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Abstract

Catheter ablation (CA) has become a validated technique for treating patients with symp-
tomatic or paroxysmal atrial fibrillation (AF), as recommended by the latest 2024 European
society of cardiology (ESC) guidelines, class II level A. The procedure is also recommended
for patients with persistent AF without major risk factors for AF recurrence, as an alter-
native to antiarrhythmic medications class I or III. However, CA carries the risk of AF
recurrence in 30–35% of patients, sometimes after the procedure. Multiple factors impact
the onset, maintenance, and recurrence of AF after CA, including clinical, biohumoral,
echocardiographic, genetic, and lifestyle factors. Beyond traditional predictors, emerg-
ing factors such as obstructive sleep apnea syndrome, chronic renal failure, chronic lung
disease, physical activity patterns, gut microbiota composition, and epicardial fat thick-
ness significantly influence outcomes. Therefore, optimizing patient’s selection for CA is
an important strategy to minimize the risk of AF recurrence. Many echocardiographic
parameters emerged as predictors of AF recurrence post-CA, but none stood out as a
potential single factor. These factors include traditional markers such as left atrial size
by 2D echocardiography, LV ejection fraction, LV diastolic function parameters as well
as myocardial deformation addressed by the recently developed speckle tracking analy-
sis. Additionally, the duration and type of AF represent fundamental risk factors, with
longstanding persistent AF showing significantly higher recurrence rates compared to
paroxysmal forms. Novel biomarkers including MR-proANP, caspase-8, hsa-miR-206, and
neurotrophin-3 show promise in enhancing risk prediction capabilities. The aim of this

Diagnostics 2025, 15, 2793 https://doi.org/10.3390/diagnostics15212793

https://doi.org/10.3390/diagnostics15212793
https://doi.org/10.3390/diagnostics15212793
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diagnostics
https://www.mdpi.com
https://orcid.org/0000-0003-3872-8964
https://orcid.org/0000-0002-7223-141X
https://orcid.org/0000-0002-5660-6162
https://orcid.org/0000-0002-3885-5093
https://orcid.org/0000-0003-4591-2030
https://orcid.org/0000-0001-9119-4311
https://orcid.org/0000-0002-1699-5255
https://orcid.org/0000-0002-6329-1680
https://orcid.org/0000-0002-3073-2865
https://orcid.org/0000-0002-8015-6923
https://orcid.org/0000-0002-2578-031X
https://orcid.org/0000-0002-9928-3316
https://orcid.org/0000-0002-9698-9145
https://doi.org/10.3390/diagnostics15212793
https://www.mdpi.com/article/10.3390/diagnostics15212793?type=check_update&version=2


Diagnostics 2025, 15, 2793 2 of 16

review is to explore the most relevant echocardiographic parameters, including myocardial
deformation, that could accurately predict recurrence of AF after CA, while also examining
the role of emerging clinical and biochemical predictors in comprehensive patient selection
strategies.

Keywords: atrial fibrillation; catheter ablation; pulmonary vein isolation; echocardiography
predictors; recurrence

