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cryptogenic stroke risk in patients with patent
foramen ovale: a retrospective study
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Abstract

Background The patent foramen ovale (PFO) and interatrial block (IAB) are associated with cryptogenic stroke (CS).
However, the role of the interaction between PFO and IAB in CS remains unclear.

Methods This case—control study enrolled 256 patients with CS and 156 individuals without a history of stroke

or transient ischemic attack. IAB was defined as P wave duration > 120 ms. PFO was evaluated by contrast transesoph-
ageal echocardiography, and classified as no-PFO, low-risk PFO and high-risk PFO. Multiplicative and additive interac-
tion analysis were used to assess the interaction between PFO and IAB in CS.

Results Multiplicative interaction analysis unveiled a significant interaction between IAB and low-risk PFO in CS (OR
for interaction =3.653,95% Cl, 1.115-12.506; P=0.037). Additive interaction analysis indicated that 68.4% (95% Cl,
0.333-1.050; P<0.001) of the increased risk of CS related to low-risk PFO was attributed to the interaction with IAB.
The results were robust in multivariate analysis. However, but no significant multiplicative or additive interac-

tion was observed between IAB and high-risk PFO. When stratified by IAB, high-risk PFO was associated with CS

in both patients with IAB (OR, 4.186; 95% Cl, 1.617-10.839; P=0.003) and without IAB (OR, 3.476; 95% Cl, 1.790-6.750;
P<0.001). However, low-risk PFO was only associated with CS in patients with IAB (OR, 2.684; 95% Cl, 1.007-7.149;
P=0.048) but not in those without IAB (OR, 0.753; 95% Cl, 0.343-1.651; P=0.479).

Conclusion The interaction between IAB and PFO might play an important role in CS, particularly in cases with low-
risk PFO.
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Introduction

Stroke is a significant contributor to global mortality and
disability, of which 70% can be attributed to ischemic
stroke (IS). It is essential to understand the mechanisms
underlying IS for its secondary prevention. However, the
etiology is undetermined in approximately 25% of IS cases,
which are categorized as cryptogenic stroke (CS) [1].

Recently, the role of the patent foramen ovale (PFO) in
IS has gained significant attention. PFO-related strokes
account for 5% of all stroke cases and up to 10% in
younger patients [1]. Randomized controlled trials have
demonstrated the efficacy of PFO closure in preventing
CS, reinforcing the significant role of the PFO in stroke
etiology [1]. Paradoxical embolism is deemed the pri-
mary mechanism by which PFO contributes to IS [2],
whereas other mechanisms, such as in situ thrombus
formation [3], atrial arrhythmias, and reduced left atrial
function, may also play a role in PFO-associated stroke
[4]. In addition to PFO, interatrial block (IAB) is suppos-
edly associated with IS [5]. IAB not only correlates with
atrial fibrillation (AF) [5], but also increases the risk of IS
in patients without AF, potentially due to left atrial blood
stasis induced by IAB [5, 6].

However, limited studies have focused on the relation-
ship between the PFO and IAB and the role of their inter-
actions on IS risk. The present study aimed to investigate
the association between PFO and IAB and elucidate the
impact of the interaction between PFO and IAB on CS
risk.

Materials and methods

This case—control study was conducted in compliance
with the ethical standards of the corresponding institu-
tion and the Declaration of Helsinki. The ethics review
boards of Shaoxing People’s Hospital approved this study,
and the requirement for informed consent was waived
owing to the retrospective nature of this study. The
analysis was reported in accordance with the STROBE
guidelines.

Study population

For the cryptogenic stroke group (CS group), we con-
secutively enrolled patients with CS aged between 18
and 75 years, who underwent contrast transesophageal
echocardiography (cTEE) at the Shaoxing People’s Hos-
pital from January 2021 to December 2023. The diagnosis
of CS was adjudicated by cardiologists and neurologists
based on previously published criteria [7]. All stroke
cases were confirmed by brain magnetic resonance imag-
ing and neurologic examination. The following tests were
performed in all patients: transthoracic echocardiogra-
phy and TEE; extracranial artery ultrasound or computed
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tomography angiography; laboratory tests; 12-lead elec-
trocardiography; and 24-h Holter electrocardiographic
monitoring. Patients with incomplete evaluations were
not considered to have CS.

