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Abstract

Aim: To identify factors associated with late atrial fibrillation (AF) recurrence after
radiofrequency catheter ablation and to develop a nomogram for individualized risk
prediction, followed by external validation in an independent cohort.

Methods: We conducted a retrospective cohort study of patients with AF who underwent
catheter ablation at Tongji Hospital (training cohort, January 2020-December 2022) and
the Second Hospital of Lanzhou University (validation cohort, June 2020-June 2023).
Follow-up visits were scheduled at 1, 3, 6, 12, and 18 months after the procedure. Candidate
predictors were identified using the Boruta algorithm and the least absolute shrinkage and
selection operator. Selected variables were then entered into multivariable Cox
proportional hazards models. Model performance was evaluated using Harrell's C-index,
time-dependent area under the receiver operating characteristic curve, calibration plots,
and decision curve analysis.
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Results: A total of 256 patients in the training cohort and 203 in the validation cohort were included, with a median
follow-up of 12 months. Late AF recurrence occurred in 21.9% and 21.2% of patients, respectively. Six variables were
included in the final model: early recurrence (HR = 7.616), left atrial diameter (HR = 1.684), intraoperative electrical
cardioversion (HR = 1.423), serum creatinine (HR = 1.018), use of angiotensin-converting enzyme inhibitor
(ACEIl)/angiotensin receptor blocker (ARB)/angiotensin receptor-neprilysin inhibitor (ARND (HR = 0.426), and AF
duration (HR = 1.003). The nomogram showed good discrimination, calibration, and clinical usefulness in both
cohorts.

Conclusion: We developed and externally validated a six-variable nomogram for predicting late AF recurrence after
catheter ablation. This model may support individualized risk stratification and guide post-ablation management.

INTRODUCTION

Atrial fibrillation (AF) is one of the most common cardiac arrhythmias worldwide. Recent epidemiological
data estimate a global adult prevalence of approximately 0.5%, representing a marked increase over the past
two decades!"!. AF is associated with an elevated risk of thromboembolic stroke, heart failure, and premature
mortality, imposing a substantial burden on both patients and healthcare systems®.

In addition to anticoagulation and rate control, rhythm control has emerged as an important therapeutic
strategy to maintain sinus rhythm and improve long-term outcomes”’. Among rhythm-control
interventions, radiofrequency catheter ablation (RFCA) is widely recognized as an effective treatment
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option!

Despite advances in ablation techniques, AF recurrence remains common after RFCA. Approximately
20%-40% of patients experience recurrence within the first year”. Long-term follow-up studies indicate that
recurrence rates vary according to AF type and duration of follow-up. For example, recurrence ranges from
11%-29% over five years in patients with paroxysmal AF, and may reach up to 70% in those with persistent
AF®. These findings underscore the need for improved risk stratification to optimize procedural outcomes
and guide post-ablation management.

Several studies have explored predictors of AF recurrence and atrial remodeling, leading to the development
of risk scores such as MB-LATER, APPLE, CAAP-AF, and ATLAS" . However, these scores are based on a
limited number of clinical variables and generally demonstrate only moderate predictive performance across
different populations. Therefore, there is still a need for more comprehensive models with robust external
validation.

This study aimed to identify factors associated with late AF recurrence after catheter ablation and to develop
and externally validate a nomogram for individualized risk prediction. We also evaluated the prognostic
value of intraoperative electrical cardioversion (ECV), a relatively underexplored procedural variable, within
a multivariable prediction model.

METHODS

Patient population

We conducted a retrospective study of consecutive patients with AF who underwent RFCA at two tertiary
centers. The cohort from Tongji Hospital (January 2020-December 2022) was used as the training set, while
the cohort from the Second Hospital of Lanzhou University (June 2020-June 2023) served as the external
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validation set.

Inclusion criteria were as follows: (i) a diagnosis of AF according to the 2020 European Society of Cardiology
(ESC) guidelines; (ii) eligibility for RFCA based on standard clinical indications; and (iii) a minimum
follow-up duration of 6 months. Exclusion criteria were as follows: (i) severe pulmonary disease, hepatic or
renal insufficiency, coagulation disorders, or advanced heart failure that precluded ablation; (ii) missing key
baseline or outcome data; (iii) significant bradyarrhythmias (e.g., sick sinus syndrome or third-degree
atrioventricular block); (iv) left atrial appendage or mural thrombus detected by transesophageal
echocardiography; and (v) valvular AF.

Baseline clinical, laboratory, imaging, and electrophysiological data were extracted from electronic medical
records. Data collection was performed by trained investigators and verified for accuracy.

AF was classified as paroxysmal if episodes terminated spontaneously or with intervention within 7 days.
Non-paroxysmal AF included persistent AF (lasting > 7 days) and long-standing persistent AF (lasting > 12
months in patients undergoing a rhythm control strategy)"*.

