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Abstract

Background/Objectives: Atrial fibrillation (AF) is closely associated with adverse remodeling of
the left atrium (LA). This study evaluated the impact of LA diameter on long-term outcomes
following radiofrequency ablation (RFA) of the pulmonary veins and assessed LA and left ventricular
(LV) remodeling over a seven-year follow-up period. Methods: A total of 117 patients with
symptomatic, drug-refractory AF underwent RFA. Structural remodeling was evaluated using
echocardiography. Long-term outcomes were categorized using the Pulmonary Vein Isolation
Outcome Degree (PVIOD), a four-level classification reflecting procedural and clinical success.
Results: After seven years, 32.5% of patients who achieved successful sinus rhythm maintenance
after a single RFA (PVIOD 1) demonstrated significant reverse remodeling of LA and LV. LA
diameter decreased from 39.3+0.6 mm to 36.5+0.6 mm (p=0.0007); LV end-diastolic diameter (LVEDD)
from 53.1+0.6 mm to 50.9+0.7 mm (p=0.008); LV end-systolic diameter (LVESD) from 34.7+0.8 mm to
32.0+0.1 mm (p=0.005); and LV ejection fraction (LVEF) increased from 56.8+0.8% to 62.1+1.1%
(p=0.000008). Among patients with long-term success after multiple procedures (PVIOD 2; 29.1%),
LA diameter decreased significantly from 41.9+0.7 mm to 40.2+0.6 mm (p=0.04), without significant
ventricular changes. Patients achieving clinical success (PVIOD 3; 14.5%) showed no significant
structural changes. Those with procedural and clinical failure (PVIOD 4; 23.9%) exhibited progressive
negative remodeling: LA diameter increased from 44.7+0.7 mm to 47.4+0.7 mm (p=0.006); LVEDD
from 52.8+0.9 mm to 57.1+0.6 mm (p=0.0006); LVESD from 36.5+1.1 mm to 40.7+1.2 mm (p=0.006); and
LVEF decreased from 50.7+1.7% to 43.8+1.8% (p=0.004). Conclusions: Early and successful  single
RFA performed in patients with normal LA diameter is associated with complete reverse remodeling
and prevention of AF recurrence. As LA size increases, the likelihood of achieving durable procedural
success decreases, emphasizing the importance of timely intervention before significant left atrial
enlargement develops.

Keywords: atrial fibrillation; pulmonary vein isolation; left atrial diameter; left ventricular ejection
fraction

1. Introduction

Atrial fibrillation (AF) is associated with negative remodeling of the left atrium (LA) and, in later
stages of the disease, with negative remodeling of the left ventricle (LV) [1]. The LA and LV exist in
a dynamic hemodynamic interplay, with the LA contributing significantly to LV filling and overall
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cardiac output. Importantly, elements of both LA and LV remodeling are potentially reversible
during earlier stages of atrial and ventricular cardiomyopathy [2].

Whether pulmonary vein isolation (PVI) can effectively cure AF and prevent its progression
remains a key question. Restoration of sinus rhythm, whether achieved through antiarrhythmic
pharmacotherapy, electrical cardioversion, or catheter ablation, may ultimately improve LA size and
function. LA remodeling and AF have a reciprocal relationship [1]. Consequently, early interventions
aimed at preventing LA dilation may reduce arrhythmia progression. Prior studies by Tops and
Beukema, have suggested that earlier catheter-based treatment may yield superior outcomes by
minimizing or preventing atrial cardiomyopathy [2,3]. PVI has the potential to reverse LA
remodeling, improve atrial function, and ultimately enhance the patient’s prognosis [4].

LA dilation and dysfunction are established predictors of stroke, AF recurrence following PVI,
heart failure, and, consequently, overall mortality [4]. Moreover, LA enlargement is closely associated
with LV function across the spectrum of left ventricular ejection fraction (LVEF) categories [5].

The objective of this study was to evaluate the impact of LA diameter on clinical outcomes
following radiofrequency ablation (RFA) of the pulmonary veins, with a follow-up duration of seven
years. The patients were also stratified into four groups based on the Pulmonary Vein Isolation
Outcome Degree (PVIOD 1-4), a novel metric developed to quantify the efficacy of AF catheter
ablation [6].

