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Abstract 

Background  Clinical studies on atrial fibrillation (AF) recurrence after catheter ablation in patients diagnosed 
with patent foramen ovale (PFO) and paroxysmal AF (PAF) are scarce. Here, we aimed to develop a nomogram model 
utilizing multimodal data for the risk stratification of AF recurrence following catheter ablation in individuals diag-
nosed with PFO and new-onset PAF.

Methods  Patients with PFO and PAF who underwent catheter ablation at the Renmin Hospital of Wuhan University 
from January 2018 to June 2020 were consecutively enrolled. The identification of potential risk factors was con-
ducted using the regression method known as least absolute shrinkage and selection operator. Subsequently, multi-
variate COX regression analysis was conducted to determine the independent risk factors, after which a nomogram 
scoring system was developed. The nomogram’s performance was assessed via various statistical measures, includ-
ing receiver operating characteristic curve analysis, calibration curve, and decision curve analysis (DCA).

Results  The dataset was partitioned into the development cohort (n = 102) and the validation cohort (n = 43) 
using a 7:3 ratio. The constructed nomogram included four clinical variables: age, diabetes mellitus, lipoprotein (a), 
and right ventricular diameter. The area under the curve values of the development and validation cohorts at 1, 2, 
and 3 years post-catheter ablation were 0.911, 0.812, and 0.786 and 0.842, 0.761, and 0.785, respectively. Additionally, 
the nomogram demonstrated a significant correlation between the predicted and actual outcomes in the develop-
ment and validation cohorts, indicating its excellent calibration. Lastly, the DCA findings suggested that the model 
had notable clinical applicability in predicting the likelihood of AF recurrence within 1, 2, and 3 years after catheter 
ablation.
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Conclusion  The incorporation of multimodal data in a nomogram visualization tool facilitates the concise represen-
tation of multimodal data, thereby enhancing the comprehension of the clinical status of patients with PFO and PAF 
following catheter ablation and providing accurate risk stratification at 1, 2, and 3 years post-treatment.

Trial registration: This trial was registered in the Chinese Clinical Trial Registry.

(ChiCTR2300072320).
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Graphical Abstract

Introduction
Patent foramen ovale (PFO) is a commonly occurring 
congenital heart disease with a substantially high global 
prevalence rate [1, 2]. In this condition, the normal clo-
sure of the foramen ovale after birth does not occur 
appropriately in approximately 25% of individuals, 
potentially leading to abnormal blood circulation [1, 2]. 
Moreover, the coexistence of PFO and AF is frequently 
observed in clinical settings [3–5]. PFO, characterized 
by an incompletely closed or open communication 
channel between the atria, is often detected alongside 
AF, which is characterized by irregular and rapid atrial 
contractions [3–5]. The presence of PFO may also aug-
ment the likelihood of AF episodes, whilst potentially 
leading to paradoxical embolization, wherein blood 
clots or emboli can traverse from the right to the left 
atrium through the patent passage of PFO, thereby 
escalating the risk of ischemic stroke. AF is a prevalent 
cardiac arrhythmia that significantly affects the health 
and overall well-being of individuals with this condition 

[6]. Although catheter ablation is considered an effec-
tive therapeutic approach for AF, the persistence of AF 
recurrence remains a prominent challenge for these 
patients [7]. Particularly, the optimal treatment strategy 
for patients with AF co-occurring with PFO remains 
debated [3–5, 8]. Further, the exact pathophysiological 
mechanism linking PFO with AF is unclear, with previ-
ous clinical evidence suggesting an association between 
PFO closure and the occurrence or recurrence of AF 
episodes [3–5, 8].

Notably, AF is a complex and dynamic process with 
multiple stages that can lead to severe complications, 
particularly stroke via thrombogenesis [6]. However, the 
existing literature on catheter ablation in patients with 
PFO and AF predominantly focuses on the determinants 
and success rates of the procedure [9, 10]. These studies 
demonstrate a lack of population specificity and a scar-
city of long-term prognostic data. Moreover, there is a 
significant gap in the thorough examination of the risk 
of AF recurrence post-catheter ablation. Therefore, the 
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primary objective of this study is to develop a robust 
predictive model that integrates various data sources to 
assess AF recurrence risk in individuals with PFO who 
underwent catheter ablation.

