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Impact of OSA Risk Profile Assessed by Berlin Questionnaire on AF
Recurrence After Catheter Ablation: A 16-year Follow-up

Study Cohort Intervention & Follow-up Key Findings
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Abstract

Aim: To evaluate the long-term impact of obstructive sleep apnea (OSA) risk profile on
atrial fibrillation (AF) recurrence after catheter ablation in patients with paroxysmal AF.
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Methods: This prospective study enrolled 161 patients with paroxysmal AF undergoing
initial ablation. Patients were stratified by the Berlin Questionnaire (BQ) into high-risk
(n =94) and low-risk (n = 67) OSA groups. Atrial tachyarrhythmias occurring within the
initial three months were defined as early recurrence, whereas recurrence beyond three
months was defined as late recurrence. A subgroup of 71 patients with recurrence
underwent a redo ablation.

Results: After 16.1+ 0.4 years, multivariable models revealed that a BQ-defined high OSA
risk was independently associated with early recurrence (odds ratio [OR] 1.99, 95%
confidence interval [CI] 1.02-3.86, P = 0.043), whereas it was not independently
associated with late recurrence after the initial procedure (hazard ratio [HR] 1.05, 95%Cl:
0.70-1.57, P = 0.810). Cox regression identified early recurrence (HR 2.95, 95%CI:
1.99-4.39, P < 0.001) and baseline high-sensitivity C-reactive protein (hs-CRP; HR 1.02,
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95%Cl: 1.00-1.03, P = 0.022) as independent predictors of late recurrence after the initial procedure. Following redo
ablation, early recurrence remained a strong independent predictor (HR 5.93, 95%Cl: 2.13-16.50, P < 0.001).

Conclusions: The BQ-defined high OSA risk was an independent predictor of early recurrence; however, it was not
significantly associated with late recurrence after AF ablation. Early recurrence was the strongest predictor of
long-term outcome, highlighting the importance of management during the post-procedural blanking period.

INTRODUCTION

Atrial fibrillation (AF) is the most prevalent persistent arrhythmia in clinical settings. Approximately 37.574
million cases of AF have been reported globally, representing 0.51% of the worldwide population, and this
number has increased by 33% over the past two decades’. In China, the prevalence of AF is at 1.8%, which
increases with advancing age. Catheter ablation is a well-established therapy for AF and is more effective
than antiarrhythmic drugs in maintaining sinus rhythm"'. Obstructive sleep apnea (OSA) is a recognized
independent risk factor for AF™*?, driven by a cascade of interconnected pathophysiological mechanisms.
These include intermittent hypoxia and hypercapnia, which promote systemic inflammation and oxidative
stress; exaggerated negative intrathoracic pressure swings, leading to mechanical atrial stretch; and resultant
autonomic nervous system imbalance with sympathetic surges. Collectively, these processes contribute to
atrial electrical and structural remodeling, creating a substrate conducive to the initiation and perpetuation
of AF". Studies have suggested that patients with OSA may be at higher risk for AF recurrence after catheter
ablation than those without OSA"*. However, other reports have found no significant association between
OSA and ablation outcomes”'”, highlighting the ongoing controversy in this area. Our prior study enrolled a
cohort of 178 patients with paroxysmal AF, all of whom underwent circumferential pulmonary vein ablation
(CPVA). Over a mean follow-up of 344 days, we found that the OSA risk profile assessed by the Berlin
Questionnaire (BQ) did not affect late recurrence of AF"". To address the limitation of the relatively short
follow-up in our previous study, we extended the follow-up duration for this cohort to more than 16 years,
aiming to delve deeper into the enduring effects of this OSA risk profile on the recurrence and subsequent
redo ablation in patients with paroxysmal AF after pulmonary vein isolation.

METHODS

Study subjects

This study initially enrolled 178 patients with paroxysmal AF who underwent first-time circumferential
pulmonary vein radiofrequency catheter ablation at Beijing Anzhen Hospital, Capital Medical University,
between January and November 2007. Paroxysmal AF was defined in accordance with contemporary
guidelines as self-terminating episodes lasting less than seven days'?. The exclusion criteria were as follows:
(1) presence of atrial or left atrial appendage thrombi; (2) current use of continuous positive airway pressure
(CPAP) therapy for OSA. The study was approved by the Institutional Review Board prior to patient
participation.

During a median follow-up period of 16.1 + 0.4 years through June 2023, 14 patients were lost to follow-up
due to invalid contact information, and 3 received CPAP treatment, resulting in 161 patients completing
long-term follow-up. The study flowchart details participant enrollment and attrition [Figure 1].