Antiarrhythmic drugs, except for amiodarone, were discontinued at least five half-lives before ablation. All
patients received guideline-directed anticoagulation prior to the procedure. Transesophageal
echocardiography was performed before ablation to exclude left atrial thrombus. After ablation, patients with
non-paroxysmal AF routinely received short-term antiarrhythmic therapy (amiodarone or propafenone)
during the blanking period, whereas in patients with paroxysmal AF, therapy was prescribed at the discretion
of the treating physician.

The study was conducted in accordance with the Declaration of Helsinki and approved by the ethics
committees of Tongji Hospital (TJ-IRB202404056) and the Second Hospital of Lanzhou University
(2024A-1246). Given the retrospective study design, the requirement for informed consent was waived by the
institutional review boards. This study was designed and reported in accordance with the TRIPOD
guidelines for multivariable prediction models to enhance transparency and reproducibility"?. A total of 459
eligible patients were included. The participant selection process is shown in Figure 1.

Electrophysiological study and catheter ablation procedure

All procedures were performed using a three-dimensional electroanatomical mapping system. In patients
with paroxysmal AF, circumferential pulmonary vein isolation (CPVI) was performed as the cornerstone of
the ablation strategy. In patients with non-paroxysmal AF, additional linear ablation was performed after
CPVI at the operator’s discretion, based on institutional protocols and substrate characteristics. These
additional lesions included a left atrial roof line, posterior inferior wall lines (“roof and floor” lines), mitral
isthmus line, and/or cavotricuspid isthmus line, as clinically indicated.

If AF persisted after completion of the planned ablation strategy, synchronized direct current cardioversion
(150 or 200 J) was performed to restore sinus rhythm. Cardioversion was systematically applied to all
patients who remained in AF at the end of the procedure, rather than being performed selectively.

Intraprocedural anticoagulation was maintained with intravenous heparin to achieve an activated clotting
time (ACT) of 250-350 seconds. After ablation, all patients underwent continuous electrocardiographic
monitoring for at least 24 h.
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Patients with AF who received
radiofrequency catheter ablation treatment at Patients who received the same treatment at
Tongji Hospital of Huazhong University of the Second Hospital of Lanzhou University
Science and Technology from January 2020 from June 2020 to June 2023
to December 2022

Exclusion criteria:
1.Severe pulmonary disease, hepatic or renal insufficiency, coagulation disorders, or advanced
heart failure precluding the procedure;
2.Incomplete clinical or imaging data;

Inclusion criteria:
1.Diagnosis of AF according to the ESC guidelines;
2.Fulfilment of the current indications for RFCA;
3.Signed the surgical informed consent form; 3.Significant bradyarrhythmias (e.g., sick-sinus syndrome, third-degree atrioventricular block);
4. Follow-up period > 6 months. 4. left-atrial appendage or mural thrombosis on trans-oesophageal echocardiography;

5. Valvular AF.
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Figure 1. Flow diagram of study design.

Data collection and extraction

Candidate variables were pre-specified based on prior literature, clinical relevance, and availability in routine
practice!?. A comprehensive set of demographic, clinical, laboratory, and procedural variables was collected
to identify potential predictors of AF recurrence.

Demographic variables included age, sex, smoking status, and alcohol consumption. Clinical and
echocardiographic variables included body mass index (BMI), blood pressure (systolic and diastolic), resting
heart rate, left atrial diameter, and left ventricular ejection fraction (LVEF). Laboratory variables included
hemoglobin, C-reactive protein (CRP), serum creatinine, N-terminal pro-B-type natriuretic peptide
(NT-proBNP), thyroid hormones (TSH, FT4, and FT3), and glycated hemoglobin (HbA1c).

AF-related variables included AF duration, AF type (paroxysmal vs. non-paroxysmal), intraoperative
cardioversion, and early AF recurrence. Comorbidities included heart failure, hypertension, diabetes
mellitus, ischemic stroke or transient ischemic attack, and coronary artery disease. Perioperative medications
included ACEIs, ARBs, ARNIs, f-blockers, anticoagulants, statins, and sodium-glucose cotransporter-2
inhibitors (SGLT2i). Procedural characteristics included total ablation duration.

Supplementary Figure 1 shows the proportion of missing values for each variable. Variables with more than
30% missing data were excluded. The remaining missing values were handled using the imputation methods
described below.
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Follow-up

Patients were followed at 1, 3, 6, 12, and 18 months after catheter ablation through outpatient visits or
structured telephone interviews using a standardized questionnaire. Follow-up was completed in December
2024, and duration was calculated in months. At each visit, postoperative symptoms were assessed, and a
standard 12-lead electrocardiogram (ECG) was obtained or reviewed. Additional 24-h Holter monitoring
was performed when clinically indicated. A blanking period of 3 months after ablation was applied. AF
recurrence was defined as any documented episode of atrial tachyarrhythmia, including AF, atrial flutter, or
atrial tachycardia, lasting 2 30 s.

Early recurrence was defined as any atrial tachyarrhythmia occurring within the first 3 months after ablation,
whereas late recurrence was defined as events occurring thereafter"”. During the blanking period, short-term
antiarrhythmic therapy was permitted in accordance with standard practice. Early recurrence was treated as
a potential prognostic indicator rather than procedural failure. All study endpoints were adjudicated by a
blinded, independent Clinical Events Committee.