1. Introduction
Atrial fibrillation (AF) is the most common arrhythmia in the population, with an

estimated prevalence of 10% in patients above the age of 80 years [1], which is expected
to increase further due to improved clinical and diagnostic tools with beneficial effects on
longevity and survival of older patients [2]. Many risk factors contribute to the occurrence
of AF, which are either modifiable, such as hypertension, diabetes mellitus, smoking, gen-
erous alcohol intake, and excessive physical activity, or are nonmodifiable [3,4], including
advanced age, which is a carrier of cardiac fibrotic process [5]. The diagnosis of AF is
conventionally made by electrocardiography, but echocardiographic examination of such
patients provides more details which could be useful in predicting its potential response
to treatments (i.e., medical and/or electrical) as well as its recurrence [6]. Such informa-
tion is the cornerstone of decision-making for either rhythm control or rate control [6].
The European society of cardiology (ESC) guidelines currently recommended the use of
echocardiographic findings to stratify AF patients for either rate or rhythm control, in
addition to catheter ablation (CA) procedure. Current guidelines specifically incorporate
echocardiographic parameters in patient selection algorithms for AF ablation, with left
atrial size and ventricular function being key determinants of procedural candidacy and
expected outcomes [7]. CA therapy has been recommended for patients in whom antiar-
rhythmic medications fail to revert the rhythm back to sinus or fail to control the rate with
its related symptoms. It is also recommended as a first line treatment to improve symptoms
and quality of life (QoL) in selected patients including, new-onset fast AF, paroxysmal,
persistent, or longstanding persistent AF according to the CABANA trial [8]. Despite the
high AF ablation procedure success, approximately 35% of patients experience recurrence
within 1 year. Several studies attribute such a high recurrence rate to genetic predispo-
sition, obstructive sleep apnea syndrome (OSAS), hypertension, high body mass index
(BMI), or reconnection of isolated pulmonary vein segments [9]. It is always the goal of
the cardiologist to identify factors that predict the success of the AF ablation procedure
and to stratify patients accordingly. Echocardiography may serve as a guide in this context,
with an enlarged left atrium being the main predictor of AF relapse after CA. Advanced
echocardiographic techniques, i.e., speckle tracking echocardiography (STE), have been
proposed as having additional value in the better stratification of these patients. The aim
of this review is to provide an overview on the importance of optimizing AF patients’
selection for CA, based on the current available evidence.

2. Catheter Ablation
The main objective in the management of patients with AF is to reduce the burden of

symptoms and the risk of stroke through rate or rhythm control, respectively [10]. CA was
first used in the mid-1980s for patients with supraventricular tachycardia, and only 10 years
later it was performed in the first patient with AF [11]. In 1998, the documented CA success
rate in AF was 62%, while more recent data show a success rate of 77% [12], which has
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made CA increasingly used for rhythm management in patients with AF, according to all
guidelines [13]. The most used technique for CA remains pulmonary vein isolation (PVI),
which has significantly evolved in recent years, e.g., Seitz et al. demonstrated that adding
lines and electrocardiographic fraction ablation to conventional pulmonary vein isolation
(PVI) increased the success rate at 18 months, with a subsequent reduction in mortality
and morbidity [14,15]. Current guidelines place CA as the second line of treatment for
patients with symptomatic paroxysmal atrial fibrillation (PAF) (class I recommendations)
or persistent AF, particularly those with poorly controlled symptoms, despite receiving
optimum antiarrhythmic therapy [9]. Radiofrequency ablation (RFA) in patients with PAF
has been found to be similarly effective in aborting AF [16]. CA involves creating a series
of point-to-point radiofrequency lesions using cryoenergy or laser, with the catheter been
introduced through the femoral vein [17]. The target site of CA is the left atrium, particularly
the pulmonary veins and posterior wall, which are the main source of origin of AF [18].
PVI by radiofrequency has been shown to be an effective therapy for treating patients
with PAF [19]. However, PVI alone is not sufficient in patients with persistent AF; the
posterior wall also plays a role in the maintenance and recurrence of AF, and it shares similar
embryological origins with pulmonary veins (PVs). Anatomically, the fibers are oriented
in a way that promotes anisotropism, and, thus, re-entry mechanisms. Additionally, late
sodium currents and potassium rectifying currents proved to have different characteristics
from other sites. This demonstrates how the posterior wall has mechanisms that maintain
and promote AF, so it is important to evaluate the degree of fibrosis of the posterior wall for
better patient selection [20,21]. The isolation of pulmonary veins may also be achieved using
cryoballoons. Three large prospective randomized controlled trials (RCTs) have compared
cryoballoon ablation with the Heart Rhythm Society (HRS), the European Heart Rhythm
Association (EHRA), and the European Cardiac Arrhythmia Society (ECAS) consensus
document on AF ablation, defining procedure success as a period free of symptomatic or
asymptomatic AF, atrial tachycardia, or atrial flutter that lasts more than 30 s at 12 months
after AF ablation [22]. A meta-analysis has also shown that AF CA in patients without heart
failure is associated with a lower rate of hospitalization and recurrence of atrial arrhythmias
compared with patients treated with medical therapy. This meta-analysis studied 13 trials
with a total of 3856 patients, and a follow-up of 19 months [23]. The early treatment of AF
for stroke prevention trial by AF network (EAST-AFNET4), which followed 2789 patients
with AF diagnosed within 12 months and with a CHA2DS2-Vasc risk score 2 or more,
demonstrated the advantage of early rhythm control (ERC) performed with medication
or ablation over rate control [24]. An RCT, with a total of 21,039 participants, showed that
CA in the elderly (>75 years) compared with the non-elderly population (<60 years) was
associated with higher recurrence rates, probably because of the difference in the left atrial
size [25]. A meta-analysis, which studied the impact of age in a similar way, has shown
an increased risk related to both the procedure and also all of its complications in the
elderly population [26]. In contrast to the thermal CA, pulsed field CA (PFA) creates greater
acute tissue changes, without obstructive microvascular damage or intramural hemorrhage,
as well as less chronic late gadolinium enhancement (LGE) than thermal CA, which is a
marker of myocardial fibrosis. It also results in less complications at the ablation site and
better preservation of left atrial (LA) function [27]. Natakani et al. showed a recurrence rate
of about 39% in patients undergoing PFA [27]. A meta-analysis of 21 studies with a total of
1559 patients showed that among the risk factors for AF recurrence, there was an increased
left atrial volume (LAV) and left atrial volume index (LAVI); therefore, it concluded that
echocardiography should be exploited to select patients undergoing CA [28]. In summary,
the optimal selection of patients undergoing CA is crucial, to avoid the risks associated with
the procedure, including cardiac tamponade, stroke, and pulmonary vein stenosis [29].
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Additional Predictors for AF Recurrence