The control group comprised consecutive patients
without a history of stroke/ transient ischemic attack
(TIA) who underwent cTEE at the Shaoxing People’s
Hospital during the same period.

The exclusion criteria were as follows: 1) atrial fibril-
lation/flutter or sustained atrial tachycardia(>30 s); 2)
atrial premature beats within a 24-h period exceeding
10,000; 3) without electrocardiography results within
1 year before IS or cTEE;4) valvular heart disease, con-
genital heart disease other than PFO, or cardiomyopathy;
5) heart failure stages C to D [8]; 6) left atrial anteropos-
terior diameter greater than 45 mm; 7) a history of stroke
or TIA; 8) systemic inflammatory diseases, coagulation
dysfunction or malignancies; 9) PFO-related diseases
other than IS, such as migraines and decompression sick-
ness; and 10) missing key information or other condi-
tions deemed unsuitable for inclusion by investigators.

Electrocardiography and echocardiography measurements
The last patients’” ECGs within 1 year before IS or ¢cTEE
were obtained electronically. P-wave durations were
measured using the MUSE v9 Cardiology Informa-
tion System (GE HealthCare, UK). IAB was defined as
a prolonged P-wave duration (>120 ms) in the inferior
leads [6]. The ECGs were analyzed by an independent
experienced electrocardiologist blinded to the patients’
information.

All ¢-TEE examinations were performed according to
local clinical protocols published previously [9]. A Philips
EPIQ 7C real-time three-dimensional color cardiac ultra-
sound system (Philips Ultrasound, Bothell, Washington,
United States) equipped with a transesophageal three-
dimensional matrix probe X8-2t (frequency, 2-8 MHz)
was utilized for the examinations. The contrast agent
used was an agitated saline solution, administered via
the antecubital vein. Images of each chamber section
were observed both at rest and after a Valsalva maneuver,
capturing at least 20 cardiac cycles. PFO was confirmed
when the channel was visibly open and microbubbles
traversed from the right to the left atrium within three
cardiac cycles subsequent to right atrium opacifica-
tion. All images were stored in a database and assessed
by an experienced sonographer blinded to. the patients’
information.

The following characteristics of PFO were evaluated:
the grading of right-to-left shunt flow (RLS), PFO size,
atrial septal aneurysm (ASA) and hypermobile septum.
All characteristics were evaluated at rest, except for RLS,



Du et al. BMC Neurology (2024) 24:345

which was evaluated both at rest and after the Valsalva
maneuver.

The PFO with a right-to-left shunt (PFO-RLS) typically
manifests within the initial 3-6 cardiac cycles following
right atrium opacification. PFO-RLS was graded as fol-
lows: grade 0, the absence of microbubbles; grade 1, the
presence of 1-10 microbubbles; grade 2, the presence of
11-30 microbubbles; and grade 3, the occurrence of >30
microbubbles or near-complete opacification of the left
atrium. The PFO height was measured as the maximum
separation between the septum primum and septum
secundum in the end-systolic frame, and a large-size PFO
was defined as a PFO with a height exceeding 2 mm. ASA
was characterized by>10 mm septal excursion from the
midline into the right or left atrium, or>15 mm total
excursion between both atria. Additionally, a moving
and floppy septum, defined as>5 mm septal excursion in
every heartbeat, was categorized as a hypermobile intera-
trial septum [10].

The PFO with at least one of the following character-
istics was defined as a high-risk PFO: PFO-RLS grade >2
at rest or after the Valsalva maneuver, a large-size PFO,
ASA or a hypermobile septum. Otherwise, the PFO was
defined as low-risk PFO [4, 7].

Data collection

The patients’ medical history was retrieved from medi-
cal records. To avoid the impact of IS on laboratory test
results, the laboratory tests performed after the acute
stage (1-2 weeks) of IS were abstracted for analysis. In
the control group, the laboratory tests were conducted
within 1 week before or after the cTEE procedure.