Construction and validation of clinical prediction model

A nomogram was developed based on the final multivariable model to provide individualized estimates of
AF recurrence risk!"**°!, In the training cohort, candidate variables were initially screened using the least
absolute shrinkage and selection operator (LASSO) regression and the Boruta algorithm for dimensionality
reduction. Variables identified by these methods, together with clinically relevant factors, were then entered
into a multivariable Cox proportional hazards model. Backward stepwise selection was applied, guided by the
Akaike Information Criterion (AIC), which emphasizes overall model fit rather than individual P values.
Hazard ratios (HRs) with 95% confidence intervals (CIs) were estimated, and the proportional hazards
assumption was assessed before finalizing the model.

Based on the final Cox model, a nomogram was developed to estimate the probability of AF recurrence at 6,
12, and 18 months. Model performance was assessed using Harrell’s C-index and time-dependent area under
the receiver operating characteristic curve (AUC). Calibration was evaluated by comparing predicted and
observed recurrence rates using calibration plots. Decision curve analysis (DCA) was performed to assess the
potential clinical benefit across a range of decision thresholds®"*”), Internal validation was conducted in the
training cohort, and external validation was performed in the independent validation cohort.

Statistical analysis

Continuous variables were tested for normality using the Shapiro-Wilk test. Normally distributed variables
were summarized as mean + standard deviation (SD) and compared using the Student’s t-test, whereas
non-normally distributed variables were presented as median (interquartile range, IQR) and compared using
the Mann-Whitney U test. Categorical variables were expressed as counts and percentages and compared
using the chi-square test or Fisher’s exact test, as appropriate.

Variables with less than 30% missing data were imputed using the MissForest method, whereas variables
with more than 30% missing data were excluded from further analysis'””. Missing data were assumed to be
missing at random. Imputation performance was evaluated using the normalized root mean square error
(NRMSE) for continuous variables and the proportion of falsely classified entries (PFC) for categorical
variables. The overall proportion of missing data is presented in Supplementary Figure 1.

Multivariable modeling was performed using R software (version 4.4.2). The proportional hazards
assumption for the Cox model was assessed prior to model fitting. Model performance metrics, including the
C-index and time-dependent AUC, were estimated with corresponding 95% confidence intervals. Internal
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validation was conducted using bootstrap resampling to reduce optimism bias. To minimize the risk of
overfitting, variable selection was guided by a combination of data-driven methods and clinical relevance. A
two-sided P value < 0.05 was considered statistically significant.

RESULTS

Patient characteristics

A total of 459 eligible patients with AF were included, comprising 256 in the training cohort and 203 in the
external validation cohort. In the training cohort, 157 patients (61.3%) were male and 99 (38.7%) were
female, with a median age of 64 years [Table 1]. Compared with patients without recurrence, those with late
AF recurrence had a larger left atrial diameter (4.54 + 0.78 cm vs. 4.24 + 0.67 cm) and a longer AF duration
[24.0 (11.5-51.0) months vs. 12.0 (3.0-36.0) months]. Patients with recurrence also showed mildly elevated
liver enzymes, including higher alanine aminotransferase (ALT) [22.0 (17.0-34.25) vs. 19.5 (15.0-26.0) U/L]
and aspartate aminotransferase (AST) levels [23.0 (19.0-29.0) vs. 21.0 (18.0-25.0) U/L]. Serum creatinine
levels were also higher [79.5 (72.0-94.0) vs. 77.0 (66.8-89.0) pmol/L], along with a greater prevalence of renal
insufficiency (17.9% vs. 6.5%). In terms of procedural and clinical characteristics, intraoperative ECV was
more frequently performed in the recurrence group (48.2% vs. 27.5%). Early recurrence during the blanking
period was also more common in these patients (32.1% vs. 5.0%).

No significant differences were observed in other demographic, clinical, or echocardiographic characteristics
between the training and validation cohorts. A detailed summary of baseline characteristics for both cohorts
is provided in Supplementary Table 1.

Variable selection
Candidate predictors were screened in the training cohort using two complementary feature selection
methods: LASSO regression and the Boruta random forest algorithm.

The LASSO model was optimized using 10-fold cross-validation, yielding an optimal 1 of 0.0537 that
minimized the partial likelihood deviance®. Five variables with non-zero coefficients were identified,
including intraoperative ECV, early recurrence, ACEI/ARB/ARNI therapy, left atrial diameter, and serum
creatinine [Supplementary Figure 2].

In parallel, the Boruta algorithm identified early recurrence, AF duration, left atrial diameter, and serum
creatinine as important predictors [Figure 2C and D]. These findings were largely consistent with the
variables selected by the LASSO model.