2. Materials and Methods

2.1. Study Design and Setting

This post-hoc analysis represents an extension of the previously published findings by Jurcevic
et al. [6] and evaluates long-term outcomes in patients who underwent catheter-based treatment for
AF. The study was conducted at the Institute for Cardiovascular Diseases Dedinje in Belgrade, Serbia.
The original cohort consisted of consecutive patients who underwent RFA for symptomatic, drug-
refractory paroxysmal or persistent AF between January 2012 and December 2013. The present
research focuses on a seven-year follow-up period to assess structural and functional cardiac changes
as well as clinical outcomes. The study protocol was approved by the Ethics Committee of the
Institute for Cardiovascular Diseases Dedinje (protocol code 1935 and date of approval 24 April 2018).
All clinical procedures were performed in accordance with the Declaration of Helsinki. Written
informed consent was obtained from each participant before their inclusion in the study.

2.2. Study Population

A total of 124 patients met the initial eligibility criteria and underwent PVI. Seven individuals
were subsequently lost to follow-up and were excluded, leaving 117 patients in the final dataset. All
participants presented with symptomatic AF refractory to antiarrhythmic drug therapy and were
considered suitable candidates for catheter ablation. Recurrences of atrial fibrillation, atrial flutter, or
atrial tachycardia were defined as rhythm disturbances lasting at least 30 seconds, confirmed by
electrocardiographic documentation. Throughout the study period, recurrent arrhythmias and
patient-reported symptoms were carefully monitored.

2.2.1. Inclusion and Exclusion Criteria

All patients above 18 years of age were eligible for inclusion if they had symptomatic AF
classified as paroxysmal, persistent, or longstanding persistent AF in accordance with the 2012
HRS/EHRA/ECAS Consensus Statement, were refractory to at least one Class I or III antiarrhythmic
medication, and were referred for catheter ablation. All patients underwent comprehensive baseline
clinical and echocardiographic evaluation before enrollment.

Exclusion criteria were permanent AF, pregnancy, acute reversible causes of AF, myocardial
infarction within the preceding three months, moderate-to-severe valvular stenosis or regurgitation,
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significant coronary artery disease requiring revascularization, and inability to provide informed
consent. These criteria are consistent with the methodology used in the original cohort described by
Jurcevic et al. [6].

2.3. Procedures

2.3.1. Catheter Ablation Procedures

All index ablations were performed using a ThermoCool Navi-Star irrigated-tip catheter guided
by the CARTO electroanatomical mapping system (Biosense Webster, CA, USA). The initial PVI
procedure consisted of point-by-point antral ablation of the pulmonary veins (PV), and no additional
substrate modification (ASM) was performed during the first intervention. In cases of arrhythmia
recurrence associated with pulmonary vein reconnection, repeat RFAs were carried out to re-isolate
the affected veins. When recurrent AF occurred without evidence of recovered pulmonary vein
conduction, substrate modification was undertaken based on electrophysiological assessment. These
additional interventions could involve creation of roof lines, mitral isthmus lines, anterior or inferior
linear lesions, circumferential lines around the coronary sinus or superior vena cava, or ablation of
complex fractionated atrial electrograms when clinically indicated.

2.3.2. Follow-Up Protocol

Patients underwent structured rhythm monitoring at 1, 3, and 6 months following the index
ablation procedure, with subsequent annual evaluations extending through January 2021. Follow-up
visits included clinical assessment, surface electrocardiography (ECG), and 7-day Holter monitoring
of ECG. Arrhythmia recurrence was evaluated after the 3-month blanking period to ensure accurate
classification of long-term rhythm outcomes. Antiarrhythmic drug use was documented throughout
the follow-up period.