Statistical analyses

The Kolmogorov—Smirnov test was utilized to evaluate
the normal distribution of continuous variables. Nor-
mally distributed data are presented as mean + standard
deviation and were compared using the Student’s t-test.
Skewed data are expressed as median (lower quartile-
upper quartile) and were compared using the Mann-—
Whitney test. Categorical variables are presented as
counts and were compared using the Fisher’s exact test or
Pearson’s chi-squared test, as appropriate.

The association between CS and potential risk factors
was estimated by odds ratios (ORs) with 95% confidence
intervals (CIs) calculated by logistic regression. Multipli-
cative and additive methods were used to investigate the
role of interaction between IAB and PFO in CS develop-
ment. Multiplicative interaction was assessed by intro-
ducing an interaction term into the logistic regression
models. Additive methods were used to calculate the fol-
lowing parameters: 1) the attributable proportion (AP);
2) the relative excess risk due to interaction (RERI); and
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3) the synergy index (SI) [11]. Moreover, subgroup analy-
ses were conducted to evaluate the roles of IAB and PFO
in CS development.

All data analyses were performed using R version 4.2.0.
The “InteractionR” package was utilized for conducting
interaction analyses. Statistical significance was deter-
mined at a 2-sided p-value <0.05.

Results

Characteristics of study population

During the study, 304 patients with CS and 329 individu-
als without stroke/TIA underwent cTEE and ECG. We
excluded 221 participants based on the exclusion criteria.
Finally, 412 participants were included in the analysis.
Figure 1 illustrates the participant selection process. Of
the participants, 256 had CS (CS group) and the remain-
ing 156 were classified as the control group. Participants
in the CS group were older (56.7 +9.7 vs. 53.7 + 13.0 years,
P=0.014) and predominantly comprised men (68.0% vs.
54.5%, P=0.006), drinker (37.5% vs. 25.0%, P=0.009)
and smokers (29.7% vs. 20.5%, P=0.040). Moreover, the
incidences of hypertension (60.5% vs. 35.9%, P<0.001)
and diabetes (21.1% vs. 7.7%, P<0.001) were significantly
higher in the CS group. Additionally, patients in the CS
group exhibited lower high-density lipoprotein (HDL)
levels, larger left atrial dimensions, longer P-wave dura-
tions, and a higher IAB incidence. Regarding PFO, high-
risk PFO incidence was higher in the CS group (34.8% vs.
13.5%, P<0.001), whereas there was no significant dif-
ference in low-risk PFO incidence between the groups
(14.8% vs. 15.4%, P=0.849). Among patients with PFO,
the PFO size was larger in the CS group (2.59 £1.37 vs.
1.99 +0.85 mm, P=0.001), while the RLS grade and inci-
dence of ASA and hypermobile septa were comparable
between the groups. Table 1 summarizes the characteris-
tics of the participants. Table 2 presents the morphomet-
ric and functional characteristics of the PFO.

Risk of cryptogenic strokes and interaction of IAB and PFO
In the univariate analysis, conventional risk factors, such
as age, sex, alcohol, smoking, hypertension, diabetes,
D-dimer levels, high density lipoprotein levels and left
atrial size, showed associations with CS. In addition, IAB
(OR, 1.961; 95% CI, 1.293-2.973; P=0.002) and high-risk
PFO (OR, 3.647; 95% CI, 2.127-6.251; P<0.001) were
also associated with CS, whereas low-risk PFO (OR,
1.362; 95% CI, 0.770-2.410; P=0.288) displayed no asso-
ciation. Regarding to PFO characteristics, PFO size was
the only factor associated with CS. Tables S1-2 show
the results of the univariate analysis. After adjustment
for potential confounders, the association between IAB,
high-risk PFO, and CS remained significant (Table 3).
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N=221 excluded:

AF, AFL, sustained AT or frequent PAC, n=26;
Without ECGs before stroke and cTEE, n=61;
Previous TIA or stroke, n=22;

Migraines or decompression sickness, n=41;

Valvular heart disease, n=3;
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Patients with cTEE
but without stroke/TIA
N=329

Cryptogenic stroke patients
with cTEE
N=304

Congenital heart disease, n=9;
Cardiomyopathy, n=8;

Heart failure stage C-D, n=8;

left atrial dimension >45mm, n=10;
Malignancies, n=6;

Systemic inflammatory diseases, n=2;

Poor image quality, n=13;

Missing information, n=12.