Methods
Study design and patient population
Patients with PFO complicated with paroxysmal AF 
(PAF) who were hospitalized in Renmin Hospital of 
Wuhan University from January 2018 to June 2020 and 
underwent transesophageal echocardiography (TEE) and 
initial catheter ablation were enrolled. PAF and PFO were 
diagnosed according to the common international clini-
cal guidelines [11, 12]. A comprehensive compilation of 
the study’s inclusion and exclusion criteria is provided in 
the Supplemental Table 1.

This study is part of a registered observational clini-
cal study (ChiCTR2300072320). The study adhered to 
the tenets of the Declaration of Helsinki and was con-
ducted in accordance with the regulations of our hospi-
tal. The study was approved by the Ethics Committee of 
the Renmin Hospital of Wuhan University in December 
2022 and the study period was from December 2022 to 
December 2024 (No. WDRY2022-K264). Based on the 
retrospective design of the study, the Institutional Review 
Board waived the requirement for informed consent of 
patients for inclusion in the study.

Data collection
The clinical data of the patients that were collected 
included general information and clinical information, 
such as gender, age, blood pressure, smoking and drink-
ing status, family history, and past medical and surgical 
history. Venous blood samples for testing were drawn 
from the patients after admission and before catheter 
ablation. All patients underwent laboratory analyses, 
including routine blood glucose, liver and kidney func-
tion, and lipid analysis.

Transesophageal echocardiography
All patients underwent transthoracic echocardiogra-
phy to obtain their conventional cardiac parameters. 
Subsequently, TEE was conducted to further confirm 
PFO diagnosis, as well as to assess the morphology and 
dimensions of the foramen ovale and the presence of 
thrombosis in the left atrium and left atrial appendage 
[13]. All these examinations were performed by experi-
enced sonographers at the Renmin Hospital of Wuhan 
University.

Percutaneous catheter ablation
In this study, all patients underwent cardiac cath-
eterization to achieve PAF ablation. Before this surgical 

intervention, the patients underwent comprehensive 
clinical evaluation and cardiac ultrasound examination 
to ascertain the suitability and safety of the catheteriza-
tion procedure. Additionally, the selection of the surgical 
techniques and procedures was conducted by proficient 
cardiac electrophysiologists, who carefully considered 
the patient’s medical condition and clinical needs and 
strictly adhered to the international guidelines and stand-
ard operating procedures (Supplemental Methods) [14]. 
After the catheter ablation procedure, patients received 
standard anticoagulation therapy and were prescribed 
antiarrhythmic drugs [14].

Follow‑up
The study population was clinically followed up for a 
median duration of 36 months via outpatient visits or tel-
ephone interviews. All enrolled participants underwent a 
3-month blanking period following catheter ablation in 
order to mitigate the potential influence of early arrhyth-
mic events. Subsequently, all participants underwent reg-
ular follow-up assessments, which included 24-h Holter 
monitoring at 3, 6, 9, and 12 months post-ablation. Addi-
tionally, participants were required to maintain biannual 
12-lead electrocardiograms (ECGs) and undergo 24-h 
Holter examinations. For those unable to attend outpa-
tient visits, follow-up was conducted through telephone 
interviews. The primary clinical endpoint was AF recur-
rence, defined as any documented AF, atrial flutter or 
atrial tachycardia lasting at least 30  s after the blanking 
period [15, 16]. Moreover, patients who reported symp-
toms suspected of AF recurrence were scheduled for 
additional ECG monitoring to further validate the pres-
ence of recurrence.

Construction of prognostic model
We employed a comprehensive range of multimodal data 
encompassing demographic characteristics, laboratory 
examination results, and transesophageal echocardiogra-
phy data. Given the high dimensionality of this dataset, 
we encountered potential challenges such as overfit-
ting and multicollinearity. Consequently, to identify the 
most relevant variables for constructing the predictive 
model, we initially utilized Least Absolute Shrinkage 
and Selection Operator (LASSO) regression analysis on 
the multimodal dataset to screen for variables poten-
tially associated with the outcome. Additionally, LASSO 
regression was employed to identify the indicators sig-
nificantly associated with AF recurrence, followed by 
cross-validation to determine the optimal regularization 
parameters for selecting variables exhibiting the strong-
est predictive power [17]. To further refine variable selec-
tion and account for confounding factors, we conducted 
backward stepwise Cox regression analyses to identify 
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independent risk factors associated with the outcome. 
During this procedure, the final selection of variables 
was determined based on their statistical significance and 
their contribution to the Cox regression model.