Variables identified by either method were entered into a multivariable Cox proportional hazards model
with backward stepwise selection [Table 2]. In the final model, six variables were retained: early recurrence
(HR = 7.616, 95%CI: 4.124-14.062), left atrial diameter (HR = 1.684, 95%CI: 1.074-2.642), intraoperative ECV
(HR = 1.423, 95%ClI: 0.800-2.531), serum creatinine (HR = 1.018, 95%CI: 1.007-1.029), ACEI/ARB/ARNI
therapy (HR = 0.426, 95%CI: 0.238-0.760), and AF duration (HR = 1.003, 95%CI: 0.999-1.006). Early
recurrence was the strongest predictor of late AF recurrence, while ACEI/ARB/ARNI therapy was associated
with a reduced risk.

Construction of the nomogram

Based on the final multivariable Cox model, a nomogram was developed to estimate the probability of AF
recurrence at 6, 12, and 18 months in the training cohort [Figure 3]. In the nomogram, early recurrence
contributed the highest number of points, followed by left atrial diameter, ACEI/ARB/ARNI therapy,
intraoperative ECV, serum creatinine, and AF duration.


https://file.oaecenter.com/published/pdf/e83034faad17bcd8ae677625ec5dddab/1780986795/vp50135-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/e83034faad17bcd8ae677625ec5dddab/1780986795/vp50135-SupplementaryMaterials.pdf

Li et al. Vessel Plus. 2026;10:30 Page 7 of 19
Table 1. Baseline clinical and demographic characteristics according to recurrence outcomes in training cohort
Variables Total (n = 256) No (n =200) Yes (n =56) P
Sex, n(%) 0.839
Female 99 (38.67) 78 (39.00) 21(37.50)
Male 157 (61.33) 122 (61.00) 35(62.50)
Age (years) 64.00 (57.00, 70.00) 64.00 (57.00, 70.00) 66.00 (59.75, 70.25) 0.336
BMI (kg/m?) 24.55 (22.41, 26.44) 24.51(22.41,26.54) 24.64 (22.61,26.32) 0.821
SBP (mmHg) 126.00 (116.00, 139.00) 126.00 (116.75, 139.00) 125.50 (114.50, 138.00) 0.641
DBP (mmHg) 82.00 (74.00, 88.00) 82.50 (73.75, 88.25) 81.50 (74.00, 86.50) 0.402
Pulse (beats/min) 76.00 (67.00, 88.00) 76.00 (67.00, 87.00) 75.00 (65.50, 94.00) 0.963
LAD (cm) 431+ 0.71 4.24+0.67 454+0.78 0.005
Hb (g/L) 135.86 +16.35 136.28 +15.97 134.34£17.73 0.434
CHA2DS2-VAS. 2.00 (1.00, 3.00) 2.00 (1.00, 3.00) 2.00 (1.00, 3.00) 0.587
AF course (months) 12.00 (3.00, 36.00) 12.00 (3.00, 36.00) 24.00 (11.50, 51.00) 0.041
Surgery time (hours) 216 (2.00, 2.60) 2.16 (2.00, 2.58) 2.29(2.00,2.69) 0.530
CRP (mg/L) 1.10 (0.60, 2.00) 1.10 (0.60, 2.00) 1.10 (0.50, 2.00) 0.713
ALT (IU/L) 20.00 (16.00, 28.00) 19.50 (15.00, 26.00) 22.00(17.00, 34.25) 0.029
AST (IU/D) 21.00 (18.00, 25.00) 21.00 (18.00, 25.00) 23.00 (19.00, 29.00) 0.029
NT-proBNP (pg/mL) 363.00 (151.75, 730.75) 363.00 (139.00, 705.75) 363.00 (223.00, 847.50) 0.136
Cr (umol/L) 77.00 (68.00, 90.25) 77.00 (66.75, 89.00) 79.50 (72.00, 94.00) 0.017
TSH (uIU/mL) 2.04(1.47,2.76) 2.04(1.43,2.81) 2.04 (1.62,2.69) 0.778
FT4 (pmol/L) 1.19 (1.02,15.22) 1.19 (1.02,15.33) 1.19 (1.08, 15.12) 0.702
FT3 (pmol/L) 2.83(2.57,4.29) 2.83(2.58,4.29) 2.83(2.50,4.21) 0.762
HbAlc 5.80 (5.50, 6.00) 5.80 (5.50, 5.93) 5.80 (5.50, 6.00) 0.946
EF (%) 59.00 (55.00, 64.00) 59.00 (55.00, 64.00) 58.00 (50.75, 63.00) 0.212
ECV, n(%) 0.003
No 174 (67.97) 145 (72.50) 29 (51.79)
Yes 82 (32.03) 55 (27.50) 27 (48.21)
Early recurrence, n(%) < 0.001
No 228 (89.06) 190 (95.00) 38 (67.86)
Yes 28 (10.94) 10 (5.00) 18 (32.14)
HF, n(%) 0.253
No 218 (85.16) 173 (86.50) 45 (80.36)
Yes 38 (14.84) 27 (13.50) 11(19.64)
Hypertension, n(%) 0.940
No 136 (53.12) 106 (53.00) 30(53.57)
Yes 120 (46.88) 94 (47.00) 26 (46.43)
Diabetes, n(%) 0.738
No 211(82.42) 164 (82.00) 47 (83.93)
Yes 45 (17.58) 36 (18.00) 9 (16.07)
Cerebral infarction/TIA, n(%) 0.957
No 220 (85.94) 172 (86.00) 48 (85.71)
Yes 36 (14.06) 28 (14.00) 8 (14.29)
CHD, n(%) 0.619
No 190 (74.22) 147 (73.50) 43 (76.79)
Yes 66 (25.78) 53(26.50) 13(23.21)
Type of AF, n(%) 0.365
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Paroxysmal 164 (64.06) 131 (65.50) 33(58.93)
Non-paroxysmal 92 (35.94) 69 (34.50) 23 (41.07)