2.3.3. Echocardiographic Assessment

Transthoracic two-dimensional echocardiography was performed at baseline and after seven
years of follow-up. LA diameter was measured in end-systole in the anteroposterior dimension from
the parasternal long-axis (PLAX) view. Left ventricular end-diastolic diameter (LVEDD) and end-
systolic diameter (LVESD) were assessed at the base of the heart from the septal endocardial border
to the posterior wall endocardial border, also obtained from the PLAX view. LVEF was calculated
using the biplane Simpson disk summation method. Changes in LA diameter and LVEF over the
seven-year period were evaluated by comparing baseline and follow-up measurements, and
complete recovery of LA size or LVEF was defined as normalization of respective parameters at long-
term evaluation.

2.3.4. Pulmonary Vein Isolation Outcome Degree (PVIOD) Classification

Long-term clinical and procedural outcomes were categorized using Pulmonary Vein Isolation
Outcome Degree (PVIOD), a four-level semi quantitative classification originally developed to assess
the efficacy of AF catheter ablation [6]. Patients classified as PVIOD 1 demonstrated complete
procedural success after a single PVI procedure and maintained freedom from recurrent atrial
arrhythmias beyond the blanking period without the need for Class I or III antiarrhythmic drugs.
Individuals categorized as PVIOD 2 achieved durable procedural success only after undergoing two
or more ablation procedures, including repeat PVI or additional substrate modification. The PVIOD
3 category encompassed patients who achieved long-term clinical success regardless of the number
of ablation procedures performed. Clinical success was defined as a significant reduction in the
number and duration of AF episodes or the % time a patient was in AF, achieved with or without
previously ineffective Class I or III antiarrhythmic pharmacotherapy. Patients placed in the PVIOD 4
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category demonstrated persistent clinical and procedural failure despite PVI with or without ASM
and regardless of the number of interventions performed.

2.4. Statistical Analysis

All statistical analyses were performed using STATISTICA 12 (StatSoft Inc., Tulsa, OK, USA).
Continuous variables were expressed as mean (x) + standard deviation (SD), and categorical variables
were summarized as frequencies and percentages. Comparisons between PVIOD groups were
performed using one-way analysis of variance (ANOVA), followed by Fisher’s least significant
difference (LSD) test for post-hoc pairwise comparisons when appropriate. A two-tailed p value <
0.05 was considered indicative of statistical significance.

3. Results

Baseline demographic and clinical characteristics of the 117 patients included in the present
analysis (93 males and 24 females; mean age 56.2 + 8.5 years, range 38-73 years) have been published
previously [6]. At the time of the initial procedure, the mean LA diameter was 41.9 + 4.7 mm (range
31-53 mm), and the mean LVEF was 54.8 + 6.9% (range 30-65%). Paroxysmal AF was present in 68.5%
of our patients, persistent AF in 20.5%, and longstanding persistent AF in 13.7%. Changes of the
baseline parameters (LA diameter, LVEDD, LVESD and LVEF) after PVI and 7-year follow-up period
of study patients are shown in Table 1.

After seven years of follow-up, patients in the PVIOD 1 group, representing 32.5% of the cohort
(n=38), demonstrated significant structural and functional improvement. LA diameter, LVEDD, and
LVESD all decreased significantly, while LVEF increased markedly (Figure 1). LA diameter decreased
from 39.3 £ 0.6 mm to 36.5 + 0.6 mm (p = 0.0007), LVEDD from 53.1 = 0.6 mm to 50.9 = 0.7 mm (p =
0.008), and LVESD from 34.7 + 0.8 mm to 32.0 £ 0.1 mm (p = 0.005). LVEF improved from 56.8 + 0.8%
to 62.1 £ 1.1% (p = 0.000008). These changes indicate meaningful reverse remodeling associated with
long-term procedural success after a single ablation.

Table 1. Changes regarding left atrium diameter, left ventricular dimensions and left ventricular ejection fraction

after PVI and 7-year follow-up period.