We then developed a nomogram using the statistically 
significant predictors. The subsequent evaluation of the 
scoring system’s ability to predict AF recurrence involved 
the generation of receiver operating characteristic (ROC) 
curves, which were utilized to assess its accuracy and dis-
criminatory capacity. Additionally, calibration plots were 
constructed to ascertain the predictive accuracy and 
calibration of the scoring system by visualizing the rela-
tionship between the model-predicted probability of AF 
recurrence and the observed actual outcomes. Further-
more, decision curve analysis (DCA) was employed to 
analyze the clinical utility of this prediction system [18]. 
The nomogram scores of the patients in the development 
and independent validation cohorts were then calculated, 
followed by their stratification into high- and low-risk 
groups based on the median values. Finally, the log-rank 
test was used to determine any significant differences in 
the AF recurrence rates between these two groups.

Statistical analysis
Statistical analyses were performed with SPSS version 
26 (SPSS Inc., Chicago, IL, USA) and R version 4.2.2 (R 
Core Team). The baseline clinical data of the included 
patients underwent a descriptive statistical analysis. In 
this analysis, the categorical variables were expressed as 
frequencies and proportions, whereas the distribution 
of the continuous variables was depicted as medians and 
interquartile ranges or means and standard deviations. 
Appropriate hypothesis testing was then conducted to 
evaluate the distribution of variables in the development 
and independent validation groups. Fisher’s exact or χ2 
tests was utilized for categorical variables, while student’s 
t-test, Mann–Whitney U test, or Kruskal–Wallis test was 
employed for continuous variables based on the nor-
mality and homogeneity of the variance. P-values below 
0.05 were considered indicative of statistically significant 
differences.

Results
Clinical characteristics of the study patients
The baseline characteristics of all patients with PFO 
and new-onset PAF included in this study are shown in 
Table 1. A total of 145 patients with PFO and new-onset 
PAF were retrospectively enrolled. All patients were diag-
nosed with PFO by “gold standard” TEE. The patients 
were then divided into a development (n = 102) or valida-
tion cohort (n = 43) at a ratio of 7:3.

Among the included patients, the average age was 
63  years, with a higher proportion of males (59.3%). 

During the median follow-up time of 36  months, 44 
patients (30.3%) experienced AF recurrence. This inci-
dence rate was similar across the development and vali-
dation groups, with 31 (30.4%) and 12 (30.2%) patients 
exhibiting AF recurrence, respectively.

Potential predictors of recurrent AF and construction 
of the nomogram
Based on the non-zero coefficients of the LASSO regres-
sion model in the development cohort, four variables 
were identified as potential predictors of AF recurrence: 
age, diabetes mellitus, lipoprotein (a), and right ven-
tricular diameter (RVD) (Figs. 1 and 2). Further analysis 
identified age (HR: 1.053, 95% CI 1.006–1.102, P = 0.025), 
diabetes mellitus (HR: 2.607, 95% CI 1.185–5.737, 
P = 0.017), lipoprotein (a) (HR: 1.002, 95% CI 1.001–
1.004, P < 0.001), and RVD (HR: 1.162, 95% CI 1.010–
1.336, P = 0.035) as independent risk factors for AF 
recurrence (Fig.  3). These four independent risk factors 
were utilized to construct a nomogram for predicting 
AF recurrence likelihood at 1, 2, and 3 years after cath-
eter ablation in patients with PAF combined with PFO 
(Fig. 4).

Diagnostic performance of the nomogram
C-index and ROC analysis were employed to assess the 
discriminatory ability of the constructed nomogram to 
distinguish patients with PFO accompanied by PAF who 
were at high risk of recurrent AF after catheter abla-
tion. In the development cohort, the C-index for the 
nomogram to detect patients at high or low risk for AF 
recurrence was 0.766 (95% CI 0.684–0.846), while the 
validation cohort exhibited a C-index of 0.831 (95% CI 
0.739–0.923). Subsequently, ROC curve analysis of the 
nomogram for predicting AF recurrence risk at 1, 2, 
and 3  years post-ablation demonstrated area under the 
curve values of 0.911, 0.812, and 0.786 in the develop-
ment cohort and 0.842, 0.761, and 0.785 in the validation 
cohort, respectively (Fig. 5A and B).

