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Abstract
Background: The mechanism of cryptogenic stroke (CS) in patients with atrial septal abnormalities remains unclear, and the
increased incidence of atrial vulnerability may be one of the reasons. We performed this meta-analysis to clarify the association
between atrial septal abnormalities and atrial vulnerability, and to provide evidence-based basis for the prevention and mechanism of
CS.

Methods:We systematically searched for studies on the association between atrial septal abnormalities and atrial vulnerability, and
pooled available data on types of atrial septal abnormalities, types of atrial vulnerability, and methods of atrial vulnerability detection.
The primary endpoints were the occurrence of atrial arrhythmias or P wave abnormalities. Random-effects models were used to
calculate odds ratios (OR) and 95% confidence intervals (CI).

Results:Twelve case-control studies were eligible. Compared with the control group, patients with atrial septal abnormalities had a
higher risk of atrial vulnerability (OR: 1.93; 95% CI: 1.13-3.30, P= .02). Data based on stroke patients showed that the group with
atrial septal abnormalities had a higher risk of atrial vulnerability than the control group (OR: 2.00; 95% CI: 1.13–3.53, P= .02).
However, there was no significant difference in the incidence of atrial vulnerability between the 2 groups of nonstroke patients.
Subgroup analysis showed that although atrial septal abnormality increased the risk of atrial vulnerability in the subgroup of atrial
septal aneurysm (OR: 1.68; 95% CI: 0.47–5.95, P= .42), the subgroup of atrial fibrillation (AF)/atrial fluster (OR: 1.81; 95% CI: 0.94–
3.46, P= .07) and the subgroup of subcutaneous recording system (OR: 1.33; 95% CI: 0.68–2.61, P= .41), the difference was not
statistically significant.

Conclusions: Atrial septal abnormalities can increase the risk of atrial vulnerability, and atrial arrhythmia caused by atrial septal
abnormalities may be one of the mechanisms of CS.

Abbreviations: AF = atrial fibrillation, ASA = atrial septal aneurysm, CI = confidence interval, CS = cryptogenic stroke, ECG =
electrocardiograph, OR = odds ratios, PFO = patent foramen ovale.
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1. Introduction

Ischemic stroke has become a common disease endangering
human life and health and is the second leading cause of death
after ischemic heart disease.[1] Cryptogenic stroke (CS) accounts
for about 40% of all ischemic strokes,[2] and the possible
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mechanisms include paradoxical embolism [3] and impairment of
the left atrial function.[4] Paradoxical embolism refers to the
clinical phenomenon of thromboembolism originating in the
venous vasculature and traversing through an intracardiac shunt
into the systemic circulation[5] which is currently considered to be
the main pathogenic mechanism.[6] However, the current
evidence is not sufficient to indicate the thrombus source of
paradoxical embolism.[7] Some studies[5,8,9] have shown that left
atrial dysfunction, such as interatrial block which can be caused
by anatomic abnormality of the atrial septum, may be one of
possible contributors of atrial septal abnormalities leading to
ischemic events. Atrial vulnerability was defined by the
prolongation of effective refractory period and atrial conduction
time in electrophysiology, including interatrial block and
biphasic P waves, and inducible atrial arrhythmia.[10–14] Atrial
septal abnormalities present in part of those suffering from CS, in
these patients, the association appears more than chance, and
may be explained by the presence of atrial vulnerability. In view
of the former considerations, we conducted a meta-analysis to
evaluate the potential association between atrial septal abnor-
malities and atrial vulnerability, and to provide the evidence-
based basis for the prevention and mechanism of CS.

2. Methods

This meta-analysis was performed according to the guidelines for
a meta-analysis statement.[15] Because the data of this study were
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based on published literature, ethical approval and patient
consent were not needed.
2.1. Search strategy

We systematically searched databases of PubMed, Embase, and
Web of Science from inception through May 2020 using the
terms “patent foramen ovale (PFO)”, “PFO”, “right to left
shunt”, “RLS”, “atrial septal abnormalities”, “atrial septal
aneurysm (ASA)”, “electrocardiograph (ECG)”, “atrial vulnera-
bility”, “P wave”, “atrial fibrillation (AF)”, “arrhythmia”. All
bibliography lists from the included articles were examined for
identify potentially eligible studies.