Paramete PVIOD 1 (n=38) PVIOD 2 (n=34) PVIOD 3 (n=17) PVIOD 4 (n=28)
r
baseline after 7 baseline after 7 baseline after 7 baseline after 7
years years years years
LAD 39.32+0.6 | 36.53+0.5 | 41.94+0.7 | 40.26x0.5 | 43.18+0.9 | 42.94+0.9 | 44.68+0.7 | 47.39+0.7
(mm) 2 9 5 6 2 7 4 5
p-Value 0.000749 0.044408 0.444593 0.005874
LVEF (%) | 56.84+0.7 | 62.11£1.0 | 57.06x0.9 | 58.29+1.0 | 52.63+x1.4 | 52.29+1.7 | 50.71x1.6 | 43.82+1.8
6 8 7 2 9 6 8 1
p-Value 8.32686E-05 0.192093 0.43968 0.003668
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LVEDD 53.10£0.6 | 50.89+0.6 | 53.44+0.4 | 52.76x0.5 | 53.47+0.8 | 54.76+0.7 | 52.85+0.8 | 57.07+0.6

(mm) 4 6 6 8 1 3 9 3

p-Value 0.007842 0.201137 0.200228 0.000598

LVESD 34.74+0.8 | 31.97+0.0 | 34.62+0.6 | 33.56x0.6 | 35.76+1.2 | 37.29+1.2 | 36.46+1.1 | 40.68+1.2

(mm) 1 9 8 7 1 4 3 1

p-Value 0.005266 0.13287 0.178529 0.005609

LAD: left atrial diameter; LVEF: left ventricular ejection fraction; LVEDD: left ventricular end-diastolic diameter;

LVESD: left ventricular end-systolic diameter; PVIOD: pulmonary vein isolation outcome degree.
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Figure 1. Significant positive changes of LA diameter, LV dimensions and LVEF in 32.5% of patients with
successful single RFA of AF - PVIOD 1.

Patients in the PVIOD 2 group, accounting for 29.1% of the study population (n=34), also
exhibited favorable structural changes, although on a more limited scale. After an average of 1.8
ablations per patient, LA diameter decreased significantly from 41.9 + 0.7 mm to 40.2 + 0.6 mm (p =
0.04), whereas LVEDD, LVESD and LVEF did not show significant changes (Figure 2). When
combined, patients in the PVIOD 1 and PVIOD 2 groups contributed to a 61.6% cumulative
procedural success rate at seven years.
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Figure 2. Significant positive change of LA diameter in 29.1% of patients with success after multiple procedures
- PVIOD 2.

In contrast, 14.5% patients classified as PVIOD 3 (n=17) achieved long-term clinical success
without significant changes in cardiac chamber dimensions or LVEF over the seven-year period
(Figure 3). These individuals had a baseline LA diameter of 43.2 + 1.0 mm and an initial LVEF of 52.6
+1.49%. When added to the procedural success groups, the cumulative rate of procedural and clinical
success reached 76.1%.

I baseline
7-years follow up

LA diameter (mm)

baseline 7-years follow up baseline 7-years follow up

40

LVEDD (mm)
LVESD (mm)

baseline 7-years follow up

baseline 7-years follow up

Figure 3. Significant changes of LA diameter, LV dimensions and LVEF did not occur in 14.5% of patients with
clinical success - PVIOD 3.

Patients in the PVIOD 4 group (23.9%; n=28), representing those with both procedural and
clinical failure, demonstrated significant adverse structural remodeling during long-term follow-up.
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LA diameter increased from 44.7 + 0.7 mm to 47.4 + 0.7 mm (p = 0.006), LVEDD from 52.8 + 0.9 mm
to 57.1 £ 0.6 mm (p = 0.0006), and LVESD from 36.5 + 1.1 mm to 40.7 + 1.2 mm (p = 0.006), while LVEF
decreased significantly from 50.7 + 1.7% to 43.8 + 1.8% (p = 0.004) (Figure 4). These findings reflect
progressive LA and LV dilation and deterioration of systolic function in the absence of effective
rhythm control.
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Figure 4. Significant negative changes of LA diameter, LV dimensions and LVEF in 23.9% pts with procedural
and clinical failure - PVIOD 4.