Calibration plots were further constructed to evalu-
ate the consistency and probability of the nomogram for 
predicting AF recurrence in the included population. The 
plots showed a high correlation between the probability 
of the nomogram predicting AF recurrence and the prob-
ability of actually observing AF recurrence in all enrolled 
patients (Fig. 6A and B). Furthermore, DCA was applied 
to determine the net benefit of the constructed nomo-
gram. In the development cohort, DCA results revealed 
a threshold probability of 2–26% for predicting 1-year 
AF recurrence risk, 1–64% for 2-year AF recurrence risk, 
and 1–79% for 3-year AF recurrence risk (Fig. 7A–C). In 
the case of the validation cohort, DCA results exhibited 
a threshold probability of 2–50% for projecting 1-year 
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Table 1  Baseline characteristics of patients in the development and validation cohorts

MI: myocardial infarction; PCI: percutaneous coronary intervention; NAFLD: nonalcoholic fatty liver disease; TIA: transient ischemic attacks; PFO: patent foramen ovale; 
NLR: neutrophil‑to‑lymphocyte ratio; PLR: platelet ‑to‑lymphocyte ratio; hs-CRP: high-sensitivity C-reactive protein; eGFR: glomerular filtration rate; GLU: glucose; TG: 
triglycerides; TC: total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; TBil: total bilirubin; DBil: Direct Bilirubin; 
GGT: gamma-glutamyl transpeptidase; AAOD: ascending aorta diameter; MPAD: main pulmonary artery diameter; LAD: left atrium diameter; LVDD: left ventricular 

Characteristic of outcome All cohort (n = 145) Development cohort 
(n = 102)

Validation cohort (n = 43) P

Male, n (%) 86 (59.3%) 56 (54.9%) 30 (69.8%) 0.139

Age (years) 63.0 [56.0; 68.0] 62.5 [55.0; 69.0] 63.0 [60.0; 67.0] 0.547

Hypertension (%) 72 (49.7%) 54 (52.9%) 18 (41.9%) 0.300

Diabetes mellitus (%) 24 (16.6%) 16 (15.7%) 8 (18.6%) 0.851

Current smoking (%) 36 (24.8%) 27 (26.5%) 9 (20.9%) 0.621

Current alcohol consumption (%) 23 (15.9%) 15 (14.7%) 8 (18.6%) 0.735

Family history of hypertension (%) 3 (2.07%) 2 (1.96%) 1 (2.33%) 1.000

Family history of coronary heart disease (%) 2 (1.38%) 1 (0.98%) 1 (2.33%) 0.507

Previous MI (%) 4 (2.76%) 4 (3.92%) 0 (0.00%) 0.319

Previous PCI (%) 5 (3.45%) 5 (4.90%) 0 (0.00%) 0.322

NAFLD (%) 2 (1.38%) 2 (1.96%) 0 (0.00%) 1.000

Previous cerebral infarction (%) 38 (26.2%) 26 (25.5%) 12 (27.9%) 0.924

TIA (%) 1 (0.69%) 1 (0.98%) 0 (0.00%) 1.000

Hemicrania (%) 22 (15.2%) 14 (13.7%) 8 (18.6%) 0.621

Interventional closure of PFO (%) 13 (8.97%) 10 (9.80%) 3 (6.98%) 0.755

Neutrophil count (× 109/L) 3.14 [2.58; 4.16] 3.20 [2.55; 4.17] 3.14 [2.62; 3.98] 0.910