AF duration, n(%) 0.459
< 6 years 214 (83.59) 169 (84.50) 45 (80.36)
> 6 years 42 (16.41) 31(15.50) 11(19.64)

Cardiomyopathy, n(%) 0.303
No 229 (89.45) 181(90.50) 48 (85.71)
Yes 27 (10.55) 19 (9.50) 8(14.29)

Sleep apnea syndrome, n(%) 0.771
No 242 (94.53) 190 (95.00) 52(92.86)
Yes 14.(5.47) 10 (5.00) 4(7.14)

Renal insufficiency, n(%) 0.009
No 233(91.02) 187 (93.50) 46 (82.14)
Yes 23(8.98) 13 (6.50) 10 (17.86)

Hyperlipidemia, n(%) 0.176
No 216 (84.38) 172 (86.00) 44.(78.57)
Yes 40 (15.62) 28 (14.00) 12 (21.43)

COPD, n(%) 1.000
No 254 (99.22) 198 (99.00) 56 (100.00)
Yes 2(0.78) 2(1.00) 0(0.00)

Valvular regurgitation, n(%) 0.603
No 216 (84.38) 170 (85.00) 46 (82.14)
Yes 40 (15.62) 30 (15.00) 10 (17.86)

Smoking history, n(%) 0.872
No 121(47.27) 94 (47.00) 27 (48.21)
Yes 135 (52.73) 106 (53.00) 29 (51.79)

Drinking history, n(%) 0.779
No 209 (81.64) 164 (82.00) 45 (80.36)
Yes 47 (18.36) 36 (18.00) 11(19.64)

SGLT2i, n(%) 0.579
No 252(98.44) 196 (98.00) 56 (100.00)
Yes 4 (1.56) 4(2.00) 0(0.00)

Statin, n(%) 0.925
No 134 (52.34) 105 (52.50) 29 (51.79)
Yes 122 (47.66) 95 (47.50) 27 (48.21)

Beta-blocker, n(%) 0.446
No 144 (56.25) 10 (55.00) 34 (60.71)
Yes 12 (43.75) 90 (45.00) 22(39.29)

Amiodarone, n(%) 0.176
No 19 (7.42) 12 (6.00) 7 (12.50)
Yes 237 (92.58) 188 (94.00) 49 (87.50)

Propafenone, n(%) 0.802
No 222 (86.72) 174 (87.00) 48 (85.71)
Yes 34(13.28) 26 (13.00) 8(14.29)

Rivaroxaban, n(%) 0.578
No 150 (58.59) 19 (59.50) 31(55.36)

Yes 106 (41.47) 81(40.50) 25 (44.64)
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Dabigatran, n(%) 0.755

No 160 (62.50) 124 (62.00) 36 (64.29)

Yes 96 (37.50) 76 (38.00) 20 (35.71)
ACEI/ARB/ARNI, n(%) 0.253

No 129 (50.39) 97 (48.50) 32(57.14)

Yes 127 (49.61) 103 (51.50) 24 (42.86)

ECV: Electrical cardioversion; ACEl: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; ARNI: angiotensin
receptor-neprilysin inhibitor; AF: atrial fibrillation.
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Figure 2. Feature selection using LASSO regression and the Boruta algorithm. (A) LASSO coefficient profiles plotted against log(L); five
variables with nonzero coefficients were retained at the optimal A value. (B) Partial likelihood deviance (binomial deviance) curve used to
identify the optimal A; vertical dashed lines represent the minimum deviance and the 1-standard-error rule. (C) Boruta-based feature
selection for predicting late recurrence. The y-axis shows Z-scores indicating feature importance; candidate predictors are listed on the
x-axis. (D) Evolution of Z-scores across Boruta iterations. The x-axis shows iteration cycles; the y-axis indicates Z-score values. Color
coding: blue = shadow features, green = confirmed predictors, red = rejected variables. Box plots display the range (min, mean, max) of
Z-scores at each step.

Table 2. Multivariate Cox regression analysis predicting late recurrence in patients with AF in training cohort

Variable B Hazard ratio (95%CI) P value
Early recurrence 2.03 7.616 (4.124-14.062) < 0.001
Left atrial diameter 0.521 1.684 (1.074-2.642) 0.023
ECV 0.353 1.423 (0.8-2.531) 0.229
Cr 0.018 1.018 (1.007-1.029) 0.001
ACEI/ARB/ARNI -0.854 0.426 (0.238-0.76) 0.004
Course of AF 0.003 1.003 (0.999-1.006) 0.101

ECV: Electrical cardioversion; ACEIl: angiotensin-converting enzyme inhibitor; ARB: angiotensin receptor blocker; ARNI: angiotensin
receptor-neprilysin inhibitor; AF: atrial fibrillation.
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Figure 3. Nomogram for predicting recurrence rates at 6, 12, and 18 months.