OSA risk profile evaluation

This study employed the BQ for OSA screening to ensure continuity with our prior cohort study and because
it was the standard tool used at our center at the time of patient enrollment (2007)"". Although validated
screening tools such as STOP-BANG (Snoring, Tiredness, Observed apnea, high blood Pressure, Body mass
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Figure 1. Study flow chart.

index, Age, Neck circumference, and Gender) have been widely used, the BQ provided a consistent baseline
assessment for this long-term follow-up. Designed to target the primary symptoms of OSA, the
questionnaire encompasses three evaluative dimensions: snoring, sleepiness, and the presence of
hypertension or obesity. Patients, together with their bed partners, completed the questionnaire to assess
OSA risk after hospitalization and prior to the procedure. The study cohort was stratified into OSA high-risk
(HR) and low-risk (LR) groups based on the BQ. High-risk OSA designation applies to patients with two or
more of the following criteria: (1) persistent symptoms occurring more than three times per week in at least
two snoring-related questions; (2) persistent daytime somnolence (> 3 times/week) and/or somnolence while
driving; and (3) diagnosed with hypertension or a body mass index (BMI) > 30 kg/m®. Patients not meeting
these criteria were classified as low risk for OSA.

In addition, we administered the Epworth Sleepiness Scale (ESS) questionnaire to all participants and
selected 30 patients for polysomnography (PSG) to validate the accuracy of the screening tool in the target
population. The apnea-hypopnea index (AHI) refers to the mean number of apnea and hypopnea episodes
occurring per hour during sleep. Based on the sleep-monitoring criteria outlined in the International
Consensus Statement, OSA was diagnosed when the AHI was 2 5 events per hour!”.

Electrophysiological study, mapping, and ablation

Prior to the procedure, all patients underwent preoperative transthoracic echocardiography to measure
relevant parameters (left atrial diameter was measured in the parasternal long-axis view at end-systole),
followed by transesophageal echocardiography to exclude intracardiac thrombi. Antiarrhythmic drugs
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(except amiodarone) were discontinued for at least five half-lives before ablation. Written informed consent
was obtained from all enrolled patients before procedure. The procedure was conducted under fasting
conditions, with the patients in an awake and sedated state. A coronary sinus electrode was inserted through
the left femoral vein puncture. The initial dose of unfractionated heparin was 6000 IU, with additional
heparin administered to maintain the activated clotting time within the range of 300-350 s after transseptal
puncture’?. A non-force-sensing 3.5 mm mapping ablation catheter (Navi-Star ThermoCool,
Biosense-Webster, USA) was used with the CARTO XP system to create a three-dimensional
electroanatomic map of the left atrium. Ablation parameters included a power setting of 35 W, a preset
temperature of 43 °C, and an infusion rate of 17 mL/min for cold saline perfusion. Continuous ablation was
applied around the antral region of each pulmonary vein to achieve encirclement and electrical isolation of
the ipsilateral veins. Isolation was confirmed using a Lasso electrode (Biosense-Webster, USA). In the event
of a typical atrial flutter during the procedure, the tricuspid isthmus responsible for the tachycardia was
identified and ablated.

In cases of AF recurrence, a redo catheter ablation may be undertaken three months after the initial ablation.
During the redo ablation, a Lasso electrode (Biosense-Webster, USA) was used to assess electrical
conduction recovery in all pulmonary veins. The ablation endpoints were pulmonary vein isolation and the
absence of inducible atrial tachycardia during rapid atrial pacing. For patients experiencing atrial flutter or
atrial tachycardia, mapping and entrainment techniques were used to analyze the underlying mechanism,
and the critical isthmus was targeted. Additional ablation lines, including the mitral isthmus, tricuspid
isthmus, and left atrial roof, were created at the operator's discretion. Superior vena cava (SVC) isolation and
fragmented potential ablation could also be performed. The endpoint of linear ablation was to achieve
bidirectional blocks across the ablation lines.

Follow-up

Post-procedure, all patients were prescribed oral antiarrhythmic drugs unless contraindicated or not
tolerated. If tachyarrhythmia was absent after three months, antiarrhythmic drugs were discontinued.
Anticoagulants were administered for a minimum of three months, and the long-term anticoagulation
strategy was determined based on the risks of stroke and bleeding. Follow-up assessments included standard
12-lead electrocardiogram (ECG) and 24-h Holter examination at one, two, three, six, and 12 months
post-ablation, followed by assessments every six months thereafter. Trained and experienced personnel
conducted follow-up visits, using methods such as telephone consultations and outpatient visits. If
palpitations or other symptoms indicative of arrhythmia occurred during the follow-up period, patients were
advised to undergo an ECG promptly at a local hospital. The patients were censored at the time of AF
recurrence. At the final follow-up visit in June 2023, 14 patients had been lost to follow-up.

Definition of early recurrence and late recurrence

Recurrent AF was diagnosed when an episode of atrial tachyarrhythmia (atrial tachycardia, atrial flutter, or
AF) lasting = 30 s in duration was documented after the 3-month blanking period"?. Recurrence occurring
within the first three months was defined as early recurrence, whereas recurrence manifesting after the initial
three months was termed late recurrence. AF recurrence was confirmed on ECG during follow-up.