Lymphocyte (× 109/L) 1.63 [1.27; 2.04] 1.67 [1.29; 2.13] 1.56 [1.21; 1.88] 0.295

NLR 1.96 [1.47; 2.70] 1.97 [1.44; 2.62] 1.95 [1.54; 2.83] 0.519

Platelet count (× 109/L) 192 (60.1) 195 (62.0) 184 (55.2) 0.286

PLR 111 [88.8; 145] 112 [87.8; 142] 108 [94.4; 147] 0.678

Mean platelet width 12.7 [11.4; 15.2] 12.7 [11.4; 15.0] 13.0 [11.4; 16.3] 0.588

hs-CRP (mg/L) 0.72 [0.22; 1.72] 0.72 [0.22; 1.87] 0.62 [0.22; 1.40] 0.605

Creatinine (μmol/L) 71.0 [58.0; 84.0] 70.5 [57.0; 84.8] 72.0 [62.5; 82.0] 0.526

eGFR ml/(min1.73 m2) 90.2 (17.0) 90.6 (18.3) 89.2 (13.8) 0.615

Uric Acid (mmol/L) 380 (107) 377 (104) 388 (114) 0.577

GLU (mmol/L) 4.97 [4.50; 5.79] 4.95 [4.45; 5.57] 5.05 [4.59; 5.86] 0.250

TG (mmol/L) 1.24 [0.96; 1.80] 1.21 [0.96; 1.80] 1.45 [1.00; 1.81] 0.703

TC (mmol/L) 3.97 [3.21; 4.55] 4.02 [3.30; 4.56] 3.76 [3.18; 4.28] 0.180

HDL-C (mmol/L) 1.11 [0.92; 1.26] 1.10 [0.93; 1.23] 1.14 [0.94; 1.33] 0.345

LDL-C (mmol/L) 2.12 (0.75) 2.19 (0.78) 1.97 (0.67) 0.094

Lipoprotein a (g/L) 98.0 [49.9; 248] 118 [58.3; 258] 79.0 [30.0; 191] 0.178

TBil (μmol/L) 13.2 [10.4; 18.0] 13.7 [10.5; 19.2] 11.7 [9.60; 15.9] 0.119

DBil (μmol/L) 4.20 [3.20; 6.10] 4.30 [3.30; 6.30] 4.00 [3.15; 5.05] 0.271

GGT (μ/L) 26.0 [18.0; 43.0] 26.0 [18.0; 43.0] 27.0 [19.5; 36.5] 0.984

Fibrinogen (g/L) 2.50 [2.19; 3.02] 2.46 [2.16; 2.95] 2.55 [2.28; 3.18] 0.193

AAOD (mm) 35.0 [33.0; 37.0] 35.0 [32.2; 37.0] 35.0 [33.0; 37.5] 0.718

MPAD (mm) 23.0 [21.0; 25.0] 23.0 [21.0; 25.0] 23.0 [21.5; 24.5] 0.930

LAD (mm) 42.8 (5.97) 42.3 (6.27) 43.9 (5.10) 0.131

LVDD (mm) 46.0 [43.0; 49.0] 46.0 [43.0; 49.0] 46.0 [43.0; 49.0] 0.927

RAD (mm) 38.0 [35.0; 45.0] 38.0 [34.2; 45.0] 38.0 [36.0; 44.5] 0.852

RVD (mm) 21.0 [20.0; 23.0] 21.0 [20.0;23.0] 21.0 [20.0; 23.0] 0.891

IVSD (mm) 10.0 [9.00; 11.0] 10.0 [9.00; 11.0] 10.0 [9.00; 10.0] 0.786

LVEF (%) 55.0 [52.0; 56.0] 56.0 [52.0; 57.5] 54.0 [53.0; 56.0] 0.673

The width of the PFO (cm) 0.20 [0.20; 0.30] 0.20 [0.20; 0.30] 0.20 [0.20; 0.22] 0.461

Atrial septal aneurysm (%) 5 (3.45%) 3 (2.94%) 2 (4.65%) 0.633

Recurrent atrial fibrillation (%) 44 (30.3%) 31 (30.4%) 13 (30.2%) 1.000
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AF recurrence risk, 1–96% for 2-year AF recurrence risk, 
and 1–65% for 3-year risk of AF recurrence (Fig. 7D–F). 
Therefore, our constructed nomogram showed good per-
formance in the study population based on ROC curve 
analysis, C-index, calibration curve, and DCA results.

