract] OR “embolic stroke of undetermined source” [Title/Abstract]) AND 
“atrial fibrillation” [Title/Abstract] AND (“detection” [Title/Abstract] OR “monitoring” [Title/Abstract])

Search period 1 January 2014 to 31 March 2021

Filters English language

Inclusion 
criteria

• Reporting on individual risk factors/predictors for detection of AF in patients diagnosed with CS
•  Risk factors/predictors based on AF detection by means of a systematic ECG monitoring approach utilizing 

at least one of the following:
 ○ Long-term ambulatory ECG monitoring
 ○ External event-triggered recording
 ○ Mobile Cardiac (Outpatient) Telemetry
 ○ Insertable Cardiac Monitor
• Including ⩾100 patients with initial diagnosis of CS

Exclusion 
criteria

• Not reporting on individual studies
• Reporting on mixed stroke population (CS patients and patients with stroke of known etiology)
•  Reporting on cardiac rhythm monitoring in other (non-CS) populations or for other purposes than 

detection of AF

AF: atrial fibrillation; CS: cryptogenic stroke; ECG: electrocardiography.

Figure 1. PRISMA flowchart of the literature search for 
risk factors or predictors of AF detection in CS patients. 
A number of PRISMA topics did not apply to this narrative 
review (see text).
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ischemic event (EMBRACE) study.24 This strategy detected 
AF in 16.1% of the patients, compared to 3.2% detected by 
conventional 24 h monitoring. Nevertheless, the post-
embolic rhythm detection with implantable vs external 
monitoring (PER DIEM) trial showed the superiority of 
ICM monitoring over prolonged non-invasive ECG moni-
toring,25 with AF detected in 15.3% and 4.7% by ICM mon-
itoring and external loop recording, respectively.

The presence of a PFO is associated with a lower AF 
detection rate. In a meta-analysis26 of 14 studies (13,245 
patients, mean age 61.2 years), the rate of AF detection 
was halved in patients with PFO (relative risk (RR) = 0.52, 
95% confidence interval (CI) = 0.41–0.63). The rate of AF 

detection was lower in patients with PFOs found on tran-
sthoracic versus transesophageal echocardiography, sug-
gesting that the yield of AF monitoring is further reduced 
with increasing PFO size. No association between the 
monitoring method and the likelihood of AF detection was 
noted.

Overall, studies demonstrated superior AF detection by 
ICM monitoring compared to non-invasive methods, 
including shorter-term monitoring and 30-day external 
event recording. Prolonged monitoring showed that AF is a 
relatively common finding in mixed age CS patients, with 
higher yields after longer monitoring periods.

Predictors for AF detection

Age is a strong predictor for detecting AF in CS patients 
(Figure 2). In the CRYSTAL AF study, the likelihood of 
ICM-detected AF at 12 months roughly doubled with each 
age decade, with AF rarely detected in patients <55 years.27 
In other ICM studies, CS patients with no AF detections 
were younger than those with detections.28,29

Similar age-dependent effects were reported from other 
stroke populations and/or other monitoring methods.31,32 
Overall, clinical data suggest that AF is an uncommon find-
ing in CS patients <55 years, with the likelihood of detect-
ing AF increasing sharply with older age.

Several other predictors for AF detection in CS patients 
have been reported. In the CRYSTAL AF cohort, diabetes, 
prolonged PR interval, and frequent premature atrial con-
tractions were associated with a significantly increased 
probability of AF detection.27 The PR interval was a signifi-
cant predictor in a multivariate regression model, specifi-
cally in patients without PR interval prolonging medication. 
Frequent premature atrial contractions observed by initial 
Holter monitoring were also a strong predictor in the 
EMBRACE study.33

Among 196 ESUS patients undergoing 30-day ambu-
latory heart rhythm monitoring, AF was associated with 
atrial cardiopathy biomarkers of increased left atrial 
diameter on echocardiography, P-wave terminal force in 
electrocardiogram lead V1, and P-R wave interval on 
electrocardiogram.34 Atrial enlargement and interatrial 
conduction block (maximum P-wave duration ⩾120 ms) 
were reported as predictors for AF in CS populations 
monitored by ICM.35 Increased levels of B-type natriu-
retic peptide (BNP) and N-terminal pro B-type natriuretic 
peptide (NT-proBNP) have also been reported to be asso-
ciated with AF detection in CS patients using prolonged 
ECG monitoring, with higher specificity achieved by 
BNP.36

Prior brain infarctions (i.e. not associated with the quali-
fying index event) and leukoaraiosis were both associated 
with an almost threefold higher AF detection rate in the 
CRYSTAL AF study.37 Similarly, in CS patients monitored 

Figure 2. AF detections rates versus age. Top panel: 
CRYSTAL AF study (1 year ICM monitoring).27 Middle panel: 
Ziegler et al.30 (6 months ICM monitoring). Bottom panel: 
Wachter et al.31 (7 days Holter monitoring).
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using Mobile Cardiac Outpatient Telemetry (MCOT), prior 
cortical or cerebellar infarction was an independent predic-
tor of AF.32 Given the important role of genetics in the 
development of lone AF,38 a family history of AF may also 
be considered a predictor for AF detection.