Beyond traditional echocardiographic parameters, several additional factors signifi-
cantly influence AF recurrence rates after catheter ablation. Age and gender play crucial
roles in determining ablation success rates. Advanced age is associated with increased
atrial fibrosis and structural remodeling, while gender-specific differences in atrial anatomy
and hormonal influences affect outcomes [30]. The duration and type of AF represent fun-
damental risk factors for recurrence, with longstanding persistent AF showing significantly
higher recurrence rates compared to paroxysmal forms, due to more extensive structural
and electrical remodeling [31]. Genetic predisposition influences both AF susceptibility
and post-ablation outcomes. Polymorphisms in genes encoding ion channels, structural
proteins, and inflammatory mediators have been associated with varying ablation success
rates [32]. The choice of ablation technique (radiofrequency vs. cryoballoon vs. pulsed field
ablation) and procedural approach significantly impacts long-term outcomes. Complete
pulmonary vein isolation and additional substrate modification strategies affect recur-
rence rates [33]. Obstructive sleep apnea syndrome (OSAS) represents a major modifiable
risk factor for AF recurrence, with untreated sleep apnea associated with significantly
higher recurrence rates due to intermittent hypoxemia and autonomic dysfunction [34].
Chronic renal failure contributes to recurrence through multiple mechanisms including
volume overload, electrolyte imbalances, and accelerated cardiovascular remodeling [35].
Chronic lung disease affects outcomes through hypoxemia, increased pulmonary pres-
sures, and right heart strain [36]. Physical activity demonstrates a complex relationship
with AF recurrence—while moderate exercise is beneficial, excessive endurance training
may increase recurrence risk through atrial remodeling and autonomic changes [37]. Gut
microbiota composition has recently been recognized as a potential predictor of AF recur-
rence, with specific bacterial profiles associated with inflammatory states and metabolic
dysfunction that promote arrhythmia recurrence [38] (Table 1).

Table 1. Predictors of atrial fibrillation recurrence after catheter ablation.

Clinical Risk Factors

Age [31]

AF duration and type [32]

Hypertension [39]

Diabetes mellitus [39]

Obesity [39]

Genetic substrate [33]

Chronic kidney failure [36]

OSAS [35]

Chornic lung disease [37]

Alchol Consumption

Gut microbiota composition [38]

Biohumoral predictors

NT-proBNP [40]

C-reactive protein [41]

Galectin-3 [42]
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Table 1. Cont.