Statistical analysis

Statistical analyses were conducted with SPSS 26.0 and R 4.5.1. Normally distributed continuous variables are
expressed as mean + standard deviation (SD) and were compared using the independent samples ¢-test, while
non-normally distributed data are presented as median (interquartile range, IQR) and compared using the
Mann-Whitney U test. Categorical variables are expressed as frequencies or percentages, and were compared
using the y* test or Fisher's exact test. The impact of OSA risk profile assessed by BQ on late AF recurrence
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was analyzed using Kaplan-Meier estimation, with the log-rank test used for comparison. Logistic regression
analysis was employed to assess the risk factors associated with early recurrence. Association with late
recurrence was evaluated using both univariate and multivariate Cox regression analyses. Variables identified
in a univariate Cox regression analysis with P-values < 0.15, along with other pertinent risk factors (e.g., OSA
risk profile) influencing AF recurrence, were included in the multivariate Cox regression analysis. All
probability values were two-sided, and statistical significance was set at P < 0.05. Variance inflation factors
(VIFs, with a VIF <5 indicating no substantial collinearity) and sensitivity analyses (under extreme
assumptions regarding outcomes in patients lost to follow-up) were used to assess robustness. Subgroup
analyses were performed according to BMI, age, sex, left atrial diameter, and high-sensitivity C-reactive
protein (hs-CRP) level.

RESULTS

Validation of the BQ

In the initial phase of this cohort study, we validated the BQ using PSG in a subset of 30 participants.
Comparative analysis demonstrated that the questionnaire exhibited 100.0% sensitivity, 30.0% specificity,
74.1% positive predictive value, and 100% negative predictive value for detecting OSA. Notably, the AHI
differed significantly between the high- and low-risk groups as stratified by the questionnaire (28.5 + 22.7 vs.
2.2+ 1.4, P=0.001).In addition, dedicated ESS assessments within this AF cohort validated
symptom-aligned risk stratification: HR patients exhibited significantly higher ESS scores (7.2 + 4.4 vs.
4.4+3.6,P<0.001).

Characteristics of the high- and low-risk groups

Among the 161 patients, 94 (58.4%) were classified as the HR group, while 67 (41.6%) were classified as the
LR group. No significant differences were observed between the two groups in sex, age, AF duration,
diabetes, coronary heart disease, stroke, or other baseline factors. However, compared to the LR group, the
HR group exhibited higher BMI, neck circumference, abdominal circumference, hypertension, left atrial
diameter, and the use of angiotensin-converting enzyme inhibitors or angiotensin receptor blocker
medications [Table 1].

BQ-defined OSA risk and recurrence of AF after the initial ablation

After the initial ablation, early recurrence occurred in 48.9% (46/94) of patients in the HR group, compared
with 31.3% (21/67) in the LR group (P = 0.026). In multivariate logistic regression analysis, OSA risk profile
assessed by BQ (odds ratio [OR] 1.99, 95% confidence interval [CI] 1.02-3.86; P = 0.043) was identified as the
only independent risk factor for early AF recurrence [Table 2].

Over a mean follow-up duration of 16.1 + 0.4 years, the late recurrence rate was 76.6% (72/94) in the HR
group and 64.2% (43/67) in the LR group (P = 0.086). Among patients who experienced early recurrence,
89.6% progressed to late recurrence, with no significant difference between the groups (HR group 89.1% vs.
LR group 90.4%, P = 1.000). The Kaplan-Meier curve indicated that this OSA risk profile was not
significantly associated with late AF recurrence (log-rank P = 0.081, Figure 2). Univariate Cox regression
analysis identified early recurrence [Hazard Ratio (HR) 3.08, 95%CI: 2.11-4.49, P < 0.001], baseline hs-CRP
(HR 1.02, 95%CI: 1.00-1.04, P = 0.019), BMI (HR 1.05, 95%CI: 1.00-1.10, P = 0.122) and left atrial diameter
(HR 1.04, 95%CI: 1.01-1.08, P = 0.025) as risk factors for late AF recurrence. Subsequent inclusion of these
factors and OSA risk profile assessed by BQ in the multivariate Cox regression analysis revealed that early
recurrence (HR 2.95, 95%CI: 1.99-4.39, P < 0.001) and baseline hs-CRP (HR 1.02, 95%CI: 1.00-1.03,
P =0.022) remained independent risk factors for late AF recurrence. Notably, the OSA risk profile assessed
by BQ (HR 1.05, 95%CI: 0.70-1.57, P = 0.810) was not independently associated with late AF recurrence
[Table 3].
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Table 1. Characteristics of high-risk and low-risk groups

Category LR (n=67) HR (n =94) P

Age (years) 56.16 +11.83 57.84 £11.40 0367
Males, n (%) 44 (65.7%) 65 (69.1%) 0.642
AF duration (years) 5.00 (2.00-9.00) 5.50 (2.00-10.00) 0.608
DM, n (%) 5(7.5%) 14 (14.9%) 0.15
Hypertension, n (%) 15 (22.4%) 62 (66.0%) <0.001*
Heart failure, n (%) 4 (6.0%) 3(3.2%) 0.645
CAD, n (%) 4(6.0%) 8 (8.5%) 0.545
Stroke, n (%) 1(1.5%) 6 (6.4%) 0.178
BMI (kg/m?) 2472+ 297 26.08 £3.25 0.008*
LAD (mm) 35.99+5.08 38.02+5.82 0.023*
LVEDD (mm) 48.92+517 4837 £4.65 0.485
LVESD (mm) 32.07 +4.87 31.43+4.85 0.409
Ejection fraction (%) 63.37+£6.59 63.63+6.79 0.805
Neck circumference (cm) 37.97+3.16 40.11+3.58 <0.001*
Abdominal circumference (cm) 90.15+£9.22 93.90+10.13 0.017*
Antiarrhythmic drugs 0.746
No medication, n (%) 22 (32.8%) 26 (27.7%)