Further, we applied the constructed nomogram to the 
development and validation cohorts and divided the 
patients into high- and low-risk groups according to 
the median risk scores obtained using the nomogram 
(Supplement Fig.  1A and 1B). The Kaplan–Meier sur-
vival curve analysis showed that AF recurrence risk in 
the high-risk group was higher than that in the low-risk 
group at the 1-, 2-, and 3-year follow-up periods in the 
development and validation cohorts (P < 0.001).

Discussion
In this study, we constructed a prediction nomogram to 
forecast AF recurrence risk 1, 2, and 3 years after cath-
eter ablation in patients with PFO and PAF. This model 
was created by examining multimodal data that indicated 

four significant indicators: age, diabetes mellitus, lipo-
protein (a), and RVD. The performance of the prediction 
nomogram was subsequently validated using various sta-
tistical methods, demonstrating the favorable predictive 
ability of our constructed nomogram in the development 
and validation cohorts. Furthermore, the inclusion of 
variables in our prediction nomogram further enhances 
its contribution to the risk stratification of patients with 
PFO and AF following initial catheter ablation and offers 
novel insight into the clinical management of this specific 
population.

AF is a prevalent cardiac arrhythmia exhibiting a 
persistent recurrence risk even after ablation treat-
ment [6]. However, the complex nature of PAF often 
leads to its incorrect assessment and oversight, caus-
ing delayed implementation of appropriate therapeutic 
interventions and often marked consequences in clini-
cal settings [6]. Thus, an improved risk stratification 
framework to proficiently identify potential and inno-
vative prognostic determinants for patients with AF 

end-diastolic diameter; RAD: right atrium diameter; RVD: right ventricular diameter; IVSD: interventricular septal thickness at diastole; LVEF: left ventricular ejection 
fraction

Values are given as n (%), mean (SD), or median (IQR)

Table 1  (continued)

Fig. 1  LASSO regression for selecting potential predictive factors for AF recurrence from 41 candidate variables (refer to Table 1)
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who underwent catheter ablation is urgently required 
[19–22]. Consistent clinical data have suggested that an 
AF risk scoring tool can help clinicians assess patients’ 
risk for AF recurrence or other adverse events as well 
as assist them in better managing and understanding 
the patients’ condition for optimal outcomes [23–26]. 
Currently, numerous scoring systems, such as CHADS2, 
CHA2DS2-VASc, APPLE and CAAP-AF, have been pro-
posed to forecast the diverse risk factors associated 
with AF [27–29]. These well-established risk assess-
ment instruments have demonstrated varying prognos-
tic efficacy in predicting AF recurrence after catheter 
ablation [27–29]. Furthermore, other scoring tools are 
available for clinicians to gain valuable insight into 
the relationship between PFO and stroke risk or other 
adverse events [30, 31]. However, despite the substan-
tial patient population and prevalence rate associated 
with PFO complicated with AF, insufficient clinical data 
are currently available on the unique characteristics of 
this population. Therefore, this study aimed to examine 
the characteristics of individuals presenting with PFO 
accompanied by AF, considering their distinct clini-
cal attributes and risk factors. Currently, accumulating 

evidence indicates the suitability of predictive nomo-
grams and scoring systems as visualization tools for 
cardiovascular disease, enabling individualized risk 
assessment and clinical decision support [32–37]. Con-
sidering the complex condition of PAF combined with 
PFO, we employed multimodal data screening and 
created a predictive nomogram to offer a personal-
ized visualization tool for assessing AF recurrence risk 
in this population. Based on our findings, the nomo-
gram incorporating age, diabetes mellitus, lipopro-
tein (a), and RVD demonstrated favorable predictive 
capability in determining AF recurrence risk following 
catheter ablation in patients with PFO and PAF. Nota-
bly, in contrast to existing predictive tools such as the 
CHADS2 and CHA2DS2-VASc scores [38], which pri-
marily assess stroke risk rather than AF recurrence, 
our nomogram offers a more targeted approach specifi-
cally tailored for this patient population. While these 
conventional scoring systems provide valuable insights 
into thromboembolic risk, they inadequately address 
the complexities associated with AF recurrence, par-
ticularly in patients with PFO. Furthermore, our nomo-
gram’s incorporation of diverse data types enhances its 