4. Discussion

This study demonstrates that LA size is the single most important determinant of long-term
success after PVI. LA diameter emerged as the strongest prognostic parameter for durable rhythm
control, particularly when ablation is performed early in the course of AF. Patients with a normal
baseline LA diameter who achieved successful sinus rhythm maintenance after a single ablation
(PVIOD 1) exhibited complete reverse remodeling of both atrial and ventricular chambers at seven-
year follow-up. Their mean LA diameter decreased significantly from 39.3 mm to 36.5 mm, and LVEF
improved from 56.8% to 62.1%, reflecting complete recovery of LA and LV structure and function.
These patients represent “super-responders,” in whom early intervention halts disease progression
and promotes profound positive remodeling. The improvements in LA diameter appear to play an
active role in facilitating beneficial LV remodeling.

Our findings also confirm that larger LA size is associated with reduced procedural efficacy.
Patients in the PVIOD 2 group required multiple ablations to maintain sinus rhythm, and although
they experienced significant improvement in LA diameter over seven years (from 41.9 mm to 40.2
mm), the degree of reverse remodeling was incomplete and did not translate into measurable
improvements in LV parameters. This suggests that once LA enlargement is established, the potential
for reverse remodeling becomes limited, even with multiple effective procedures.

Patients classified as PVIOD 3 achieved long-term clinical success without significant structural
changes in LA or LV dimensions. Their baseline LA diameter (43.2 mm) and LVEF (52.6%) reflect
more advanced atrial cardiomyopathy. Nevertheless, clinical success, achieved through PVI with or
without Class I or III antiarrhythmic drugs, appeared sufficient to stabilize disease progression and
prevent further adverse remodeling. These findings highlight the importance not only of procedural
success but also of clinical success in mitigating the long-term consequences of AF.
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In contrast, patients in the PVIOD 4 category experienced progressive reverse remodeling. At
seven years, LA diameter increased significantly (44.7 mm to 47.4 mm) and LVEF declined markedly
(50.7% to 43.8%). These trajectories emphasize that AF is inherently progressive when insufficiently
treated and that delayed or ineffective intervention allows the remodeling cascade to continue
unchecked, eventually leading to LV dysfunction and heart failure.

Previous studies have reported both favorable and unfavorable remodeling patterns following
AF ablation [1-3]. However, the present study is the first to delineate outcomes across four distinct
patient categories defined by procedural and clinical success. Our results align with findings by Tops
et al., who demonstrated significant LA diameter reduction three months after catheter ablation only
in patients maintaining sinus rhythm, whereas those with recurrence experienced LA enlargement
[2]. Similarly, Beukema et al. reported marked LA diameter reduction six months after PVI in patients
who remained arrhythmia-free, but worsening LA dilation in those with AF recurrence [3]. Other
investigators have examined additional predictors, including LA emptying fraction [7], LA volume
and LVEF [8], LA strain and LA volume index [9,10], highlighting the multidimensional nature of
atrial remodeling.

Our findings reinforce the critical importance of timing. Ablation performed in the earlier stages
of AF, when LA diameter is still normal, enables more robust reverse remodeling, whereas ablation
performed after LA enlargement has occurred offers less potential for structural improvement.
Current guidelines emphasize catheter ablation as a first-line option in patients with paroxysmal AF
to prevent symptoms, recurrence, and disease progression [1]. Our data suggest that LA size should
also be considered in determining the ideal timing for ablation, potentially serving as an additional
criterion for selecting patients who would derive the greatest long-term benefit.

The mechanisms underlying AF progression involve a complex interplay of ionic, electrical,
functional, and structural remodeling [11]. Functional remodeling includes “stunning” of the atrium
or ventricle, with loss of LA contractility leading to impaired LV filling. Structural remodeling
manifests as progressive dilation of both chambers [9,12]. Although there are no universally accepted
thresholds for defining clinically meaningful LA reverse remodeling, many studies have used a 215%
change in LA volume as a surrogate marker when measured by echocardiography or cardiac
magnetic resonance (CMR) [10,13-15]. Similarly, an increase of >15% in LVEF is often used to
characterize beneficial LV remodeling [16-18]. CMR studies by Kim and colleagues suggest that
sustained AF may promote adverse LV remodeling through increased extracellular volume fraction,
even after ablation [19].