Class 1, n (%) 10 (14.9%) 12 (12.8%)

Amiodarone, n (%) 35 (52.2%) 54 (57.4%)

Sotalol, n (%) 0(0) 2 (2.1%)

B-blockers, n (%) 16 (23.9%) 28 (29.8%) 0.407
ACEI/ARB, n (%) 11(16.4%) 43 (45.7%) <0.001*
Statins, n (%) 9 (14.3%) 14 (15.4%) 0.851
hs-CRP (mg/L) 2.00 (0.70-4.50) 1.95(0.78-4.50) 0.940
Procedure time (min) 159.70 + 40.04 166.98 +38.05 0.244
X-ray time (min) 31.00+7.46 32.60+7.24 0.175
PVI, n (%) 66 (98.5%) 91(96.8%) 0.866
Early recurrence, n (%) 21(31.3%) 46 (48.9%) 0.026*

*P < 0.05. Continuous data: mean = SD (Student’s t-test) for normal and median (interquartile range, IQR) (Mann-Whitney U) for non-normal
distributions; Categorical data: n (%) (y?/Fisher's exact test). AF: Atrial fibrillation; DM: diabetes mellitus; BMI: body mass index; CAD: coronary
artery disease; ACEl: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blocker; LAD: left atrial diameter; LVEDD: left ventricular
end-diastolic diameter; LVESD: left ventricular end-systolic diameter; hs-CRP: high-sensitivity C-reactive protein; PVI: pulmonary vein isolation.

Supplementary and sensitivity analyses

Collinearity diagnostics confirmed the absence of substantial multicollinearity among the predictors. The
VIFs were as follows: OSA risk profile, 1.39; early recurrence, 1.05; hs-CRP, 1.03; left atrial diameter, 1.30;
BM]I, 2.34; neck circumference, 2.18; abdominal circumference, 3.49; and hypertension, 1.25. All VIF values
were well below the threshold of 5. To address potential bias due to patients lost to follow-up, we performed
sensitivity analyses under extreme assumptions [Supplementary Table 1]. We constructed two extreme
scenarios: in Scenario A (most optimistic), all lost patients were assumed to have no late recurrence; in
Scenario B (most pessimistic), all lost patients were assumed to have experienced late recurrence.
Multivariable Cox models were re-run under both scenarios. In both scenarios, the association between
BQ-defined high OSA risk and late recurrence remained non-significant (all P > 0.05), whereas early
recurrence and hs-CRP persisted as significant predictors. These results confirm the robustness of our
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Table 2. Predictors of early AF recurrence after the initial ablation

Univariate analysis Multivariate analysis

Variable

OR 95%ClI P OR 95%ClI P
Age 0.99 0.94-1.02 0.493 - - -
Sex 0.68 0.35-1.32 0.250 - - -
OSA risk profile 2.10 1.09-4.04 0.027* 1.99 1.02-3.86 0.043*
AF duration 1.03 0.96-1.10 0.269 - - -
CAD 0.44 0.12-1.07 0.240 - - -
Stroke 222 0.43-11.33 0.328 - - -
Heart failure 1.93 0.42-8.90 0.401 - - -
DM 2.71 1.01-7.31 0.049* 2.47 0.90-6.74 0.079
Hypertension 1.22 0.65-2.29 0.531 - - -
hs-CRP 1.02 0.98-1.05 0.368 - - -
BMI 1.05 0.94-1.17 0.372 - - -
LAD 1.05 0.99-1.1 0.203 - - -
LVEDD 0.98 0.92-1.04 0.504 - - -
LVESD 1.01 0.95-1.08 0.669 - - -
Ejection fraction 0.97 0.92-1.02 0.199 - - -
Procedure time 1.00 0.99-1.00 0.287 - - -
Neck circumference 1.02 0.93-1.12 0.660 - - -
Abdominal circumference 1.02 0.99-1.05 0.307 - - -
ACEI/ARB 1.06 0.55-2.06 0.860 - - -
Statins 0.46 0.18-117 0.102 - - -

*P < 0.05. Univariate and multivariate logistic regression analyses were conducted to identify predictors of early recurrence. Results are presented
as ORs with 95%CI. AF: Atrial fibrillation; OR: odds ratio; OSA: obstructive sleep apnea; CAD: coronary artery disease; DM: diabetes mellitus;
hs-CRP: high-sensitivity C-reactive protein; BMI: body mass index; LAD: left atrial diameter; LVEDD: left ventricular end-diastolic diameter; LVESD:
left ventricular end-systolic diameter; ACEI: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blocker.

primary findings. Furthermore, comparisons of baseline characteristics revealed that the recurrence and
non-recurrence groups were well-balanced, except for the expected differences in OSA risk profile and early
recurrence rate (all other P > 0.05; Supplementary Table 2). Subgroup analyses stratified by BMI, age, left
atrial diameter, hypertension status, and other clinical factors revealed no significant association between the
BQ-defined OSA risk profile and late recurrence in any subgroup (all P > 0.05; Supplementary Table 3).