Variance inflation factors (VIFs) for all predictors were close to 1, indicating minimal multicollinearity
[Supplementary Table 2]. The proportional hazards assumption was assessed for each predictor and for the
global model, with no significant violations detected (all P > 0.05) [Supplementary Figure 3]. These findings
support the appropriateness of the Cox proportional hazards model for this analysis.

Evaluation of nomogram performance

Model performance was evaluated in terms of discrimination, calibration, and clinical usefulness®. The
C-index was 0.776 (95%CI: 0.705-0.847) in the training cohort and 0.779 (95%CI: 0.699-0.859) in the
validation cohort, indicating good discriminative ability and consistent performance across cohorts.

Internal validation was performed using nonparametric bootstrap resampling with 500 iterations to estimate
optimism. In the training cohort, the apparent C-index was 0.776, with an estimated optimism of 0.007 and a
standard error of 0.035. The bias-corrected C-index remained highly consistent with the apparent estimate.
These results indicate minimal optimism and support the stability and robustness of the model.

Time-dependent AUCs at 6, 12, and 18 months were 0.869 (95%CI: 0.765-0.972), 0.810 (95%CI: 0.709-0.911),
and 0.776 (95%Cl: 0.662-0.890), respectively, in the training cohort. In the external validation cohort, the
corresponding AUCs were 0.831 (95%CI: 0.689-0.973), 0.848 (95%CI: 0.743-0.953), and 0.789 (95%ClI:
0.664-0.913) [Figure 4A and B]. These results indicate good and consistent discriminative performance
across different time points and between cohorts.

Calibration plots showed good agreement between predicted and observed recurrence probabilities at all
evaluated time points [Figure 4C and D]. The calibration slope was 1.00 (95%CI: 0.75-1.25) in the training
cohort and 0.99 (95%CI: 0.70-1.27) in the validation cohort, indicating no evidence of model overfitting.
Calibration-in-the-large at 6, 12, and 18 months showed intercepts of 0.37 (95%CI: -0.09 to 0.84), 0.45
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Figure 4. ROC curves of the nomogram for predicting 6-, 12-, and 18-month recurrence in the training cohort (A) and validation cohort (B).
Calibration plots of the nomogram for predicting 6-, 12-, and 18-month recurrence in the training cohort (C) and validation cohort (D).

(95%CI: 0.10-0.81), and -0.20 (95%Cl: -0.56 to 0.16), respectively, in the training cohort. In the validation
cohort, the corresponding values were 0.36 (95%ClI: -0.16 t0 0.89), 0.41 (95%CI: 0.00-0.81), and -0.32 (95%CI:
-0.73 t0 0.10). Overall, calibration-in-the-large was close to zero, although a mild underestimation of risk was
observed at 12 months in the training cohort. The calibration slope remained close to 1.0, and similar
patterns were observed in the validation cohort, indicating good calibration and preserved model structure.

DCA demonstrated that the nomogram provided meaningful clinical benefit across a range of decision
thresholds [Figure 5].

To further assess the incremental predictive value of early recurrence, a sensitivity analysis was performed by
reconstructing the model without this variable. The reduced model showed a lower C-index of 0.683 (95%CI:
0.605-0.761), compared with 0.776 (95%CI: 0.705-0.847) for the full model. Time-dependent C-index and

AUC analyses for both models are presented in Supplementary Figure 4, further confirming the additional
discriminative contribution of early recurrence.
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cohorts.
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Figure 6. Receiver operating characteristic curves and DCA curves for the 3 models. (A) ROC curves of the training cohort for the 3
models. (B) DCA curves of the training cohort for the 3 models.

Table 3. The performance of models to predict AF recurrence in the training cohort

AUROC Sensitivity Specificity Accuracy ::ore NRI-categorical NRI-continuous IDI
SCAOf\eP_AF 0.612 0.518 0.660 0.629 0.379 Ref Ref Ref
APPLE score 0.619 0.643 0.565 0.582 0.402 Ref Ref Ref
+0.159 vs.
APPLE

AUROC: Area under the receiver operating characteristic curve; NRI: net reclassification improvement; IDI: integrated discrimination improvement.

For comparative evaluation, the nomogram was assessed against the CAAP-AF and APPLE scores. As shown
in Table 3, the nomogram demonstrated higher area under the receiver operating characteristic curve
(AUROC) values and improved classification performance. Net reclassification improvement (NRI) and
integrated discrimination improvement (IDI) analyses further confirmed the incremental predictive value of
the nomogram over CAAP-AF (continuous NRI = 0.724; IDI = 0.159) and APPLE (continuous NRI = 0.623;
IDI = 0.139) (all P < 0.05). Consistent findings were observed in decision curve analysis [Figure 6], indicating
superior clinical utility of the nomogram.