Several composed risk scores are associated with the 
probability of AF detection (see Supplemental Tables S4 
and S5 for risk score descriptions). An increased CHADS2 
score was associated with an increased AF detection rate in 
the CRYSTAL AF study.23 Similarly, a CHA2DS2-VASc 
score ⩾6 was associated with increased AF detection 
rates.28 An AF-ESUS score ⩽0 was reported to have a 
100% negative predictive value for the identification of AF 
episodes lasting >10 h, 83.9% for AF episodes >6 h, and 
64.5% for AF episodes >6 min.39

The PFO-Associated Stroke Causal Likelihood 
(PASCAL) Classification System8 integrates information 
regarding the presence of high-risk PFO factors (large 
shunt size, atrial septal aneurysm (ASA)) and the risk of 
paradoxical embolism (RoPE) score and provides a catego-
rized likelihood of a causal role of the PFO in stroke patho-
genesis. An analysis of pooled individual patient data from 
six randomized controlled PFO closure trials showed that 
subsequent AF occurred least often in probable, intermedi-
ate in possible, and most often in unlikely PFO-related 
stroke patients.40 This was the case in patients in the control 
arm, not undergoing PFO closure, as well as in the PFO 
closure group.

A personalized approach to cardiac 
rhythm monitoring in CS patients

Figure 3 proposes a personalized approach to cardiac 
rhythm monitoring in CS patients considered for PFO clo-
sure. This approach is aimed at providing an acceptable 
level of confidence that CS patients considered for PFO 
closure do not have AF. To obtain a similar level of confi-
dence about the absence of AF, low-intensity monitoring is 
proposed for patients in whom AF is unlikely, while more 
intensified monitoring is required for patients with a higher 
likelihood of AF, for example, older patients and those with 
multiple predictors for AF detection.

Being a strong predictor for AF detection in CS patients, 
age is used as the primary parameter to select the appropri-
ate monitoring strategy. Further stratification is based on 
additional “risk factors/markers” identified as predictors 
for AF detection in studies on long-term rhythm monitor-
ing. Composed risk scores have not been included in this 
approach in order to avoid duplication and inconsistent 
weighing of individual risk factors.

Short-term monitoring is considered sufficient for young 
patients (⩽40 years) with no risk factors predicting AF 
detection. Consistent with current guidelines for diagnosis 
and management of AF,41 72-h continuous ECG monitoring 
is considered sufficient for these patients. More intensified 
monitoring is suggested for patients aged up to 50 years 
with a single risk factor/marker for AF detection and for 
patients aged 51–60 years with no risk factors/markers. 

Figure 3. Proposed monitoring approach for exclusion of AF in CS patients considered for PFO closure.
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Medium-term monitoring may involve long-term Holter 
monitoring, external long-term event recording, or MCOT. 
Typically, a single 1-month monitoring period should pro-
vide sufficient confidence of absence of AF, but repeated 
monitoring sessions may provide more confidence. 
Particularly in patients >50 years of age, repeated monitor-
ing during 2–3 months is suggested. Long-term monitoring 
is suggested for patients with multiple risk factors/markers 
(regardless of their age), and for patients aged 51–60 years 
with ⩾1 risk factors/markers. For these patients, 3-month 
ICM monitoring is the preferred strategy.25

Discussion

The personalized cardiac rhythm monitoring approach pro-
posed by this review includes monitoring modalities rang-
ing from relatively short-term monitoring in young patients 
with no risk factors to longer-term monitoring in older 
patients and patients with predictors for AF detection. 
While ICMs have demonstrated superior AF detection over 
other monitoring modalities,23,25 their use can be limited to 
patients with a high risk of having AF. This may partly 
overcome restrictions regarding the use of the more expen-
sive ICMs due to health-economic considerations and con-
flicting outcomes regarding the effect of ICM monitoring 
on the risk of recurrent stroke.42,43

It is emphasized that the proposed monitoring approach 
specifically addresses the objective to exclude AF in patients 
considered for PFO closure. Cardiac rhythm monitoring may 
also be performed in other patients to detect the presence of 
AF, rather than to exclude it, and to inform decisions with 
regard to antithrombotic therapy. However, this diagnostic 
setting differs from the setting discussed in this review, and 
therefore may require different monitoring approaches.