Cryptogenic stroke Group
N=256

Control Group
N=156

Fig. 1 Patients’selection process. AF, atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; cTEE, contrast transesophageal echocardiography; PAC,

premature atrial complex; TIA, transit ischemic attack

Before evaluating the interaction, the relationship
between PFO and IAB was investigated. The incidence
of IAB was comparable among participants with low-risk
PFO, high-risk PFO, and those without PFO (31/62 vs.
45/110 vs. 97/240, P=0.381). Among participants with
PFO, no association was detected between IAB and PFO
characteristics (Table S3).

Multiplicative interaction analysis unveiled a signifi-
cant interaction between IAB and low-risk PFO (OR for
interaction=3.653, 95% CI, 1.115-12.506; P=0.037),
while no significant multiplicative interaction was
observed between IAB and high-risk PFO (OR for inter-
action=1.204, 95% CI, 0.378-3.841; P=0.753). Regard-
ing additive interaction analysis, a significant AP of 0.684
(95%CI, 0.333-1.050; P<0.001) was observed for IAB
and low-risk PFO upon using no-IAB/no-PFO as the
comparator. Correspondingly, the RERI (P=0.073) and
SI (P=0.079) tended to be significant. However, no sig-
nificant AP, RERI and SI were detected for IAB and high-
risk PFO (Table 4). The results of the interaction analysis
remained robust after adjusting for potential confound-
ers, as depicted in Table 4. In the subgroup analysis, IAB
conferred an increased risk of CS in patients with low-
risk PFO (OR, 5.769; 95% CI, 1.843-18.064; P=0.003)
and tended to increase CS risk in patients without PFO
(OR, 1.619; 95% CI, 0.960-2.732; P=0.071). However, no
significant association between IAB and CS was detected
in patients with high-risk PFO (OR, 1.950; 95% CI, 0.693—
5.491; P=0.206). When stratified by IAB, high-risk PFO

was associated with CS in both patients with IAB (OR,
4.186; 95% CI, 1.617-10.839; P=0.003) and without IAB
(OR, 3.476; 95% CI, 1.790-6.750; P<0.001). However,
low-risk PFO was only associated with CS in patients
with IAB (OR, 2.684; 95% CI, 1.007-7.149; P=0.048)
but not in those without IAB (OR, 0.753; 95% CI, 0.343—
1.651; P=0.479).

Discussion
The present study found a significant interaction between
IAB and low-risk PFO pertaining to CS risk. The results
of the multiplicative interaction analysis and subgroup
analysis indicated that isolated low-risk PFO was not
associated with CS; however, when combined with IAB,
low-risk PFO increased the risk of CS. The additive inter-
action results suggested that nearly 70% of the increased
risk of CS associated with low-risk PFO was attributed
to the interaction with IAB. Nevertheless, no significant
multiplicative interaction between high-risk PFO and
IAB was observed. Correspondingly, IAB was signifi-
cantly associated with CS in patients with low-risk PFO,
but not in those with high-risk PFO and without PFO.
PFO has been considered as an important risk factor
for CS [1]. The prevalence of PFO is approximately 25% in
the general population. Not all PFOs lead to stroke. Iden-
tifying high-risk PFOs is a crucial aspect of secondary
prevention for patients with CS and may even serve as
an important strategy for primary prevention. Currently,
the diagnosis of PFO-associated strokes is primarily
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Table 1 Characteristics of study population