Procedural findings during the redo ablation

Of the 74 patients who underwent redo ablation, 71 (HR group, 45 vs. LR group, 26) were included in the
subsequent analysis after exclusion of three patients lost to follow-up, with an average age of 55.2 years [male
47 (66.2%)]. The rate of pulmonary vein reconnection did not differ significantly between the HR and LR
groups (95.6% [43/45] vs. 88.5% [23/26], P = 0.458). All patients with reconnection underwent successful
repeat isolation. Empirical linear ablation and SVC isolation were performed in both groups. In the HR
group, 36 patients had linear ablation (mitral isthmus, n = 13; tricuspid isthmus, n = 27; left atrial roof, n = 8),
and 6 underwent SVC isolation. The corresponding numbers in the LR group were 18 (8, 11, 4) and 7,
respectively. Bidirectional mitral isthmus block was achieved via coronary sinus ablation in 5 HR and 4 LR
patients, but was unsuccessful in 2 HR cases. Among the few patients without pulmonary vein reconnection
(HR group 2 vs. LR group 3), recurrence was attributable to atrial flutter mechanisms (mitral/tricuspid
isthmus-dependent, or left atrial appendage base-related), which were successfully treated with targeted
linear ablation.
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Figure 2. Kaplan-Meier analysis in atrial tachyarrhythmia (ATa) recurrence between the HR and LR groups after initial ablation (76.6% vs.
64.2%; log-rank P = 0.081). Time zero corresponds to the date of catheter ablation. The shaded areas around the curves represent the
95% confidence intervals.

Eighteen patients (HR group 10 vs. LR group 8) underwent a third ablation. Pulmonary vein reconnection
rates during the third procedure were also similar between groups (70.0% vs. 62.5%, P = 1.000). In the
minority without reconnection, alternative mechanisms (e.g., mitral isthmus flutter, focal atrial tachycardia)
were identified and ablated.

BQ-defined OSA risk and late AF recurrence after redo ablation

Among 71 patients who underwent redo ablation, the incidence of early recurrence was 6.7% (3/45) in the
HR group and 19.2% (5/26) in the LR group (P = 0.221). Similarly, late recurrence rates did not differ
significantly between groups (55.6% [25/45] vs. 61.5% [16/26], P = 0.623). Kaplan-Meier analysis confirmed
that the OSA risk profile assessed by BQ had no significant effect on late recurrence (log-rank P = 0.572;
Figure 3). On multivariate Cox regression, early recurrence following redo ablation remained an
independent predictor of late recurrence (HR = 5.93, 95%CI: 2.13-16.50, P < 0.001), while this OSA risk
profile showed no independent association with it (HR = 1.05, 95%CI: 0.50-2.20, P = 0.892; Table 4). Finally,
BQ-defined OSA risk still had no impact on late AF recurrence between the two groups (HR group 60% vs.
LR group 50%, P = 1.000) in the third ablation.

BQ-defined OSA risk and prognosis

In this study, AF recurrence rates at three, five, ten, and 16 years were 44.8%, 54.7%, 55.9%, and 71.4%,
respectively, with no significant differences between the two groups at any time point (all P > 0.05). Notably,
most recurrences occurred within the first three years. Among patients who remained recurrence-free at
three years, subsequent late recurrence was not associated with OSA risk profile assessed by BQ (HR group
50.0% [20/40] vs. LR group 38.5% [14/37], P = 0.291). Among patients with recurrence, 12 (7.5%) progressed
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Table 3. Predictors of late AF recurrence after the initial ablation

Univariate analysis Multivariate analysis

Variable

HR 95%Cl P HR 95%ClI P
Age 0.99 0.98-1.01 0.29 - - -
Sex 0.99 0.67-1.46 0.94 - - -
OSA risk profile 1.38 0.95-2.02 0.092 1.05 0.70-1.57 0.810
AF duration 1.01 0.98-1.04 0.422 - - -
PVI 1.27 0.40-4.01 0.679 - - -
Hypertension 115 0.97-1.65 0.469 - - -
DM 1.05 0.59-1.87 0.868 - - -
Heart failure 133 0.46-2.78 0.786 - - -
CAD 1.48 0.77-2.85 0.236 - - -
Stroke 0.60 0.22-1.63 0.317 - - -
Early recurrence 3.08 2.11-4.49 <0.001* 2.95 1.99-4.39 <0.001*
hs-CRP 1.02 1.00-1.04 0.019* 1.02 1.00-1.03 0.022*
LAD 1.04 1.01-1.08 0.025* 1.01 0.97-1.05 0.413
LVEDD 0.98 0.95-1.02 0.406 - - -
LVESD 1.01 0.97-1.05 0.758 - - -
Procedure time 1.00 0.10-1.00 0.773 - - -
X-ray time 1.00 0.98-1.03 0.925 - - -
BMI 1.05 1.00-1.10 0.122* 1.02 0.96-1.08 0.564
Neck circumference 1.03 0.97-1.08 0.339 - - -
Abdominal circumference 1.01 0.99-1.03 0.296 - - -
ACEI/ARB 1.08 0.74-158 0.689 - - -
Statins 1.00 0.61-1.64 0.999 - - -