In addition, individualized 18-month recurrence-free probabilities were estimated based on three key
predictors identified in the model: early AF recurrence, intra-procedural cardioversion, and left atrial
diameter above the cohort median (4.3 cm). The corresponding stratified estimates are presented in
Supplementary Table 3.

Based on nomogram-derived risk scores, patients were stratified into high- and low-risk groups using the
median value as the cutoff. Kaplan-Meier analysis showed a clear and consistent separation in
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Figure 7. The nomogram distinguished the recurrence risk of AF patients in the training cohort (A) and the validation cohort (B).

recurrence-free survival between the two groups in both the training and validation cohorts. Patients in the
high-risk group had significantly worse outcomes than those in the low-risk group. The hazard ratios for
recurrence-free survival were 0.22 (95%CI: 0.11-0.43) in the training cohort and 0.17 (95%CI: 0.07-0.40) in
the validation cohort (log-rank P < 0.001 for both; Figure 7).

DISCUSSION

Over the past decades, numerous studies have identified clinical factors associated with AF recurrence after
catheter ablation, including left atrial size, AF type and duration, hypertension, and structural heart
disease®. Based on these variables, several risk scores, such as CAAP-AF!", APPLE!), and ATLAS", have
been developed to estimate recurrence risk before ablation. Although these tools have demonstrated clinical
utility, their predictive performance varies across different populations and clinical settings””’. Moreover,
most existing scoring systems include a limited number of variables and may not fully account for
procedural or post-procedural factors that influence long-term outcomes®. Therefore, further refinement
and external validation of prediction models remain essential to improve individualized risk stratification
after AF ablation.

This retrospective, two-center study developed and externally validated a nomogram to predict late AF
recurrence following RFCA. The final prediction model incorporated six variables: early recurrence,
intraoperative ECV, left atrial diameter, serum creatinine, ACEI/ARB/ARNI therapy, and AF duration.

By integrating clinical, laboratory, and procedural factors into a single framework, the nomogram provides
individualized risk estimates in a visual and clinically practical format. Risk stratification based on the model
may help identify patients at higher risk of recurrence, thereby supporting tailored follow-up and
post-ablation management strategies.

Among the variables included in the model, early recurrence had the largest effect size (HR = 7.616),
indicating a strong association with subsequent late AF recurrence. This finding aligns with previous studies
suggesting that early recurrence during the post-ablation blanking period may reflect transient atrial
inflammation, edema, or underlying substrate vulnerability that predisposes patients to future arrhythmia
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recurrence®!.

Large cohort studies have likewise identified early recurrence as a strong predictor of long-term outcomes.
For instance, Stabile et al. reported that early recurrence during the post-ablation blanking period was
associated with late recurrence following cryoablation".

Additionally, long-term follow-up studies by Njoku et al.”") and Choi et al."” showed that markers of atrial
remodeling, together with early recurrence, were associated with an increased risk of subsequent AF
recurrence.

Although early recurrence occurs after the ablation procedure and is not a pre-procedural factor, identifying
patients with early recurrence can help stratify those at particularly high risk for late recurrence. In this
context, early recurrence may serve as a dynamic prognostic marker to guide closer monitoring and
individualized post-ablation management.

Intraoperative ECV is typically performed when sinus rhythm is not restored spontaneously at the end of the
ablation procedure. The need for ECV may reflect a lack of spontaneous cardioversion and could indicate a
more advanced atrial substrate, incomplete substrate modification, or greater procedural complexity.

Although intraoperative ECV did not reach conventional statistical significance in the multivariable model, it
was retained because variable selection was guided by overall model performance rather than individual P
values. In prediction modeling, variables that are clinically plausible and provide incremental information
can enhance overall prognostic discrimination, even if their independent association is modest.

Prior studies have shown that failure to restore sinus rhythm at discharge is associated with higher
post-ablation recurrence rates. For instance, Henn et al.” identified absence of sinus rhythm at discharge,
along with age, peripheral vascular disease, left atrial volume, and AF duration, as predictors of recurrence.
In this context, intraoperative ECV should be considered a procedural marker of atrial vulnerability and
substrate severity, rather than a direct causal determinant of late recurrence.

Left atrial enlargement is a well-established anatomical marker associated with AF recurrence®®. In the
present study, increased left atrial diameter was independently associated with a higher risk of recurrence
(HR = 1.684), consistent with the concept of atrial structural remodeling. A larger atrial chamber may reflect
a greater arrhythmogenic substrate burden and more advanced electrical remodeling, which could reduce
long-term procedural durability"?.

Elevated serum creatinine was independently associated with AF recurrence (HR = 1.018), suggesting a
potential link between renal dysfunction and post-ablation outcomes. Impaired renal function has been
linked to increased atrial pressure, autonomic dysregulation, and systemic inflammation—factors that may
create a pro-arrhythmic milieu and predispose patients to AF recurrence.