CS Group Control Group P value
(N=256) (N=156)
Age (years) 56.7+9.7 53.7+£13.0 0.014
Male 174 (68.0%) 85 (54.5%) 0.006
Body mass index (kg/mz) 242432 239428 0.380
Alcohol 96 (37.5%) 39 (25.0%) 0.009
Smoking 76 (29.7%) 32 (20.5%) 0.040
Hypertension 155 (60.5%) 56 (35.9%) <0.001
Diabetes 54 (21.1%) 12 (7.7%) <0.001
CHD 8(3.1%) 2 (1.3%) 0.332
Fibrinogen (g/L) 263+0.78 2.54+084 0.275
D-dimer (mg/L) 0.66+1.39 042+048 0.012
eGFR (mL/min) 97.0+134 985+ 14.7 0.287
HDL (mmol/L) 1.01+£0.24 1124034 <0.001
LDL (mmol/L) 243+0.84 244+0.77 0.892
Homocysteine (umol/L) 12.70+£1041 11.41+£9.98 0.233
LAD (mm) 345+45 33.1+46 0.02
RoPE score (point)® 363+£143 436+1.66 <0.001
RoPE score > =6° 26 (10.2%) 35 (22.4%) 0.001
P wave duration (ms) 1174+12.1 113.0+13.1 0.001
IAB 123 (48.0%) 50 (32.1%) 0.001
PFO 127 (49.6%) 45 (28.8%) <0.001
Low-risk PFO 38 (14.8%) 24 (15.4%) 0.894
High-risk PFO 89 (34.8%) 21 (13.5%) <0.001

CHD coronary heart disease, CS cryptogenic stroke, eGFR estimated glomerular
filtration rate, HDL high density lipoprotein, LAD left atrial dimension, LDL low
density lipoprotein, PFO patent foramen ovale, IAB interatrial block

2The RoPE score was calculated without incorporating the stroke imaging
manifestation

Table 2 Morphometric and functional characteristics of PFO

CSGroup  Control Group  Pvalue
(N=127) (N=45)
RLS at rest 0.251
Grade 0 44 (34.6%) 15 (33.3%)
Grade 1 52 (40.9%)  23(51.1%)
Grade 2 16 (12.6%) 6 (13.3%)
Grade 3 15 (11.8%) 1(2.2%)
RLS after Valsalva maneuver 0.08
Grade 0 0 0
Grade 1 33(26.0%) 12 (26.7%)
Grade 2 33 (26.0%) 19 (42.2%)
Grade 3 61 (48.0%) 14 (31.1%)
PFO height (mm) 259+137  1.99+0.85 0.001
Large-size PFO 70 (55.1%) 14 (31.1%) 0.006
Atrial septal aneurysm 19 (15.0%) 3 (6.7%) 0.152
Hypermobile septum 17 (13.4%) 3(6.7%) 0.227

CS cryptogenic stroke, PFO patent foramen ovale, RLS right-to-left shunt
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determined by clinical characteristics and the high-risk
features of the PFO. In addition to clinical characteristics
and the features of the PFO, the present study suggested
that IAB was a neglected but important factor modifying
the risk of PFO in CS and should be considered in clinical
practice. There are several potential mechanisms under-
lying the interactions between PFO and IAB.

First, IAB may increase PFO-RLS, thereby raising
the risk of paradoxical embolism associated with PFO.
Although the mechanisms behind PFO-associated
strokes are not fully understood, paradoxical embolism
is considered a major contributing factor. PFO-RLS
forms the basis of paradoxical embolism and stands
as the most significant risk factor for PFO-associated
strokes [1]. Factors leading to an increase in PFO-RLS,
such as ASA, prominent Chiari network, and Eustachian
valve, may increase CS risk [10]. Previously, research-
ers have focused primarily on the morphological fac-
tors of PFO that may lead to an increase in PFO-RLS.
However, the impact of abnormal atrial electrical activ-
ity on PFO-RLS remains unclear. Normal atrial electrical
activity originates from the sinoatrial node, and travels
through the Bachmann bundle, interatrial septum, and
coronary sinus to activate the left atrium. Therefore,
the right atrium contracts earlier than the left atrium.
When the right atrium contracts before the left, its pres-
sure exceeds that of the left atrium, leading to PFO-RLS.
Therefore, when IAB further delays the contraction
of the left atrium, the risk of paradoxical embolism
increases. A previous study reported that atrial mechani-
cal dyssynchrony, a consequence of IAB, increased PFO-
RLS [12]. Second, PFO may exacerbate the left atrial
blood stasis caused by IAB. IAB itself is a risk factor for
CS. The mechanisms underlying CS caused by IAB may
be associated with left atrial blood stasis [5]. PFO-RLS
may exert a significant effect on left atrial hemodynam-
ics. A recent study reported that PFO-RLS may reduce
stroke in the patients with AF by increasing left atrial
appendage emptying velocity [13]. However, in a compu-
tational fluid dynamics study, PFO-RLS contributed to
increased blood stasis in the left atrium [14]. Third, IAB
may be associated with the risk of in situ thrombus for-
mation in PFO. In addition to the paradoxical embolism,
the PFO may also lead to in situ thrombus formation [3].
IAB may be associated with increased interatrial septal
fat, a local marker of endothelial dysfunction and myo-
cardial fibrosis [15, 16]. Therefore, IAB may be associ-
ated with the risk of in situ thrombus formation in PFO.
Furthermore, IAB may also be associated with other risk
factors of PFO-associated stroke, such as a hypermobile
septum and left atrial enlargement [17, 18]. Overall, in
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Table 3 Results of multivariable logistic regression models of cryptogenic stroke
Model 1 Model 2