Fig. 2  The tenfold cross-validation evaluation method for determining the optimal λ parameter. The lower abscissa is the λ value in the LASSO 
regression model, while the upper abscissa represents the corresponding number of non-zero coefficients. Additionally, the vertical axis shows 
the binomial deviance
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Fig. 3  A forest plot of the hazard ratios (HRs) in the development cohort for the independent prognostic variables identified by multivariate COX 
regression

Fig. 4  Nomogram predicting the probability of AF recurrence at 1, 2, and 3 years after catheter ablation in patients with PFO and PAF. The 
nomogram displays four risk factors (age, diabetes mellitus, lipoprotein (a), and right ventricular diameter [RVD]) along the vertical axis and their 
corresponding scores on the horizontal axis. The probability of AF recurrence based on the total score can be obtained by vertically connecting 
the scores of each factor
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predictive accuracy and clinical applicability, which is 
crucial for personalized patient management. Addi-
tionally, our model is user-friendly and straightforward 
while demonstrating substantial predictive accuracy, 
exhibiting significant potential in clinical applications.

Recent clinical studies have established the possibility 
of new-onset AF after PFO closure, with age > 60  years 
and diabetes mellitus as relevant risk factors [4]. These 
findings suggest a correlation between PFO and AF, 
wherein the presence of PFO may increase the risk of 
developing AF [3–5, 8–10]. Our study data also demon-
strated that age and diabetes mellitus were significant 
predictors, aligning with the previous research observa-
tions and enhancing the reliability and generalizability 
of our results. Furthermore, our study elucidated the 
significance of age and diabetes mellitus in individuals 
with PFO and AF, underscoring the importance of these 
risk factors in preventing and managing AF recurrence 
after catheter ablation. Additionally, lipoprotein (a) is a 
plasma lipid metabolite linked with an increased risk of 
atherosclerosis and cardiovascular disease [39, 40]. Pre-
vious studies have also demonstrated the association of 
lipoprotein (a) with AF [41]. Moreover, elevated levels 
of lipoprotein (a) may reflect the presence of vascular 
lesions and an increased inflammatory state, which in 
turn may exacerbate the chances of AF development and 
recurrence [41]. In this study, we found that lipoprotein 
(a) might be a significant prognostic factor for AF recur-
rence after catheter ablation in patients with co-existing 
PAF and PFO. This finding further substantiates the 

involvement of lipoprotein (a) in AF etiology and pro-
gression. Lastly, our investigation also uncovered that 
RVD could potentially contribute to the increased likeli-
hood of AF reoccurrence in individuals diagnosed with 
PAF and PFO. Although some studies have reported 
the relationship between RVD and AF [42, 43], the pre-
cise mechanism underlying this association remains 
unknown. Therefore, additional investigations are neces-
sitated to validate our findings and enhance the under-
standing of the role of RVD in risk stratification for AF 
recurrence in patients with PAF and PFO.

Although a correlation between PFO and AF has 
been established, the exact processes involved require 
elucidation. One possible explanation is that PFO pre-
sents conditions for thrombus formation, facilitating 
thrombus entry into the left atrium via the atrial sep-
tum [44, 45]. Other research suggests that even though 
PFO does not cause AF directly, it may involve a site 
that increases the risk of AF development or recurrence 
[46, 47]. In line with this concept, PFO has been shown 
to affect the stability and conductivity of atrial electri-
cal activity by increasing the load and dilatation of the 
atrium [48]. In patients with PFO, interatrial communi-
cation causes right-to-left shunting under certain con-
ditions [49], resulting in increased atrial volume load 
and hemodynamic changes in the atrial septum. This 
phenomenon potentially induces atrial dilatation and 
electrophysiological alterations, ultimately promoting 
AF development. Therefore, the main aim of this study 
was to concentrate on a specific group of individuals 

Fig. 5  ROC curve analysis for evaluating the predictive accuracy of the nomogram for AF recurrence in the A development and B validation 
cohorts
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Fig. 6  Calibration curves for 1-, 2- and 3-year AF recurrence predictors in the A development and B validation cohorts
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who have both PFO and PAF. This particular population 
has significant clinical relevance due to its heightened 
susceptibility to AF recurrence after catheter ablation, 
along with the involvement of complex pathophysiolog-
ical mechanisms. Correspondingly, the nomogram that 
we developed by incorporating multimodal data con-
fers improved capabilities for assessing the probability 

of AF recurrence as well as for formulating appropriate 
interventions to enhance outcomes and prognosis in 
this patient population.