*P < 0.05. Univariate and multivariate Cox regression analyses were used to identify predictors of late recurrence after the initial ablation, with
results reported as HRs (95%Cl). HR: Hazard ratio; AF: atrial fibrillation; OSA: obstructive sleep apnea; PVI: pulmonary vein isolation; DM: diabetes
mellitus; CAD: coronary artery disease; hs-CRP: high-sensitivity C-reactive protein; LVEDD: left ventricular end-diastolic diameter; LVESD: left
ventricular end-systolic diameter; BMI: body mass index; ACEI: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blocker.

to persistent AF after initial ablation (LR group 3/43 vs. HR group 9/72, P = 0.534), and 11 additional cases
(6.8%) developed persistent AF following multiple ablations (HR group 3/43 vs. LR group 8/72, P = 0.688).
Regarding mortality, 23 deaths occurred in the cohort (nine patients died without prior recurrence), with no
significant difference in all-cause mortality between the HR and LR groups (13.8% vs. 14.9%, P = 0.845).
Causes of death included cardiogenic events (heart failure: 4, myocardial infarction: 1, sudden death: 1),
cerebral hemorrhage (1), non-cardiogenic/non-neurogenic causes (13), and unknown etiologies (3).

DISCUSSION

Main findings

The major findings of this study could be summarized as follows: (i) In this long-term follow-up study, the
OSA risk profile assessed by BQ was an independent predictor of early recurrence after catheter ablation for
paroxysmal AF, but was not independently associated with late recurrence following either the initial or
subsequent procedures; (ii) Early recurrence was an independent risk factor for late recurrence following
both the first and redo ablation procedures; (iii) A higher baseline hs-CRP level independently predicted late
recurrence after the initial ablation, while the predictive value for late recurrence after the redo catheter
ablation for AF was limited.
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Figure 3. Kaplan-Meier analysis in atrial tachyarrhythmia (ATa) recurrence between the HR and LR groups after redo ablation (55.6% vs.
61.5%,; log-rank P = 0.572). Time zero corresponds to the date of catheter ablation. The shaded areas around the curves represent the
95% confidence intervals.

Demonstration of the Berlin questionnaire on OSA diagnosis
The methods used for structured screening and testing OSA vary greatly. Clinical practice currently lacks
standardized protocols for both screening AF patients for OSA and implementing subsequent OSA

[14

therapy!*. As reported in prior research""”, the BQ displayed a sensitivity of 86%, specificity of 77%, positive
predictive value of 89%, and a likelihood ratio of 3.79, underscoring its diagnostic utility and high accuracy in
unselected populations. However, the BQ did not perform as well in the AF population as in the general
population""®’. Daytime sleepiness was minimally present in patients with AF"”.. As shown in our earlier
investigations"" and benchmarked against PSG, the diagnostic performance for OSA in this cohort was 100%
sensitivity, 30% specificity, 74.1% positive predictive value, and 100% negative predictive value. However, this

performance was not validated in an external population.

Impact of BQ-defined OSA risk on AF late recurrence

7,8,18,19

In contrast to some previous studies! |, we found no significant association between OSA risk profile
assessed by BQ and late recurrence following either initial or redo catheter ablation for AF. Several factors
may account for this discrepancy. First, differences in follow-up duration may influence the conclusions. Our
study had a follow-up period of up to 16 years, which is significantly longer than most prior studies
(< 30 months), allowing for a more comprehensive assessment of the long-term impact of the OSA risk
profile assessed by BQ. Shorter follow-up durations may fail to capture late recurrence events in patients
without OSA, potentially leading to an overestimation of OSA-specific risk. Second, this study included only
patients with paroxysmal AF, whereas persistent AF is associated with a higher recurrence tendency.
Earlier studies reporting a positive association between OSA and recurrence included a notable proportion of
patients with persistent AF (e.g., 28.9% in the study by Szymanski et al.”’ and 46.3% in the study by
Matiello et al.™), which may partly explain the divergent conclusions. Third, population characteristics,
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Table 4. Predictors of late AF recurrence after redo ablation

Univariate analysis multivariate analysis

Variable

HR 95%ClI P HR 95%Cl P
Age 1.01 0.98-1.03 0.654 - - -
Gender 121 0.62-2.38 0.577 - - -
OSA risk profile 0.84 0.45-157 0.58 1.05 0.50-2.20 0.892
Early recurrence of redo ablation 590 2.59-13.45 <0.001* 593 213-16.50 <0.001*
Early recurrence of initial ablation 2.09 1.09-399 0.026* 135 0.65-2.81 0.426
CAD 0.75 0.29-191 0.547 - - -
Stroke 094 0.13-6.86 0.95 - - -
Heart failure 0.54 0.13-224 0.394 - - -
DM 251 118-533  0.017* 229 0.93-5.66 0.073
Hypertension 0.71 0.38-1.31 0.274 - - -
hs-CRP 1.01 1.00-1.02 0.42 1.00 0.99-1.02 0.666
BMI 1.05 0.94-117 0.372 - - -
LAD 1.02 0.97-1.08 0.417 - - -
LVEDD 1.01  0.96-1.07 0.653 - - -
LVESD 1.03 0.98-1.09 0.203 - - -
Ejection fraction 121 0.64-229 0.549 - - -
ACEI/ARB 126 0.67-2.36 0476 - - -
Statins 0.59 0.23-1.50 0.268 - - -