Variates OR (95%Cl) P value OR (95%Cl) P value
Age (per 10 years) 1.211(1.003, 1.463) 0.046 / /
Male 1.702 (1.096, 2.644) 0.018 / /
IAB 1.762 (1.132, 2.745) 0.012 2.023(1.293,3.165) 0.002
PFO

Without PFO Reference Reference

Low-risk PFO 1402 (0.774,2.542) 0.265 1.102 (0.597, 2.036) 0.756

High-risk PFO 3.930 (2.257-6.843) <0.001 3.791(2.141,6.710) 0.002
Hypertension / / 2442 (1.562,3.818) 0.000
Diabetes / / 2.524 (1.245,5.114) 0.010
HDL (per mmol/L) / / 0.325(0.144,0.737) 0.007

Cl confidence interval, HDL high density lipoprotein, OR odds ratio, PFO patent foramen ovale, IAB interatrial block

Model 1: adjusted for IAB, PFO, age and sex

Model 2: adjusted for IAB, PFO, age, sex, alcohol, smoking, hypertension, diabetes, fibrinogen, D-dimer, estimated glomerular filtration rate; homocysteine, high/low

density lipoprotein and left atrial dimension

theory, a complex interaction may exist between the IAB
and PFO in the causation of CS. Future studies are war-
ranted to explore the potential mechanisms underlying
the interaction between PFO and IAB.

In the present case—control study, we demonstrated
a significant interaction between IAB and PFO in the
development of CS. Similar to previous studies, the
present study did not observe a significant association

between low-risk PFO and CS [1]. However, low-risk
PFO increased the risk of CS approximately thrice in
patients with IAB. This finding holds crucial clinical sig-
nificance. Currently, the diagnosis of PFO-associated
stroke is primarily based on clinical features and PFO
morphology. In patients with low-risk PFO, the probabil-
ity of PFO-associated stroke is usually considered low.
However, based on our findings, we should not neglect