Clinical Risk Factors

Procollagen type III N terminal peptide [42]

MR-pro-ANP [43]

Hsa-miR-206 [44]

Neurotrophin-3 [45]

Echocardiographic predictors of recurrence

LA Diameter (antero-posterior) [46] ➢ >50–55 mm

LAVI [47,48] 34 mL/m2

PALS [49] <10%

RAVI [50] 78 mL/m2

E/e’ [51] 15

Epicardial fat thickness [52] >7–8 mm
E/e’, early diastolic wave by transmitral pulsed wave Doppler/average E wave velocity by tissue Doppler
imaging in the three points of mitral valve descent; Hsa-miR-206, Hsa-microRNA-206; LAVI, left atrial volume
index; MR-pro-ANP, mid-regional pro-atrial natriuretic peptide; NT-proBNP, N-terminal pro-brain natriuretic
peptide; PALS, peak atrial longitudinal strain; RAVI, right atrial volume index.

3. Echocardiography and Atrial Fibrillation
3.1. Atrial Fibrillation and Cavity Remodeling

The increase in pressure and volume causes LA stretching with subsequent remodeling.
Advanced age, hypertension, and heart failure also cause LA remodeling [53]. Myocar-
dial stretch is associated with inflammation, with its consequences, fibroblasts activation
and connective tissue deposition, resulting in contractile dysfunction and further cavity
dilatation [54]. Atrial dilatation promotes alteration of ion channels and increases re-
entry circuits. Thus, atrial size is an important factor for initiating re-entry arrhythmia,
and in supporting maintenance of AF [55,56]. In patients with chronic AF, it has been
shown that PV CA can restore sinus rhythm but the success rate is lower than in patients
with paroxysmal AF. The procedure success is based on the accurate measurement of the
anteroposterior diameter of the LA, before CA, from the parasternal long axis window
(55 ± 5 mm vs. <40 mm) [46]. Major studies on the echocardiographic predictors of AF
relapse are resumed in Table 2. The 2012 European expert consensus indicates that the
LA diameter over 50–55 mm as the upper limit for successful CA [22]. The meta-analysis
by Bajraktari et al. demonstrated a lower sinus rhythm maintenance rate in patients with
LA diameter > 50 mm, volume > 150 mL and strain less than 19% [57]. However, LA
antero—posterior diameter should not always be considered a reliable reflection of true
LA size because cavity dilatation may be asymmetric [58]. Hwang et al. showed that, after
CA, the LA presents continuous structural and functional changes. These occur mainly
in patients with persistent AF (PeAF), having highlighted that pre-CA LAVI is a better
predictor of successful outcome, particularly if obtained using 3D echocardiography [47].
A LAVI > 34 mL/m2 has proved to have a sensitivity of 70% and a specificity of 91% for
predicting AF recurrence after RFCA [48]. Currently LAVI has been recommended as an
important predictor of the occurrence and maintenance of AF, having been recognized by
ESC guidelines.
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Table 2. Major studies on echocardiographic parameters for AF recurrence prediction.

Study Year Patients Parameter Cut-Off Sensitivity/
Specificity Main Findings

Berruezo
et al. [46] 2007 174 LA diameter

(AP) >50 mm 70%/60% Strongest predictor

Shin
et al. [48] 2008 125 LAVI >34 mL/m2 70%/91% Superior to diameter

Schneider
et al. [59] 2008 65 LA SR - - Higher SR → SR

maintenance

Reant
et al. [60] 2009 40 LA strain - - Predicts PAF

recurrence

Mirza
et al. [61] 2011 53 LA lateral

wall SR - - Sensitive marker

Motoki
et al. [62] 2014 55 Global LA

strain 10% - <10% predicts
recurrence

Parwani
et al. [63] 2017 118 PALS 10% 82%/76% Strong predictor in

PeAF

Bajraktari
et al. [57] 2020 Meta-analysis LA diameter,

LAVI, strain

>50 mm,
>150 mL,

<19%
-

Combined
parameters improve

prediction

Wong
et al. [50] 2011 387 Epicardial fat

thickness >7 mm 71%/68% Independent
predictor

AP, anteroposterior; LA, left atrial; LAVI, left atrial volume index; PALS, peak atrial longitudinal strain; SR,
strain rate.

In recent years, advanced echocardiographic techniques, such as speckle tracking
echocardiography (STE) as a measure of myocardial deformation, have allowed for the
objective identification of abnormalities in cardiac function in the early and subclinical
stages of various heart diseases [64] (Figure 1).