*P < 0.05. Univariate and multivariate Cox regression analyses were used to identify predictors of late AF recurrence following redo ablation, with
results reported as HRs (95%ClI). OSA: Obstructive sleep apnea; CAD: coronary artery disease; DM: diabetes mellitus; hs-CRP: high-sensitivity
C-reactive protein; BMI: body mass index; LAD: left atrial diameter; LVEDD: left ventricular end-diastolic diameter; LVESD: left ventricular
end-systolic diameter; ACEIl: angiotensin-converting enzyme inhibitors; ARB: angiotensin receptor blocker.

particularly obesity levels, appear to be important. Studies suggesting that OSA increases recurrence risk
were largely conducted in Western cohorts with higher obesity rates (mean BMI approximately
30 kg/m*)”**. By contrast, cohorts reporting no significant association, including ours, had lower mean BMI
values (26.08 kg/m? in the high OSA-risk group in this study)'>'*’. A meta-analysis”®’ indicated that obesity
increases the risk of AF recurrence after ablation by 30%, with a nonlinear dose-response relationship
between BMI and recurrence risk, particularly at BMI 30-35 kg/m®. This suggests that obesity may be a key
confounder, and the role of OSA in recurrence should be reevaluated after adjusting for BMI. Fourth,
heterogeneity in OSA assessment methods and diagnostic thresholds may substantially affect the
interpretation of the findings. Our study used the BQ, a qualitative screening tool, which precluded accurate
stratification by OSA severity. Consequently, we may not have fully captured the contribution of severe OSA
(e.g., AHI 2 30), which is more strongly linked to atrial remodeling and recurrence. Moreover, even among
studies using PSG, the diagnostic threshold varies. For instance, de Heide et al."” used a threshold of AHI 2
15 events/hour and reported a significant association with recurrence, whereas applying a lower cutoff (e.g.,
AHI > 5) might dilute the observed between-group difference by including milder cases. Fifth, from a
pathophysiological perspective, OSA can induce cardiac autonomic dysfunction*>**. Basic research suggests
that excessive activation of cardiac ganglia contributes to AF initiation and maintenance!®. Catheter
ablation, particularly pulmonary vein isolation, may modulate the peri-pulmonary autonomic plexus,
thereby partly counteracting OSA-related neurogenic AF triggers. It is important to note that the initial
ablation procedures in this cohort were performed during the pre-contact-force era. Since then, the
technological landscape of catheter ablation has evolved substantially. Evidence indicates that the adoption of
contact force-sensing technology can significantly reduce pulmonary vein reconnection rates and AF
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recurrence®’. Subsequently, the ablation index-guided strategy introduced a quantifiable endpoint for
radiofrequency ablation, with meta-analyses confirming its ability to improve first-pass isolation success,
shorten procedure time, and reduce long-term recurrence risk””.. More recently, pulsed-field ablation has
emerged as a novel non-thermal energy modality, with studies suggesting potential advantages in safety and
reduction of 1-year recurrence rates compared to conventional techniques®. Therefore, within the specific
historical technological context of this study, the observed lack of an independent association between the
BQ-defined OSA risk profile and long-term recurrence should be interpreted accordingly. Future prospective
studies based on these modern technological platforms will allow for a more accurate assessment of the
prognostic value of patient-specific factors such as OSA.

Phased impact of BQ-defined OSA risk stratification

Early recurrence is a key independent risk factor for late recurrence . In our ultra-long-term cohort, we
confirmed this association: nearly 90% of early recurrence cases progressed to late recurrence, confirming its
key role in driving long-term outcomes. However, the BQ-defined OSA risk predicted early recurrence but
not late recurrence.

During the blanking period following ablation, OSA promotes early recurrence through autonomic
remodeling characterized by sympathetic overactivation and by exacerbating systemic inflammation and
oxidative stress via intermittent hypoxia and intrathoracic pressure swings'*. These factors collectively lead to
atrial electrical instability. The occurrence of early recurrence holds a dual significance: it is both a
consequence of atrial instability during the blanking period and a persistent pathological stimulus. It
perpetuates atrial destabilization through the classic “AF begets AF” vicious cycle®™, thereby interfering with
the normal healing of ablation lesions. Gottlieb et al. suggested that the ideal outcome post-ablation is the
formation of a mature, rigid, and electrically inert collagen scar within the blanking period”*?. Such a scar
provides lasting antiarrhythmic protection primarily by reducing local stretch, which underlies the
mechanism of “delayed cure”?”. Conversely, persistent early recurrence signals a dysregulated healing
environment marked by ongoing autonomic imbalance and inflammation. This dysregulation may result in
incomplete or aberrant repair, preventing the formation of a uniform, dense protective scar. Instead, it favors
the development of a structurally heterogeneous and conductively disordered fibrotic substrate.
Characterized by areas of slow conduction and conduction block, this substrate creates a highly favorable
milieu for re-entrant arrhythmias®®. Therefore, a potential continuum from this OSA risk profile to
long-term AF recurrence may exist: OSA-related acute perturbations (e.g., autonomic imbalance) and
chronic inflammation jointly contribute to early recurrence and adverse atrial healing, ultimately leading to
the formation of a fibrotic substrate that facilitates AF maintenance. This study indicates that this risk profile
primarily affects the initial link in this chain (predicting early recurrence), while late recurrence is influenced
by multiple factors, most importantly the occurrence of early recurrence itself.