2.2. Study selection and inclusion

The following inclusion criteria were used in our meta-analysis:
�
 Case-control studies on the association between atrial septal
abnormality and atrial vulnerability in an adult population;
�
 The types of atrial septal abnormalities included ASA and/or
PFO;
�
 The types of atrial vulnerability included AF, atrial flutter,
interatrial block, and/or biphasic P waves. Our meta-analysis
excluded the following studies: reviews, case reports, cross-
sectional studies, conference summaries, repetitive articles.

2.3. Data extraction

Data extraction was independently completed by 2 researchers
(Heng Sun and Liang Xu) according to inclusion criteria and
exclusion criteria. Any conflicts between the 2 researchers were
resolved by discussion or referral to a third researcher. The main
endpoint of this meta-analysis was the occurrence of atrial
vulnerability detected by ECG monitoring. The Newcastle–
Ottawa scale was used to evaluate the bias risk of the included
study.[16] The scores ranged from 0 to 9, with a score above 5
indicating reliable quality.
2.4. Statistical analysis

All analyses were performed using the Review Manager 5.3
software (The Cochrane Collaboration, Oxford, UK). Odds
ratios (OR) and 95% confidence interval (CI) were used as the
effect index for each study and pooled value. The I2 statistic was
used to assess statistical heterogeneity between studies. When I2

was>50%, the random-effects model was used, and when I2was
<50%, the fixed-effects model was used. P value <.05 was
considered as statistically significant. We planned prespecified
subgroup analyses based on types of atrial vulnerability, methods
of atrial vulnerability detection and types of atrial septal
abnormalities and the sources of patients. Sensitivity analysis
was used to evaluate the stability of meta-analysis results.
Possible publication bias was assessed using funnel plots.
3. Results

3.1. Description of the included studies

The research selection process was shown in Figure 1. In our
initial search, we identified 679 articles. After layer-by-layer
screening, 12 qualified studies were selected for this meta-
analysis, including 1215 patients with atrial septal abnormalities
2

(PFO and/or ASA) and 1663 controls. The main descriptions and
patient characteristics of the included studies were shown in
Table 1.

3.2. Result of meta-analysis

The results of this meta-analysis showed that patients with atrial
septal abnormalities were at higher risk of atrial vulnerability
(15.7% vs 9.7%, OR: 1.93; 95% CI: 1.13–3.30, P= .02, Fig. 2).
Taking into account the different sources of the study subjects, we
analyzed the association between atrial septal abnormalities and
atrial vulnerability in different populations. The results showed
that the incidence of atrial vulnerability in the stroke patients with
atrial septal abnormalities was higher than that in the control
group (33.6% vs 15.6%, OR: 2.00; 95%CI: 1.13–3.53, P= .02).
There was no significant difference in the incidence of atrial
vulnerability between the 2 groups of nonstroke patients (7.1%
vs 3.7%, OR: 1.73; 95% CI: 0.30–10.08, P= .54). No
statistically significant heterogeneity was observed in this study
(I2=0%, P= .88) (Fig. 3).

3.3. Subgroup analyses

Subgroup analyses were planned in advance according to the
types of atrial septal abnormalities, the types of atrial
vulnerability and the types of ECG monitoring methods.
Subgroup analysis based on the types of atrial septal
abnormality and types of atrial vulnerability showed that
although atrial septal abnormality increased the risk of atrial
vulnerability in the subgroup of ASA (8.4% vs 5.7%, OR: 1.68;
95% CI: 0.47–5.95, P= .42) and the subgroup of AF/atrial
flutter (13.1% vs 8.6%, OR: 1.81; 95% CI: 0.94–3.46, P= .07),
the difference was not statistically significant (Figs. 4 and 5). No
significant heterogeneity was found in subgroup analysis of the
types of atrial septal abnormalities (Fig. 4) and the types of atrial
vulnerability (Fig. 5).
Subgroup analysis based on different types of ECG monitor-

ing methods showed that atrial vulnerability in the group with
abnormal atrial septum was higher than that in the control
group in the body surface ECG system (OR: 2.89; 95% CI:
1.50–5.58, P= .002) and the intracardiac recording system (OR:
4.04; 95% CI: 1.66–9.83, P= .002). However, there was no
significant difference in the incidence of atrial vulnerability
between the 2 groups which used subcutaneous recording
system (13.3% vs 9.7%, OR: 1.33; 95% CI: 0.68–2.61, P= .41)
and clinical records to evaluate the incidence of atrial
vulnerability (10.2% vs 16.9%, OR: 0.68; 95% CI: 0.38–
1.19, P= .18). Statistical heterogeneity was observed in this
subgroup (Fig. 6).