Several studies have demonstrated that a reduction in LA function, assessed by STE,
predicts the presence of myocardial fibrosis, outperforming standard echocardiographic
measures such as left atrial ejection fraction (LAEF), transmitral flow, and tissue Doppler
imaging (TDI) analysis [65]. The most widely used index is peak atrial longitudinal
strain (PALS), a marker of atrial reservoir function, for which the normal cut-off value is
42.2 ± 6.1% (although it varies depending on age and sex) [66,67]. Atrial fibrosis reduces
PALS values, thus making it a better marker than the LAV, LA emptying fraction, and
E/e’ ratio for predicting the presence of myocardial fibrosis (MF) [49]. Also, identifying
atrial regions extensively modified by fibrotic tissue can improve the selection of patients
undergoing CA. A very reduced PALS is consistent with severe MF that can reduce the
probability of CA success [62]. Fifty-five subjects with AF relapse have been shown to have
a significantly reduced LA strain (9.7 ± 2.4% vs. 16.2 ± 3.0%, p < 0.001), and the cut-off
value of 10% defined the highest risk of recurrence, indicating that PALS was the strongest
predictor of AF recurrence [63]. In addition to PALS, an RCT enrolling 118 patients with
PAF and PeAF showed that higher strain rate (SR) values were associated with a higher
likelihood of maintaining sinus rhythm; this was less likely in patients with PeAF who had
lower SR values and post-CA recurrence [59]. A study by Mirza et al. found that a reduction
in the LA lateral wall SR at baseline is a sensitive marker of atrial alteration compared
with atrial dilatation in patients who had AF recurrence post-CA, particularly those with
PAF [61]. A meta-analysis has demonstrated the higher accuracy of SR in predicting AF
recurrence post-CA in patients with PAF. The LA strain (range 18.8–25.2%) was strongly
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associated with AF recurrence; this shows how the degree of strain is related to the degree
of fibrosis and that, as evidenced by other studies, the degree of fibrosis is associated with
a reduced rate of maintenance of sinus rhythm [68,69]. The LA strain has been shown to
be superior to conventional LA measurements in predicting AF recurrence post-CA, with
values < 10% strongly associated with recurrence in patients with PeAF. By contrast, LA
strain > 14.5% has a high positive predictive value (PPV) in determining the non-recurrence
of atrial arrhythmias after two CA procedures [56]. Reant et al. [60] showed that strain
and SR imaging can be used in patients with PAF to predict post-CA recurrences, while
Schneider et al. [59] used the LA strain and SR immediately after CA, having demonstrated
that high values are better associated with the maintenance of sinus rhythm. A three-
dimensional global LA strain has been shown to be superior to two-dimensional LA strain
as a predictor of post-CA recurrence.

LA function is defined in multiple directions (unlike PALS which is only longitudinal) [70].
In addition to LA dilatation and myocardial deformation parameters, a reduction in atrial
conduction velocity can give rise to re-entry circuits, and, hence, promotes AF persistence.
Total atrial conduction time (PA-TDI) is a fast and reproducible measure to estimate atrial
conduction time as well as mechanical dyssynchrony, which indicates the presence of
structural and electrical remodeling [71]. A recent study showed that PA-TDI duration is an
independent predictor of AF recurrence after radiofrequency catheter ablation (RFCA) [50].
The right atrium also plays a role in the onset and maintenance of AF. In patients with PAF
and concomitant LA dilatation, a right atrial diameter (RAD) < 35.5 mm correlates with
a lower rate of post-CA-arrhythmia recurrence [72]. As studied by Moon, increased RA
volume index (RAVI) correlates with a higher rate of post-RFCA recurrence; specifically,
a RAVI > 78 mL/m2 has a sensitivity of 74% and a specificity 68% in predicting post-CA
recurrence [73]. Details on the methodology and clinical significance of the echocardio-
graphic parameters to predict AF relapse are given in Table 3.

Table 3. Echocardiographic parameters: methodology and clinical significance.