This study presents the inaugural predictive nomo-
gram specifically tailored for patients with PFO and PAF 
undergoing catheter ablation, thereby addressing a sig-
nificant deficiency in the management of this high-risk 

Fig. 7  Decision curve analysis (DCA) for predicting 1-year AF recurrence risk in the A development and D validation cohorts, 2-year AF recurrence 
risk in the B development and E validation cohorts, and 3-year AF recurrence risk in the C development and F validation cohorts. The DCA evaluates 
the effectiveness of the nomogram for clinical use, with the horizontal axis representing decisions for different risk thresholds and the vertical axis 
expressing the net benefit. Additionally, the shape and position of the curves reflect the advantages of the nomogram scoring system at different 
decision thresholds
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cohort. The nomogram employs four pivotal variables—
patient age, diabetes mellitus, lipoprotein (a), and right 
ventricular dysfunction—to provide clinicians with an 
efficient tool for early identification of patients at ele-
vated risk for atrial fibrillation recurrence. Based on the 
model’s risk assessment outcomes, clinicians can effec-
tively implement personalized follow-up and interven-
tion strategies for high-risk patients, thus reducing AF 
recurrence. This study offers a novel perspective on risk 
assessment in managing post-catheter ablation patients 

with PFO and PAF, demonstrating potential clinical 
applicability.

Study strengths
This study constitutes a pioneering effort in the develop-
ment of a predictive nomogram specifically designed for 
patients with PFO and PAF undergoing catheter ablation. 
It represents the first research initiative to integrate mul-
timodal data-including clinical variables, biomarkers, and 
imaging parameters-to accurately assess the risk of atrial 

Fig. 7  continued
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fibrillation recurrence within this distinct patient cohort. 
This work addresses a critical gap in the application of 
existing scoring tools for this high-risk group. By iden-
tifying key predictors, including age, diabetes mellitus, 
lipoprotein (a), and right ventricular diameter, our model 
addresses a significant gap in existing risk assessment 
tools. It provides clinicians with a practical and effective 
method for stratifying patients according to their indi-
vidual risk profiles. This innovative approach enhances 
personalized management strategies and holds consid-
erable potential for improving clinical outcomes in this 
high-risk population.

Study limitations
Although our study represents significant progress in 
the scoring system for patients with PFO and PAF, this 
research has several limitations that should be addressed. 
First, this study was conducted based on data from a sin-
gle center with a relatively small sample size and possible 
selection bias. Therefore, larger samples and multicenter 
studies are required to validate our findings and improve 
the reliability and generalizability of this study. Second, 
we concentrated on a specific patient cohort present-
ing with PFO and PAF, wherein all participants under-
went primary catheter ablation. Thus, these results may 
not be generalizable to individuals who underwent sub-
sequent catheter ablation. Thirdly, despite adjusting for 
major confounding variables in our study, we acknowl-
edge that there may exist uncontrolled underlying fac-
tors that could potentially influence the recurrence of AF. 
Fourth, the use of regular outpatient follow-up and tel-
ephone interviews may lead to an underestimation of AF 
recurrence, thus necessitating the future consideration 
of wearable devices or implantable recorders for a more 
comprehensive assessment. Finally, although our scoring 
system demonstrated good performance in predicting 
AF recurrence risk, further validation is required for its 
application in clinical practice. Consequently, future pro-
spective studies are necessary to evaluate the accuracy, 
feasibility, and utility of this scoring system in clinical 
decision-making and intervention guidance.

Conclusions
Our study is the first to develop a predictive nomogram 
using the multimodal data of patients with PFO and ini-
tial AF catheter ablation, facilitating the accurate pre-
diction of 1-, 2- and 3-year AF recurrence risk in this 
population. Our study findings provide an important 
basis for risk assessment and clinical decision-making 
in patients with co-existing PFO and PAF who under-
went initial catheter ablation. Further studies are needed 
to validate and expand these results, as well as explore 
the underlying mechanisms and pathophysiological 

processes of PFO and PAF to enable early diagnosis, per-
sonalized treatment, and optimize clinical outcomes in 
this patient population.
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