3.4. Sensitivity analyses

Sensitivity analysis showed that the results did not change after
excluding each study one by one [OR values range from 1.68
(95% CI: 1.00–2.83) to 2.21 (95% CI: 1.30–3.76)], which
showed that the results had good stability.
3.5. Publication bias

Funnel plot showed that the points were basically symmetrical,
which suggested that the possibility of publication bias was small
(Fig. 7).



Figure 1. Flow diagram of study selection.
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4. Discussion
Several studies have shown that the incidence of atrial septal
abnormalities was higher in patients with CS.[17] However, the
mechanism of CS caused by atrial septal abnormalities have been
controversial.[18] In reviewing the literature, some studies.[19]
Table 1

Main descriptions and patient characteristics of the included studies

Studies Study population Detection devices Area

Lucas 1994[34] ICVD Surface ECG systems France
Petty 1997[35] ICVD Clinical date The Uni
Berthet 2000[10] CS Intracardiac recording systems France
Sugaya 2003[36] NS Clinical date Japanes
Rouesnel 2004[37] ICVD Intracardiac recording systems France
Belvís 2007[38] CS Surface ECG systems Spain
Cotter 2011[39] CS Surface ECG systems The Uni
Cotter 2013[40] CS Subcutaneous recording systems The Uni
Lantz 2013[41] ICVD Surface ECG systems Sweden
Sanna 2014[30] IVCD Subcutaneous recording systems Multi-ce
Mahfouz 2017[42] CS Surface ECG systems Egypt
Yetkin 2020[43] NS Surface ECG systems Turkey

af= atrial flutter, AF= atrial fibrillation, ASA= atrial septal aneurysms, CS= cryptogenic stroke, ECG= ele
stroke, PFO = patent foramen ovale.
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reported that paradoxical embolism was the main mechanism of
CS caused by PFO.[20] However, only a small number of patients
with CS could find the source of paradoxical embolism.
Furthermore, available data suggest that there was a lack of
long-term monitoring of occult AF in patients with CS. Yasaka
.

Atrial septal abnormalities Atrial vulnerability NOS score

ASA AF 7
ted States PFO AF/af 8

PFO/ASA AF 8
e ASA AF/af 7

PFO /ASA AF 6
PFO P wave 7

ted Kingdom PFO interatrial block 7
ted Kingdom PFO AF 7

PFO AF 6
nter study PFO AF 7

PFO AF 8
ASA AF 7

ctrocardiograph, ICVD= ischemic cerebrovascular disease, NOS= Newcastle–Ottawa scale, NS= no-
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Figure 2. Forest plots comparing the incidence of atrial vulnerability between the group with atrial septal abnormalities and the control group. CI = confidence
interval.
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et al[21] found that patients with both AF and PFO have similar
neuroradiological features to those with AF. Rigatelli et al[5]

found that the left atrium of patients with atrial septal
abnormalities had dysfunction simulating AF, which might
further make these patients vulnerable to cardiogenic embolism.
In a word, atrial arrhythmias play an important role in the
process of CS with atrial septal abnormalities.
At present, most studies mainly focus on the association

between PFO and CS,[22,23] while there are few studies on the
embolization mechanism of CS.[24] Of note, our study was the
first to analyze the association between atrial septal abnormalities
and atrial vulnerability. Our meta-analysis included a total of 12
systematic case-control studies that evaluated the association
between the presence of PFO and/or ASA and atrial vulnerability.
We found that atrial septum abnormalities could lead to an
increased risk of atrial vulnerability. The sensitivity analysis
showed that there was no directional change in the pooled
Figure 3. Forest plots comparing the incidence of atrial vulnerability between the g
and in the nonstroke patients. CI = confidence interval.