Because the myocardium possesses substantial regenerative potential, timely intervention is
essential. The presence of cycling myocytes throughout life supports the notion that earlier
therapeutic action facilitates positive remodeling, whereas delayed treatment perpetuates negative
remodeling [20,21]. As AF progresses, LA dysfunction contributes independently to LV dysfunction
and heart failure, highlighting the bidirectional interdependence between these chambers [22].

The benefits of ablation extend beyond rhythm control. The CASTLE-AF trial demonstrated
significant mortality reduction in patients with heart failure with reduced ejection fraction (HFrEF)
undergoing PVI [23]. Additional evidence from the CABANA trial suggests that catheter ablation
may be effective in patients with heart failure (observed in 79% of the trial population) with preserved
ejection fraction (HFpEF) [24]. Likewise, the EAST-AFNET 4 trial showed reduced cardiovascular
mortality and stroke among patients with HFmrEF and HFpEF treated early with rhythm-control
strategies, including ablation [25]. These data collectively emphasize the broader cardiovascular
implications of timely AF management.

Treatment decisions should be individualized, with the aim of selecting the right therapy for the
right patient at the right time [26]. Future strategies must prioritize early detection of AF, aggressive
management of modifiable risk factors, and streamlined selection of rhythm-control modalities,
including antiarrhythmic drugs, cardioversion, and PVI, guided by established recommendations [1].
Although one small study suggested that delaying ablation for 12 months did not significantly affect
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arrhythmia-free survival in selected patients [27], the overall weight of evidence supports earlier
intervention.

Preventing atrial cardiomyopathy remains a key objective of future AF strategies. Early and
effective PVI in patients with normal LA diameter may prevent AF progression and associated
complications such as cerebrovascular insult (CVI), which often represents the first manifestation of
previously undiagnosed AF in asymptomatic individuals.

4.1. Study Limitations

This study has several limitations, including its relatively small sample size, single-center
design, and predominance of male patients (79.5%). Similar male predominance has been reported
in prior ablation cohorts [28,29], likely reflecting selection patterns in AF referral and treatment
during the study period. Furthermore, although contemporary guidelines favor LA volume over LA
diameter as a predictor of ablation outcomes [1], our protocol, which we initiated in 2012, reflects the
standard practice at that time, when LA diameter was widely used, readily available, and well-
validated. Updated guidelines have since refined techniques for accurate LA measurement in PLAX
and emphasize biplane disk summation for LA volume assessment [30]. Whether LA function or LA
volume better reflects the response to ablation remains an unresolved question.

Finally, the present analysis included only RFA, as alternative energy modalities were not
available at our institution in 2012. A clearer definition of LA positive remodeling is needed, and
future prospective trials should investigate its role as a biomarker of treatment response and long-
term prognosis [10,31-34]. The influence of Class I and III antiarrhythmic drugs in the PVIOD 3 group
could not be fully assessed due to the small sample size.

5. Conclusions

Single successful RFA of the pulmonary veins performed early in the course of AF, when the LA
diameter is still normal, effectively prevents arrhythmia recurrence and leads to complete and
significant reverse remodeling of both the LA and LV over long-term follow-up. Patients with normal
baseline LA size represent “super responders” to PVI, exhibiting the most profound structural and
functional recovery. As LA dimension increases, the likelihood of achieving durable procedural
success decreases. Although multiple ablation procedures can slow AF progression, their efficacy is
limited when performed in patients with pre-existing LA enlargement or when substantial time
elapses between procedures. Long-term clinical success, which may include the adjunctive use of
Class I or IIl antiarrhythmic drugs, remains an important component of AF management, particularly
in preventing further adverse remodeling.

These findings reinforce that AF is a progressive disorder when not treated in a timely and
effective manner. Future studies are needed to investigate whether LA reverse remodeling exerts an
independent protective effect against the development of LV dysfunction and heart failure, and to
more precisely define the role of atrial structural recovery as a therapeutic target in AF management.
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