Parameter Method Normal Advantages Disadvantages Clinical Utility

LA diameter
(AP) M-mode/2D <40 mm Simple, available Single dimension Screening

LAVI Simpson biplane <34 mL/m2 Accurate LA size Image
dependent Standard

3D LA volume Real-time 3D <34 mL/m2 No assumptions Specialized Superior
accuracy

PALS STE 42.2 ± 6.1% Early functional
change

Angle/vendor
dependent

Functional
prediction

LA SR STE Variable Dynamic
assessment Complex Research

Global LA strain 3D STE - Multi-directional Advanced tech Future standard

Epicardial fat
thickness 2D parasternal <7–8 mm Simple Limited views Metabolic risk

E/e’ ratio PW/TDI <8 normal LV filling
pressure Load dependent Diastolic

function

Total atrial
conduction time TDI <130 ms Electrical

function Technical Conduction
assessment

AP, anteroposterior; LA, left atrial; LAVI, left atrial volume index; LV, left ventricular; PALS, peak atrial longitudinal
strain; PW, pulsed wave; SR, strain rate; STE, speckle tracking echocardiography; TDI, tissue Doppler imaging.
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Figure 1. Echocardiographic predictors of atrial fibrillation recurrence after catheter ablation. E/E’,
early diastolic wave by transmitral pulsed wave Doppler/average E wave velocity by tissue Doppler
imaging in the three points of mitral valve descent; LA, left atrial; LAVI, left atrial volume index;
RAVI, right atrial volume index.

3.2. Epicardial Fat Thickness as a Risk Factor

Epicardial fat thickness (EFT) has emerged as a separate and important echocardio-
graphic risk factor for AF recurrence after catheter ablation [74]. Epicardial adipose tissue
represents a metabolically active depot that directly surrounds the heart and coronary
vessels. Increased EFT is associated with local inflammatory processes, oxidative stress,
and the release of pro-arrhythmic cytokines that promote atrial fibrosis and electrical
remodeling [74]. Studies have demonstrated that patients with increased EFT (typically
>7–8 mm) show significantly higher rates of AF recurrence following ablation
procedures [75]. The mechanism involves direct infiltration of inflammatory mediators
from epicardial fat into adjacent myocardial tissue, promoting structural changes that
facilitate arrhythmia persistence. EFT can be readily measured using transthoracic echocar-
diography and provides additional prognostic information beyond traditional parameters
like left atrial size and function [52].

3.3. AF Ablation in Patients with Left Heart Failure

The efficacy of CA in patients with HFrEF is currently under debate. An RCT com-
paring patients with systolic dysfunction, isolated diastolic dysfunction, and patients with
preserved systolic function has shown a shorter disease-free period in patients with systolic
dysfunction (62%) than in those with preserved systolic function. In the latter group, the ef-
ficacy of the procedure was superior, if not just comparable to anti-arrhythmic medications,
with low procedural risk and improved QoL [76]. In patients with diastolic dysfunction, at
1 year after CA, the results were comparable to those with preserved systolic function but
with less improvement in echocardiographic indices [77]. CASTLEAF studied 363 patients
and demonstrated that in patients with AF and heart failure, CA was associated with a
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lower rate of hospitalization and death compared with medical therapy. Moreover, after a
5-year follow-up, 63% of patients undergoing CA remained in sinus rhythm [78]. Diastolic
dysfunction plays a significant role in the development of AF and post-CA recurrences, as
per the guidelines. LV diastolic dysfunction is assessed using mitral inflow pulsed wave
(PW) Doppler, LV TDI Doppler, and LA dimensions [79]. High E/e’, reflecting raised
LA pressure, may predict the presence of an arrhythmic substrate located outside the
pulmonary veins; this could partially explain AF recurrence [71]. Multiple studies state
that the E/e’ ratio is an important parameter in patients with AF, who are undergoing
CA. Patients with E/e’ > 15 have been shown to be at higher risk of recurrence than those
with E/e’ values < 15. Furthermore, low E/e’ values are likely to be a better indicator for
successful CA procedures [51,80].

3.4. Atrial Fibrillation and Comorbidity

In addition to structure and function cardiac alterations as predictors of AF recurrence,
other factors, including lifestyle, type 2 diabetes, hypertension, obesity, sleep apnea syn-
drome (OSAS), and advanced age [39], play an important role (Table 1). Consistently high
blood pressure (BP) can cause PAF and, if untreated, this may develop into PeAF [39,81].
A Korean study analyzed people who underwent annual cardiovascular screening from
2009 to 2013 with metabolic syndrome, i.e., including not only hypertension but also type
2 diabetes, obesity, and dyslipidemia. In these patients, the number of comorbidities corre-
lated with the risk of the occurrence and recurrence of AF [82]. The mechanisms appear
to be multiple, such as increased degree of atrial fibrosis and remodeling, and increased
risk of myocardial infarction [83]. Finally, it has been shown that AF frequently occurs
in smokers and those with moderate (1–3 drinks/day) or high (>3 drinks/day) alcohol
consumption [84].