4

outcome measures when we omitted any single study, which
suggested that our results were reliable and had certain reference
value. Our study found that there was a 2-fold increased risk of
atrial vulnerability due to atrial septal abnormalities in patients
with ischemic stroke, while there was no statistically significant
difference in the association between atrial septal abnormalities
and atrial vulnerability in patients with nonstroke. This may be
related to the small number of literatures and the low incidence of
atrial septal abnormalities in nonstroke patients.
Subgroup analysis results showed that atrial vulnerability

detection devices might be a source of heterogeneity. In our meta-
analysis, atrial vulnerability was mainly detected by body surface
electrocardiogram. However, subcutaneous monitoring system,
intracardiac monitoring system and clinical data were used
relatively infrequently. We found that in the studies of using body
surface electrocardiogram monitoring system or intracardiac
monitoring system, atrial septal abnormalities were related to the
roup with atrial septal abnormalities and the control group in the stroke patients



Figure 4. Forest plots comparing the incidence of atrial vulnerability between the group wtih PFO and without PFO and between the group with ASA and without
ASA. ASA = atrial septal aneurysms, CI = confidence interval, PFO = patent foramen ovale.
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increase of atrial vulnerability. Previous studies[25] showed that
cardiac implanted electronic devices could detect atrial rapid
arrhythmia with regular ventricular reactions and reduced the
rate of missed diagnosis. The subcutaneous recording systemmay
lead to a certain false positive due to excessive electromyography
and premature atrial complex waves. The accuracy of clinical
data collection was affected by strong subjectivity in the process
of clinical data collection.
Figure 5. Forest plots comparing the risk of AF or flutter between the group with a
between the 2 groups. CI = confidence interval.

5

Subgroup analysis of the types of atrial septal abnormalities
showed that the incidence of atrial vulnerability in the PFO group
was 2.05 times that of the nonPFO group, while there was no
statistical significance between the incidence of atrial vulnerabili-
ty in the ASA group and the nonASA group. Previous studie [26,27]

found that the existence of ASA increased atrial anatomical
heterogeneity, which may affect the electrical stability of atrial
stimulation waves and lead to arrhythmias. The larger the area of
trial septal abnormalities and the control group and the risk of abnormal P wave

http://www.md-journal.com


Figure 6. Forest plots comparing the incidence of atrial vulnerability detected by different types of ECG monitoring methods between the group with atrial septal
abnormalities and the control group. CI = confidence interval, ECG = electrocardiograph.
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ASA, the more atypical aggregative cardiomyocytes similar to
conductive cells, the greater the likelihood of AF.[28] The greater
degree of ASA bulge and the diameter of the base, the easier it was
Figure 7. Funnel plot test for heterogen

6

to cause abnormal interatrial hemodynamics.[29] However, there
is no research on the impact of ASA size on atrial vulnerability, so
the association between ASA size and atrial vulnerability needs to
eity assessment. OR = odds ratios.
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be further explored. Besides, some patients with ASA did not rule
out atrial septal defect, PFO, or other related congenital heart
diseases, which may cause false-negative results. Our study found
that the incidence of atrial arrhythmias in the atrial septum
abnormal group was higher than that in the control group, but
there was no statistical difference between the 2 groups. The
reasons for this negative result may be as follows: First of all,
different ECG monitoring systems have different sensitivity to
atrial arrhythmias[26]; Secondly, different monitoring times may
cause false-negative[30]; Finally, P wave changes, such as
interatrial block and biphasic P wave, occurred before the AF.
Interatrial conduction delay forms a suitable substrate for
induction and sustenance of atrial arrhythmias.[31,32]

Rigatelli et al[5] found that left atrial functional parameters
were improved from PFO closure or ASA stabilization. What’s
more, recent meta-analysis of randomized controlled trials and
observational showed that younger patients with stroke might be
beneficial in reducing recurrent paradoxical embolism through
PFO closure.[33] For patients with high risk of atrial vulnerability,
early transcatheter closure can improve left atrial function and
reduce the risk of stroke recurrence.
Our meta-analysis had several limitations. First of all, this

study analyzed the susceptibility of atrial arrhythmia and P wave
abnormality, and did not study the potential susceptibility index,
which may have a certain selection bias. Secondly, only English
literature was included, so there was the possibility of language
bias. Finally, all the included studies were case-control studies,
which might be a certain risk of selection, implementation, and
measurement bias. In view of the limitations of inclusion in this
meta-analysis, prospective cohort studies are needed for further
verification in future studies to provide a more reliable basis for
the screening of pathogenic atrial septal abnormalities.

5. Conclusions

Stroke patients with atrial septal abnormalities have a higher risk
of atrial vulnerability compared with those without. Impairment
of the left atrial function caused by atrial vulnerability may be one
of the mechanisms of CS. Our study supports this possible
mechanism and provides evidence-based basis for early clinical
treatment.
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