The suggested monitoring approach applies to CS patients 
up to 60 years of age. While PFO closure in patients ⩾60 years 
is being considered and evaluated in the literature,44 it is cur-
rently not supported by randomized clinical evidence. 
Obviously, PFO closure in these patients should be supported 
by the most intensive monitoring strategy available.

High-risk PFO features (e.g. large shunt, ASA) may indi-
cate early PFO closure, thereby limiting the duration of pre-
closure monitoring. In the CLOSE (Patent Foramen Ovale 
Closure or Anticoagulants versus Antiplatelet Therapy to 
Prevent Stroke Recurrence) study,3 CS patients with high-
risk PFO features undergoing PFO closure without prior 
long-term ECG monitoring had no recurrent stroke during a 
mean follow-up period of 5 years. A meta-analysis of PFO 
closure trials showed a lower likelihood of AF detection in 
patients with high-risk PFO features and a greater benefit 
from PFO closure, compared to those without a high-risk 
PFO.40 Therefore, monitoring duration may be fine-tuned 
based on the presence of high-risk PFO features.

CS patients with a PFO that is a likely cause of the stroke 
are a distinct subgroup of the ESUS population. An extensive 

diagnostic work-up is required to precisely delineate this sub-
group in order to offer PFO closure to those patients who have 
a demonstrated benefit of this therapy. In an overall population 
of ESUS patients, the new approach rivaroxaban inhibition of 
factor Xa in a global trial vs ASA to prevent embolism in 
ESUS (NAVIGATE ESUS)45 and randomized double-blind 
evaluation in secondary stroke prevention comparing the effi-
cacy and safety of the oral thrombin inhibitor dabigatran etex-
ilate versus acetylsalicylic acid in patients with ESUS 
(RE-SPECT ESUS)46 randomized trials were not able to dem-
onstrate superiority of dabigatran or rivaroxaban over aspirin 
in the prevention of stroke recurrence. This may be, at least, 
partially due to the inhomogeneous nature of the enrolled 
patient population. A small proportion of patients in these tri-
als had a PFO, and medium- to long-term cardiac rhythm 
monitoring was only performed in a minority of the patients. 
Identification of more homogeneous subgroups of ESUS 
patients related to (probable) causes may be needed to make a 
well-informed choice between available treatment options, 
including PFO closure and a variety of pharmacological thera-
pies. Other studies are currently investigating whether the 
biomarker-indicated degree of atrial cardiopathy or cardiac 
thrombogenicity may help define subgroups of ESUS patients 
who specifically benefit from direct oral anticoagulants over 
antiplatelets (AtRial Cardiopathy and Antithrombotic Drugs 
In Prevention After Cryptogenic Stroke (ARCADIA), 
ClinicalTrials.gov Identifier: NCT03192215) or cardiac 
thrombogenicity (MidregiOnal Proatrial Natriuretic Peptide to 
Guide SEcondary Stroke Prevention (MOSES), ClinicalTrials.
gov Identifier: NCT03961334).

Additional data on the prevalence of AF in CS patients, 
stratified according to age and other predictors of AF detection, 
would allow further optimization of risk-based monitoring 
strategies. In this context, the Catch-up-ESUS study,47 initiated 
in 2018, may provide additional clinical data (ClinicalTrials.
gov identifier: NCT03820375). One of the objectives of this 
study is to determine the rates of ICM-detected AF among vari-
ous risk strata of patients diagnosed with ESUS.

An additional topic for further research is the benefit and 
cost-effectiveness of monitoring following PFO closure. 
Particularly, for patients whose strokes are classified as 
“Possibly” related to PFO, closure is often indicated but 
also increases the risk of subsequent clinically apparent 
AF.40 It is important to carefully consider the benefit–risk 
profile of these patients, accounting for the expected bene-
fits of PFO closure, as well as the need of anticoagulation 
after PFO closure. In case of PFO closure in these patients, 
continued monitoring, especially ICM monitoring, may 
detect AF occurring beyond the peri-procedural period that 
merits consideration for anticoagulation.

In summary, the monitoring approach proposed by this 
review should provide the desired level of confidence and 
justification for PFO closure across all risk strata of CS 
patients while minimizing treatment delays in patients at low 
risk of having AF. The use of the proposed monitoring 
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approach may result in an efficient and strategic utilization of 
cardiac rhythm monitoring resources. This may avoid unnec-
essary long-term monitoring and promote early PFO closure 
in younger patients with a low likelihood of having AF, as 
well as avoid PFO closure in older patients before a reason-
able confirmation of the absence of AF has been obtained.
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