3.5. Atrial Fibrillation and Biohumoral Factors

Clinical and echocardiographic parameters are useful predictors of AF onset or recur-
rence, but several studies have shown a significant correlation between biomarkers and
AF recurrence. The natriuretic peptides (brain natriuretic peptide [BNP] and N-terminal
pro-B-type natriuretic peptide (NTproBNP)) are circulating cardiac biomarkers produced
in response to conditions of biomechanical stress, negative cardiac remodeling, and fluid
overload [85]. A meta-analysis showed how lower NTproBNP values are associated with
high rates of sinus rhythm [40]. Kurotobi et al. demonstrated, in 257 patients, that high
values of C-reactive protein, a classic biomarker of inflammation, were associated with high
rates of recurrence [86]. As previously described, lower PALS values, a novel echocardiog-
raphy parameter, are associated with a high grade of fibrosis, and, thus, several fibrosis
biomarkers have been proposed as predictors of AF recurrence, galectin-3 (Gal-3) and
procollagen type III N terminal peptide (PIIINP) being among them. However, future
studies are needed to support their role as predictors of AF recurrence after CA [41,67,85].

Recent advances in biomarker research have identified several additional predictors of
AF recurrence after catheter ablation [42]. MR-proANP (mid-regional pro-atrial natriuretic
peptide) represents a stable fragment of the ANP precursor that provides superior diag-
nostic and prognostic information compared to traditional natriuretic peptides. Elevated
MR-proANP levels reflect atrial wall stress and have been associated with an increased
recurrence risk following ablation procedures [87]. Caspase-8 serves as a biomarker of
apoptotic activity and cellular turnover. Elevated caspase-8 levels indicate ongoing my-
ocardial cell death and tissue remodeling, processes that promote the arrhythmic substrate
responsible for AF recurrence [43]. Hsa-miR-206 belongs to the family of microRNAs that
regulate gene expression post-transcriptionally. This specific microRNA is involved in
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cardiac muscle development and maintenance, with altered expression patterns associated
with atrial remodeling, and with increased recurrence risk [88]. Neurotrophin-3 represents
a neurotropic factor involved in autonomic nervous system function and cardiac innerva-
tion. Altered neurotrophin-3 levels reflect changes in cardiac autonomic balance, which
significantly influences AF recurrence patterns following ablation procedures [44]. These
emerging biomarkers, when combined with traditional clinical and echocardiographic
parameters, may provide enhanced risk stratification for patients undergoing AF ablation
procedures [45].

4. Conclusions
Several echocardiographic parameters and biomarkers, as well as comorbidity, play

a role in determining the risk of AF recurrence post-CA. Current guidelines already in-
corporate echocardiographic assessment as a fundamental component of patient selection
for AF ablation, recognizing the critical importance of structural and functional cardiac
evaluation. Important predictors include not only traditional parameters but also emerging
factors such as EFT, duration and type of AF, genetic predisposition, obstructive sleep
apnea, chronic renal failure, chronic lung disease, physical activity patterns, and gut mi-
crobiota composition. Novel biomarkers, including MR-proANP, caspase-8, hsa-miR-206,
and neurotrophin-3, show promise in enhancing risk prediction capabilities beyond con-
ventional markers. However, to identify a single parameter that predicts AF recurrence is
still challenging. Therefore, a multiparametric patient evaluation, including conventional
measures such as LA size and volume, left ventricular systolic and diastolic function, EFT,
and parameters based on STE that reflects LA deformation, are highly recommended to
improve patients’ selection (central illustration). Further larger and multicenter studies are
warranted to elucidate the role of PALS as a sole parameter guiding CA selection, while also
validating the clinical utility of emerging biomarkers and comprehensive risk stratification
models that incorporate the full spectrum of clinical, echocardiographic, and biochemical
predictors of AF recurrence (Figure 2).
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Figure 2. Echocardiographic assessment protocol to evaluate patients with AF after catheter ablation.
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