The use of renin-angiotensin system (RAS) inhibitors—including ACEIs, ARBs, and ARNIs—was associated
with a lower risk of AF recurrence (HR = 0.426). These agents have been reported to attenuate atrial fibrosis
and modulate RAS-mediated structural remodeling, potentially supporting the maintenance of sinus rhythm
after ablation. In our cohort, patients not receiving these medications had higher recurrence rates, suggesting
that RAS blockade may represent a modifiable factor in post-ablation management.
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However, this observation reflects an association rather than a causal relationship. Given the retrospective
study design, confounding by indication and residual confounding cannot be excluded, as patients
prescribed RAS inhibitors may differ systematically from those not receiving them in baseline characteristics
or comorbidities. Prospective randomized studies are needed to determine whether RAS blockade confers a
direct protective effect against AF recurrence following ablation.

Lastly, longer AF duration showed a modest association with increased recurrence risk (HR = 1.003). This
finding aligns with prior evidence suggesting that prolonged AF is associated with progressive electrical and
structural remodeling, which may compromise long-term rhythm control®". Lin et al.®” reported that earlier
catheter ablation following AF diagnosis was associated with improved outcomes, particularly among
patients with long-standing persistent AF. In that study, each additional month of delay from diagnosis to
ablation was associated with a small incremental increase in recurrence risk. Taken together, AF duration
may serve as a surrogate marker of cumulative atrial remodeling and procedural complexity, rather than a
direct causal determinant of recurrence.

This study has several strengths. First, a structured variable selection strategy was applied, incorporating
Boruta, LASSO regression, and multivariable Cox modeling. Internal and external validation
procedures—including assessment of discrimination and calibration (calibration slope and
calibration-in-the-large)—were conducted to reduce potential overfitting and evaluate model stability.
Second, the model incorporated both clinical and procedural variables, including intraoperative ECV, which
may reflect procedural complexity and atrial substrate characteristics. The inclusion of such variables extends
beyond pre-ablation factors and provides a more comprehensive risk assessment framework. Third, external
validation was performed in an independent cohort from a geographically distinct tertiary referral center.
The two centers operate with independent clinical teams, procedural protocols, and follow-up
infrastructures, providing a robust test of model transportability. Although baseline characteristics appeared
broadly similar, external heterogeneity cannot be fully assessed from statistical comparisons of measured
variables alone. Differences in referral pathways, peri-procedural management, operator expertise, local
practice patterns, and healthcare delivery structures may introduce contextual variability. The consistent
discrimination and calibration observed in the validation cohort supports the model’s applicability across
institutional settings. Finally, the nomogram provides a practical visualization of individualized recurrence
probabilities at 6, 12, and 18 months, which may assist clinicians in post-ablation risk stratification and
follow-up planning.

Several limitations of this study warrant consideration. First, although this was a multicenter retrospective
analysis, prospective studies are needed to further evaluate the generalizability and reproducibility of the
model. Second, the follow-up duration was relatively limited (median 12 months; mean 12.82 + 6.89
months), primarily reflecting short- to mid-term outcomes. Accordingly, the present model is applicable to
predicting recurrence within 18 months after ablation. Longer follow-up would enable a more
comprehensive assessment of sustained rhythm control and late recurrence, particularly beyond 2 years.
Third, AF recurrence was assessed using standard 12-lead electrocardiograms and 24-h Holter monitoring.
These methods may fail to detect asymptomatic or intermittent episodes, potentially underestimating the
true recurrence rate. Emerging wearable rhythm monitoring technologies may improve detection in future
studies.

Fourth, this study focused exclusively on AF recurrence as the primary endpoint. Other clinically meaningful
outcomes, such as all-cause mortality or major adverse cardiovascular events, were not evaluated, limiting
the broader prognostic assessment. Fifth, although ACEI/ARB/ARNI use was associated with a lower risk of
late recurrence, detailed data on medication dose, duration, and adherence were not consistently available.
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Moreover, although baseline left ventricular ejection fraction did not differ significantly between users and
non-users, differences in hypertension prevalence and other clinical characteristics may have introduced
residual confounding. Therefore, the observed association should be interpreted cautiously and does not
constitute definitive evidence of a causal protective effect. Sixth, the number of outcome events in both
cohorts was modest. Although the final model satisfied the conventional “10 events per predictor” criterion,
limited event counts may still increase the risk of optimism-biased estimates and coefficient instability.
Finally, the use of multiple feature-selection approaches (Boruta, LASSO, and backward Cox regression) may
raise concerns regarding potential overfitting. Although internal validation via bootstrapping and external
validation in an independent cohort demonstrated stable performance, these procedures can only partially
mitigate optimism. Further validation in larger and more diverse populations is warranted.

Conclusion

In this two-center retrospective study, we developed and externally validated a nomogram to estimate the
risk of late AF recurrence following RECA. The model demonstrated good discrimination and consistent
performance in an independent validation cohort. By integrating clinical and procedural factors into an
individualized risk prediction framework, the nomogram may aid post-ablation risk stratification and
follow-up planning. Further prospective studies are warranted to confirm its generalizability in broader
clinical settings.
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