Notably, this predictive value was not observed in the redo ablation. The BQ-defined OSA risk showed no
significant predictive value for early recurrence among patients who underwent redo ablation. We believe the
primary reason is the limited sample size in the redo-ablation subgroup. This was particularly true for early
recurrence events, which were very few (HR group 3 vs. LR group 5), making it difficult to detect a potential
association. Furthermore, patients undergoing redo ablation represent a highly selected cohort with prior
recurrence. Their atrial substrate may have been altered by the initial and redo ablations, which could also
diminish the discriminatory power of the baseline OSA risk assessment. Therefore, the predictive value of
the OSA risk profile assessed by BQ for redo ablation requires clarification through future large-scale studies.

Impact of hs-CRP on late AF recurrence
Beyond the well-recognized acute inflammatory response triggered by the ablation procedure itself, our
findings highlight that pre-existing, chronic systemic inflammation, as reflected by elevated baseline hs-CRP,
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is an independent risk factor for late recurrence after the initial ablation. However, the predictive capacity for
late recurrence after the redo ablation is limited. Previous studies have identified baseline hs-CRP as a
biomarker indicative of AF recurrence following catheter ablation®. As a pivotal non-specific inflammatory
marker, hs-CRP reflects the degree of systemic inflammation levels. Inflammation plays a substantial role in
the mechanisms underpinning AF recurrence post-ablation, disrupting calcium homeostasis and connexin
function. This disruption leads to changes in atrial electrophysiology and structural substrate, thereby
augmenting vulnerability to AF triggers”**°!. Additionally, during the chronic course of the disease,
inflammation promotes fibroblast activation and proliferation through activation of macrophages and the
secretion of various chemotactic factors, thereby mediating electrical and anatomical remodeling that
promotes the initiation and maintenance of AF®°. Therefore, in our initial 1-year follow-up analysis, hs-CRP
did not demonstrate predictive value for AF recurrence, possibly because the follow-up period was relatively
short and the remodeling effects of inflammation on the heart had not yet manifested. Moreover, the
heightened inflammatory state in individuals with recurrent AF at baseline, coupled with a relatively modest
sample size, may explain the absence of statistically significant differences in hs-CRP levels for late AF
recurrence following redo ablation.

Clinical context of the findings

This study characterized the association between OSA risk profile assessed by BQ and outcomes after AF
ablation in a cohort from which CPAP users were excluded. Consequently, our findings provide insights into
the risk trajectory of untreated OSA. Whether CPAP can improve the AF ablation outcome requires
independent research.

Limitations

The limitations of this study include: (1) The investigation is confined to a single center, and the sample size
is relatively modest. The sample size was estimated in our previous study. However, this association should
be explored in multicenter studies with a larger sample size; (2) Although PSG serves as the diagnostic tool
for OSA, its prolonged testing duration may not align with the clinical demands of diagnosing OSA patients
with AF. The BQ, a validated OSA screening tool, has demonstrated high accuracy in previous studies.
However, BQ performance in patients with AF was not as good as in the general population; (3) The study
exclusively enrolled paroxysmal AF patients. While this homogeneity strengthens internal validity, results
may not generalize to populations with persistent AF; (4) The 16-year follow-up may involve unmeasured
confounders. The OSA risk profile assessed by BQ was evaluated only at baseline, and new-onset or
progressive OSA after enrollment—despite exclusion of CPAP users—remains uncaptured, potentially
leading to residual confounding; (5) The study was conducted during a period when contact-force-guided
catheter ablation was not widespread, potentially limiting its applicability to the current landscape where
force-sensing catheter ablation for AF is more prevalent; (6) During this ultra-long-term follow-up,
limitations of the follow-up protocol may have led to under-detection of asymptomatic AF, which could
potentially affect the accurate estimation of between-group differences in late recurrence rates; (7) The
redo-ablation analysis was limited by a relatively modest sample size, which reduced the statistical power of
these subgroup comparisons. Therefore, the findings should be interpreted with caution and are considered
exploratory.

Conclusion

This long-term study shows that the BQ-defined high OSA risk profile predicts early recurrence
after AF ablation, but its association with late recurrence did not reach statistical significance. Baseline
hs-CRP was an independent risk factor for late recurrence after the initial ablation; however, its
predictive value is limited following a redo ablation. Furthermore, early recurrence is the strongest predictor
of long-term outcome. These findings suggest that the BQ-defined OSA risk can be assessed before ablation
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to identify patients who may benefit from intensified follow-up within the first 3 months post-procedure. For
long-term management, whether early recurrence occurs provides more meaningful guidance than assessing
the OSA risk profile alone.
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