Table 4 Odds ratios and interaction analyses for cryptogenic stroke

Model 0 Model 1 Model 2

Variates OR (95%(Cl) P value OR (95%(Cl) P value OR (95%(Cl) P value
No-IAB/no-PFO 1(reference) / 1(reference) / 1(reference) /
No-IAB/low-risk PFO 0.732(0.334, 1.606) 0437 0.837(0.375, 1.870) 0.665 0.529 (0.224, 1.250) 0.147
No-IAB/high-risk PFO 3.169 (1.652,6.079) 0.001 3.352(1.727,6.504) <0.001 3411 (1.709, 6.806) 0.001
IAB/no-PFO 1.590 (0.939, 2.692) 0.085 1416 (0.827,2.424) 0.205 1424 (0.810, 2.505) 0.219
IAB/low-risk PFO 4.225 (1,635, 10.919) 0.003 3. 804( 459, 9918) 0.006 3.780 (1416, 10.087) 0.008
|AB/high-risk PFO 5.650 (2.370, 13.469) <0.001 27 (2.1 12.325) <0.001 5450 (2.1 13.504) <0.001
MI-1 3.653 (1.115, 12.506) 0.037 3.546 (1.096, 11.412) 0.046 4.291(1.137,16.191) 0.032
MI-2 1.204 (0378, 3.841) 0.753 1.180 (0.365, 3.818) 0.782 1.101 (0.330, 3.672) 0.876
AP-1 0.684 (0.333, 1.050) <0.001 0.672 (0.299, 1.044) <0.001 0.709 (0.355, 1.063) <0.001
RERI-1 2.973 (-1.044, 6.989) 0.073 2.702 (-1.052, 6.455) 0.079 2672 (-0.930,6.273) 0.073
SI-1 8.984 (0.424, 190.576) 0.079 8(0.278,319.151) 0.106 28.968 (4¥107,2*10%) 0277
AP-2 0.396 (-0.217, 1.003) 0.101 0.334 (-0.351, 1.020) 0.169 0.322(-0.388, 1.031) 0.187
RERI-2 2.683 (-3.538,8.905) 0.199 2,073 (-3.775,7.920) 0.244 1.968 (-3.923, 7.860) 0.256
SI-2 1.867 (0.547, 3.369) 0.159 1.663 (0.466, 5.935) 0217 1.624 (0.446,5.912) 0.231

AP attributable portion, CI confidence interval, HDL high density lipoprotein, IAB interatrial block, Ml multiplicative interaction between IAB and PFO, OR odds ratio,
PFO patent foramen ovale, RERI relative excess risk due to interaction, S/ synergy index of interaction, -1 interaction between IAB and low-risk PFO compared with

no-PFO, -2 interaction between IAB and high-risk PFO compared with no-PFO

Model 0: including PFO, IAB and interaction terms

Model 1: Model 0 + age and sex

Model 2: Model 0 + age, sex, alcohol, smoking, hypertension, diabetes, fibrinogen, D-dimer, estimated glomerular filtration rate; homocysteine, high/low density
lipoprotein and left atrial dimension
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the significance of low-risk PFO in patients with IAB.
With regard to high-risk PFO, similar to previous studies,
we confirmed the significant association between high-
risk PFO and CS. However, it was interesting that no sig-
nificant interaction between IAB and high-risk PFO was
detected. It was speculated that the strong association
between high-risk PFO and CS might overshadow the
role of interaction between high-risk PFO and IAB negli-
gible. For example, the large RLS of high-risk RLS would
dilute the impact of IAB on PFO-RLS, as mentioned
above. To further explore the mechanism underlying the
interaction between IAB and PFO, we assessed the cor-
relation between IAB and the high-risk features of PFO,
including PFO-RLS, ASA, and hypermobile septum, but
no significant association was detected. While we did
not demonstrate that IAB increases the PFO-RLS, it may
still extend the duration of PFO-RLS. Whether this may
increase the probability of paradoxical embolism requires
further investigation. Furthermore, these results suggest
that the interaction between IAB and PFO may be inde-
pendent of PFO-RLS.

This study had several limitations. First, as a single-
center study, the findings should be interpreted with cau-
tion and require further validation through multi-center
studies. Second, the retrospective design introduces sig-
nificant bias, particularly selection bias, since the study
included only patients who underwent cTEE at our
center, potentially resulting in a higher incidence of PFO
compared to the general population. However, due to the
low incidence of CS, conducting a prospective cohort
study would be challenging. Despite these limitations,
the primary aim of this study was to investigate the inter-
action between PFO and IAB. We demonstrated that IAB
is not associated with PFO or its characteristics, mini-
mizing the impact of selection bias on the assessment of
the interaction. Additionally, subgroup analyses further
validated the interaction between PFO and IAB. Lastly,
we did not provide evidence for the mechanism under-
lying PFO and IAB interaction, thus warranting further
investigation.

Conclusion

In summary, our study highlights the significant interac-
tion between interatrial block (IAB) and patent foramen
ovale (PFO) in cryptogenic strokes, mainly in those with
low-risk PFO. These findings enhance our understanding
of the mechanisms underlying CS and provide valuable
insights into preventive measures.
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